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Characteristics of Cloth Filters
on Coal Dust-Air Mixtures

By A. R. MUMFORD,1A. A. MARKSON,2and T. RAVESE,3 NEW YORK, N. Y.

This paper deals with the installation, operation, and
maintenance of cloth filters for handling vented air from
pulverized-coal mills. The experiences of the authors in
solving problems in connection with the cloth-bag filter
system, as used at the Kips Bay Station of the New York
Steam Corporation, are the basis on which the subject
is developed. Complete performance tests on a 40-ton-
mill installation are cited.

fully handling the vented air from two large pulverized-coal
mills at the Kips Bay Station of the New York Steam Cor-
poration for nearly three years.

In the application of such equipment to power plants, the mag-
nitude and variation of the draft loss, when related to the fre-
quency of the shaking cycle and to the capacity, assume greater
importance than in smaller applications for air cleaning and,
therefore, have been very carefully investigated.

Similarly the required maintenance is of greater importance
because of the interdependence of the mill and other plant equip-
ment and therefore this item has also been examined.

The presence of a fire hazard in the handling of combustible
air mixtures adds to the complexity of the design and operation
so the safeguards taken in the design and installation at this
plant will be indicated.

TWO INSTALLATIONS of cloth filters have been success-

D escription of Plant

The Kips Bay steam plant was erected in 1926. The station
was laid out for the storage system and this design was con-
tinued in the 1927 and 1930 extensions.

The millhouse contains seven pulverizing mills with a total
capacity of 150 tons per hr. Raw coal entering the millhouse
contains about 37* per cent moisture and of this 2 to 3 per cent
is removed in the process of preparation. The coal is dried in
external-grid driers, using exhaust steam for four mills while in
three mills the coal is dried in the mill by air heated by high-
pressure steam in air heaters. Air circulated through each mill
system conveys the pulverized coal to the primary cyclone where
separation of the coal and air takes place. The conveying air is
vented to the atmosphere through a secondary cyclone and
dust washer. The air-flow circuit for the 25-ton ball-type mill is
given in Pig. 1.

One to two per cent of the coal milled may escape with the air
vented from the primary cyclone and 0.25 to 0.5 per cent may
escape from the secondary cyclone. For further reduction of the

1Associate Director of Research, Consolidated Edison Company
of New York. Mem. A.S.M.E.

2Research Engineer, Department of Technical Development and
Research, Consolidated Edison Company of New York. Mem.
AS.M.E.

8 Research Associate, Department of Technical Development and
Research, Consolidated Edison Company of New York. Mem.
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discharge concentration, air washers have been generally used.
The use of washers brought secondary problems which required
continual attention. These are as follows:

1 Disposal of sludge water and the associated problem of
maintaining drain lines free from clogging.

2 Corrosion of air washer and fouling of sprays.

3 Warm-air discharge, high in humidity, creates fog obstruct-
ing vision of roof operations.

4 Some spray water is discharged as a very fine mist, deteri-
orating building walls and creating a bad condition on the mill-
house roof.

5 Loss of pulverized fuel as a result of the wet washing.

It is evident that, if the vent coal is to be reclaimed dry, a dry
type of filter must be resorted to and further that such dry-
filtering equipment must be nearly 100 per cent efficient under
all load conditions or a potential nuisance will exist. One of the
few types of filters on the market which fulfills the requirements
is the cloth or bag filter system.

It was decided in 1936 to purchase two cloth-type filter collec-
tors, each with four filtration compartments for the 25- and 40-
ton per hr ball-type mills, eliminating from the vented-air circuit
both the secondary cyclone and air washer.

The two filter units were installed under a single housing on
the millhouse roof over the raw-coal bunker and adjacent to the
south coal tower. The secondary cyclone and air washers on the
ball-type mills were left intact after connecting the filter dust
collectors so that, in the event of failure of the dry filters, which
has not occurred to date, the vent system could be changed over
to wet washing in a matter of hours. The dry-filter system air-
flow circuit with the change-over provision for wet washing is
shown in Fig. 2.

The dust filter compartments are in the same housing to sim-
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plify construction, although their operation is entirely separate.
The path of flow of the coal-dust and air mixture through the
collector is shown in Figs. 3 and 4. Flow of the mixture is up
through the bottom of the collector, through a pipe located in
the center of the filter then to the four compartments, two of
which are located on one side of the inlet and two on the opposite
side. Atthe inletto each pair of filtering compartments is a gate-
type damper which can be used to close off the flow to either
compartment but never to both at the same time. Take-up
springs are provided on the driving-shaft mechanism to prevent
shearing of the damper shaft and also to insure a pressure fit of
the damper against a Vr-in-thick soft-rubber gasket which lines
the door frame.

The dusty air enters the filtering compartment and makes a
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turn of 180 deg to the outside of the filtering surface. The filter-
ing surface consists of a number of bags each shaped as a rec-
tangular envelope open on one end. The bag or envelope is
slipped over a galvanized-wire screen, the opposite surfaces of
which are held in correct spacing of 1¢ie in. by metal struts.
The 25-ton mill has 552 such bags and the 40-ton mill 840 bags,
six rows high. The path of air flow is through the cloth and out
the open end of the envelope. The coal dust builds up a dust
layer on the cloth surfaces, which is shaken off periodically, and
the cleaned air passes through to an opening provided in the
housing. The open end of each bag screen is sealed to the collec-
tor casing, dividing it into a dust side and clean side.
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The shaker consists essentially of a motor operating a rocker
mechanism which transmits oscillating motion to beater rods
located along the centers of the bag frames. Coal hoppers are
located directly below the cloth surfaces to receive the loosened
dust from the bags. A rotary valve, which is air-sealed by means
of a rubber flap, rotates at slow speed and discharges the re-
claimed coal to a return coal pipe which conveys it to the hopper
above the transport pump for delivery with the main body of
coalto the boiler fuel bins. Each compartment has its own shaker
motor and shaking mechanism. The length of the shaking period
and proper sequence is governed by the cam switches on the
time-control panel.

Laboratory Tests

The successful installation of the collector depended on several
factors, some of which had to be determined in the laboratory
because the information was unavailable. The known factors
WEre:

1 Vented-air volume.

2 Vented-air temperature and relative humidity.
3 Vented-coal quantity and screen sizing.

4 Maximum pressure loss allowable in operation.

The factors which had to be investigated because little or no
information was available were:

1 Pressure-drop characteristic of the filter cloth.
(@) The effect of flameproofing on the pressure drop.
(6) The effect of coal-dust loading on the pressure drop.
2 Safety considerations.
(@) Precautions necessary to insure safe operation of the
cloth filters.

The known quantities as previously established are given in
Table 1.

TABLE 1 KNOWN FACTORS OF COLLECTOR OPERATION

25-Ton mill  40-Ton mill
Vented-air volume, cfm, max 15000 27500
Vented-air temperature, F .. 130 130
Vented-air, relative humid 60 60
Vented coal, Ib per hr, max... 800 1600

Vented-coal sizing 100 per cent through 325-

mesh Tyler screen

Available pressure for cloth filters, in. water,
max 6 6

Tests were made on a number of filter cloths submitted by
manufacturers. The cloths were tested for air-flow resistance in
the clean condition and also after loading with coal dust. The
fabrics tested were made from cleaned cotton having a sateen
weave with a count 96 X 64 threads per in. Two weights of
fabric tested are reported; one with a weight of 1.05 yd per Ib
and the other 1.30 yd per Ib; both fabrics 54 in. wide. The cloth
samples were clamped tight without stretching to one end of
a cylindrical chamber approximately 10 in. diam and 3 ft long.
Metered clean air was blown in on the other end. Cloth resist-
ance was measured with a U gage connected to the chamber ap-
proximately 2 in. from the cloth. The effect of several flame-
proofing solutions on the pressure drop was also established.
The designations of cloth tests reported are given in Table 2.

The results for clean free air are given in the curve in Fig. 5 and
indicate that the flow-resistance curves are parallel, with the ex-
ception of curve At which may be accounted for by the fact that
cloth Ai may have had an initial stretching.

The difference in the weight of the cloths A and B is reflected
in their relative resistance to air flow. Cloth B (the lighter
cloth) will pass approximately 2.7 times as much air as cloth A
for the same pressure drop. Flameproofing increases the pressure
drop of cloth A by about 24 per cent and that of cloth B by about
18 to 25 per cent. The effect of flameproofing on the flow resist-
ance will depend largely on the composition, strength, and also
the method of application to the cloth.

Continuing the foregoing test; some fine coal (screened through
a 200-mesh Tyler screen) was blown against the cloth and pres-
sure-drop data collected. These data were taken for a number of
coal loading points so that it was possible to study the rate at
which the pressure drop increased. Powdered coal was intro-
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tluced into the cylindrical chamber mentioned with an air injec-
tor, making it possible to secure a uniform coating of coal on the
cloth, the amount of which was determined by weighing the cloth
after each run.

The results of these tests are indicated in Fig. 6, which shows
the effect of coal loading on the pressure drop for an air flow of
3 cfm free air per sq ft. The curves are plotted for cloths A, Ai,
Bi, and B2and have the same letter designation given in Fig. 5.
If, as an example, for cloth A a point at 0.05 Ib per sq ft coal-dust
loading is taken the pressure drop is 3.4 in. Comparing with
Fig. 5, a pressure loss of 3.4 in. will pass 102 cfm free air per sq
ft or 34 times as much air. It will be noted that, in line with the
tests of Fig. 5, cloths Bi and B2will allow more coal accumulation
on the cloth for the same pressure-drop and flow conditions than
cloths A and Ai. Thus for a 3-in. pressure drop, cloth Ai will
allow a coal loading of 0.056 Ib per sq ft, whereas cloths Btand B2
will allow 0.078 and 0.083 Ib per sq ft, respectively. This, how-

Fig. 7 Pressure Drop Through Cloth Ai Versus Coal-Dust

Loading

ever, does not mean that the normal operating pressure of the
cloth filters will be less with cloth Bi or B2than with cloth Ai,
but rather that cloths Bi and B2 will retain more coal on their
surfaces than cloth Ai and that the residual loading, after the
cleaning period of cloths Bi and B2 is more than with cloth Ai.
The normal operating pressure is approximately the same with
either cloth as borne out by actual operating experience with both
cloths.

Observations made during these tests indicate that coal dust
passes through the cloth when it is clean until the pores become
filled with dust particles to a point when no more coal dust passes
through. The dust retained on the cloth provides a mat filtering
medium. This effect is more noticeable with cloths Bi and B2

TABLE3 CLOTH-FILTER SURFACE ASDESIGNED

25-Ton mill 40-Ton mill

Coal milled, Ib per hr..ooiiee, 50000 100000
Coal to cloth filters, Ib per hr.. 80 1600
Vented air, cfm....... 15000 27500
Free air cfm per s

area assumed).. . 2.1 2.6
Free air cfm per t

EUGE) I 2.8
Total cloth area, sq ft............... 7040 *N710
Reduced area, 75 per cent of total, sq ft........ 5280 8030
Coal-dust loading, Ib per M sq ft to gjve 4 in.

normal operatmg#ressure at reduced area 71 62
Total coal on cloth filters, Ib... 500 665
Shaking interval, min 25
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than with cloth Ax. No tests were made with cloth B (untreated
cloth) because it had been decided to use flameproofed cloth in the
installation.

Cloth Ai was initially selected for the installation because of its
superior mechanical properties. 1t was believed that the heavier
cloth would withstand the effects of temperature and beater rods
better than the lighter cloths Bi or B2 Flow curves were con-
structed for cloth Ali, as in Fig. 7.

The design for cloth-filter surface for both mills is contained in
Table 3.

From the figures given in Table 3, it is evident that the clean-
ing-period cycle should be less than 37 min for the 25-ton mill and
less than 25 min for the 40-ton mill. It was recognized that the
calculated figures are only approximations because it had been
assumed that the filter cloths were thoroughly clean at the be-
ginning of each cycle. The limited value of the tests, because of
the number of uncontrolled variables, such as temperature, hu-
midity, dust and sizing, did not justify more accurate determina-
tion of the cleaning cycle. To simplify the control for these
operations, it was decided to operate both mills with the same
initial cleaning cycle, a compromise between the two calculated
cleaning cycles.

Each filtering unit has four compartments and is so constructed
that one compartment at a time is removed from service for
cleaning. It is, of course, important that the cleaning operation
occur only while the compartment is dampered off. The setting
adopted is given in Table 4.

TABLE 4 CYCLE SETTING ADOPTED

25-Ton mill  40-Ton mill
Number of complete cycles per hr.. 2 2
Time required for 1 cycle, min.... 30 30
Total time, unit operating with -
ing capacity, min.......coeeeee, . .. 10 10

Total time per_cycle when unit is i
75 per cent filtéring capacity, min.........ccocee.. 20 20
Actual shaking time per compartment per cycle,

eoe N N

AcTu'éll' shaking time per compartment perhr, min 6 6
Actual shaking time all compartments per cycle,

min cereenens 12 12

Actual shaking tim 24 24

Note: Time controlforthe cycle was obtained from a synchronous motor
through reduction gears driving a shaft onto which were fastened bakelite
cams opening and closing contact switches in proper sequence for damper
and shaker motor operation. Provision was also made for manual operation
of the control limit switches.

The validity of such testing with respect to the resistance of
different cloths has a good degree of plausibility, since it is possi-
ble to test the cloths under practically identical Reynolds-number
conditions as exist in the full-scale apparatus. These tests indi-
cate that the effective filter resistance is principally determined
by the filter mat which is formed by the cloth and the so-called
residual dust loading. To a considerable degree, independence
of filter resistance to the textile specification of the cloth exists,
a fact of interest because cloths may be selected principally for
their mechanical qualities.

If it should be found that such tests furnish an approximate
basis for the design, they would assume considerable importance.
The authors’ results indicate that this is only roughly true.
Since such correlation was not of primary interest at the time
of carrying out the work, necessity for further and more extensive
data is indicated, especially on different materials.

The laboratory tests indicate two apparent flow-resistance
rules. First, at constant loading of the cloth the draft loss varies
directly as the flow. This is reasonable enough as the flow
through the filter itself must be viscous. Second, at constant air
flow, the draft loss varies as the 1.5 power of the loading, a state-
ment by no means so obvious and which must be confined to the
limits of the experiments, because it involves several variables
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connected with dust sizings, atmospheric conditions, and others
not under controlled variation in the experiment.

Field Tests

The installation of the 25-ton-mill filter was completed in the
spring of 1937 and placed in service immediately thereafter.
For the first several days, operation of the collector was as ex-
pected. Initially some coal dust came through the cloth onto the
clean side until a dust mat was formed on the cloth after which
the air coming through the cloth was perfectly clean. Subsequent
operation of the collector showed that the air resistance kept
building up and no amount of shaking would bring it back to
normal while the mill was in service, although the shaking was
effective with the mill shut down. After numerous tests, it was
decided to change the timing cycle. New cams were ordered, cut,
and installed, which permitted more flexibility in the time-control
variation by resetting the cams on the drive shaft and changing
the motor reduction gears.

During the shaking cycle, the sequence of the cleaning operation
is as follows:

1 Close off compartment to filtering by damper.
2 Time prior to shaking called “rest period.”

3 Shaking period.

4 Time after shaking called “settling period.”

Changes were made in the number of cleaning cycles per hour
and the rest, shaking, and settling periods.
Some of the results of the tests have been plotted in curve form

and indicate the rate of pressure build-up. Fig. 8 is a typical
curve of the initial cycle for 75 per cent filtering area. During
part of this cycle 100 per cent filtering area was used. However,
so that the test results of the original cycle may be compared
with subsequent data on cycles which employ 75 per cent filter-
ing area all of the time, the results were plotted for 75 per cent
filtering area. In a period of 2 hr 5 min pressure built up to 4 in.,
the normal design pressure, and increased to 5Yi in. in an addi-
tional 47 min, resulting in a lifting of the explosion vents. After
2 hr 45 min of service the time control was changed to manual
with 4 cycles per hr and 60 sec shake, but pressure continued
to build up until the vents were continually open. The mill
was shut down after 5 hr 45 min of service because of excessive
back pressure.

Figs. 9, 10, and 11 are plots of results of the tests in which the
cleaning cycles per hour, rest, shaking, and settling periods were
changed as indicated on the curve sheets. All tests indicate the
filter back pressure rises to 4 in. from 2 to 3Vi hr and, with
the exception of one test (Fig. 10) in which 4 in. is reached in
about IV2 hr, continued to increase until the vents lifted at 5'A
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in. and the mill was shut down. In each run the milled coal was
21 tons per hr, air flow approximated 14,000 cfm, dry-bulb tem-
perature 125 F, and relative humidity 40 per cent. No effect of
the cycle frequency on the filter back pressure is apparent except
that the results with the 3-cycle frequency are worse than with

the 4 or 5cycle. The duration of the shaking period had no effect
on the pressure build-up.

Continued checking of the shaker mechanism and damper-
operating mechanism indicated them to be in good working con-
dition. When the damper closed off a compartment to air flow,
preparatory to shaking, there was a gradual drop in pressure by
virtue of the fact that flow occurs until the pressures on both
sides of the filter cloth are in balance. If the time allotted for
pressure balance is not sufficient or is offset by air leakage around
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the damper seal, then shaking of the cloth no matter what the
duration will be ineffective. A checkup of the compartment
pressure, when dampered off, indicated a positive pressure of
approximately 0.02 to 0.04 in. of water.

During the test run plotted in Fig. 11, two of the vent doors
were lifted accidentally while the compartments were dampered
off, thus allowing quick equalization of clean- and dirty-side pres-
sures and also providing a sufficiently large area for escape of any
inleakage without affecting the pressure balance. The effects were
readily apparent. The filter resistance dropped from 6.10 to
4.10 in., after one of the compartment filters had been cleaned,
and dropped to 3 in. after the cleaning of the second compart-
ment filters. The pressure increased to 4.4 in. as the first then the
second compartment on which the vent doors had been lifted
were removed from service. The pressure dropped from 4.4 to
3.45 in. when both filtering compartments were returned to
service.

Design of llesidual-Pbessube Release System

When the pressure filter system, as previously indicated, went
into operation the resistance built to very high values. Increase

Fig. 12 Exhausteb-Fan Abbangement fob Ofebation of Dust

Filteb

of the number of shaking periods and of the time of shaking was
ineffective in eliminating pressure build-up. One theory ad-
vanced was that the residual air pressure in the isolated compart-
ment held the coal against the filter in spite of efforts to shake it
free. Tests were run to determine the amount of evacuation nec-
essary to allow the free discharge of the dust from the cloth.
It was found by measurement of air flow that 275 cfm were re-
quired for the filters of 410 cu ft free volume, and 400 cfm for the
filters of 590 cu ft free volume. A margin for damper leakage was
also allowed.

After consideration this evacuation was carried out in the
manner shown in Fig. 12. A single fan was connected to all
compartments and continuously operated. Its capacity require-
ments were based upon the following criteria:

The operating suction at the fan inlet is selected so that varia-
tions in flow from operating and nonoperating compartments
owing to differences in pressure will be swamped out to a desired
degree. This necessitates the introduction of accurate resistances

MAY, 1940

in the individual lines, which may be tapered nozzles, properly
designed and discharging in the inlet plenum. The over-all
system resistances including the nozzles should be calculated be-
cause high line velocities should be used. The total flow into
the fan under operating conditions is readily figured and leads to
the selection of a fan of proper P-V characteristics. Low veloci-
ties and flat spots must be avoided as shown in Fig. 12.

The power requirements of this fan are a charge against opera-
tion amounting to 7 hp for the 7040-sq ft filter and 12 hp for the
10,710-sq ft filter.

The necessity for some such installation would exist whether
the filter were under pressure or suction. However, for a suction
filter, a simple mechanical atmospheric break on the clean side
might be provided for each compartment.

The reasoning indicating the necessity for evacuation is ex-
pressed mathematically in the following expression which offers
a means for evaluating the time which must elapse before the
particles may be shaken off in the face of a slight residual pres-
sure.

If Qtt V, P, are, respectively, the weight of air in the filter, the
volume of the filter, and the absolute filter pressure at any time t

and the time derivative is

Fig. 13 Vabiation of Back Pbessube With Time;.

Pbessube Release System

Residual-

If the time for decrease of the pressure to Yi value is observed,
the time for the volume rate discharge to change from Vi to Fs
is given simply enough by the foregoing ratio, assuming that the
inlet damper is tight. Theoretically, at least, if the terminal
velocity of the particles were known, the time the filter was to
be out of service before the pressure decreased to the point at
which the particles would fall off the cloth would be determinate.
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A consideration of the terminal velocity of fine particles, as
discussed by Croft,4leads to the general conclusion that the air
velocities for the particles encountered here must be less than
about 3.5 in. per sec and may have to be as low as 0.001 in.
per sec before shaking can be effective. This consideration indi-
cates the necessity for residual-pressure release.

The effect of the residual-pressure release mechanism on the
back pressure is clearly shown in Fig. 13 which should be com-
pared with Figs. 8, 9, 10, and 11.

Inspection and M aintenance

Of particular interest in the operation of the dry dust filters
is the number of man-hours involved in inspection and mainte-
nance. Inspections while the equipment is in service cover the
following:

1 Lubrication of bearing surfaces of coal-conveyer valves,
evacuating fans, and motors.

2 Checking housing for leaks from dust side of collector.

3 Observation of clean-air discharge for evidence of tom or
defective bags.

4 Checking reclaimed-coal lines for free movement of coal.

5 Checking operation of main exhauster damper control.

6 Checking pressure balance of cloth filter with draft gage.

Items 1to 4 are covered by the regular millhouse operating
crew and are made a routine matter along with other duties at
similar locations about every 2 hr. The inspection is primarily
a precautionary measure. Items 5 and 6 are looked after by
test men in the technical department of the company. A monthly
inspection of the damper control is all that is generally necessary
and requires about 3 or 4 hr per month. Item 6 isincluded for the
purpose of checking the auxiliary-fan operation and is made about
every 3 or 4 months in about Vi hr.

During the shutdown operation it is advisable to check the
following and do general internal cleaning:

1 Shaker mechanism.
2 Inspect damper gaskets.
3 Inspect auxiliary-fan piping.

It is good practice to make a general internal inspection of the
collector weekly.

Maintenance data on the dust filters are not as complete as
they should be at this time because included in the maintenance
figures are design changes. These changes in design will un-
doubtedly lower maintenance charges and decrease outage pe-
riods in the future. Figures subsequently cited are for the total
operating hours given for each filter.

The largest single item of maintenance in the dust filters is the
filter bag. Bag life is approximately 2 yr and the bags, with
flameproofing applied, cost approximately $1 each. To re-
move and replace bags requires about 180 man-hr for the 25-ton
mill and 275 man-hr for the 40-ton mill, assuming all bags are re-
placed. Defective bags are located from the clean side of the
collector and are replaced from the dust side of the collector.
Since there are 552 bags in the 25-ton-mill installation and 840
bags in the 40-ton-mill installation, this replacement is therefore
an appreciable item and worthy of investigation.

At the present time, tests are under way to confirm a proposed
decrease in shaking frequency and time. One other change has
been made which should improve the life of the bags. Formerly
the flow of clean air was downward but now the flow is upward
through the top, in order to prevent clean air with high vapor

‘“The Calculation of the Dispersion of Flue Dust and Cinders
From Chimneys,” by H. O. Croft, Trans. A.S.M.E., vol. 57, 1935,
paper FSP-57-1, pp. 5-10.
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content passing from one collector to the other when one of the
collectors is out of service.

The next largest item of maintenance is general cleaning and
gasket repair. Approximately 400 man-hr have been spent in
this work but it is reasonably certain that this item will virtually
disappear, because 90 per cent of the time devoted to cleaning
would not have been necessary if the collector were dust-tight
initially. For example, the access doors and coal-hopper casing
leaked dust continually while the collectors were in service and
required constant cleaning and patching, which otherwise would
not have been necessary. Dust-tight access doors were made to
replace the initial doors and the hopper casing was welded to
make it dust-tight. Gasket maintenance is a relatively small
item and has approximated 50 man-hr, which time is spent
about once a year renewing gaskets on explosion vents, access
doors, and damper frames.

Reclaimed coal drive systems have bad approximately 330
man-hr maintenance, a considerable portion of which can be con-
sidered as due to the dusty atmosphere, resulting from leakage
which in turn caused bearing maintenance and maintenance of
the chain drive. Rotary valves which feed the coal into the
screw conveyer and return coal pipe have had no maintenance.
Some trouble had been experienced in the early days with flood-
ing of the conveyer screw, causing plugging of the return coal
pipe at the point where it connects to the screw, but this has been
rectified by increasing the angle of inclination of the outlet coal
pipe. At the present time the coal drive system runs continu-
ously, but it is planned to try out intermittent operation of the
drive system which, if successful, will decrease maintenance.

The shaker mechanism has needed 205 man-hr of maintenance
which has been due largely to wear of the roll which fits in the
cam groove of the rocker mechanism. The roll was worn egg-
shaped because it did not rotate with the cam but slid in the cam
groove. Some of the rolls were worn down to the pin in a period
of 6 to 8 months but, when a grease-seal ball bearing was substi-
tuted as a cam follower in place of the hardened steel roll, very
slight uniform wear resulted in a period of 18 months. There
has been some loosening up and falling out of setscrews fastened
to the rocker shafts which have been replaced with a self-locking
type of setscrew.

Approximately 75 man-hr have been charged to resetting limit
switches. This is not excessive, since it is good practice to check
the limit switches on the gate-damper motors about once every
6 months. The purpose of the check is to insure a good seal of
the damper against the door frame at all times so that the pres-
sure balance of the cloth will be proper for effective shaking.

The 25-ton mill has been in service 6197 hr and the 40-ton mill
5759 hr since the installation of the dry filters. During this time
it is estimated that 4400 tons of coal have been reclaimed by the
dust filters. The operation of the filters has been normal and no
major incidents in their operation have occurred.

Safety Measures

It is recognized that coal milling is a process which must be
carefully handled to prevent fires during the operation. Protec-
tive equipment and safe procedures had been employed in the
millhouse in line with best practice and this policy was extended
to the dry filters. Numerous tests on filter cloth, both treated
and untreated with flameproofing, indicated the desirability of
treating the cloth, although it was recognized that such treat-
ment would increase the flow resistance of the cloth slightly and
perhaps affect its life. The effect of the flameproofing was found
to be that of retarding the burning of the cloth and localizing it,
although the time required for ignition of the treated and un-
treated cloth seemed the same.

Long horizontal runs of pipe are objectionable as are low pipe
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velocities.  Accordingly in the layout of the pipe lines leading
to the collector, the velocities are maintained at above 3000 fpm
and the pipe runs are all practically vertical with the exception
of the tie-in connection to the collector on the 40-ton mill, which
is approximately 25 ft long. Exposed pipe above the roof is well
insulated and provided with waterproof covering. In addition
the horizontal run is provided with an inspection and access door.
Dry-coal return lines are vertical with minor exceptions, where
45-deg bends were necessary. These were provided with cleanout
plugs.

It has been mentioned that the dust filters were installed on the
millhouse roof. The collector, therefore, had to be well insulated
to prevent condensation. A 4-in. layer of rock wool backed up
with V«-in. transite sheet was provided, the collector itself being
lined with No. 14 gage sheet metal. The temperature drop
through the collector is therefore small, in the order of 10 F, and
the exit-air temperature is above the dewpoint.

Each compartment is provided with an explosion vent in addi-
tion to those already existing on the mill proper. Each filtering
compartment has an access door.

Published data on the subject of inflammability of coal dust-
air mixtures are meager with reference to the problem at hand.
Two general statements may be made:

1 The dust must be present in a cloud of inflammable density
and composition.

2 There must be a source of ignition, such as freely burning
coal or an electric spark.

These two basic conditions may be discussed in terms of the
factors which determine them. With regard to any distinction
between inflammability and explosiveness, investigators of the
Bureau of Mines6find, as a practical matter, that it is impossible
to distinguish between them and that it is inadvisable to attempt
such distinction.

When the coal-air mixture at Kips Bay Station leaves the pri-
mary cyclone, the velocities and composition are as given in
Table 5.

TABLE 5 VELOCITIES AND COMPOSITION OF COAL-AIR
MIXTURE, LEAVING PRIMARY CYCLONE

25-Ton mill 40-Ton mill
6.2 6.8
3300 3400
(100 per_cent through 325-
mesh Tyler screen

Grains of dust per cu ft of air at 130 F
Velocity in pipe, ft per min
Dust fineness

The question of mill drying by flue gases was studied at length
and abandoned as economically impractical in this instance.

The regulation of air flow from the mill to the filters is ac-
complished by a high-quality automatic control which throttles
the mill fan discharge to maintain a constant suction at the mill
cyclone outlet. This function, the maintenance of constant mill
air flow, has performed admirably with concurrent advantages in
mill operation. Variations in filter pressure are not felt in the
mill system.

On the receiving hoppers of the filter, mechanical rappers were
installed and have worked very well. The rotary valves for dis-
charging the hoppers are mechanically driven and isolate the
hoppers at all times from the receiving screw conveyers.

The receiving screw conveyers were the scene of several fires
in the early operation due to spontaneous combustion of packed
coal in the barrels. This condition was eliminated by minor
changes. Such precautions are also directed against fire due to
spontaneous combustion.

6 “Coal-Dust Explosibility Factors Indicated by Experimental

Mine Investigations, 1911-1929,” by G. S. Rice and H. P. Green-
wald, U. S. Bureau of Mines, Washington, D. C., Technical Paper No.
464, 1929.
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It is also necessary to insure against the hazards of static
electric discharges. This insurance is largely inherent in the fact
that this filter is a mass of metal mesh supporting the cloth,
giving almost continuous grounding with a minimum free volume
for the occurrence of intercloud discharges.

There is some evidence that high humidities reduce the inflam-
mable character of the mixture, although publications of the
Bureau of Mines declaim the futility of relying on this. For in-
stance, Rice and Greenwald* unequivocally reject the influence
of humidity in practical work. However, high humidities may
reduce static-electricity hazard considerably.

Appendix

Three rather complete performance tests on the 40-ton-mill
cloth-filter installation are given in Table 6. Of particular inter-
est is the power consumption of the cloth filters and the fineness
of the reclaimed coal. Power consumption of the cloth-filter
installation is less than 0.2 kw per ton of milled coal, which is
approximately 1.5 per cent of the total. Fineness of the reclaimed
coal indicates that practically 100 per cent passes through a 325-
mesh Tyler screen and also that the density of the reclaimed coal
is approximately one half that of the milled coal. It is of interest

Fig. 14 Reclaimed-Coal Weighing Device
to note that the efficiency of the primary cyclones is better than
99 per cent.

The tests were made with 4 cleaning cycles per hr on the cloth
filters. The duration of each shaking period was approximately
20 sec per compartment for each cleaning cycle.

The reclaimed-coal weighing device used in these tests is indi-
cated in Fig. 14. The particular advantage of the installation

6 See reference (5); p. 8.
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° Neutral period (all filter compartments filterindg). .
b Cleaning period (one filter compartment closed for shaking).

shown is that it permits continuous movement of the coal dust in
the pipe line, because it incorporates a storage hopper in addition
to the weighing hopper and also that it is dust-tight which, in
this particular application, is rather important. It is, of course,

important if the dust-conveying pipe is under pressure other than
atmospheric that the weighing hopper be vented during the
weighing period. For this purpose, a vent valve is provided in
the weighing-hopper cover plate. This particular type of installa-
tion has also been used successfully in weighing flue dust from
pulverized-fuel installations. The hoppers are fabricated from
®&-in. plate and all seams are welded.
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Discussion

J. E. Fuitweiter.7 It would be interesting to know if any
serious objections to the installation discussed in this paper were
offered by the engineers of the insurance company covering the
risk; also whether the demonstrated safe operation of this com-
pletely dry equipment was satisfactory proof that sprays are
not necessary when the other precautions described are taken.

In view of the tendency to insist upon sprays in connection
with explosive industrial dusts, this example may prove of con-
siderable value in the art, because some of the dusts involved are
of value if kept dry and utterly ruined if wet.

The wetting of the dusts also seems to increase rather than
minimize the disposal problem as well as to entail considerable
trouble, due to the freezing of the water in cold weather. An
installation of this size and importance, operating dry, is therefore
of considerable interest to the writer.

Ratph A. sherman.8 The writer would like to suggest that
supplementary information covering the proximate analysis and
calorific value of the dust, which is collected in the bag filters,
would aid in a comparison of the remainder of the coal collected
in the cyclones.

R. F. Throne® There are upward of 100 installations of
cloth filters in service, handling vents from pulverized-coal equip-
ment. The general experience has been quite satisfactory.
Some provisions have been necessary to drain off the static
electrical charge, and some installations have required special
attention to the slope of the inclined surfaces. Only a few of the
installations use flue gas as an inert gas, the circulating gas in
most cases being air.

Cloth-type filters have the highest reclaim capacity, especially
in their ability to remove the microscopic sizes under 10ju. These
sizes represent as high as 80 per cent of the total dust and consti-
tute a major visual nuisance.

Precaution must be exercised to maintain the gas humidity
below 100 per cent, as the resistance through the cloth greatly in-
creases as it absorbs free moisture, as well as permits the coal dust
to cake onto the filter surface, thus increasing the difficulty of
restoring the filtering medium. The tubular free-hanging type
of cloth filter, can be adequately cleaned in service merely by
closing the outlet-gas damper without in turn closing the inlet-
gas damper. The agitating mechanism is sufficient to shake the
coal dust from the filter cloth without allowing a time period for
equalization of gas pressure on either side. The most effective
procedure is to have a reverse flow of the gas through the filter
cjoth during the shaking operation, but such reversal, either
with the cleaned gas from other sections or with room air, cools
the gas in the compartment being cleaned, to and below its dew
point, causing condensation. Cloth filters have proved equally
successful under negative pressures as high as 26 in., as well as
under positive pressure. The major disadvantage of negative-
pressure operation is the detection of air-inleakage areas.

Fire hazard is increased in the employment of cloth filters.
This becomes an important factor, especially with the “younger”
coals, for which the affinity for oxygen is high. The combustion
of filtering cloth with the resulting flame adds a menacing factor
to what would otherwise be an easily controllable condition.
Flue gas as the circulating medium has not proved satisfactory

7 Power and Industrial Engineer, Schmid & Fulweiler, Philadel-
phia, Pa. Mem. A.S.M.E.

9 Supervisor, Fuels Division, Battelle Memorial Institute, Colum-
bus, Ohio. Mem. A.S.M.E.

* Secretary-Treasurer, Public Service Company of Colorado,
Denver, Colo. Mem. A.S.M.E.
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in avoiding ignition of coal dust and the resulting loss of filter
bags on the “western” coals. Even though a noninflammable fil-
tering cloth material should be developed, considerable question
remains whether with these “younger” coals, the large area
available is not a definite hazard.

J. C. witt.20 The writer would like to know whether any
installations of the type described have been involved in fires?
He has had some experience with one all-steel dust-collector
installation in which a fire occurred. Much of the equipment
was rendered worthless by the heat, although nothing was burned.
The question therefore arises: What benefit would come from fire-
proofing the cloth, in this instance, if a fire should start?

Authors’ Closure

The authors believe that the successful operation of the cloth-
filter installation described is in a large measure made possible
by the safety features incorporated in the design and also be-
cause of the systematic inspection program carried out by the
operating personnel. The insurance carrier, in the case of this
installation, interposed no requirements with those on pulverized-
coal installations in general.

The powdered-coal proximate analyses omitted in the perform-
ance tests and requested by Mr. Sherman have been obtained.
Average laboratory results of the powdered-coal analyses are
tabulated as follows:

POWDERED-COAL PROXIMATE ANALYSES
Reclaimed coal

Milled coal (collected by cloth filter)
Moisture, per cent 1.4 0.8
Volatile matter, dry 34.4 33.8
Ash, dry, per cent.. 7.7 7.4
Fixed carbon, dry, p 57.9 58.8
Sulphur, dry, per cent... . 145 1.10
Calorific value, dry basis, Btu per Ib.. 14110 14150

No appreciable difference in laboratory analyses of the two
powdered-coal samples is evident. Although the primary cyclone
efficiency is better than 99 per cent, it is not sufficient to detect
differences in proximate analysis between milled coal and the
vented coal, if such a difference exists. For this installation at
least, the conclusion must be that the proximate analyses of the
powdered coals are the same.

Mr. Throne points out that it is necessary to insure against
the hazards of static electric discharges. This insurance is
largely inherent in the collector described. The importance of
maintaining the temperature of the coal dust conveying air in the
collector above the dew point cannot be overemphasized. Care-
ful selection of heat-insulating materials has eliminated difficul-
ties of this kind.

Pressure balance of the cloth may be secured by closing either
the inlet- or outlet-gas damper. It is not necessary to close both.
In this installation, the inlet dampers were used because it simpli-
fied construction and outlet dampers were not provided because
they were unnecessary. It has been found by experience that
shaking in a screen-type collector is ineffective if the cloth pres-
sure is unbalanced as little as 0.02 in. of water. Reverse gas
flow is unnecessary and is of doubtful value.

Mr. Throne states that cloth pressure balance is unnecessary
with the tubular free-hanging-type collector. It is quite un-
necessary with all types if draft loss is no object. It would be
of interest to know the magnitude of the pressure unbalance for
the installation mentioned. It is certain that, if a pressure un-
balance exists at the time of shaking, it is also true that more
effective shaking is possible if the pressure unbalance is eliminated.
Cloth maintenance will be reduced as a result. Needlessly high

10 Technical Service Manager, Marquette Cement Manufacturing
Company, Chicago, 111. Mem. A.S.M.E.
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pressure drops should be avoided on large installations because
fan-power requirements will be high and cloth maintenance will
be a very costly item. Although the collector described operated
at a pressure above atmospheric, the system will operate equally
satisfactorily at a pressure below atmospheric. The pressure-
release system in the latter case will be rather simple.

The authors agree with Mr. Witt that fireproofing the cloth
does not protect the dust-filter equipment after a fire has started
in the collector. As pointed out in the paper, the primary pur-
pose of the cloth flameproofing is that of localizing a fire after it

has started. Atthis stage, the chief concern of the operator would
be to prevent spreading to other parts of the mill system and to
adjacent equipment. From this point of view as well as the moral
value, the slight additional cost of the flameproofing is justified.
The authors do not know of any coal-dust cloth-filter installations
of the type of design described in which fires have occurred.
There have been fires in the type of collector described with bake-
lite-dust installations and other similar dusts. None of the fires
were directly attributed to the collector but they were carried into
it from other parts of the system.



Mean Temperature Difference in Design

By R. AL BOWMAN,1A C. MUELLER,2anad W. M. NAGLE3

In heat-transfer apparatus the rate of heat flow from the
hot to the cold fluid is proportional to the temperature
difference between the two. For design purposes, it is
necessary to be able to determine the mean difference in
temperature from the inlet and exit temperatures. Nu-
merousinvestigators have contributed analysesofthe tem -
perature difference for exchangers with neither counter-
nor cocurrent flow. This paper coordinates the results
of previous studies on the same basis to give as complete
a picture as possible of all the various arrangements of
surface and flow. Shell-and-tube exchangers with any
number of passes on shell side and tube side are covered
asare the crossflow exchangers with different passarrange-
ments and with mixed and unmixed flow. The special
cases oftrombone coolers,pot coolers, and batch processes,
not previously published, are also treated in detail.

Nomenclature
THE following nomenclature is used in the paper:

A —area of heating surface

specific heat of shell-side (or hot) fluid
specific heat of tube-side (or cold) fluid

base of natural logarithms

correction factor, dimensionless

= weight of fluid batch

= number of shell-side passes

= (tj — <i)/(Ti — <i), dimensionless

= (Ti— Ti)/{Ti — ti), dimensionless

quantity of heat transferred

= « — h)/{Ti— ti), dimensionless

= wc/WC, or (Ti — T2/ (K— <i), dimensionless
= Atm/(Ti — ti), dimensionless

= value of r for countercurrent flow

= inlet temperature shell-side (or hot) fluid

= outlet temperature shell-side (or hot) fluid

= inlet temperature tube-side (or cold) fluid

= outlet temperature tube-side (or cold) fluid
mean temperature difference

= over-all heat-transfer coefficient

weight rate of flow of shell-side (or hot) fluid
= weight rate of flow of tube-side (or cold) fluid
= time
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Introduction

Heat-exchanger design is based primarily on the equation

Q/Ae = UAIM oo [1]

1Section Engineer, Heat Exchanger and Condenser Section,
Westinghouse Electric & Manufacturing Company, Philadelphia, Pa.
Mem. A.S.M.E.

2Chemical Engineer, Technical Division, Engineering Department,
E. 1. du Pont de Nemours & Company, Inc., Wilmington, Del.

3Chemical Engineer, Eastern Laboratory, Explosives Department,
E. I. du Pont de Nemours & Company, Inc., Gibbstown, N. J.

Contributed by the Heat Transfer Professional Group and pre-
sented at the Annual Meeting, Philadelphia, Pa., December 4-8, 1939,
of The American Society of Mechanical Engineers.

Note: Statements and opinions advanced in papers are to be
understood as individual expressions of their authors, and not those
of the Sooiety.

In this basic equation, the amount of heat transferred per unit
of time and surface is shown to equal the product of the over-all
heat-transfer coefficient U, and the mean temperature difference,
Atm  The value of U may be estimated from correlated over-all
coefficients determined in similar exchangers under similar
conditions, or it may be obtained by combination of individual
coefficients. The mean temperature difference Atmis calculated
from terminal temperatures, the method of calculation varying
with the type of exchanger and method of operation.

For simple heat exchangers in which there is steady-state opera-
tion and countercurrent flow of the hot and cold fluids, inte-
gration of the differential equation, relating the temperatures of
the two fluids, leads to the well-known log-mean temperature dif-
ference

Atm (countercurrent flow) = —--—-ere———— . [2]
23 log et \7

The integration involves the following assumptions:

1 The over-all heat-transfer coefficient U is constant through-
out the heat exchanger.

2 The rate of flow of each fluid is constant.

3 The specific heat of each fluid is constant.

4 There is no condensation of vapor or boiling of liquid in
part of the exchanger. Condensation of pure saturated vapor
or boiling of pure saturated liquid throughout the entire length
of the heat exchanger, resulting in Ti = or U = U, does not
affect the integration if the first assumption remains true.

5 Heat losses are negligible.

For heat exchangers in which there is steady-state operation

and cocurrent flow, the corresponding integrated average tem-
perature difference is

frp __ f\N _rrn __a\
ti

For any set of terminal temperatures, the average temperature
difference for cocurrent flow is always less than that for counter-
current flow, unless the temperature of one fluid stream is con-
stant throughout the exchanger.

In the majority of industrial installations true counter-
current heat exchangers are not as economical as multipass
and crossflow units. In multipass exchangers the flow is co-
current in part and countercurrent in part and, as a result, the
mean temperature difference lies somewhere between Atmfor co-
current flow and Atm for countercurrent flow. The mean
temperature difference for the various types of crossflow ex-
changers is also less than that for countercurrent flow and greater
than that for cocurrent flow. The relationships between termi-
nal temperatures and mean temperature difference limit the
performance of each type of exchanger. For a given set of
temperature and rate conditions, the mean temperature difference
for some types of multipass or crossflow exchangers may be
zero, and the exchanger therefore inoperable, while a counter-
current or another type of multipass exchanger may operate
satisfactorily. Formulas or curves are available for calculating
the mean temperature difference from terminal temperatures in
various types of heat exchangers. These are assembled in this
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paper and, where possible, are expressed in the form of a correc-
tion factor, F, by which the log mean At for countercurrent
flow is multiplied to give the true mean temperature difference.

This method of presentation is believed to show most clearly the
degree to which the mean temperature difference of any exchanger
is inferior to the log-mean At for countercurrent flow.

Multipass Heat Exchangers

The widely used shell-and-tube heat exchangers are often
provided with baffled heads to route the fluid inside the tubes
back and forth from one end of the exchanger to the other.
In some cases the shell-side fluid is also caused to travel the length
of the heat exchanger more than once by means of longitudinal
baffles. Differential equations for a number of such arrange-
ments have been derived and integrated. In the integration the
following assumptions are made:

1 The over-all heat-transfer coefficient U is constant through-
out the heat exchanger.

2 The rate of flow of each fluid is constant.

3 The specific heat of each fluid is constant.

4 There is no condensation of vapor or boiling of liquid in
part of the exchanger.

5 Heat losses are negligible.

6 There is equal heat-transfer surface in each pass.

7 The temperature of the shell-side fluid in any shell-side
pass is uniform over any cross section.

The first five assumptions are those employed in the derivation
of the ordinary log-mean temperature-difference formula.
The sixth is in accord with usual heat-exchanger design practice
and the seventh is essentially true where many transverse baffles
are incorporated in the exchanger.

Multipass exchangers with an even number of tube-side passes
per shell-side pass were studied by Nagle (I),4 Underwood (2),
Bowman (3), and Yendall(15). Their results are summarized as
follows:

One Pass Shell Side; Two Passes Tube Side, The cor-
rection factor F for multipass heat exchangers, having one shell-
side and two tube-side passes, is plotted in Fig. 1 against P and
R. The latter are dimensionless ratios, defined as follows:

*Numbers in parentheses refer to the Bibliography at the end of
the paper.

Fig. 1
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The curves of Fig. 1 are based on the integrated equations ob-
tained by Underwood (2) and by Yendall, rather than on the
graphical integrations of Nagle (1), from which they differ by as
much as 2 per cent. The integrated equation for A<, is

At,, (one-two exchanger) =

becomes indeterminate when R — 1, but the usual treatment for
such indeterminates reduces this expression to

The correction factor is exactly the same whether the shell-side
fluid enters at the fixed or the floating head.

One Pass Shell Side; Four Passes Tube Side. The correction
factor for one-four heat exchangers is slightly less than that for
one-two exchangers, but the difference is so small that separate
curves are unnecessary. Underwood’s integration is expressed
in hyperbolic functions, and Yendall’s in logarithms; but the
numerical results appear to be the same. Based on Yendall’s
work, the correction factor may be expressed as

Correction-Factor Plot for Exchanger With One Shell Pass and Two, Four, or Any Multiple of Tube Passes
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Fig.2 Correction-Factor Plot

for Exchanger With Two Shell

Passes,and Four,Eight,or Ant
Multiple of Tube Passes

Fig.3 Correction-Factor Plot
for Exchanger With Three
Shell Passes, and Six, Twelve,
or Ant Multiple of Tube
P asses

Fig.4 Correction-FactorPlot

for Exchanger With Four

Shell Passes, and Eight, Six-

teen,or Ant Multiple of Tube
P asses

Fig.5 Correction-FactorPlot

for Exchanger With Six Shell

Passes, and Twelve, Twentt-

Four,or Ant Multiple of Tube
P asses
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Fig. Corkection-Factob Plot fob Exchanger With One Shell Pass, and Three, Six,
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or Any Multiple of Tdbe Passes;

M ajobitt of Tube Passes in Countebcubbent Flow

One Pass Shell Side; Six Passes Tube Side. Nagle (1) found
that the correction factors for one-six exchangers agreed so closely
with those of one-two exchangers operating with the same ter-
minal temperatures that the curves of Fig. 1 may be used for this
case.

One Pass Shell Side; Infinite Passes Tube Side. It has been
pointed out by Bowman (3) that the correction factor F for a
multipass heat exchanger, having one shell-side pass and a
very large number of tube-side passes, approaches as a limit the
case of crossflow with both fluids completely mixed. Even in
the limit, however, the value of F is generally only 1to 2 per cent
less than that of the one-two exchangers.

Two Passes Shell Side; Four Passes Tube Side. The foregoing
discussion indicates that the correction factors for heat ex-
changers with one shell-side pass and two, four, six, and infinite
tube-side passes are essentially the same. In many jobs that
reach the designer, however, these types of exchangers are
inefficient or entirely inoperative, and an arrangement giving
higher values of F is required. This may be obtained by the
use of two exchangers in series or of a single exchanger having
two shell-side passes and four tube-side passes. The correction
factor F for two-four exchangers piped in the usual manner to
approach countercurrent flow is given graphically in Fig. 2
and algebraically by the following rearrangement of Underwood’s
equation for two-four heat exchangers

The derivations leading to Fig. 2 and Equation [8] involve the
additional assumptions that there is no leakage of fluid or heat
across the transverse baffle separating the two shell-side passes.

Three and More Shell-Side Passes. Bowman (3) developed a
general method for calculating the F factors of three-six, four-
eight, six-twelve, etc., heat exchangers from the correction
factors of one-two exchangers. At any given values of F and R,
the value of P for an exchanger having N shell-side and 2N
tube-side passes is related to P for a one-two exchanger by the
equation

For the special case of R — 1, Equation [9] becomes an indeter-
minate which reduces to

The results are given in Figs. 3, 4, and 5, which may also be
used with little error for exchangers that are multiples of the
one-four or the one-six, rather than the one-two exchanger.

From an inspection of Figs. 1 through 5, it may be seen that,
for any value of P and R, the correction factor approaches unity
as the number of shell-side passes is increased. This is to be
expected, since a multipass exchanger with several shell-side
passes approaches the ideal countercurrent heat exchanger more
closely than does one with one shell-side and two or more tube-
side passes.

In all the cases mentioned, the ratio of tube-side to shell-side
passes isan even number, such as 2,4, or 6. However, Fischer (4)
has pointed out that there is some improvement in the mean
temperature difference if the ratio of tube-side to shell-side passes
is an odd number and the exchanger is so connected that the
tube-side fluid is flowing counter to the shell-side fluid in over
half the passes.

One Pass Shell Side; Three Passes Tube Side. The correc-
tion factors F, for one-three heat exchangers and for two-six,
three-nine, and four-twelve exchangers have been derived by
Fischer (4) and presented in the form of tables and charts. In
each case, the value of F is greater than is found in exchangers
having the same number of shell-side passes but an even num-
bered ratio of tube to shell passes. The improvement in mean
temperature difference resulting from the use of three tube-side
passes per shell-side pass instead of two or four is, however, by
no means as great as that resulting from an increase of one in the
number of shell-side passes. Correction factors for the one-three
exchanger are given in Fig. 6.

Effect of Variation in Heat-Transfer Coefficient. The preced-
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ing derivations are based on the assumption that the over-all
heat-transfer coefficient U is constant throughout the heat ex-
changer. For the case of countercurrent flow in which U
varies linearly with temperature, Colburn (13) has derived the
general heat-transfer equation

where Ui is the value of U at the T{end of the exchanger and Ut
at the Tiend. This equation has been combined by Sieder and
Tate (Industrial and Engineering Chemistry, vol. 28,1936, p. 1434)
with the correction factor F for use with multipass heat exchang-

Until this equation has been tested more extensively its use
should be limited to multipass exchangers having only one shell-
side pass.

Examples Applying to Multipass Exchangers

The examples illustrating the variation of the mean tempera-
ture difference with type of heat exchanger are shown in Table 1.
TABLE 1

EXAM VARIATION OF MEAN
U H T

TEMPERAT NCE TH TYPEOF HEA
EXCHANGER
Example No. 1:
Where Ti = 300 F, ™% = 200 F, ti
Aim,
F deg F
Countercurrent flow 1.000 100.0
Six-twelve multipass 1.000 100.0

Two-pass countercurrent crossflow, one fluid mixed.. . 0.970 97.0

Horizontal film-type, helical connection . 0.960 96.0
TWO-four MUItiPaSS......ccovvreeierrerierieeae 0.958 95.8
Horizontal film-type, return-bend connec 0.916 91.5
Single-pass crossflow, both fluids unmixed 0.910 91.0
Oneé-three MUILIPASS.....coce.reseiiiiesicirins 0.840 84.0
Single-pass crossflow, one fluid mixed 0.835 83.5
Oné-two multipass...... 0.804 80.4
One-four multipass...... 0.798 79.8
Single-pass crossflow, both fluids mixed.... 0.790 79.0
Two-pass cocurrent crossflow, one fluid mixed. 0.405 40.5
Cocurrent FIOW ..o 0 0
Example No. 2:
Where T\ = 300 F, Ti = 200 F, h = 160 F, ti = 260 F
(R =1P =0714)
A,

Exchanger F deg F
Countercurrent flow... 1.000 40.0
Six-twelve multipass....... . .970 38.8
Horizontal film-type, helical connection...... . 0.795 31.8
Two-pass countercurrent crossflow, one fluid mixed.. 0.745 29.8
Single-pass crossflow, both fluids unmixed... 0.682 27.3
TWO-fOUr MUILIPASS....cvveeriesirenesieee e 0.645 25.8
Horizontal film-type, return-bend connection. .0.395 15.8
One-three MUItiPasS......ccovrcvieicseeeiienns .Impossible
Single-pass crossflow, one fluid mixed... .Impossible
One-two multipass .Impossible
Single-pass crossflow, .Impossible
One-four multipass - . .Impossible
Two-pass cocurrent crossflow, one fluid mixed .Impossible
Cocurrent flow ...Impossible

In the first example, all arrangements except that of cocurrent
flow can be used. In the second example only countercur-
rent-flow heat exchangers, or multipass exchangers, which have
two or more shell-side passes, can possibly give the desired
results.

In the design of multipass heat exchangers, the general rules
of Fischer (4) applying to mean temperature difference should be
kept in mind. These are quoted as follows:

1 When the number of tube passes per shell pass is even, the
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mean temperature difference is independent of the direction of
flow of the shell fluid in each shell pass.

2 When the number of tube passes per shell pass is odd, the
mean temperature difference depends on the direction of flow of
the shell fluid in each shell pass and is greatest when the counter-
flow tube passes exceed the parallel-flow tube passes in each
shell pass.

3 In multi-shell-pass exchangers the over-all mean tempera-
ture difference depends on whether the flow of the fluids between
the shell passes is counter or parallel flow.

4 The equations available for solving the true mean tempera-
ture difference applying to multipass heat exchangers can be
made general by letting the T values represent the hot-fluid and t
values represent the cold-fluid terminal temperature.

Use of Correction Factors in Design. From the standpoint of
mean temperature difference alone, it is desirable to use the same
number of shell passes as of tube passes since by so doing true
countercurrent flow can be obtained. However, structural and
servicing considerations limit the number of shell passes, two
passes in general being the maximum number for one shell.
On the other hand the minimum number of tube passes is set by
the quantity of fluid, the allowable pressure drop, the available
space, and the costs of construction. Any reduction in the
number of tube passes below this figure will result in a lowered
heat-transfer rate which may overbalance any gain in mean
temperature difference.

The usual procedure in designing a heat exchanger is, then,- to
choose the number of tube passes on the basis of the foregoing
considerations and then to select the number of shell passes which
will give a satisfactory mean temperature difference. If the
use of two passes gives too low a correction factor, the usual prac-
tice is to divide the required surface among two or more shells in
series.

Probably the most noticeable feature of the correction curves
is the fact that they all have a very steep gradient for the lower
values of the correction factor. In other words, a relatively small
change in temperature conditions will cause a large change of F
and consequently of the mean temperature difference. It also
follows that a small deviation from the assumed conditions on
which the curves are based will cause an appreciable error in
mean temperature differences derived from this part of the curves.
For instance, an exchanger might be expected to work with a
mean temperature difference of 50 per cent that of a counter-
current exchanger on the basis of the correction-factor curves,
whereas, it may actually be an impossible condition, due to the
fact that there is leakage of fluid or heat through the longitudinal
shell baffle contrary to the assumption of zero leakage.

Consequently, the use of correction factors below 0.8 seems to
be questionable from a design standpoint. In those cases where
such low correction factors are indicated, one or more additional
shell passes should be used. Also test data, obtained under con-
ditions which give low correction factors, should not be accepted
too readily for general application.

The use of exchangers with three tube passes per shell pass
gives some improvement in mean temperature difference and
there are applications where this is of value. Unfortunately,
the greatest improvement comes at the lower values of correction
factor where the use of the calculated data for any type of ex-
changer is none too safe. Furthermore, mechanical and thermal
difficulties may prevent the use of this arrangement in the ma-
jority of cases.

When only the inlet temperatures, rates of flow, heat-transfer
area, and coefficient are known, the method of Ten Broeck (5)
is especially useful. The exit temperatures are easily obtained
from his type of plot, eliminating the necessity of trial-and-error
solution.
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Cbossflow Exchangers

Crossflow exchangers have the fluids flowing at right angles,
therefore, neither the cocurrent nor countercurrent equations
for mean temperature differences can be applied. The tempera-
ture of the fluid may vary in a direction normal to its flow as
well as with the direction of flow. At the outlet, all infinitesimal
sections of the stream may be at different temperatures as each
was subjected to a different range of temperatures of the other
fluid. The final outlet temperature is obtained by complete
mixing of all infinitesimal sections. Mixing may take place
within the exchanger and, if completely mixed, the fluid will have
a temperature gradient only in the direction of flow. Therefore,
the mean temperature difference is dependent upon whether either
or both fluids are unmixed or mixed. In any practical crossflow
exchanger, the case of unmixed fluids is more nearly approached
than that of completely mixed fluids. Shell-and-tube exchangers
with many transverse baffles are not crossflow exchangers be-
cause, even though the flow is normal to the tubes, the tempera-
ture change of the shell fluid is negligible for any baffle pass, the
temperature gradient being parallel to the tubes. Conversely,
as the number of shell-side passes in crossflow exchange is in-
creased, the more closely will the case of cocurrent or counter-
current flow be approached.

Mathematical analysis of the mean temperature difference in a
single-pass crossflow exchanger was initiated by Nusselt (6, 7).
Smith (8) finished the analysis of the remaining cases of single-
pass crossflow and extended it to two cases of two-pass crossflow
exchangers. While others have presented equations or methods
to determine the mean temperature difference, only Nusselt (7)
and Smith (8) have carried out their calculations and presented
tables or graphs from which the mean temperature difference
may easily be computed from the known terminal temperatures.

There are several methods of presenting the results of the
analyses of crossflow; each has certain advantages. Smith
and Nusselt use a method in which the temperature-difference
relationships depend upon three parameters which are defined as

Substituting these parameters in the log-mean temperature-
difference equation for countercurrent flow yields
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The method adopted for this paper is that of comparison to the
log-mean temperature difference for countercurrent flow, which
represents the maximum obtainable difference. This involves
the use of F, P, and It which can be expressed in terms of the
three parameters by the following relationships

By means of these relationships Smith’s data (8) have been trans-
posed into the curves Figs. 7 to 11. In the present form, the
efficiency of the type of exchanger being considered is given by F.
It is also easily apparent whether the exchanger will operate
under the given conditions and what penalty is paid in the form of
a poor correction factor F.  For performance calculations on a
known exchanger, the method of Ten Broeck (5) is especially
useful.

The single-pass crossflow exchanger is the only case which has
been completely investigated for all types of flow. Only several
of the more important types of flow have been presented for the
double-pass exchanger and the double-pass trombone exchanger.
Mean temperature differences for more than two passes have
not been determined except for the trombone exchangers. As
the number of passes increases, the log-mean temperature differ-
ence for cocurrent or countercurrent flow will be approached,
but no rule can now be given for the number of passes required
before serious errors are introduced by use of these limits.

The integrations for mean temperature difference were made
under the following assumptions:

1 The over-all heat-transfer coefficient U is constant through-
out the heat exchanger.

2 The rate of flow of each fluid is constant.

3 The specific heat of each fluid is constant throughout the
heat exchanger.

4 There is no condensation of vapor or boiling of liquid in
part of the exchanger.

5 Heat losses are negligible.

6 There is equal heat-transfer surface in each pass.

7 The fluid is either unmixed or completely mixed normal to
the flow, depending upon the type of flow assumed.
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Single Pass; Both Fluids Unmixed. Each fluid crosses in a
series of independent infinitesimal streams between which there
is no mixing or heat transfer until the outlet is reached. Since
each stream is subjected to a different range of temperatures of
the other fluid, the streams will have different outlet tempera-
tures, the final outlet temperature being the result of mixing of
all streams. This assumption represents only the limit for any
actual heat exchanger. However, it is nearly approached when
one fluid flows through many tubes and the second fluid, crossing
outside the tubes, is divided into many streams by baffles. In
plate exchangers, mixing is prevented by baffles on each side.

This type of crossflow has been frequently investigated.
Nusselt’s first solution (6) contained slowly converging series
and in a later paper (7) a more rapidly converging series was
obtained. Roszak, Veron, and Tripier (9), Binnieand Poole (10),
and Liebaut (11) have all presented solutions of varying com-
plexity. Fig. 7 was obtained from values calculated by Nusselt
and based on the equation

Single Pass; One Fluid Mixed, Other Unmixed. In this case,
one fluid is so completely mixed normal to its flow that there is no
temperature gradient. The second fluid is assumed to consist of
independent streams between which there is no mixing. This is
approached by the first fluid flowing across tubes with no baffles
to prevent mixing and the second fluid flowing through tubes.
This type of flow is obtained in a single-pass trombone exchanger.
Here, as in subsequent cases where one fluid is mixed, p refers to
the mixed fluid, g to the unmixed. Fig. 8 is based on the graphs
of Smith (8) which were calculated from the equation

Comparison of the graphs shows the correction factors F are
lower than in the preceding case. If an exchanger is to be de-
signed with predetermined terminal temperatures, but the choice
of fluid which is to be mixed is open, a larger correction factor F
is obtained if the fluid with the greater temperature”change is
chosen for the mixed fluid. However, the increase in most cases
is small.

Single Pass; Both Fluids Mixed. The remaining limiting case
for single-pass crossflow is where each fluid is completely mixed
so there is no temperature gradient normal to its flow. In Fig. 9
the correction factor F, is lower than in either of the two other
cases. Here it is possible to get into a region where reversed
heat flow may take place, that is, near the outlet the original cold
fluid may be hotter than the other fluid. Fig. 9 is based on the
graphs of Smith (8) which were calculated from the equation

Two-Pass Crossflow Exchangers. Two identical crossflow
exchangers may be connected in series in at least ten different
ways, as shown schematically in Table 2. Each of these ar-
rangements can be operated either co- or countercurrent. The
cases which have been partly or completely solved follow:

la Both Fluids Mixed. This case can be solved by trial
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and error for the intermediate temperatures using the correc-
tion factors for the corresponding single-pass case. The cor-
rection factor for each pass is the same. Equation [9] is useful
for countercurrent flow.

Ib Fluid A Mixed, Fluid B Unmixed, Passes Connected in
Inverted Order. This is exemplified by the trombone cooler with
return-bend connections.

Ic Fluid A Mixed, Fluid B Unmixed, Passes Connected in
Identical Order. This is exemplified by the trombone cooler with
helical connections.

Id Fluid A Mixed, Fluid B Unmixed, Except Between Passes.

Here it is assumed that the unmixed fluid makes two passes
through the tubes but is mixed to a uniform temperature between
the passes. The second fluid is completely mixed at all times
and flows across the tubes of the second and first tube passes in
series. Fig. 10 was obtained from the graphs by Smith (8)
which were determined from the equation for the countercurrent
case

When the present case is changed to cocurrent flow it is
possible to obtain reversed heat flow due to the temperatures of
the fluids crossing. The correction factors F in Fig. 11 apply
to the log-mean temperature difference for countercurrent flow
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as this is the basis for all other graphs. Fig. 11 is based on the
graphs of Smith (8) which were calculated from the equation

lid Both Fluids Unmixed, One Mixed Between Passes. This
case is treated by Schumann (14) for co- and countercurrent
flow. The method of analysis developed depends upon calculat-
ing each pass separately. At the present time, no simple rela-
tionship has been developed to determine the mean tempera-
ture difference for both passes from the terminal temperatures.
One pass is the same case developed by Nusselt, the other, how-
ever, is complicated by an initial temperature distribution enter-
ing the pass.

IVd Fluids A and B Unmixed But Mixed Between Passes.
This is treated in the same manner as la.

Horizontal Film-Type Exchangers

Horizontal film-type exchangers (also called trombone or
trickle coolers) are simply banks of horizontal pipes, one above
he other, over which a film of fluid is distributed. These ex-
changers are frequently used because of their simple and cheap
construction and the ease of cleaning the outside of the pipe.

The equations for any number of passes of horizontal film-
type exchangers have been derived. The cases solved are for
countercurrent flow and for the return-bend and helical systems
of connecting the passes. The usual assumptions given at the
beginning of this section are made. In addition, it is assumed
that the temperature of the fluid, inside the pipe, T, is uniform
throughout its cross section at any point. It is also assumed that
the liquor flowing over the banks of pipes is not mixed laterally.

The final temperature of the liquor, U, is the result of complete
mixing of each independent stream, which was at a different tem-
perature when leaving the bottom pipe.

Return Bends. Here the fluid in the tube in one pass flowsin an
opposite direction to the fluid in the pass immediately above
or below. There is only one bank of pipes formed with this sys-
tem of connections. Fig. 12 is based on curves obtained for two
passes from the equation

where K = 1e—e~q\2r.

Helical Connection. In this case the pipe may be considered
as an elongated coil forming two banks of pipes. The direction
of flow through all pipes in a given bank is the same. Fig. 13
is based on curves obtained for two passes from the equation

for Tanks in Series,

Heated or Cooled by Coils

Mean Temperature Difference

There are occasional processes where a fluid is heated or cooled
in a series of tanks by coils. One fluid overflows from one tank
to another, each tank being at a different temperature. Fluid
in the coils may be in series countercurrent to the tank fluid or
each coil in a tank may be fed separately. The problem in de-
sign or analysis of data arises when only the number of tanks
and the terminal temperatures are known. A method has been
derived for such cases. For this case, assumptions are made as
follows:
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Heat-transfer area and coefficient in each tank are the same.
Each tank is at a constant and uniform temperature.
Heat transferred is sensible heat.

Specific heats are constant.

Temperature and flow of fluids are constant.

OB WN R

Tanks in Series; Coils in Series Counterflow

LetTi, Ti,..,Tn —temperature of feed to first, second,... n tank
= temperature of coil liquid leaving the first,
second, ... n tank
= temperature of liquid entering n tank

MAY, 1940

Fig. 14, the line OC is drawn through point Ti, h with a slope of
R. The line OH is drawn to divide any horizontal segment
Gl between OG and the diagonal 01 in such proportion that
GI/HI = 9= By similar triangles GI/HI = GE/HJ, which latter
expression is 4€>by definition. The temperature in any tank is
found by proceeding stepwise from Tiand < for n steps.

Tanks in Series; Coils in Parallel. In this case, let ti = inlet
temperature of all coils and tt, U,.. .t+1 = outlet temperature
for first, .... n tanks.

For any tank, say tank No. 1

Fig. 14 Diagram for Graphical Solution for Temperatures
in Series of Tanks Heated or Cooled by a Series of Counter-
current Coils

Many industrial processes are operated batchwise; and
where the material is heated or cooled the problem of determining
a mean temperature difference varying with time is encountered.
Several methods have been derived for calculating heat transfer
or the mean temperature difference. Perry (12) presents one
of the final equations and attributes the derivation to Boelter
and Cherry. The equations were integrated with the following
assumptions:

1 The rate of flow and inlet temperature of the heating or
cooling medium are constant
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2 The specific heat of each fluid is constant.

3 Only sensible heat is involved, there being no change
of phase or heats of reaction.

4 The batch fluid is well agitated and of uniform tempera-
ture T.

5 Heat losses are negligible.

6 The over-all heat-transfer coefficient U is constant.

The general design equation is

where (T — ta)mis the log-mean difference of the terminal batch
temperatures and the inlet temperature  of the medium.

Either Equation [32] or [33] may be used depending upon the
information available. Equation [32] is useful when the tem-
perature rise of the heating or cooling medium is known at any
time 0 and batch temperature T. With this equation experi-
mental data may easily be investigated to determine the variation
of the over-all coefficient U. If the over-all coefficient varies
as a straight-line function of temperature T, then Colburn (13)
has shown that the value of UAtm should be the log mean of
UiAti and Uz2Afi. Equation [33] is useful in design because it is
not necessary to know the exit temperature of the flowing fluid.
The foregoing equations were derived on the assumption of com-
plete mixing of the batch at any time; this,however, is seldom real-
ized in actual operation. In the other extreme of no mixing the
problem is that of unsteady-state conduction. Methods of de-
termining mean temperature for various degrees of mixing have
not been developed.
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Discussion

E. A. Schumann,Jr.6 The writer is well aware of the enormous
labor expended in the preparation of the various correction-factor
plots given in this paper and feels that the authors are to be
thanked for their contribution to heat-transfer-design data.

A comment seems appropriate on the significance of the di-
mensionless correction factor F in studies of the relative merits of
counterflow and unmixed crossflow heat exchangers. It is read-
ily seen that the correction factor represents a ratio of mean
temperature differences.

and for identical rates of heat absorption in both types of ex-
changer, it is apparent that the extent of crossflow heating surface
need not be greater than that in the counterflow exchanger, as is
sometimes supposed.

On the contrary, designs which can be adapted to high mass-
flow rates of the shell-side fluid (tubular-type unmixed crossflow
exchanger) commensurate with economical pressure drop may
be made to operate with higher shell-side fluid conductances than
could be obtained in a counterflow installation.

Finally, any correction factor based on the authors’ argu-

6 Engineer, Construction Department, The Detroit Edison Com-
pany, Detroit, Mich. Jun. A.S.M.E.
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ment P, and fluid ratio R, is only as reliable as the assumption
made regarding the strictness with which the expected or actual
flow directions adhere to the ideal crossflow.

Authors’ Closure

The intent of this paper is to present a simplified method for
determining the true mean temperature difference for various
types of flows encountered in heat exchangers from the log-mean
temperature difference by applying a correction factor. The cor-
rection factor F should not be interpreted as indicating the rela-
tive merits of countercurrent exchangers with other flow-type
exchangers as this would hold only under the special conditions
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of identical flow rates, temperatures, and heat-transfer coeffi-
cients. While it may be possible by using an exchanger other than
a countercurrent type to increase the over-all heat-transfer
coefficient more than the lowering of the true mean temperature
difference, there are, however, some types of exchangers for
which certain temperature conditions cannot be met irrespective
of the value of the heat-transfer coefficient; this is shown in
example 2 of Table 1. No method of calculating the true mean
temperature difference for the crossflow case has been developed
for cases where the flow is not either completely mixed or un-
mixed; this was specified in the assumptions on which the
equations are based.



Automatic Control in the Presence of
Process Lags

By C. E. MASON,1FOXBORO, MASS., and G. A. PHILBRICK,2FOXBORO, MASS.

In this paper, the methods of "Quantitative Analysis of
Process Lags” developed in a previous paper3are extended
to include automatic control. Carrying on the idea of
representation by liquid-level systems, a specific system is
postulated as a model for a typical industrial process
which may or may not be thermal. Continuing the quan-
titative approach, the mathematical machinery isdemon-
strated by which the operation of control on processes
may be investigated. A selected succession of controllers,
characterized by the laws of control which govern them,
are considered in connection with their performance on
the model system. Although no attempt has been made
to formulate rules governing the proper application of
the various types of controllers considered or governing
the adjustment of any of these individual types, the
authors consider that analyses of this sort may well serve
as a guide to practical theorems in a technology of auto-
matic control.

systems was discussed in a former paper3 presented

before this Society. These systems exhibited char-
acteristics similar to those of industrial processes in which con-
trol-resisting lags are found, and were thus proposed as con-
venient models for such processes. To bear out the implied
analogy, the models themselves, considered as liquid-level sys-
tems, were developed side by side with equivalent thermal sys-
tems. In this way it was found possible to give definite analytic
form to the all-important dynamic properties of equipment to
which the application of automatic control is contemplated,
and to justify a professed effort to fill the gap in a literature
otherwise primarily concerned with the properties of the controls
themselves.

Having already dealt with the inherent attributes of a few
such model systems, the authors will show in the present paper,
how the treatment may be extended to cover their behavior
under automatic control. The procedure will be to choose a
specific model process to which to apply a succession of types of
controls (assumed to be pneumatically operated), the model
being one which is representative of a typically difficult prototype
system, involving a combination of capacity and transfer lags.
For concreteness, this prototype system may be considered as a
thermal process, although it could equally well involve hydraulic,
pneumatic, or electrical phenomena, either singly or in com-
bination.

Although the alleged purpose of an automatic-control in-
stallation is that of holding constant a certain process variable,
this is in reality only accomplished by a series of recoveries from

THE quantitative behavior of certain resistance-capacity

1Director of Control Research, The Foxboro Company.

2Research Engineer, The Foxboro Company.

3“Quantitative Analysis of Process Lags,” by C. E. Mason, Trans.
A.S.M.E., vol. 60, May, 1938, pp. 327-334.

Contributed by the Committee on Industrial Instruments and
Regulations of the Process Industries Division, and presented at
the Annual Meeting, Philadelphia, Pa., December 4-8, 1939, of The
American Society of Mechanical Engineers.

N ote: Statements and opinions advanced in papers are to be
understood as individual expressions of their authors, and not those of
the Society.
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threatening unbalances, the continuity of which constitutes
the record of control. In practice, the disturbances are nor-
mally gradual to some degree. It is this fact which makes
possible the apparent elimination of the effects of upsetting in-
fluences.

Since it is obviously impractical to draw conclusions as to the
over-all (transient) characteristics of the combined system
through the application of any series of influences, it is desir-
able to select an isolated, suddenly applied, disturbing influence.
The results of such a disturbance must involve the complete
transient characteristics of the process and controller in com-
bination.

The model system selected as representative is shown in Fig. 1
The capacity and resistance elements of which it is constructed
are the same sort as previously described.3 Tat Th and Tc are

Fig. 1 Hydraulic Model of a Typical Continuous Process
levels (potentials) in the three tanks, the equivalent areas4 (ca-
pacities) of which are Aa, A and Ac These areas are inter-
connected through the restrictions (resistances) Ra, Rh and Rc.
The flows Qa, Qb Qg Q,, and Q, are disposed as shown.

The level Tain Aais intended to be the controlled variable,
while the supply flow Q, is to be given the role of manipulated
variable by means of which the control of Ta is accomplished.
The auxiliary-supply flow Q, provides a means for altering the
load condition, for on the value of this flow depends the value of
TABLE 1 SUMMARY OF PHYSICAL UNITS FOR HYDRAULIC

MODEL AND THERMAL PROCESS
-Units—

Dimensional Hydraulic Thermal
symbol counterpart counterpart

guantlty .......... Pound (weight)............. Btu s:heat)
otential Inch (level or head).. Deg (temp)
Tlme < ........... .Minute Min
C t .......... .Lb/mm ...Btu/mm
a a0| . B
Resmance (F%) . Deg/(Bgtu/mm)

Q, necessary to produce any given eventual (or potential) value
of the controlled variable Ta The output flow Qa is directly
dependent at any time on the value of T,, and in equilibrium is
equal to the sum of Q, and QO

The physical units for the various constant and variable fac-
tors or quantities will be taken as those employed in the former
paper,8although of course any consistent system of units could

4 A factor proportional to the area, and numerically dependent upon
the units used.
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be chosen. Table 1 summarizes these units both for the hy-
draulic model and for the corresponding thermal process.

Since the model shown in Fig. 1is similar in form to that given
as case VI (Fig. 11) in the former paper,3 differing therefrom
only in the inclusion of the cascaded capacity Ag it will be ap-
propriate to assign the same numerical values to the constants
of the system, in so far as this is possible (Table 2). The units
to be assumed for these system constants are as given in Table 1,
whether for the hydraulic model or for the thermal prototype.

TABLE 2 NUMERICAL VALUES OF SYSTEM CONSTANTS

As pointed out, the original process, of which the hydraulic
system of Fig. 1isto be considered a model, might have any one
of a variety of forms. Its nature has been taken arbitrarily as
thermal. It might, for example, be thought of as a process iden-
tical with the two-capacity thermal system shown in Fig. 4 of the
previous paper,3but with the modification that the electric heat-
ing agency is indirectly manipulated by means of an operation
involving simple capacity lag, such as exists with a large air
motor setting a current regulator.5 In any event, for present
purposes it may be assumed that the model has been faithfully
constructed, and thus the hydraulic system as such may be dealt
with directly. Incidentally, the possibility should not be over-
looked that the original, or prototype, system might be of the
same nature as the model, as for instance a large-scale industrial
liquid-level process having transfer lag.

Before proceeding to the application of automatic controls,
let us briefly discuss the properties of the specific hydraulic sys-
tem (or analog) from the point of view of the former paper.3
Since this is a three-capacity system, the differential equation
describing the dynamic relation between the significant vari-
ables (T,,, Q,, and Q,)) will be of the third order. The deriva-
tion of this equation will not be given in its entirety since it fol-
lows straightforwardly from the methods of the previous paper.
The fundamental hydraulic equations are

which is the complete process equation for the system of Fig. 1.
In the present investigation, the auxiliary flow QO will be kept
always at steady values except when suddenly changed from one
steady value to another in simulation of an instantaneous upset;
thus for the time intervals considered

and the process equation becomes

_ {A)Ta”+ (A)Ta"+ M,)2Y + Ta= Ra@Q. +Q,,)... m3]

5 In this manner, the so-called "valving” lags may be included
as parts of the process rather than as parts of the controls.
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Upon insertion of the numerical values given in Table 2
477" + 18527 + 102577 + Ta=0125Q. +Q,),...[4]
in which, by way of recapitulation,

Ta = controlled variable
Q, = manipulated variable
Q0 = auxiliary supply flow

The supply flow Q, is to be operated on by the controlling ap-
paratus in its effort to maintain Taat a constant value. The
auxiliary flow QOwill suddenly be changed from one value to an-
other under otherwise steady conditions to provide a disturbance
to the controlled system at an arbitrarily initial instant (t — O).

As in the former paper, let the desired or normal value (Tonam
of Tabe

(27 yram= &0 (in. or deg)

In the thermal counterpart of Fig. 4,3he auxiliary flow Q0was
the flow of heat energy—above 0 F—contained in the mechanical
flow of 8 Ib per min of water. Assuming again that initially the
inlet-water temperature is 60 F, then the disturbance can con-
sist of a sudden decrease in this temperature from 60F to 40F.
Thus, for the thermal system, the flow QO had been initially
8 X 80 = 480Btu/min, while the altered value of Q,is 8 X 40 =

30 Btu/min. Hence for either system
(t < 0) Q0= 480(Ib per min or Btu per min)
<>0) Q, = 30 (Ib per min or Btu per min)

Allow the range in which the variable Q, may be changed by
the controls to be given by

Qmin = Qv = (nax
@min = O (lb per min or Btu per min)
@)rex = 640 (Ib per min or Btu per min)

If the controlled variable Ta is to be at its desired value
(27romin the balanced or undisturbed preinitial state, then,
since the value of the auxiliary flow Q, is already determined
for that epoch, it will be seen from the steady-state version (all
derivatives equal zero) of Equation [3] (or Equation [4]) that
the initial balanced value of Q, must be

Q)lnlt = [27n,Mm//U — (Qlinit = (80/0.125) — 480 = 160

Our system is thus prepared for the application of the con-
trolling apparatus which will now be considered.

where

Application op Control Apparatus

The complete or interconnected control circuit, comprising
both controlled process and controller, is symbolically shown in
Fig. 2 in which the process is characterized by the group of its
inherent system constants, and where the other various com-
ponents of the controlled system are shown in their functional
relationship to one another.

Fig. 3gives a somewhat more realistic picture of the combined
system. In Fig. 1the elements of the process under control
are shown in greater detail.

The manipulated supply flow Q, is assumed to be under suc-
cessful control by means of a flow controller, in which instrument
the balanced value of flow, or the flow control point, may be set
by the operating means (the pneumatic operating pressure) of the
level controller, which is the direct analog of a temperature con-
troller in the thermal counterpart.  This instrument contains the
measuring means and the control mechanism, while the flow con-
troller acts as a positive controlling means. These assumptions
will be followed for all types of control mechanism considered.
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Suppose for simplicity that, as the operating air pressure P,
Fig. 3, of the control mechanism varies from zero to its maximum
value, namely, the supply pressure P,, the resulting supply flow
Q, maintained by the flow controller varies proportionately
from zero to its maximum value (Q)m»x. Thus

- = [5]
P. (QW e
With the operating means of the control mechanism thus di-
rectly linked to the manipulated flow, the equation of the con-
trol mechanism may be expressed as a functional relationship be-
tween the controlled variable Ta and the manipulated variable
Q,, or as

Q, = Fc[Ta) = “controller function” of Ta............. [6]

This corresponds to the form of the process equation which may
be written

Ta = Fp(Q,) = “process function” of Q,............. M

Equations [6] and [7] are of course symbolic since the functions
are in general differential expressions and involve time. They

Fig.2 Diagrammatic Control Circuit

Fig.3 Complete Controlled System

serve, however, to illustrate the reversal of cause and effect in
passing from process to controller or from controller to process.
In tabular form:

Cause Effect
Process......ccoevenens Manipulated variable Controlled variable
Controller.............. Controlled variable Manipulated variable

In the “philosophy” of control, this concept may be considered
basic.

The exact nature of the functional relation Equation [6] will
depend upon the particular type of controller under considera-
tion. The functional relation Equation [7] for the process is
provided in the present case by Equation [3] (and/or [4]). For
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purposes of comparison, not only among the general controller
types but between different conditions of adjustment for any
one type of controller, the same initial conditions and also the
same manner and magnitude of upset will be assumed throughout.
Before taking up the controllers in order, it will be informative
to determine the effect on the controlled variable T,, of the dis-
turbance to be employed when this disturbance acts on the
system in equilibrium and with the controls assumed inoperative.
The resulting deviation of Tawill be a standard by which to ascer-
tain the actual amount of correction brought about by the action
of the controllers when operative on the process. Thus, it will be
assumed that the foregoing initial conditions are in effect on the
process and that, at t = 0, the chosen disturbance is inflicted.
Since no controller is acting, the supply flow Q, will remain con-
stant at its initial value, while the auxiliary flow Q0 will have its
new balanced value. Thus from the initial conditions and from
the process Equation [4]

4 Ta + 185T '+ 1025 TJ + Ta= 0.125 (160 + 320)

or

(Ta— 60)" + 4.625 (Ta— 60)" + 2.5625 (Ta— 60)' + 0.25
(Ta— 60) = 0o 8]

The solution of Equation [8] to find the variation of Taas a func-
tion of time is a procedure similar to those described in the pre-
vious paper.8 It involves the roots of the auxiliary algebraic
equation.

k8+ 4.625 f2+ 25625k + 0.25 = O.cccvvvrvrcrrncnnnn [91

and the initial values of the first and second derivatives of T,,
(rate of change and acceleration immediately following the dis-
turbance).

The roots of Equation [9] are all real and negative and may be
found by any desired method, although in general for speed
and precision Graeffe’s method6 is recommended for any linear
algebraic equation of higher degree than the second. Asa matter
of fact Equation [9] is directly factorable in this case (due to the
cascaded nature of the analog process) and may be written

(k1-(- 0.625 k + 0.0625) (k + 4) = O.cevevvreneeee [9a]
The roots are thus

ka = —0.125 kb = —0.5

The initial values of the first two derivatives of Ta may be
determined, through the use of Equations [1], from the change in
QO constituting the disturbance. Since the initial value of the
third derivative of Ta will also be necessary in later examples
and may conveniently be found in conjunction with the other
two derivatives, all three have been found for the assumed upset
and are listed as follows:

(Ta),, = —5 (in. per min or deg per min ) )
(T = +1.875 (in. per min2or deg per minl) >..[11]
(Ta"')0= —0.859375 (in. per min8or deg per ming

Reference to Appendix 17shows the solution in this case to be
of the form

Tg—Tp= 7,—60 = Caeka' + Clelct+ Coek“........[12]

8“Mathematics of Modern Engineering,” by R. E. Doherty and
E. G. Keller, John Wiley & Sons, Inc., New York, vol. 1, 1936, pp.
98-130.

7 The Appendixes referred to throughout the paper form a mathe-
matical supplement which does not appear in this publication. A
limited number of copies of this supplement are available, however,
and may be obtained from the authors on request.
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where the k’s are the roots given and the C’s are integration con-
stants involving both the roots and the initial values of the
derivatives in a manner shown in Appendix |.7 Inserting the
numerical values there results

Ta= 60+ 1333 e~° U+ 6.67 e-°-6 + 0.00 e-**

The integration constant Cc is reduced automatically to zero
for the case chosen, since the system is essentially two-capacity
with respect to changes in Q,alone, QcFig. 1 remaining constant
along with Q, for the period considered. Thus for the effect of
the disturbance on Tain the absence of control

Tg= 60 + 13.33 e-°-1B + 6.67 e-»E............... [13]
Thuswhen* =0 Ta= (Ta),, —80 (in.ordeg) |
andwhent o Ta—#(T,) o = 60 (in. or deg) /

The behavior of Tafollowing t = 0 is shown in Fig. 4. An even-

Fig.4 Effect of Disturbance Without Control

tual departure of 20 units from the desired value is evident.
Plotting may be carried out directly from Equation [13] by
means of exponential tables, or through the rather more con-
venient indirect graphical method used in the previous paper
(Appendix 47).

In either manually or automatically controlling this process
(Fig. 1), the flow Q, is changed in an attempt to counteract the
effect of the disturbance on T,,, and eventually to restore this
variable to its original value. The equation for TJ (see Equa-
tions [1]) and the curve of Fig. 4 show that a change in Q, has an
immediate effect on Ta. On the other hand a change in Q,, how-
ever great, can be shown to have no immediate effect on the
value of Ta, due to the intervening parts of the process between
the point of application of the manipulated flow7Q, and the loca-
tion of the controlled variable T,,, Thus no matter what opera-
tions are performed on Q,, a certain inevitable departure of Ta
will be experienced, the magnitude of which will depend, not only
upon the character (including transfer lags) of the intervening
parts of the process, but also on the amount of the available
corrective change in Qs. This leads naturally to the subject of
automatic control. First, that type of control will be considered
which can produce the greatest initial change in the manipulated
variable namely

“Two-Position” Contbol

“on-
“fixed-position” control, and the
The French “tout ou rien" seems par-
Certainly there is no need to linger over
The law of control may be summarized

Other terms commonly applied to this category are:
and-off,” “open-and-shut,”
various “.... stats.”
ticularly picturesque.
this characteristic.
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briefly, in connection with the system under consideration, as

Q = = 640 =807 [15]
o @ B

Since in operation, the value of Q, is constant except for discon-
tinuous changes involving (theoretically) zero time intervals, the
resulting behavior of Ta may be discovered by a series of solu-
tions of the process equation itself using methods similar to those
in the foregoing part of this paper and in the previous paper.8
This procedure involves dividing the time following the dis-
turbance into intervals between successive crossings of the de-
sired value by the controlled variable. Fortunately the linearity
of the equations permits superposing additively the individual
results of the members of any combination of causes in deter-
mining their combined effect. Thus, in the beginning, it is
merely necessary to add, to the disturbance deviation given by
Equation [13] or Fig. 4, the deviation caused by suddenly in-
creasing Qs alone from its preinitial balanced value (160) to its
maximum value (640). This deviation is similar to curve (a) of
Fig. 12 in the former paper and is readily obtained, requiring
merely a different set of boundary conditions to be imposed on
Equation [4], namely,

for Ta<
for Ta >

Q. = 640
Q0 = 480

(Ta), = 0
{T.)0=0
Tr = 140

Reference to Equation [1] will show why the first two derivatives
are initially unaffected by a sudden change in Q,. The numerical

solution, which is found in a similar manner to that for the curve
of Fig. 4, is

Ta= 140 — 8259 e - » - + 22.87e-»“ —0.28e-"... [16]

When this deviation is added to that occasioned by the dis-
turbance alone, the first loop of the control transient is obtained,
in which Ta passes through its first (inevitable) minimum and
returns sharply toward a new potential value. This stage con-
tinues only until the desired value is attained, at which time
another deviation must be added to the sum of the other two.
This is the deviation caused by an independent sudden variation
in Q, from its maximum to its minimum value. This algebraic
addition of a new deviation, at each crossing of the desired value
(or control-point setting), to the sum of all previous deviations,
may be continued as far as is practical or desired. Thus, at
approximately 15 min in this case, we are substantially adding
together 10 distinct curves. The accuracy of the result be-
comes increasingly questionable due to the difficulty involved
in exact determination of the time intervals. The resulting con-
trol transient (or “recovery” transient) is shown in Fig. 5. The
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intervals become increasingly shorter as time progresses while the
amplitude tends toward zero. Limiting conditions of this sort
are only true in an ideal sense, of course, since even slight im-
perfections, such as dead zones, friction, discontinuity, etc.,
will make them invalid. It may be noted that, even though the
flow Q, theoretically never becomes steady, its fluctuations are
becoming increasingly fast and its average value in this ideal
case must approach that required to give Ta the desired value.
Thus

(Q«)»vg

To avoid the irrational assumption that, preceding the disturb-
ance, the flow hypothetically had been in a state of constant
motion throughout its entire range, it will be assumed that the
process was in equilibrium with the controls inoperative prior to
t = 0, at which time the controller is made operative simul-
taneously with the imposition of the upset.

As already noted, the foregoing results apply only to an as-
sumedly ideal two-position control mechanism. This condition
may be approached only with a highly sensitive and responsive
measuring means. It will be interesting to consider, as an ex-
ample of what may come under this heading in general, the case of
a two-position controller in which a certain degree of dead space
is involved, for example in the detection of the controlled vari-
able. Here the control mechanism might not sense the actual
value of Taitself but instead that of another variable in imperfect
correspondence therewith. The imperfection meant here is one

320 (Ib per min or Btu per min)

Fig. 6 Recovery Transients With Two-Position Controller

Having “Dead Space”

which allows the variable corresponding to T,, to follow Taat a
constant separation when the latter variable moves persistently
in one direction and to remain unaffected when Tareverses its
direction until Tahas proceeded in the opposite direction by an
amount equal to twice the constant separation. This behavior
is similar to the action of two imperfectly meshed gears when the
rotation of the driver is reversible. Let us determine the effect
on the recovery transient.

The recovery transient for the two-position controller with
dead space may be found in much the same way as for the ideal
instrument, except that the correcting changes undergone by Q,
occur, not when the desired value of Ta is crossed, but when T,,
has passed beyond that value by an amount equal to ¥i the dead
zone. This merely requires, in plotting, that the individual
effects of the changes involved are added together at different
initial instants. Fig. 6 shows the results for 1 and for 2 units
(in. or deg) of dead zone, assuming the same initial conditions,
etc., as before. The oscillations of T,, can never die out in this
case but will eventually settle down to a steady state of oscilla-
tion with an amplitude which is always greater than the dead
zone and which may even be several times the width of this zone
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when complicated process lags are involved. The manipulated
variable Q, will continue to fluctuate regularly between its maxi-
mum and minimum values at definite intervals, which may be of
objectionable duration.

Two-Position-With-Rate Control

This descriptive, though not particularly euphonious, name has
been tentatively assigned to a class of control which is widely
represented in relatively simple applications. Closely allied
to the simple two-position class, it differs therefrom in that it
gives to the action of the controlling means a definite constant
rate when the controlled variable is on one side of the control-
point setting, and gives (usually) the same rate in the opposite

sense when the controlled variable is on the other side of the
control-point setting. This “law of control” may be expressed
for the case under consideration, as

Q,) = + R when
Q, = —R when

Ta< T
Ta> T

The quantity R is the constant rate at which the manipulated
variable (the flow Qs) changes. It should be added that this ex-
pression of the law requires that Qs remain between the limits
zero and (Q,)me* This type, it is evident, approaches two-
position control as the rate R becomes progressively larger.

This characteristic is included primarily for the sake of com-
pleteness; its behavior in the face of process lags is markedly in-
ferior. Thus we shall not give the mathematical procedure by
which determination of its behavior on the chosen system may be
found, but merely note that this involves solution—by stages—of
the nonhomogeneous differential equation

{A)Ta"" + {A)Ta"+ (Ai)?y + T.—Ra(Q0+ Rt) = 0

Results of such determinations are shown in Fig. 7, in which the
following rates are assumed:

The relatively fast rate used in case (a) is seen to produce an ex-
cessive overshoot on return, while a considerably slower rate, as in
case (c), delays recovery from the upset and permits a greater
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deviation. It is evident that a compromise, as in case (6), is in-
effective in avoiding these two evils.

The inadequacy of this type of control in the present instance
is due to the inclusion of transfer lags in the process. This
method of control has been used successfully in certain commer-
cial applications, however, but its success has resulted from an
abundance of capacity in that part of the process in which the
controlled variable is measured. When such conditions prevail,
two-position control would be even more successful in the de-
gree of control obtainable, but the two-position-with-rate method
allows much smaller fluctuations in the manipulated flow.

I 1lusion op an Immediate, “Exact” Correction

It may be interesting to note the effect, on the behavior of Ta
following an upset, of an enforced immediate change in Q, to a

new steady value of such magnitude as to produce eventual
return by Tato its desired value. Such a change in Q, would
necessitate a precise knowledge of the disturbance suffered, and
might be thought to be an ideal correction. It is ideal, however,
only in the steady-state sense. By the foregoing superposi-
tion method employed we may plot the resulting deviation by
adding to that of Fig. 4 the result of suddenly changing Q,
from 160 to 320 units (an “exact” correction). Fig, 8 shows
the consequent behavior of the controlled variable as a rela-
tively slow aperiodic return to the desired value, involving a
considerable maximum deviation. This type of correction
would be satisfactory, in the transient sense, only if negligible
lags existed between the manipulated and controlled variables.
Furthermore, it does not lend itself to automatic execution
since the measuring means can respond only to the result of a
disturbance and cannot measure the cause which provoked it.

Proportional Control

This type is also called “throttling” control, due to the defi-
nitely allocated band of values (termed the “throttling band”)
in which the mechanism acts. The operating means of the
control mechanism, here the value of the pneumatic operating
pressure, is made to correspond linearly with the values of the
controlled variable within the throttling band in such a way that
the operating pressure has its maximum value when the con-
trolled variable is at the lower limit of the throttling band and
has its minimum value when the controlled variable is at the
upper limit of that band. Whenever the controlled variable is
below (or above) the throttling band, the operating pressure
stands at its maximum (or minimum) value. When the con-
trolled variable is precisely in the center of the throttling band,
at a value arbitrarily called the “control-point setting,” the
operating pressure stands halfway between its extreme values.

OF THE A.S.M.E. MAY, 1940

Since the manipulated variable Q, is made coextensive with the
operating pressure of the control mechanism, the foregoing re-
marks on the behavior of the operating pressure apply directly to
that variable as well. Thus, assuming that the minimum value
of the manipulated variable Q, is zero, the law of control may be
expressed as

where Tcep = control-point setting, or value of T,, at center of
throttling band

absolute extent of throttling band in same units as
Ta

For completeness the following boundary conditions should also
apply

b =

Qs = (Qamax . for Ta< Top  (6/2)
Q. =0 for Ta> Top+ (6/2)

It will be seen that the equations given merely embody the
description of the mechanism’ operation. Written in a more
usable form

The control-point setting Tgp and the throttling band 6 are of
course “adjustables” of the mechanism. It may be said that
the characteristic of this controller is a static one, in that the
value of the manipulated variable at any time depends only
upon the coincident value of the controlled variable and is inde-
pendent of all previous or subsequent behavior of the latter
variable.

The first step in the investigation of the performance of this
type of control in connection with the specific process will be to
combine the controller Equation [17] with the process Equation
[3], obtaining

The solution of Equation [21] under the usual initial conditions
will give the behavior of Ta following the disturbance under
proportional control. The meaning of Tpis shown (by Equation
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[21]) to be the value at which Ta will eventually balance after
the oscillations following the disturbance have faded. The con-
trolled variable will not, except for one particular value of QQ,
balance out at the control-point setting. This general phenome-
non is often referred to as “loss of control point.” With this
type of control the values of (Tayom Tp, and T are dis-
tinct and different except for special cases.

Since the initial value of Q0is known, Equation [20] will yield
the value of T necessary to give an initially balanced value of
T,, namely (77),, equal to the desired value (Talmm Thus

Two separate cases will be considered in which the throttling
bands are

(a)... 6 = 10 (in. or deg)
(6)...6 = 40 (in. or deg)
Corresponding to these we have, from Equation [19]

(0).. .s = 8 (dimensionless sensitivity constant)
(6)...s = 2 (dimensionless sensitivity constant)

Assigning to (7,00nmthe usual value of 80, Equation [22] gives,
for the two cases, respectively

(a)...Teop = 77.5 (in. or deg)
(b).. .Top — 70.0 (in. or deg)
Thus, from Equation [20], the final balanced values are

(a)... Tr = 77.78 (in. or deg) 1
(b)...Tp = 73.33 (in. or deg) J
The combined differential Equation [21] for controller and
process becomes, respectively, in each of the two cases
4 — Tp" + 185 (Ta— TPH+ 1025 (T,, — Tp)'
+ 9 (Ta— Tp) = 0—[24]
and 4(ro— Tr)"" + 185 (Ta— TP’ + 10.25 (Ta— Tp)'
+ 3(T,— TP =0....[25]
where the values of Tpare given by Equation [23].

The solutions of Equations [24] and [25] involve cyclically
varying functions of time. The process of solution differs from

w23]

Fig. 9 Recovery Transients With Proportional Control

those cases encountered heretofore in that the roots of the auxiliary
algebraic equation are not all real. Appendix 2’ shows a formal
method of integration which may be used here, and which gives,
for the two examples

Ta = 77.78 + 0.0472 + 6.549 cos (0.6959t

+ 1.231).... [26]

and T,, = 73.33+ 0.0120 e-*>™*1 + 11.602e-° » 4 cos (0.3149*

+ 0.9599).... [271

These equations describe the behavior of T,, following the instant
of upset and are plotted (Appendix 47) in Fig. 9. It is essentially
the exponential-cosine (or damped-sinusoid) term of the solution
which governs the nature of the oscillations which the control
transient comprises. The frequency (or period) and the damping
factor are implicitly contained in this term.

For any given process, the roots of the auxiliary algebraic
equation, and hence also the nature of the resulting damped
sinusoid, are dependent exclusively upon the dimensionless con-
stant s, which is the only variable of the controller entering the
coefficients of Equation [21]. The factor s, which has been
called the sensitivity constant of the combined system, depends
directly upon both the output resistance Ra of the process and
the maximum value (QJmsx of the manipulated supply flow,
and is inversely proportional to the extent of the throttling band
6, Equation [19]. Asthe numerical value of the constantsis in-
creased toward a value which would produce discontinuity for the
particular upset, the period of cycling becomes shorter, the even-
tual departure from the desired value [Tp— (ro)[dm becomes
less, while the variation of the manipulated variable Q, increases.
The throttling band 6 is ordinarily an adjustable of this type of
control mechanism, and is used to influence the sensitivity con-
stant s. In practice, an optimum value for s (or for 1/6) de-
pends upon the permissible variation of Q, for normal disturb-
ances, and upon the mechanical perfection of the attendant
apparatus.

Determination of the fluctuations suffered by the manipulated
variable Q, is fairly direct in this case since this may be accom-
plished from the already discovered behavior of Ta (Equa-
tions [26] and [27]) through the use of the controller Equation
[17] or [18]. These fluctuations are also plotted in Fig. 9.

The effect of inertness or dead space in this type of control
mechanism would be worthy of very intensive study, due to its
inclusion in varying degrees in most commercial instruments.
In the case of wide throttling bands, or when the magnitude
of dead space is small compared to the throttling band, the effect
is principally a proportionate increase in the amplitude and period
of oscillation. When the dead space is commensurate with the
throttling band, however, the effects may become far-reaching.
This condition is especially threatening for small throttling
bands; it will be seen that the detrimental effect of dead space as
shown in the case of open-and-shut control becomes more in-
fluential as the throttling band approaches zero.

Once a substantial balance is attained with proportional con-
trol having dead space, the insensitivity of the controlling means
to changes of the controlled variable within the dead space may
result in complete inactivity of the controls during intervals of
minor disturbances. Following larger disturbances, however,
intervals of violent cycling can occur which may persist even
after the cessation of the upsets. Many inexpensive regulators
of this nature are in commercial use which apparently function
ideally under small or slow disturbances, but which, when changes
occur, calling for significant action by the control mechanism,
seem to “lose their heads” and require manual assistance to
regain their requisite inactivity.

“Floating” Control

The name “integrating control” is sometimes given to this
classification for reasons which will be evident. Except for the
fact that some of the less complex regulating devices have ap-
proximately this characteristic, it is not in common use today.
It is important, however, as a component of the more complex
types, and has some unique features.
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The functioning of this class of mechanism may be described
by the statement that the action of the operating means of the
control mechanism is a linear function of the integral of the devia-
tion of the controlled variable from a desired value. Taking
this value as the control-point setting Tcp, we may write, in terms
of the operating pressure and using a proportionality factor ¢

A more universally pleasing form is obtained merely by differen-
tiating either of these equations with respect to time; thus

Fig. 10 Recovery Transients Under Floating Control

By the continued assumption that the manipulated variable is
made coextensive with the operating pressure, we have from iden-
tity [5] and Equation [29]

Q= -

Thus the floating characteristic may be described as one in
which the rate of change of the manipulated variable is made pro-
portional to the deviation of the controlled variable from a de-
sired value. The constant factor (Q,)ma*/c may be thought of
as the rate per unit deviation, or as

The negative sign in Equations [28] to [30] assures the occur-
rence of the corrective action in the appropriate direction, and
allows the proportionality factor to be an inherently positive
constant.

The combination of the controller Equation [30] with the
time derivative of the process Equation [3] gives the following
fourth order differential equation (Q0being constant disappears in
differentiating):
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A solution of Equation [32] is possible by methods similar to
those used previously and specifically indicated in Appendix 3.7
Two cases will be considered, in which different values are as-
signed to ¢. Before giving the results we may note a fact of great
importance from Equation [32]. When the effects of all dis-
turbances are balanced out, all derivatives become zero, and the
equation shows that under such conditions T,, = Tgp. Hence
this control characteristic eliminates any permanent or residual
effects of changes in load; thus there is no “loss of control point.”
Although shown here in a specific case, this recognized fact is
applicable in general. The shortcomings of this controller type
lie in its inability to cope with the immediate effects of a disturb-
ance.

Shown in Fig. 10 are the recovery transients, following the
same disturbance as used throughout, for the following adjust-
ments

(a)... . i/of= 3.2 (units given by Equation [30a])

(6) ....m 0.8 (units given by Equation [30a])
It is evident, from Fig. 10 that, for a larger value than in (a)
the extent of the first return loop, or first maximum, would be-
come excessive. Instability, or oscillation of increasing am-
plitude, lies not far in that direction. For smaller values than
in (6), on the other hand, the recovery would involve both an
excessive deviation and an excessively slow return. At a certain
smaller value of this adjustment, the recovery would become
critically aperiodic; that is, the return curve would approach
the desired value at the most rapid rate possible without crossing.

Only in the relative absence of transfer lags between the
manipulated and controlled variables could the value of (Q)e*/c
be made sufficiently large to give satisfactory sensitivity to the
controlling means.

The behavior of the manipulated variable Q,, as shown in
Fig. 10, may be obtained by solution of the original equations
for Q, instead of Ta, or more conveniently (although less ac-
curately) by graphical integration from the recovery curves of
Ta (see Equation [28]). The figure plainly shows the lagging
phase relationship borne by Q, to T,,, and that the rate of change
of the manipulated variable is zero whenever the deviation is zero.

Proportional-Plus-Floating Control

This is a type of control having a characteristic which com-
bines properties of the proportional type and the floating (or
integrating) type. Other names are, “throttling-plus-floating,”
“throttling-plus-reset,” “proportional reset,” etc. The use of
this characteristic is fairly well known today. The success
which practical controllers of this type have met with, and which
they shall continue to enjoy, may be attributed to the fact that
they inherit the particular advantages of their component devices,
while the separate or distinct disadvantages of each are fortu-
nately canceled in the combination.

To bear out this conception of its origin, we may show how the
equation describing the law of control of this mechanism is syn-
thesized from those of the proportional and of the floating con-
trollers, namely, from Equations [17] and [30], Differentiating
Equation [17]

Q: = - (Ta-

Equation [33] states that the rate of change of the manipulated
variable is proportional to the rate of deviation of the controlled
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variable; this is merely a paraphrasation of the characteristic of
the proportional controller. Now if Equations [30] and [33]
were in effect additively, we should have, for the new value of

Equation [34] is the law of control for the proportional-plus-
floating mechanism.8 It shows the rate of change of the manipu-
lated variable depending additively upon the deviation of the
controlled variable from the control-point setting (desired value)
and on the rate of change of that deviation. This equation may
also be written

The constant r may be called the “reset constant.” From Equa-
tion [35] it is apparent that this term governs the ratio between
the influence of the deviation and that of the rate of deviation,
or the ratio of the proportional to the integrating effect. The
integrating (or “floating™) influence brings about eventual
equilibrium of the controlled variable at the desired value, and
this action has been called “reset.” The dimensions of r are
(1/time), and its units are “inverse minutes.” The constant b
is the familiar throttling band of the proportional controller and
has, when referred to immediate changes, the same meaning
in the present mechanism. Both b and r (and of course Tep)
will be considered as “adjustables” of the mechanism.

To obtain the differential equation of the interconnected sys-
tem, we combine Equation [3] for the process with Equation [35]
for the controller, in a similar manner to that followed in ob-
taining Equation [32] for the integrating case, and obtain thus

(A){T.- T "" + (A) (Ta- To)
+ (1 + » (Ta- Te¥ + («) (T.-

+ (A) (T.- Tov
Tep) = 0... [37]

where s is given by Equation [19] and depends inversely on the
throttling band, while the role of r has been just described. This
equation describes the behavior of the controlled variable Tm
under any circumstances (within limits of continuity) and may
be solved under the usual specific conditions to show recovery
transients obtained with this type of control. Several solutions
of this sort will be carried out for various values of the adjustable
constants r and s (or of 1/b). It may be shown that there are
rather definite values for r and s to give critically aperiodic return.
Strictly definite values giving this critical state would be conven-
iently obtainable if the combined Equation [37] had been of the
third order. This equation would have been of the third order
but for the inclusion of the valving lag described earlier and repre-
sented in the hydraulic analog, Fig. 1, by the cascade capacity.
Hence, by neglecting this lag, values may be computed for the
constants r and s which are approximately critical for the com-
plete system. Adjustments of r and s (or of 1/b), below those
values which would give critically aperiodic return, produce a
control characteristic which has been called “averaging control.”

8 This equation could also have been developed from the mechanics
of a particular control device faithfully embodying proportional-plus-
floating characteristics.
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The effect obtained is to reduce the fluctuation of the manipu-
lated flow at the expense of variations in the controlled variable.
It has found wide practical application in level-control problems.
Except in such applications, however, the adjustments giving
aperiodic behavior following a disturbance are not the most
favorable.

In the periodic, or usual, cases Appendix 37shows the solution
of Equation [37] to be

Ta= Tep+ CdM + Cekf + <V “cos (fc,t + Ca)... [38]

where the C’s and the k’s depend upon the coefficients of Equation
[37] and hence are affected by the reset constant r and by the
sensitivity constant s (or the reciprocal of the throttling band).
Table 3 shows the numerical values of the roots and integration
constants, for substitution in Equation [38], which result when
certain chosen values are assigned to the constantsrand s. Case
(a) involves the values of r and s which give the substantially
critical case, in which neither the magnitude of the throttling
band nor the reset constant are such as to cause cyclic behavior.
The recovery transient for case (a) is plotted as curve (a) in
Fig. 11. Except for a greater deviation, curve (a) exhibits a
similar recovery to that resulting from an exact instantaneous cor-
rection as described previously and plotted in Fig. 8. This
similarity is due to the fact that the flow attains its final value
essentially without overshoot in the comparatively brief interval

of 11 min. Curve (a) of Fig. 12 shows the recovery transient
TIME t IN MINUTES------»- *
Fig. 11 Recovery Transients Under Proportional-Pltjs-

Floating Control; Controlled Variable
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for the manipulated flow in this case. The flow transients for
this type of control may be found from the transients of the con-
trolled variable by methods indicated previously.

The remaining cases selected for illustration were not chosen
at random, for the results of such a procedure might well be
confusing. The adjustments, giving the recovery curves shown,
form an orderly sequence which, it is felt, will serve to demon-
strate their separate influence on the control behavior.

Assuming for the moment that the adjustments giving the
critical case (curves (a), Figs. 11 and 12) are in effect, let us
consider, in a qualitative sense, the result of allowing bto remain
at its critical value and of changing the adjustment r. Without
resorting directly to actual solution, we may observe that when
under such conditions, r is made smaller (slower reset rate), a
longer time will be required for the manipulated flow to attain a
substantially balanced state close to its final, or potential, value
(320 Ib/min or Btu/min). It is apparent, from the discussion
previously given of the critical values of b and r, that a periodic
recovery transient will result if the constant 6 is decreased, or the
constant r increased, from its critical value. Considering sepa-
rately an increase in the reset constant r, it is evident that such
an increase will bring about an earlier crossing, by the manipu-
lated flow Q,, of its final or potential value. These relationships
are best discernible in the light of the individual characteristics
of the component devices, namely, of the floating and the propor-
tional mechanisms, as exhibited in Figs. 10 and 9, respectively.
The control influence of the floating part of the characteristic
tends to make the rate of change of the manipulated flow propor-
tional to the deviation of the controlled variable from its desired
value; this influence tends to prevent reversal of that rate until
the controlled variable has crossed its desired (and potential)
value (Fig. 10). On the other hand, the control influence of the
proportional part of the characteristic tends to reverse the rate
of change of the manipulated flow in coincidence with the re-
versal of the controlled variable (Fig. 9). The desirability of this
latter effect suggests that it might be informative to show the
effect, on the recovery transients, of progressive reduction in the
magnitude of the throttling band b (or of progressive increments
in the sensitivity constant s) with the reset constant r remaining
at its critical value.

The results of these adjustments are plotted in Fig. 11. Given
in Fig. 12 are the curves showing the behavior of the manipulated
variable in the corresponding cases. Starting with the practi-
cally aperiodic case (a), the reset constant r is leftat its critical
value and the sensitivity constant s is increased in geometrical
steps above its original value. This initial series of adjustments
may of course be considered to be obtained by successive reduc-
tions in the throttling band 6. As s is increased, or as the throt-
tling band is decreased, the cyclic period and the damping per cycle
both become smaller, for the oscillations of Q, as well as of Ta.
The initial deviation of Ta is reduced by the successive adjust-
ments, but the corresponding fluctuations of Q, are seen to in-
crease in magnitude. In each of the first four cases the prompt-
ness of return to the region of the desired value is creditable.

With this type of control, discontinuity should be avoided,
thus, the choice of an optimum value, for throttling band (6) for
any given process, will also be influenced by the available range
of the manipulated variable Q, as well as by the desired stability
of that variable and the mechanical perfection of the apparatus.

Smaller values of r, or reset rates slower than the critical, would
merely delay the return in each case. The effect of larger values
of r (faster reset rates) is indicated by case (e), in which the
magnitude of the throttling band is left the same (20 units)
as in case (c), but in which the reset constant is increased approxi-
mately threefold. Although this adjustment slightly decreases
the period of oscillation, as well as the magnitude of the initial
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deviation, the amplitude and damping of the subsequent oscilla-
tion is seriously impaired. Herein lies the only real danger aris-
ing from haphazard manipulation of this adjustment in the com-
mercial use of this type of control mechanism.

From field experience derived from the application of control
mechanisms which involve a proportional control effect (or which
have a throttling band, in the usual sense), a general rule has
evolved to the effect that cycling can be reduced or eliminated
by the expedient of an increase in the magnitude of the throttling
band. In the case of the proportional-plus-reset control mecha-
nism, this rule isonly of practical value provided that the reset
rate (or the reset constant r) is reasonably near the critical value
demanded by the lag characteristics of the process under control.
Case (/) shows the futility of increasing the extent of the throttling
band in an attempt to attain satisfactory control when the reset
rate is excessively fast for the process under consideration.

The authors’ experiences in the mathematical investigation
of other types of processes, as well as actual field experience,
indicate that there exists—for every process—a critical reset rate
(or reset constant r) which is independent of the disturbances to
which the process may be subjected and of the throttling band
which may be employed in the mechanism.

In spite of the necessarily limited generality of the mathematical
approach in the present paper, in that a single specific process
has been dealt with, the authors suggest that it may at least
serve to introduce a method by which the development of ra-
tional theorems may be made possible on an analytic basis. It is
evident that the formulation of rules sufficiently practical for in-
dustrial use must be the result of sincere cooperative effort on the
part of the technical groups both of the users and of the manu-
facturers of industrial control equipment.

For the present, experience alone can supply the necessary
criteria in the application and adjustment of the more complex
control mechanisms. Even this brief introductory treatment,
however, would seem to establish certain of the properties char-
acteristic of the reset adjustment. It isevident that, although an
optimum reset rate may exist for any process, the determination
of this optimum is not a simple routine deduction; furthermore,
the usefulness of the reset feature in eliminating “loss of control
point” is seen to be limited by the critical nature of its adjustment
at values below the optimum.

This paper was prepared, as a continuation of the previous
paper,3 to give, together with that paper, a more complete
exposition of a suggested method for a quantitative approach
to the development of a science of automatic control. The
authors wish to submit, for consideration by the A.S.M.E. Com-
mittee on Industrial Instruments and Regulators, the suggestions
embodied in both papers, and also to offer their sincere coopera-
tion in the accomplishment of the purposes of the committee.
In this connection, they will equally welcome comment or critical
discussion from any individuals interested in these purposes.
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Discussion

E. s smith9and C. O. Fairchita.0 This paper presents a
valuable and straightforward treatment of a combined controller
and plant, i.e., a controlled system for several familiar types of
controllers and a relatively uncommon process or plant. While
level control is used as a complete analog of temperature control,
this does not appear to be adequate since the latter involves the
important factor of attenuation due to “distributed capacity and
resistance.”

Since a process is a method, not an apparatus, the word “plant”
should be used instead of “process” when the apparatus for carry-
ing out the process is meant. The use of a volume unit instead of
a weight unit as the basic “quantity” unit would seem preferable
as appreciably simplifying the dimensional treatment.

The so-called philosophy of control cited in connection with
Equation [7] does not appear to be entirely consistent with the es-
sential unity of the plant and its controller implied in footnote,6
the noted reversal being simply a matter of opposite sign or 180-
deg phase difference.

Under two-position control, the conclusions that the intervals
and amplitudes progressively decrease with time do not appear
to be of value for the common practical case where metering lag
exists, in which case the intervals and amplitudes become con-
stant.

The two-position-with-rate control is more commonly known as
constant-speed floating control. In Fig. 7 and its context, it is
unfortunate that R should be used in another sense than resist-
ance as it was elsewhere used in the paper. The last paragraph
of the “Two-Position-With-Rate” section appears to be incorrect
or inadequate, since a dead zone or meter friction is necessary to
eliminate hunting, and an increase of capacity requires a slowing
of the rate R of valve movement to avoid reaching the limits of
valve travel.

Under the heading “Proportional Control,” the s of Equation
[19] might well be explained further as being the ratio of the head
T,.for Q, = (Q,)mexto the head of the throttling band b.  Follow-
ing Eq. [21], the “loss of the control point” is more commonly
known as “drift” or “load error.” In the absence of further ex-
planation of Tp, Tcp, and (Ta),,om the final values of Equation
[23] appear to be in error. The generality of the conclusion, “As
the numerical value of the constant s is increased toward a value
which would produce discontinuity for the particular upset, the
period of cycling becomes shorter ....,” must be questioned, since
this does not seem to be so in temperature control, including where
attenuation is involved. If the flow scale of Figs. 9 and 10 were
inverted as in a paperllby one of the writers, a clearer picture of
lags for proportional and floating control would be obtained.
Thus, it is immediately apparent that the final control element
moves in phase with the measured value of the head Tain Fig. 9
and lags 90 deg behind such head in Fig. 10. The last sentence
of this section apparently means that the throttling control simply
breaks down into two-position control under unfavorable condi-
tions.

Under the heading “Floating Control” (of a particular kind), a
fuller treatment of q in Equation [31] in terms of ¢ would give
the reader a needed mental picture of this before he reaches Equa-
tion [36]; at least the dimensions of q and c should be stated.
The use of the inverse of ¢, i.e., 1/c seems to the writers to be more
nearly consistent with the speed of reset as used throughout the
latter part of the paper. The reference to transfer lags in the

8 Patent Agent, C. J. Tagliabue Mfg. Co., Brooklyn, N. Y. Mem.
A.S.M.E.

DDirector of Research, C. J. Tagliabue Mfg. Co., Brooklyn, N. Y.

11 Automatic Regulators, Their Theory and Application,” by E. S.
Smith, Trans. A.S.M.E., vol. 58, 1936, PRO-58-4, pp. 291-303.
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penultimate paragraph of this section might well include a refer-
ence to the portion of Fig. 1which is meant. The last paragraph
might likewise state that the lag of a floating valve is 90 deg be-
hind that of a valve with proportional control.

In connection with Equations [34] to [36], it might be worth
while to bring out that 1/c is simply the speed of reset dimension-
lessly expressed in terms of the maximum flow per unit of head
departure T,,— Tcp, and that an increase of r is accompanied by
a resultant tendency for the stability to decrease. Exception
may be taken on the grounds of overgenerality to the statement,
“Except in such applications (averaging level control), however,
the adjustments giving aperiodic behavior following a disturbance
are not the most favorable,” a case cited in an unpublished paper
by R. P. Lowe and one of the present writers presented before the
Society in 1938 constituting an important exception in which the
controller had to follow a storm flow smoothly.

The last paragraph of the first column on page 304 appears to
imply that the throttling band b and the reset speed 1/c are ad-
justed together to maintain r, or b/c, constant. In the second
paragraph beyond this, a question arises as to whether 1/c orr is
meant. In the following paragraph, it would seem to be the
users’ turn next if the progress of the present paper is to be con-
solidated without the possible loss of anything more than a bit of
higher mathematics.

While the addition of a cascaded reservoir Ac enabled the au-
thors to show that their approach was not limited to simple cases,
yet it is likely that a somewhat simpler plant would provide a
clearer relative picture of the merits of the several sorts of con-
trollers or regulators. This suggestion is borne out by the au-
thors’ simplification of the treatment of Figs. 11 and 12.

A somewhat different approach may be more helpful in certain
cases. For example, the analysis of lvanoff for temperature con-
trol of plants involving thermal lags and attenuation also led
to some fairly general conclusions as to reset speed which have
considerable practical justification. For another example,
Ivanoff also determined a controlling apparatus to fit a desired
law of control for a particular plant which presented unusual
difficulties.

Time is of the essence in detecting a change and initiating a
movement of a final control valve properly to offset the cause of
the change. With a proportional controller, which operates
without serious metering lag or dead zone, nonhunting throttling
control exists with a single-capacity plant, since any change of
head immediately acts to position the valve properly. In level
control, it may be noted that the addition of a rate-of-departure
component permits the controller to. act as though it were gov-
erned by the net discharge from the reservoir and hence to set the
control valve immediately to the proper position to maintain the
set level, after a change in the rate of either inflow or outflow,
without waiting for the level itself to depart objectionably. The
addition of the rate component implies a high sensitivity which is
generally obtainable only by the servo-operation of the portion
providing such component, which portion may be actuated by
either the meter or the control valve as convenient. This “de-
parture-plus-rate-of-departure” controller thus functions in an
entirely different manner from that of a throttling control and
tends to be more stable; although theoretically, with a single
capacity, the valve of a throttling controller will be stable even
though its throttling band be indefinitely reduced. However, it
is better in practice from the standpoint of stability to have a
reasonably wide “initial throttling band” followed by a gradual
reset to the set point.

The addition of one cascaded capacity also requires the addition
of a rate component to let the control valve be properly posi-
tioned soon after a variable supply has changed, considering that
the outflow be controlled.
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From the standpoint of promptness of response, the similar
addition of a second cascaded capacity seems similarly to require
the addition of an acceleration component, and so on. A gen-
eral rule seems to be that an increase in attenuation in the number
of cascaded capacities or in the order of the differential equation
for the plant requires the corresponding addition of a higher de-
rivative to the controller to make prompt control with accurate
compensation possible. The use of a floating control valve in-
stead of a throttling control valve likewise raises the order and
requires the addition of a higher derivative. An increase in the
power of time of the law of departure likewise in effect raises the
order and necessitates the addition of a higher derivative if con-
trol is not to be lost while within the range of the controller.
From these particular considerations, it appears that a controller
may be straightforwardly selected to give the desired mode of
control of a plant instead of trying empirically a number of differ-
ent sorts of controllers in an effort to find one which has an accept-
able performance with the particular plant.

The reset requirements of flow-rate controllers are of a different
order from those of temperature controllers. If the authors have
space in their closure, they might include a statement as to
whether their more general remarks upon the effects of the reset
speed on stability apply equally to flow controllers. The effects
of cavitation with gassy liquids and of water hammer in long lines
may well modify radically some of the general conclusions with
flow-rate controllers where a premium may exist on making the
flow changes as gradual as possible. This requirement also exists
in other cases such as that in which a thermal gradient must be
maintained without exceeding a critical temperature.

Since there is no true distinction in a control system between
the plant and its controller and the paper includes a comparative
treatment of controllers, it seems desirable to call attention
briefly to generally related patent literature: Patent No. 2,113,-
164 of A. J. Williams, Jr., contains an interesting analysis of a
system which involves both the first and the second derivatives;
and the C. E. Mason patent No. 1,897,135 (Re. 20,092) is for a
device using the first derivative and having a coupling of a dif-
ferential bellows to its nozzle and flapper. The latter also in-
cludes an interesting analysis. It is requested that the author’s
closure state whether this Mason patent for the “Stabilog” con-
troller should be regarded substantially “proportional-plus-
(first derivative) floating control” or as having a significant higher
derivative effect due to close coupling, which effect is not included
in the mathematical analysis of such patent.

W. D. Wood.22 In the section of the paper covering “Pro-
portional Control,” the authors have used the term “Control
band,” and have developed from it a dimensionless sensitivity
constant s. This proportional sensitivity constant is familiar to
the readers of the published works of Ivanoff, who also derived
the term “potential temperature.” The sensitivity constant s
may be simply defined as the potential temperature change caused
by unit temperature change as measured by the control instru-
ment. This constant may be aptly termed “proportional over-
all sensitivity,” since it includes the sensitivities of all elements
in the control circuit. lvanoff has pointed out the relation be-
tween this sensitivity constant and “loss-of-control point” in
proportional control. It is worth repeating since it is not readily
apparent from the present paper. If a load disturbance is de-
scribed in terms of the temperature change which would result if
the controller were inoperative, then the actual equilibrium tem-

perature change due to a disturbance during control is T s

times the disturbance.

12 Engineering Research Department, Taylor Instrument Com-
panies, Rochester, N. Y. Jun. AS.M.E.
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One wonders why the authors introduced the auxiliary flow Q0
to effect load changes. In actual installations, load disturbances
generally arise through a change in the outlet resistance. From
Equation [19], it is seen that the sensitivity constant depends
upon the outlet resistance. Thus the sensitivity constant nor-
mally changes with load changes. The need for characteristic
flow valves, such as percentage or logarithmic valves, arises from
this consideration.

In the section dealing with “Floating Control,” the authors
have introduced a constant ¢ which corresponds to control band 6
for proportional control. In floating control, the valve travel
depends upon the area of temperature deviation and time. The
constant chas a real physical significance, namely, that on a time-
temperature-deviation graph (which may be a temperature-
controller chart) it represents the area necessary to cause com-
plete valve travel.

Corresponding to the proportional sensitivity constant s the
authors have derived a floating constant g, which may be termed
“floating over-all sensitivity” and defined as the rate of potential
temperature change for unit actual temperature change.

To the writer it seems desirable to describe an instrument’s
action in terms of the ratio of output change to input change.
The narrower the control band, the greater should be the pro-
portional effect since more valve action takes place for a given
controller input change. Therefore, the proportional effect is pro-
portional to 1/6 and, correspondingly, the floating effect is
proportional to 1/c. On this basis the authors reset constant r,
defined as the ratio 6/c, should be called the ratio of the integrat-
ing to the proportional effect.

In connection with Fig. 11, it is noted that the reset constant
was held unchanged and the control band decreased. It is of
interest to note that, for several commercial pneumatic instru-
ments, the mechanism is so designed that a change in the propor-
tional adjustment affects the floating action, whereas a change in
the floating adjustment does not affect the proportional action.

The authors’ analysis has clarified the control effects of inde-
pendent adjustments of the proportional and floating components
of control. They point out that there is a critical reset rate for
every process. Does this mean that there is one best floating
adjustment, or one best ratio of floating-to-proportional adjust-
ment, and how is this adjustment arrived at?

The ultimate value of this paper will depend upon its practical
application. The authors have made a rational analysis of the
control problem from which it is hoped valuable information will
be obtained regarding guides to practical rules for industrial use.
One might wish that the authors had devoted some space to the
constants which arise from consideration of an actual process.

Authors’ Closure

Messrs. Smith and Fairchild suggest that the model system
shown in Fig. 1 of the paper is a relatively uncommon one. In
the interest of clarity, it should be stated that no attempt was
made by the authors to select an actual process for treatment.
Perhaps the system selected is uncommon in that sense. How-
ever, it is both common and relevant in another and more im-
portant sense, since it involves and represents types of lag which
must frequently be dealt with in the successful industrial applica-
tion of control. In addition, the model system chosen has the
valuable property that it submits gracefully to a relatively simple
mathematical analysis, and requires a low-order linear differen-
tial equation for its complete dynamic description.

The authors have been particularly careful to avoid dealing
with processes, either hydraulic or thermal, which might involve
questions as to the practicability of the assumptions necessary
to construct their differential equations. Under these conditions,
the accuracy of the results may be relied upon to the same de-
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gree as the mathematical manipulation, the latter being carried on
according to accepted procedures. Until there is a thorough un-
derstanding of the behavior of nondistributed or lumped systems
as such, the authors see no valid object in precarious generaliza-
tions. The possibilities inherent in the use of lumped parameters
have been marvelously demonstrated over and over again in the
electrical field, where highly complex networks have been repre-
sented to an uncanny degree of precision by such practical
methods. In these cases, certainly, a complete knowledge of the
simpler component systems was already available from previous
work extending over many years. The infant science of automatic
control can hardly disregard this established method of develop-
ment.

The differential equation of the thermal process, of which Fig.
11 of an earlier paperBwas taken to be an analog, was developed
in that paper. Reference to that paper will show that the very
reasonable assumptions which were made in the development of
the thermal system will permit it to be considered as devoid of
distributed capacities and resistances. Thus it is not encumbered
by these complications; its thermal-lag characteristics are reason-
ably embodied in the structure of a second-order linear differential
equation in terms of heat flow, temperature, and time.

Whether the system under control is called a “plant” or a
“process” is a question which loses importance when models are
under discussion. A great deal of incorrect but descriptive
nomenclature has grown out of common usage in the field. This
same usage has given a meaning to the word “plant” somewhat
broader than would seem appropriate. The simplification obtain-
able in the hydraulic model by using a volume unit for quantity
rather than a weight unit was foregone because of the attendant
loss of vividness in the correspondences between the units of the
hydraulic system and those of the various other systems which
might be represented (for example, refer to Table 1 of the paper).

With regard to the “philosophy of control,” the causal relation-
ships between the manipulated and controlled variables, as
pointed out in the paper, are held to be more fundamental than
the simple polarity or phase criterion mentioned by Messrs.
Smith and Fairchild.

Unless the term “metering lags” is interpreted as including dis-
continuities such as dead zones, we cannot agree that the addi-
tion of metering lag leads necessarily to a continual cycling under
two-position control.

“Two-position-with-rate” control was given in the paper as a
tentative name. We agree that this method of control is com-
monly known as “constant-speed-floating,” but it was desired
to emphasize its similarity to two-position control rather than to
floating control. The last paragraph in the section “Two-Posi-
tion-With-Rate Control” refers to a condition in which there is a
predominance of capacity in that part of the process in which the
controlled variable is measured. Under such a condition, the rate
of corrective action could be materially increased if the
variations involved in such action might be disregarded. In
practice, however, dead zones are frequently employed to reduce
valve activity. As pointed out by Messrs. Smith and Fairchild,
this reduction in the valve variation is only accomplished by using
extremely slow rates. On the other hand, if the rate of valve
movement is increased indefinitely, this type approaches two-
position control and the valve occupies its limiting positions prac-
tically all of the time. This was not borne out in Fig. 7 of the
paper since, in none of the transients shown did the manipulated
variable attain a limiting value, although it was shown in that
illustration how extremely slow the rates of corrective action
must be made to attain small flow variations.

It is certainly worth while to stress the physical meaning of

13“Quantitative Analysis of Process Lags,” by C. E. Mason, Trans.
A.S.M.E., vol. 60, 1938, p. 331.
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the dimensionless sensitivity constant s, defined in Equation [19]
of the paper. Even more generally (as pointed out in Mr. Wood’s
discussion), s may be identified as the ratio of an immediate
change in “potential” level enacted by the controls to the original
change in level which initiated such action. Unfortunately,
there must be some misunderstanding about Equation [23] and/or
the definitions of Tp, T, and (7’a)llom In the remarks made
in the paper, concerning the effects of an increase in the constant
s, the term “period of cycling” was used to denote the cyclic period
itself (or 1/frequency) which is invariably decreased by an in-
crease in s. The orientation of the coordinate scales used for
plotting control transients is naturally a matter of choice, but
the straightforward method employed by the authors bears out
graphically the 180-deg phase difference mentioned earlier in
the discussion.

The constants g and ¢ were given subordinate roles in the ex-
position; they were introduced in a natural manner in the de-
velopment and were used to lend a logical symmetry to the equa-
tions. A joint consideration of the symbols used in Equations
[19], [31], and [36] will show this symmetry.

In connection with Equations [34] to [36], the term 1/c cannot
in any sense be considered dimensionless. The reset constant r,
however, has the formal dimensions of inverse time. The fact
that the value of r may be so chosen that an ultimate point
stability is obtained without appreciable loss of oscillatory stabil-
ity is of prime importance. Rather than being overgeneral, the
statement in the paper concerning aperiodic behavior was perhaps
not made general enough; further elaboration would have de-
viated from the main purposes of the paper.

The adjustments, demonstrated under the heading “Propor-
tional-Plus-Floating Control,” are summarized in Table 3 of the
paper. Changes in the numerical value of 6 (or of s) have no
effect on the numerical value of r, and vice versa. Their joint
influence on control performance is implicit in the mathematics.
The authors hope that the impression cannot be gained from the
paper that the subject has had complete mathematical treatment.
Such treatment has scarcely begun. Mathematics itself is only
a means to an end. The progress which may be made through
cooperation between user and manufacturer has been indicated
by a wealth of practical evidence. Although practical experience
will be invaluable in continuing the mathematical development
toward some stage of practicability, it will be essential to heed
the advice of Francis Bacon, given some 300 years ago: . AL
the entrance of every inquiry our first duty is to eradicate any
idol by which the judgment may be warped.”

It is perfectly true that the original two-capacity system could
have been employed. On the other hand, a more complex system
might be considered necessary if a prototype, having considerable
distributed resistance and capacity, were to be represented. The
model chosen provided plausibly complete representation of a
typical prototype involving some difficulty and, at the same time,
was simple enough not to require an unwieldy analytical exposi-
tion.

The reference by Messrs. Smith and Fairchild to the work of
Ivanoff is interesting and appropriate. That author’s approach
has been from the frequency standpoint. The two methods of
treatment are equally valid and are certainly not incompatible,
each having its distinct advantages. They may also serve as a
check on one another in practice. The value of any method of
analysis must depend upon its ability to yield laws useful in
practical applications. In any case, the authors contend that
there is a very real advantage in the concreteness of the repre-
sentation obtainable with the liquid-level method of analogy;
the more complex the system to be represented, the greater the
desirability of this concreteness.

To obviate the possibility of misunderstanding, it should be
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reiterated that the application of a series of controller types to
the model process was made in order to demonstrate an analytic
procedure found by the authors to be effective, rather than to
document a search for a satisfactory controller for the particular
model, as implied in the Smith-Fairchild discussion. In practice,
any criterion of excellence for control is affected by economic
considerations relating to the environing equipment of the con-
trolled system concerned.

As to flow control, the general conclusions of the paper en-
counter no exceptions in that field. For the most part, however,
automatic-flow-control problems are considered to be on a lower
plane of difficulty than that dealt with in the paper, an im-
portant exception arising in those liquid-flow cases where the
mass of moving fluid imparts a momentum seriously restricting
the action of the controls.

Reference to the patent literature by Messrs. Smith and Fair-
child is acknowledged without comment. The analysis given in
the paper was directed to the mathematics of automatic control,
and was not intended to refer to the particular instrument de-
signs of any of the various manufacturers. Thus, for example,
the proportional-plus-floating controller was merely postulated
as a mathematical type in the development.

Mr. Wood’s elaboration of the fundamental meaning of the
sensitivity constant was acknowledged in a previous statement.
This meaning was not directly brought out in the paper since the
corresponding portion of the analysis was couched principally in
terms of the empirically measurable “throttling band.” In an
earlier paper13 by one of the authors, the term “potential tem-
perature” was acknowledged to have been originated by lvanoff.
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The expression for equilibrium “loss of control point” is directly
evident from Equation [20] of the paper, as

= =1+, ARXO

where A(RaQQ) represents the load alteration whether originating
in the load resistance Raor in the load supply flow Q,,

The mathematical method shown by the authors applies equally
well to all types of disturbances. Although, for some systems,
load changes are more precisely represented by changes in R,
than in Q, it might be questioned whether such systems are in
the majority. The practical benefits arising from the use of
valves having logarithmic characteristics extends far beyond
the mere compensation for variation of outlet resistance with
load.

Mr. Wood points out the practical significance of the constant
¢, thereby providing an answer to one of the questions in the
Smith-Fairchild discussion.

An answer to Mr. Wood’s question on the best floating adjust-
ment may perhaps be provided by the result (indicated by the
mathematical analysis of the paper) that the optimum value of
the reset constant r, once it is found, is very nearly independent
of the value of the throttling band which it might be advisable
to employ. A controller equation faithfully describing any par-
ticular commercial instrument must be written directly from the
detailed mechanics of that instrument and, thus, such an equa-
tion may not necessarily take the exact form of any of the
mathematically developed types shown in the paper.



The Influence of Crystal Size on the W ear

Properties of a High-

Lead Bearing Metal

By JOHN R. CONNELLY,1BETHLEHEM, PA.

This paper,2describes work done to correlate metallurgi-
cal aspects of a bearing metal with mechanical testing
under conditions existing in a bearing. Previous work by
Karelitz and Kenyon (1),3and by the author (2) and (3)
have concerned effects of different com position of bearing
metal and different loading and size of specimen. The
present investigation was made to determine the effect on
removal of the bearing-metal surface and the pressure at
which the oil film breaks down as a result of variations in
the crystalline structure of the bearing metal. In this
work both the chemical composition of the bearing metal
and the size of the specimen were constant. The crystal-
line structure was varied and the resulting change in prop-
erties determined.

The Problem

HE analysis of bearing conditions is usually associated with
Tthe hydrodynamic theory of lubrication. This theory has

served very well to explain phenomena under conditions
where it is applicable, namely, where the trueness of the surfaces,
the speed, the load and the fluid are such that the forces which
the fluid can develop are sufficient to float the journal and prevent
wear. In a number of cases, the hydrodynamic theory is not
applicable, at least, as it is understood at present. The fact that
most bearings show some wear after service indicates that a fluid
film may not be present at all times. Thus, many bearings,
which normally are running under conditions quite similar to
those assumed in the hydrodynamic theory, may occasionally de-
part from those conditions. Such departure may be due to loss
in viscosity of the lubricant either by reason of high temperature
or deterioration of the lubricant.

In addition, very slow speeds or very high loads may cause such
departure. Under such extreme conditions, in the presence of a
lubricant, the phenomena of dry rubbing surfaces may not appear.
Such extreme conditions without dry friction are often referred to
as “boundary lubrication” or similar descriptive terms. Some
very slow disappearance of the mating surfaces accompanies
boundary lubrication. This is called wear. In brief it may be
said that the conditions of boundary lubrication are slow removal
of one or both mating surfaces in the presence of a lubricant but
absence of a lubricant film. It was the purpose of this investiga-
tion to determine the effect on removal of the bearing-metal
surface or wear and the pressure at which the oil film breaks down

as a result of variation in the crystalline structure of the bearing
metal.

1Associate Professor of Industrial Engineering, Lehigh University.
Mem. A.S.M.E.

2Abstract from a professional thesis submitted to the University of
Ilinois; published by permission of the Dean of the Graduate School.

8 Numbers in parentheses refer to the Bibliography at the end of

the paper.

Contributed by the Special Research Committee on Lubrication
and presented at the Annual Meeting, Philadelphia, Pa., December
4-8, 1939, of The American Society of Mechanical Engineers.

Note: Statements and opinions advanced in papers are to be
understood as individual expressions of their authors, and not those
of the Society.

Method op Investigation

A specimen of bearing material has one side machined to a
plane surface. A constant holding force, hereafter referred to as
the load, presses the machined surface tangent to a rotating stee!
cylinder, submerged in a bath of lubricant. For these tests the
force was obtained by gravity. The specimen, which can move
only in a direction normal to the machined surface, wears a
cylindrical groove and the contact changes from line to a progres-
sively larger area. This wearing away continues until equilib-
rium conditions are established between the forces causing wear
and the forces resisting wear. The load divided by the projected
area at any instant is referred to as the pressure and the pressure
existing at equilibrium is called the final or ultimate bearing
pressure or equilibrium pressure. Rate of wear is designated as
volume of bearing material removed per length of travel of a
point on the surface of the cylinder.

VOLUME WORN AWAY

Fig.1 Determination op Rate of Wear

This wearing away of the bearing material seems to occur in
more than one phase, as illustrated in Fig. 1. From A to A’
results are in doubt because of the difficulty of measuring tne
rapid movement. W.ithin a few minutes after the test starts, tne
rate of wear becomes more stable and proceeds along the path
A’B. To distinguish A'B from the following phase BC, A'B is
referred to as unlubricated wear, although the phrase may not be
completely descriptive. Data previously analyzed show rate of
wear in phase A'B proportional to the corresponding contact
pressure. The phase BC of the rate of wear has a Unear relation
with travel for all data that have come to the author’s attention.
This constant rate of wear, for pressures just above the ultimate
bearing pressure, fixes the rate of wear in phase BC as independent
of the bearing pressure. The phase BC is referred to as lubri-
cated wear.

PREPARING TEST MATERIALS
Beabing-M etal Specimens

The bearing metal selected for this investigation is known as

309
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Cosmos metal and has an approximate composition of lead 76
per cent, antimony 15 per cent, and tin 9 per cent. This composi-
tion is in common use in industry. It is often used as a substitute
for true babbitt metal because the high lead composition is less
expensive. A further reason, for selecting this particular com-
position for this investigation, is that considerable variation in
crystal size can be obtained by varying rates of cooling of the
metal just prior to and including solidification.

Fig.3 Mold fob Test Bars and Risers

A permanent mold of pieces of steel clamped together was con-
structed which cast a bar 1vV4 in. by 1in. by 6 in. Fig. 2 illus-
trates the cross section through a riser. When first made the
mold had three risers which are Nos. 1, 3, and 5in Fig. 3. Speci-
men bars contained cavities so risers Nos. 2 and 4 were added.
Risers Nos. 1, 3, and 5 had a total volume of about 8 per cent of
the bar. Risers Nos. 1, 2, 3, 4, and 5 have a column of about 31
per cent of the bar. With these additional risers no cavities ap-
peared in the specimen bars. The risers were constructed as

Fig. 4 Macrostructure of Test Bars for Investigation With Their Designations

MAY, 1940
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TABLE 1 CRYSTAL DISTRIBUTION IN SPECIMENS

Specimen Area devoid of crystals

per cent (estimated)
.4 per cent (by planimeter
.3 per cent (by planimeter
obtainable (by planimeter
.5 per cent (by planimeter
.3 per cent (by planimeter

~Cc~
wmgpmh

9

inverted cones to assist in removing them without damage to
the specimen bar. In Fig. 3, riser No. 3 is shown partially un-
screwed; the unscrewing breaks the riser at the narrow section.

Six bars, hereafter designated as CS-1, 2, 3, 4, 5, and 6, were
poured, Figs. 4 and 5. From these six bars were obtained (a) a
broken section, (6) a polished and etched section to show micro-
structure, (c) a polished and overetched section to show macro-
structure, (d) a section for hardness survey Fig. 6, and (e) a wear-
test specimen. Of the above items (6), (c), and (e) were expected
to yield the principal data. Items (a) and (d) are frequently
given in metallurgical studies and for completeness were in-
cluded. Also the value of that property indicated by hardness
tests in this field is controversial and further information may be

of value. The wear specimens were machined to shape by a new
milling cutter used exclusively for this work. The cutter
had a face of 4 in. and 16 teeth. The test surface for each speci-
men was finished with the cutter rotating at 500 rpm and a linear
feed of »/«in. per min. Each wear specimen was machined to a
length of approximately 0.4 in. Previous investigations indicate
this length to be sufficiently beyond the range where end leakage
for this type of test is a factor. Tests using the varying-wear
method as described were run on these specimens.

Examination of the macrostructure of specimens CS-1, 2, 3, 4,
5, and 6, Fig. 4, shows that except for CS-4 there is a core prac-
tically devoid of crystals. The extent of crystalline structure is
indicated in Table 1. This core increases in size as the rate of
cooling decreases, as indicated in Table 1. The tin-antimony
crystals solidify before the lead so that, when the solidification of
lead is delayed, the crystals float toward the top of the bar.
According to metallurgical explanation this excess of tin and
antimony at the top of the bar will cause some of the antimony to
crystallize as pure antimony. Antimony being a relatively hard
substance, this will give a greater hardness at the surface, as
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shown by the hardness survey, Fig. 6. Such hardness might
affect the test results materially and obliterate the effect of crystal
size. To investigate this possibility bar CS-7 was poured having
reduced percentages of tin and antimony and was allowed to cool
overnight in the furnace. The intention was that tin and anti-
mony in floating to the top would give about a normal concen-
tration and composition in that region. Bar CS-7 was so soft
that it was damaged in attempting to obtain a broken section.
For this reason it was discarded. A new bar CS-8 was prepared
in the same manner as CS-7 and packed in dry ice for several
hours. A broken section was obtained without difficulty.

It is questionable whether such a broken section is indicative
of structure. It was decided to cast additional bars and attempt
to secure crystals smaller than previously obtained. CS-0 was
poured of the same composition as CS-1, 2, 3, 4, 5, and 6 and
chilled by spraying cold brine at 15 F onto the top of the mold, as
shown in Fig. 7. The bars CS-8 and 0 were given the same series
of tests as were CS-1, 2, 3, 4, 5, and 6. Etching of specimens was

Top of Test Bars, M icrostructure,

MAY, 1940
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by ferric-chloride solution or a 3 per cent solution oFnitric acid in
ethyl alcohol, Fig. 9.

Test Journal

The test journal was a piece of Vrin-diam drill rod. No treat-
ment was given the rod but it had been in service some months
before starting these tests using the same bearing-metal-and-oil
combination. This use had polished the drill rod but the change,
if any, in diameter was less than 0.0001 in.

Lubricant

The lubricant used was D.T.E. light turbine oil secured from
the Socony-Vacuum Oil Company. As received it has a Saybolt
viscosity of about 169 sec at 100 F. After some use the value
rises slightly.  This oil had been in use for several years and had
a Saybolt viscosity of 173 sec. During the tests the oil was kept
at an average temperature of 77 F and fluctuated between 75 F
and 80 F.
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CS-0

Fig. 9 (continued) Top of Test Bars, M icrosthucture,

Summary of Test D ata

As previously described, the rate of wear is obtained by
measuring the slope of the volume curve immediately preceding
the attainment of equilibrium conditions. The unit of slope is
arbitrarily taken as cubic inches of volume removed per million
feet of travel of a point on the surface of the journal. Fig. 8
illustrates the method of procedure. Since this bearing metal is
heterogeneous, regions of variable properties occur. Discon-
tinuities in the volume removal data evidence that the rotating
journal passed through such regions. These discontinuities do
not occur in every case and seem to have no regularity when
present. The testresults are given in Table 2. In each case, the
number in parentheses, following tabular values of rate of wear,
denotes the number of plotted points which the slope value repre-
sents. The larger the number of points the more reliable the
rate of wear.

The dimensions of the crystals given in the table were obtained
with the aid of professional metallurgists. These values repre-

X100

sent the inspection of more areas than would be feasible to present
in a report.

A further item included in Table 2, showing results, is the
pressure at which the change-over from unlubricated to lubricated
wear takes place.

DISCUSSION OF DATA AND RESULTS

Graphical Representation

Figs. 10, 11, 12, and 14 show results taken directly from the
tabular values. Figs. 10 and 11 show equilibrium pressure and
rate of wear versus the Unear dimension of the tin-antimony
cubical crystals. Fig. 12 presents rate of wear and equilibrium
pressure against each other. Fig. 14 shows the relation between
the pressures obtaining at the beginning and end of lubricated
wear.

Fig. 13 shows the mass centers of results in Fig. 12. The x and
y coordinates of these mass centers, referred to as i and y are
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determined by calculations analogous to those used in determin-
ing the location of the centroid of a group of rivets in a riveted
joint. In place of the area of a given rivet in the analogous
method, the number of slope points minus 2 is used as the multi-
plier for the coordinates of points shown in Fig. 12. By the
number of slope points is meant the number of plotted points
which the slope value represents, as described previously. Since
the slope is a straight line, it is determined by two points. Sub-
tracting 2 from the number of points which the slope represents
gives the number of agreeing values in excess of those required to
determine the slope line. The quantity of excess agreeing values,
obtained in this way, is a conservative measure of the reliability
(4) of the slope line.

Table 3 is a summation of the results showing relation between
crystal size and averages of rate of wear and equilibrium pressure.
The arithmetic mean, the geometric mean, and the mass centers
from Fig. 1? «re included. Arithmetic mean refers to the method
of dividing the sum of data by the number of values. Geometric
mean or logarithmic mean is obtained by taking the antiloga-
rithm of the arithmetic mean of the logarithms of the data values.
This method is employed in computations where averages are
desired for data in which the nature is such that there is a lower
limit to the values but no upper limit. The geometric mean is
considered to give a more representative average of such data.

Figs. 15 and 16 show the averages of rate of wear against the

MAY, 1940
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linear dimension of the crystals and against the exposed area of
one crystal that is the average crystal area. In passing a curve to
represent the data, the mass centers have been favored, since the
method of their determination takes account of the presumed
relation between equilibrium pressure and rate of wear. The
departures of samples CS-6 and CS-8 from the general trends
indicated in Fig. 14 are also considered in passing the curve.
Figs. 17 and 18 represent the averages of equilibrium pressure
against linear dimension of the crystals and against the average

exposed crystal area. The passing of a curve to represent the
data was done in the same manner as that described for Figs. 15
and 16.

Comments

Whatever property of the bearing metal makes for a low rate of
wear makes for a high equilibrium pressure and vice versa. On
the basis of the mass centers, Fig. 13, it would seem that, below a
certain crystal size, rate of wear changes little and the equilibrium
pressure increases rapidly.

Fig. 12 shows that each pair of values of rate of wear and its
corresponding equilibrium pressure are relatively consistent.
The results are believed to give an accurate picture of the ma-
terial tested, the spread of values for a given test bar being due to
the heterogeneous bearing metal.

It is evident that, regardless of the averaging method em-
ployed, the general shape of the curves in Figs. 15, 16, 17, and 18
will vary little.

Comparison With Other Investigations '

In a paper (1) published in 1937, Karelitz and Kenyon reported
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some work by this method of testing on several compositions of
bearing metal. In subsequent discussion (1) of this paper some
values of rate of wear were worked out which are somewhat com-
parable to the data presented in the present paper. Karelitz and
Kenyon report that according to their photomicrographs the
specimens were overchilled. This evidence would place their
data in the range of CS-0, although the various hardness values
do not agree. For the lead-base specimen of Karelitz and Ken-
yon, the rate of wear in the same units as used in this paper is
0.92 X 10~* cu in. per 1,000,000 ft of travel. The equilibrium
pressure is approximately 700 Ib per sq in. These check very
well with the data here reported.

Conclusions

The results are evidence that, for the bearing metal tested, (a)
crystalline structure is a factor and crystal size an important
variable in thin-film lubrication, (6) rate of wear and equilibrium
pressure are related, and (c) pressures at beginning and end of
lubricated wear are related. The method of investigation used is
a way of determining quantitative values of rate of wear, equi-
librium pressure, and the pressure at the borderline condition be-
tween unlubricated wear and lubricated wear. Other things
being equal a very small crystal size gives optimum values of
rate of wear and equilibrium pressure.

In corroboration of the results obtained, it may be pointed out
that the motorcar industry at present produces bearing inserts by
a technique which gives very small crystals having a linear dimen-
sion of the order of 0.001 in. Since this is done deliberately we
may infer that gross testing of over-all bearings has indicated the
lower rates of wear obtained with small crystals.

Bearings that are poured in place, such as large pillow-block
bearings, have crystal sizes in the range where the rate of wear
and equilibrium pressure are decidedly not optimum. In the
future, such large bearings could be better designed to make use
of some type of insert that could be cooled rapidly upon pouring.

Of possibly greater importance than the specific results on the
effect of crystal size are certain implications in connection with
fundamental analysis of a journal-lubricant-bearing combination.
The present concepts of thin-film lubrication take no account
either of the material or crystalline structure of the mating sur-
faces.

In the light of this investigation, it would be appropriate to
revise the phrase “hydrodynamic theory of lubrication,” to be
stated as the “theory of hydrodynamic lubrication.” This would
indicate correctly that the theory refers to a certain part of the
field of lubrication and not to the entire field.

A theoretical explanation of the mechanism of wear should
wait on further research in the field of thin-film lubrication. The
explanation should be developed independent of the data in the
range of thick-film lubrication.
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Discussion

B. F. Hunter.4 Recently our laboratories had occasion to
examine a high-lead bearing that had failed in a steam turbine
for the purpose of determining the cause of failure of the bearing
metal. The bearing was made in two parts each half being com-
posed of a steel shell into which the babbitt metal was cast. In
the main portion of the bearing the lining was about 1/4in. thick,
at the edges about 1/2in. thick.

Fig. 19 Representative M etallographic Structure of

D efective Bearing M etal, Showing Large Cubes of Tin-

Antimony, and Short Thick Needles of Copper-Tinin Combina-
. 1-—a _tion, X 100 (Etched With Ferric Chloride)

The upper half of the bearing showed only a few slight scores
but the lower half was badly scored, in addition to being cracked
and pitted. Numerous small particles had fallen out and others
were loose and could easily be picked out of the lining.

Chemical analysis was not made since the manufacturer of the
bearing material supplied the following specifications:

4Chief Lubrication Engineer, Gulf Oil Corporation, Pittsburgh,Pa.
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TiN, PEI CENturiiiiiceeeee e e 84 to 86
Lead, Per CeNt. e e 0.035 max
Antimony, per cent.. ...9.5t0 10.5
COopper, PEr CENt. it e 45t05.5

Sections from both halves of the bearing were given metallo-
graphic examinations. A representative structure is shown in
Fig. 19 of this discussion. It contained extremely large cubes
of Sn-Sh, and rather short thick needles of Cu-Sn in the alpha-
solid solution of Sn and Cu and pseudoeutectic. At the magni-
fication used, this latter constituent could not be resolved, but
there was a considerable portion present.

The conditions attending the pouring and cooling of this
bearing were not obtained and, since no analysis was made, it was
assumed that the composition was correct.

That the pouring temperature was correct is revealed by the
relatively short thick needles, some of which are arranged in a
starlike shape. Also, the pouring temperature, except in so far
as it affects the rate of cooling, is insignificant in its action toward
the formation of such large cubes of Sn-Sh.

The size of these cubes, the area of each of which, as shown in
Fig. 19, is about 10 times normal and their uneven distribution
throughout the matrix are the only conditions present which can
conceivably be the cause of the failure. The cause of these
very large cubes can be attributed to the bearing alloy being
too slowly cooled. The reason for the failure of the lower half
was probably due to the much higher loads it had to carry; the
absence of failure in the upper half was because of the compara-
tively light loads to which it was subjected.

The unsatisfactory service secured from this bearing appears
to have been due to the presence of extremely large, poorly
distributed crystals of tin-antimony compound in the bearing
material, resulting from too slow a cooling rate after pouring.

This is one of many similar bearings we have examined and our
findings would seem to substantiate very definitely the author’s
data.

F. C.Linn.6 The author has presented an enlightening paper
upon the crystalline structure and its effect upon wear and load-
carrying capacity of the bearing when the operation is within
the thin-film region.

Under “Conclusions” he states that “(a) crystalline structure
is a factor and crystal size an important variable in thin-film
lubrication.” In reviewing Figs. 15 to 18, inclusive, it would
appear that the linear dimension of the crystal has a very critical
range, at which the rate of wear is large and the equilibrium
pressure low. Outside of this range it is noted that the rate of
wear is relatively low and the equilibrium pressure high. This
indicates that the size of the crystal should be held within reason-
able limits during the casting cycle.

It is not quite understood how the author arrived at the con-
clusion (c) in which he states that “pressures at beginning and
end of the lubricated wear are related.” A further discussion of
this point would be appreciated.

The writer requests that information be supplied on the follow-
ing:

1 What effect has hardness upon wear?

2 What effect has hardness on rate of wear and equilibrium
pressure?

3 Referring to Fig. 6, on what surfaces were the wear tests
made?

R. G. simabd.6 The scope of this investigation on the relation

6 Turbine Engineering Department, General Electric Company,
West Lynn, Mass. Mem. A.S.M.E.

6 Research and Development Department, The Atlantic Refining
Company, Philadelphia, Pa.
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of bearing-metal wear to structural characteristics is especially
commendable and, in this writer’s opinion, constitutes a fruitful
approach to the problem of wear phenomena. The directness of
the method employed appears to have definite worth in funda-
mental investigations of this nature. Although there is no pre-
tense that the work is in the category of simulated testing, the
time is not considered inopportune again to remind ourselves
that wear resistance is a consequence of service conditions rather
than an inherent property of matter. Application to practice of
the results of this or similar investigations should be attended
only with extreme caution.

An investigation of the wear quality of lubricating oils in rela-
tion to representative bearing metals along lines suggested by
the work of Karelitz and Kenyon at Columbia has been under
way for the last 3 years in the laboratories of the research di-
vision of the Atlantic Refining Company. A battery of 6 identi-
cal machines, carefully constructed to eliminate running inac-
curacies, was employed for the purpose. The standard metal
specimens were prepared under rigid specification of composition
and casting procedure. Results soon indicated, however, that
reliance could not be attached to micrometer indication of rate
of wear, since the depth of the wear groove was of such magnitude
that its measurement at the end of a 5:1 lever was seriously dis-
turbed by temperature fluctuations and slight inaccuracies of the
shaft. Measurements have accordingly been confined to com-
parative total wear after an operating period sufficient to insure
attainment of equilibrium.

The following data have been singled from our files as illustra-
tive of that which predicated the change in procedure and these
comments:

S.A.E. No. 62 bronze (hard cast)

S.A.E. No. 30 acetone-benzol dewaxed nitroben-
zene refined motor oil (without film-strength
additive) at 130 + 5F

‘/s-in. ground tap and reamer stock

1760

60 Ib (nominal)

. Measured Indicated Calculated
. Time groove width, groove depth, groove depth,
Unit (days; in. in. in.

1 5 0.0139 0.0003 3.75 X 10“*
2 7 0.0173 0.0002 5.63 X 10-»
3 9 0.0149 0.0005 4.37 X 10"
4 1 0.0166 0.0004 5.63 X 10~*
5 13 0.0154 0.0005 4.37 X 10-*
6 13 0.0143 0.0002 3.75 X 10"*

Author’s Closure

In discussing the photomicrograph of the failed bearing, Mr.
Hunter has opened up a field about which comparatively little is
known. Since preparing the original paper, the author has in-
vestigated several additional methods of etching and is at present
of the opinion that no one method gives a complete picture of the
metallographic structure for the high-lead metal described in the
paper. The electrolytic etch described by Weaver7 has been
quite instructive. Whether the same applies to the high tin
metal cannot be stated, but it is entirely possible that some
further critical conditions were not revealed by the etching agent
employed.

Conclusion (c), “pressures at beginning and end of the lubri-
cated wear are related,” was made after study of the data shown
in Fig. 14 of the paper, where the ordinate is the pressure at the
beginning of lubricated wear (see Fig. 8) and the abscissa is the
pressure at the end of lubricated wear. Mr. Linn raises the
question of the effect of hardness on wear. Referring to Fig. 6,
it is seen that CS-0, the specimen having the lowest rate of wear

7
Metals, vol. 56, 1935, pp. 209-233.

“Type Metal Alloys,” by F. E. Weaver, Journal of Institute of
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and highest equilibrium pressure, has a low but not the lowest
hardness value, while CS-8 (which can best be understood by
adding 100 to all other hardness numbers), which has the lowest
hardness number, is intermediate as to rate of wear and equi-
librium pressure. Further examples could be given but no rela-
tion seems evident by considering Rockwell numbers. However,
present methods of taking hardness may be inadequate to indicate
the hardness of certain critical components of the bearing metal.

The experience of Mr. Simard concerning the measurement of
groove depth does not seem directly applicable to the present
paper. Karelitz and Kenyon reproduced the method reported
by the author in ljis first paper (3) on the subject. However, at
that time it was pointed out that the Ames dial had been dis-
carded because of its many failings in favor of an electrically
indicated micrometer screw. The use of a substantially different
bearing metal and a resulting groove width of quite a different
order of size would not seem conducive to comparable results.

OF THE A.S.M.E. MAY, 1940

The author has investigated the effect of temperature fluctua-
tions and found that, -while they are of measurable magnitude, the
fluctuations resulting from the controlled oil temperatures are
insufficient to vitiate the results. Further, on the basis of work
done, since the original paper was prepared, the author is ex-
tremely cautious about accepting the phrase “specimens were
prepared under rigid specifications of composition and casting
procedure.” This is no reflection on those who prepared the
specimens, but is simply a warning that, present knowledge of
nonferrous compounds of three components and higher being in
such a state, we cannot be absolutely sure that a set of specimens
is exactly as intended.

It seems that metallographic work will have to be done in
parallel with work on wear of bearing materials and, as this is
done, we must, as Mr. Simard suggested, be most careful of inter-
preting results. If others would care to work in the high-lead
bearing metals, the author would gladly share his troubles.



Calculation of the Elastic Curve of a
Helical Compression Spring

By H. C. KEYSOR,1 CHICAGO, ILL.

Equations for the elastic curve of a helical compression
spring are developed, without making the usual assump-
tion of axial loading. The load is found to be eccentric,
in general, being axial only under certain conditions.
Elastic curves are given for both axial and eccentric load-
ing. These curves are sinusoidal, showing that deflection
along the bar is not linear, as is customarily assumed.
A reversed deflection is found to occur in the closed end,
back of the tip contact point, which increases the de-
flection of the spring as a whole, and shows that it is not
correct to consider the entire closed end as inactive. An
axial load is theoretically possible under certain condi-
tions, but practically axial loading is difficult to obtain and
cannot be counted on with any certainty. The effect of
load eccentricity on stress is considered, and an approxi-
mate formula for estimating this effect is given. Refer-
ence is made to laboratory tests by another investigator2
which are in good agreement with the theory here pre-
sented.

AN ANALYSIS of helical-spring deflection has been made
/-% by the author which yields three results:
1 The load is, in general, eccentric with consequent
increase in stress.

2 The correct deduction for inactive end turns is shown to
be approximately 1.2, based on the usual practice of taking the
total turns as solid height divided by bar diameter.

3 The deflection at any point along the bar is obtained, thus
permitting the elastic curve to be drawn.

The first two items have been discussed in a previous paper3
by the author. The third item forms the subject of the present
paper.

Fig. 1 shows the lower portion of a helical compression spring
with ends closed and squared. Assume that the spring is com-
pressed between parallel plane surfaces, as this is the usual
condition of loading. Let P be the load. Any point on the
bar, as point a', must therefore sustain the direct load P, a
torque T, and a vertical bending moment M, the line of action
of P being at some point Q. It is apparent that Q must be on a
radial line through a, the longitudinal center point of the bar,
for otherwise the forces and reactions on the top and bottom
halves of the spring would not be symmetrical and the necessary
condition of static equilibrium would not obtain. We do not
restrict the position of point Q on the radial line through a; that

1Mechanical Engineer, American Steel Foundries.

* “Helix Warping in Helical Compression Springs,” by D. H.
Pletta and F. J. Maher. Published in this issue, page 327.

‘ “Analysis of Deflection and Stress in Helical Compression
Spring,” by H. C. Keysor, presented at the Annual Meeting of The
American Society of Mechanical Engineers, December, 1934;
not published.

Contributed by the Special Research Committee on Mechanical
Springs and presented at the Annual Meeting, Philadelphia, Pa.,
December 4-8, 1939, of The American Society of Mechanical
Engineers.

N ote: Statements and opinions advanced in papers are to be
understood as individual expressions of their authors, and not those
of the Society.

is, we consider the load to be eccentric by some variable amount
e, leaving the magnitude of e to be determined by the conditions
of the problem.

The load P can be replaced by two component loads, Pi at
a and P2 diametrically opposite a. If Pi + P2 = P and the
center of pressure of Pi and Pj is at point Q the torque, moment,
and direct load at the general point a' will not be affected. The
reactions which balance P are P3 at the tip contact point b,
and (P — P3, distributed in some manner in the vicinity of
point 0 where the bar makes contact with the loading plane.
There is also a torque reaction at point 0. The angular distance
whetween band o is roughly 180 deg for most springs; the deter-
mination of v will be explained later.

The location of the contact point b is subject to variation due
to the manner of forming the tapered end, and due also to the
load, for it is evident that, with increasing load, b will move away
from the tip so that the angular distance between contact points
will diminish. Consideration must be given to this fact in
interpreting the following analytical results in their relation to
actual springs.

From the foregoing discussion, it is evident that we require the
deflection equations for a helix fixed at the origin and sustaining
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a vertical load at any point along its length. The effects of bar
curvature, direct shear, and angularity of the bar with the hori-
zontal, are neglected, as these factors do not appreciably effect
the results in the case of close-coiled springs.

Let O be the origin in Fig. 2 and W the load applied at the
angle 0 At any point 0the deflection is y and the slopes in the
circumferential plane and the radial plane are a and X respec-
tively. These three quantities, expressed as functions of 0o and
0, will completely define the position of the bar under load.
They are obtained by the strain-energy method. It is shown in
texts on elasticity that

MAY, 1940

The radial slope Xis shown in Fig. 2, and it is apparent that
the originally horizontal radial axis X—X will slope upward
toward the coil axis, while the circumferential Y—Y axis slopes
downward. Therefore, if we take a in Equation [2] as positive,
Xwill be negative. Let dg>be the angle of twist in the element
dl at ip, and di be the change in slope due to vertical bending,
in the length dl at 4. Projecting d&and di upon the plane of
8, which makes the angle 8— >with the plane of \f/, we obtain

d\ = df>cos(9 — \p) — di sin(0 —

It can be seen that the torque T which causes & tends to give a
positive value of X at 8 but the moment M would make d\
negative. Since
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where y is the deflection at doreferred to 0 as an origin, and is
obtained from Equation [la] by replacing 00Owith (00— 0).
Reduction of the right-hand member of Equation [4] shows that
it becomes identical with Equation [la], thus proving that Equa-
tions [1] to [3] are correct.

The deflection and slopes of a point beyond the load point are
required as shown in Fig. 4.

The method of applying the equations to the calculation of the
elastic curve will now be given. Fig. 5 shows the lower half of
the spring, a being the longitudinal center of the bar. The
angle u — v is known, since it is one half the angle between
tip contact points. Point O, which is taken as the origin, is the
same as in Fig. 1, and its position must be left to be determined,
that is, angle v is an unknown. The two load components, Pi
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and P~ and the reaction Ps, are all unknown, so that, with v,
we have four quantities to determine. The four necessary
conditions are:

1 Pi+ Pt = P where P is the given load on the spring.

2 The combined deflection at point b is zero, since the tip
prevents downward movement of the adjacent coil.

3 The combined radial slope at point a must be zero to
suit the imposed condition of parallel loading planes.

4 The combined vertical bending moment at point O must
be zero, for the bar is not fastened to the loading plane and is,
therefore, free to move upward, which it actually does. Suppose
that at some point O' between O and 6 the bar were forced back
to its no-load position by a force F. The reaction to F would
be upward at 6 resulting in a vertical moment at O', which point
would be the origin. Therefore, a moment at the origin would
necessitate a downward force at that point to hold the bar against
the plane, obviously a physical impossibility. It will be shown
later that the torque at the origin is not zero, and that this
condition is consistent with a zero bending moment.

The combined circumferential slope at a is not required, for
whatever value it may have, the condition of parallel loading
planes will be satisfied due to the symmetry of the top and
bottom halves of the spring.

Fig. 5

To express the conditions (2) and (3), and to find the deflection
at a, the component deflections are written from Equations [1]
to [7], Taking Pi at a, we have 60 = u and 0 — v. From
Equation [lo]



322

TRANSACTIONS OF THE A.S.M.E. MAY, 1940

This equation can be solved by trial. If we assign a numerical
value to v, the terms containing only trigonometric functions of
u can be grouped into one member, and the other member of the
equation becomes merely a constant times u. To illustrate,
let v = 188 deg, and the condition (4) equation becomes

sin2u — 0.5494 sin u[2.9039 cos(m — 8°) + sin(« —8°) + sinu
+ 0.0160 cos u] + 0.004226 sin 2 u ——0.06502 u

The left-hand member contains only sine and cosine functions of
u and its graph will therefore be sinusoidal with waves of con-
stant amplitude. The right-hand member is merely an inclined
straight line, and since it is negative, we need consider only the
negative portions of the sinusoidal curve. This curve repeats
at intervals of t, therefore only the first negative wave is re-
quired, and we obtain the roots by drawing a series of inclined
parallel lines separated by a vertical distance of 0.06502 ir as

shown in Fig. 6. The first two roots, points (1) and (2), have
no significance since they are less than v. The other seven roots
are as shown.

Values of u and v obtained in this manner are plotted in Fig. 7.
It is seen that v fluctuates about 180 deg as a mean and that,
except for short springs, it differs but little from this value.

We can now work out any desired numerical case from Equa-
tions [8] and the graph of Fig. 7. It is found, in general, that
Pi 4= Pt or the resultant load P is eccentric. The loading is
axial, Pi = Pi only when

u—v = integer X ir + 92 deg
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and the eccentricity is maximum when
u—v = integer X ir (approximately)

The maximum eccentricity diminishes with increase of u, as
shown in Fig. 7. The abscissas are shown in terms of u and also
the number of turns between tip contact points.

Fig. 7

The reactions between the coil end and the loading plane must
now be considered, to show that the necessary conditions of
static equilibrium are satisfied. The tapered tip which contacts
the loading plane is shown in Fig. 8.

CUTTING OFF
Fig. 8

A numerical calculation of Pi, P2 and Pa for various values of u
shows that there is always a negative torque To at the origin,
as shown in Fig. 8, which would cause the tapered end to
rise from the loading plane if it were not held down by the re-
action P3 The reactions between the tapered end and the
loading plane are Qi and Qi. Static equilibrium requires that
the sum of torques, and the sum of bending moments at 0 must
each be zero, and sum of reactions equal to the load on the spring:

PiR(1—cos v) — —cosx) —To=0
PiR sinv— QiR sin 3 = 0
Qi+ Qi —P

The terms Pi, P2 and P3are calculated as previously explained,

and To from the equation
To = R[ —P,(I —cosv) + P — (Pi — P2 cos u]

Qi, Q2 and x can then be found from the foregoing three equa-
tions. The results of a sample calculation are as follows:

u = 387 deg 7 min

v = 193 deg X = 193 deg 55 min
Pi = 0.32407 P Qi = 0.33362P
P2= 0.67593 P (h = 0.66638 P

Pa = 0.71284 P

To = —0.09423 PR
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To test the truth of the foregoing reasoning, a test was made,
cutting off the tapered ends at C (in Fig. 8) and using a spring
with ends ground accurately parallel (to within 0.0005 in. in
6'/2in.), and employing ground-steel plates for loading planes.
Upon application of the load it was found that the end Ci moved
upward from the loading plane, thus proving that there is a
negative torque at O if the ends are not cut.

The elastic curve can now be calculated for any desired length
of spring. Taking first a case of approximately maximum eccen-
tricity (u = 1080 deg and v = 180 deg) we obtain from Equation
B]

Pi = 0.4520 P
P2 = 0.5480 P
P3 = 05755P

Letting O be the coordinate of any point, we write the component
deflections from Equation [1] using

f 1080 deg for Pi
I 1260 deg for P2 and 0 < 0 < 180 deg
[ 180 deg for P3

do =

Adding these deflections, in terms of P, we obtain
PR3 .
y = G—‘Hr- X 0.4245 [0(1 + cos0) — 2sin0] ..... [10]

which gives the elastic curve for points between the origin O and
the tip contact point b.

For values of 0 > vwe require another equation because P 3now
comes between 0 and the origin. Using Equation [5], and re-
placing 0' with 0, and dowith v (180 deg) we obtain the component
deflection for P3  The component deflections for Pi and P 2are
the same as used in the preceding paragraph. Combining

PR
y = EHB [0(1 — 0.08489 cos 0) — 1.8081

+ 16175sin (0 + 81°37"]... [11]

which applies between the tip contact band the bar center pointa.

The consistency of these results can be seen by noting that
Equation [10] givesy = 0 foro = O oro = 180 deg, and Equation
[11] givesy = 0 for 0 = 180 deg. Also the derivatives of Equa-
tions [10] and [11], taken with respect to O, are equal for 0 =
180 deg, thus satisfying the necessary condition of continuity.

The graph of Equations [10] and [11] is the required elastic
curve and is shown in Fig. 9, deflections being plotted in terms
of the deflection of the entire spring. It is seen that the de-
flection is reversed between the origin and tip contact point,
which fact makes the deflection of the whole spring more than
it would be if the bar were held fixed at the tip contact. The
elastic curve has sinusoidal waves, the amplitude of which
diminishes as the center of the spring is approached.

Taking the case of axial loading, we have

Pi Pi = 05P u
Pa 0.5305 P v

= integer X x + 92 deg
= 180 deg

The method of calculation is the same as for the previous case,
and we find

PR3
y = (i_ﬁ-|_ X 0.4695 [0(1 + cos 0) — 2sin0Q]......... [12]
0<0<v

PP3T 2

V=GH 19~ 13+ 1-4763Sin {e + 87°38'M -'+ (13]

v<o<u
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Equations [10] and [12] are identical except for a small difference
in the numerical coefficient, showing that the deflection back of
the tip-contact point is practically unaffected by load eccen-

Fig. 9

tricity. The graph is shown in Fig. 10; it has sinusoidal waves
of constant amplitude as can be seen from the form of Equation
13, whereas, with eccentric loading the amplitude diminishes
at the bar center point. This is the distinguishing feature be-
tween axial and eccentric loading as far as the elastic curve is
concerned.

An experimental determination of the elastic curve, covered in
a current paper2by D. H. Pletta and F. J. Maher of the Virginia
Polytechnic Institute, furnishes proof of the essential correctness
of the analytical results.

Load eccentricity increases stress because the maximum
torque is increased, the direct load being unchanged. If we let
Z be the eccentricity stress factor, the relation between Z and the
eccentricity e is given by

e= 1123R(Z— 1) or Z = 1H-—-

Axial loading is theoretically possible, but actually it cannot
be realized. This point is discussed in more detail in Professor
Pletta’s paper.2 His experiments showed close agreement be-
tween the test and theoretical elastic curves in cases of maximum
load eccentricity. For the theoretical number of turns corre-
sponding to axial loading, the agreement between test and theory
was not as close, indicating that axial loading was not realized
in the tests in spite of all the precautions taken to obtain it. In
actual springs the chances of getting axial loading would be even
less, and it would therefore appear best for conservative design
to calculate the eccentricity stress factor Z from the envelope of
the e carves shown in Fig. 7. It can be shown that on this basis
the envelope formula for Z would be

05043 | 0.1213  2.0584
N N2 N*
N = solid ht & bar diameter

In order to use the foregoing analytical results in calculation,
it is necessary to relate the angle u — vto the number of turns in
the spring. The actual average location of the tip-contact point
6, as shown in Fig. 1, is somewhat advanced from the extreme tip,
say about Vo turn or 18 deg. Since the bar-tip thickness is I/t
of the bar diameter, the number of closed turns at one end is

fr= 1
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Fig. 10
Va + 'A + Vo = 0.8, or 1.6 for the whole spring. Therefore
2(u—v)= 2XIV— 1.6)
u—Vv . ;
v = N — 1.6 = number of turns between tip-contact points.

Using this equation in connection with any desired value oi’N,
we can find the eccentricity from Fig. 7, or the envelopejstress
factor Z from the equation in the preceding paragraph.

The deflection for the whole spring is

PDa(N — 1.2)
Vv~ 4GH

8PD\N — 1.2)
Y = - Gd*--------

for round bars, where N — 1.2 is the number of effective turns.
The deduction of 1.2 for inactive end turns is obtained from the
foregoing analysis by calculation of ya

Discussion

H. C. Perkins.4 Elastic curves of helical compression springs,
as computed by the author, check so well with the experimental
results2reported by Pletta and Maher that the essential validity
of his theory seems definitely established. He is to be con-
gratulated upon the success of his analysis and the accuracy of his
calculations. Nevertheless, his formulas are inconvenient,
especially in case his Fig. 7 is inapplicable.

Since the author’s theory seems to be of sufficient interest
and value to warrant an attempt to simplify the analysis and re-
duce its results to more convenient form, the following discus-
sion of his paper has three objects:

1 To check the author’s theory
2 To simplify his analysis
3 To derive formulas which could be used in design.

Fig. 11 of this discussion represents the lower half of a com-
pression spring stressed and deflected by a force P with eccen-
tricity e and supported by reactions Psand P4at the lower end
coil as shown. Since the bending moment does not, in general,
vanish at the point V = r, but is small and changing rapidly, the
author chose to take the origin O at the cross section of zero
bending moment and to regard V as undetermined.

4 Assistant Professor of Mechanical Engineering, Cornell Univer-
sity, Ithaca, N. Y. Mem. A.S.M.E.
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It therefore follows that the stress resultant at 0 (including
any reaction between 0 and b) is a vertical force Pt with action
line intersecting a coil diameter through 0, at an unknown dis-
tance C from the axis of the coil. If/ represents the number of
free turns of wire between end contacts b, then half the free
length of the wire is equal to Rfir as suggested in Fig. 11 of this
discussion.

Three independent equations of equilibrium may be written.
Thus, summing forces

Pa +

Summing moments about a coil diameter through a

PsR sinfir + PACsin U = O..cevevvvcieienne [15]
Summing moments about a coil diameter through b
Pe sinfir — PtCsin V = 0.ccveeveevccene [16]

But a moment sum about the coil diameter perpendicular to the
one through a is also useful in case sinfir and sin V vanish as they
do when/ = integer. Thus

Pe + P}R cosfir + PtCcos U = 0....cceenee [17]

Fig. 1 Lower Half of Compression Spring Stressed and
D eflected by Force P and Supported by Reactions Ptand Pi
at the Lower End Coil

Before proceeding with the general analysis, consider two
special cases.

In case 1, when 2f is an odd integer, the end contacts 6 are at
opposite ends of a coil diameter. In this case, by symmetry of
the upper and lower halves of the spring e = 0, since P must be
equidistant from the two end contacts. Then by Equation [16]
of this discussion, sincetir = 0 and PtC does not vanish, it fol-
lows that sin V. = 0,s0 V —irand U = (integer) (ir) + 90 deg.
This is 2 deg smaller than the author’s value. The error is not
one of calculation but seems to follow from the assumption that
the radial slope Xvanishes at the origin. This assumption is, in
general, inconsistent with the fact that, as shown by the author,
there are torques on most cross sections of the “dead end coil”
of an actual spring, but the tests2 of Pletta and Maher indicate
that the consequent errors are probably smaller than those intro-
duced in the manufacture of the spring.

In case 2, when/ is an integer, sintir = 0, and since P<C does
not vanish, Equation [16] of this discussion requires that sin V =
0,s0V - ir

Given the value of V as in cases 1 and 2, the corresponding
value of C/R is found from the condition that the deflection y
must vanish at b. The deflection y at any point of the elastic
curve may be formulated as follows.

The bending and twisting moments on any cross section lo-
cated by angle 9 from 0 or angle 0 from 6 are

T = Pt (Ccos 8— R) — PzR (1 —scos <f)......... [19]

and corresponding values for unit downward force on the elastic
curve at angle a from 0 or /3from bare

m = —R sin (a — 0)

= —RSIN (B— oo [20]
t =—R [1— QB (a—0)]

-—R [ —cos (B—<N]ccorrrirrirrrnnns [21]

Substituting these values in the strain-energy formula

MmdL
[ ")
and integrating dL = Rdfi =
+= 0to 4= /3 the result is

TtdL r
GH IIIIIIIII22]

RK>from 8 —0to 0 = a or from

2=RB3\[ir +"] (“o*- sing
, PR\ . N, P*R\ . X
+ -Qff (a—sina) + (0 cos 3—sin 0)

+ PR*, -Pc°s0— 3sin /3)........ [23]

Note that by taking 0 = 8 P3= W, Pt = 0,and 00 = 0, or taking

a=0Pt =W P3=0 C=R, and 00= 0, Equation [23]

and the author’s Equation [1] are reduced to the same form.
Since Pi is the only reaction if the angle O is less than V, the

zero deflection at b is formulated by letting P3—0and a = Vin
Equation [23] of this discussion. It follows thus that
C 2EI V — sinF
R ~ElI+ GH sin7 —VcosV..
or i fEfI = 0.77
C V —sin V
R ~ 1-13sin V — V €OS V .ooovveeeireeenn [25]

In cases 1and 2, V = itand C/R = 1.13. In general, how-
ever, before C/R caii be evaluated, V must be computed from the
condition that, by symmetry, the radial slope Xmust vanish at
the mid-section. Thus, bending and twisting moments on any
cross section are given by Equations [18] and [19] of this dis-
cussion and corresponding values for unit torque at mid-section a
are

m = —sin XJ—8) = —sin (fr m-<D............. [26]
t=cos (U—8) = cos (/X — <Meevvvererrneen. [27]
Substituting these values in the strain-energy equation
C TtdL ﬂ

integrating dL = RdB = Rk>from 8 = 0to 8 = U or from =

MmdL
~eT+J

0 to i>= fir, solving for _CITDTI and equating it to the correspond-

ing ratio from Equation [15] of this discussion

—RPt  UcosU—AsinU sinU 29
CP, fr cosjt — SiAFIF il /X [29]
El (2| —1I) + GH

in which -4
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GH
To check, let ?: 0.77, and take/ = Vs which comes under

C

case 1. Then R—= 1.13, A = 0.87, sinfir = 1, cosfir = 0, sin
U = —1,cos (7 = 0. These values do not satisfy the equation.
To estimate the error, regard fir as undetermined. Then
0.13
cotfir — ——
fir
Solving by successive approximations, fir = 94 deg 30 min.

The author found that e = 0 when U—V = (integer) (ir) + 92
deg. In general, by taking A — 1in Equation [29] of this dis-
cussion, the error is eliminated in case 1 and perhaps in other
cases as well. If this change is effected, the equation can be
written in the form

which is easily solved by successive approximations.
For example: let/ = 3.25 so cotfir = 1. Substitute Uo =
585 + 180 deg on the right and solve for Ui on the left. Thus

so Ui = 772.6. Substitute U\ on the right and find U2 = 772.9
deg on the left. This completes the solution, since further re-
finement is useless for slide-rule computation. Now V — 7729
— 585 = 187.9 deg, which seems to check with the corresponding
ordinate in the author’s Fig. 7.

Using this value of V in Equation [25] of this discussion, C/R —
1.238

Equations [14] and [15] of this discussion may now be solved
to find Pi = 0.583P and P3= 0.417P and Equation [16] solved to
find e/R = 0.101 which is about 10 per cent less than the corre-
sponding ordinate in the author’s Fig. 7. Finally, the over-all
deflection of the spring is obtained by doubling the deflection at
mid-section, the latter being found from Equation [23] by taking
a — XJand 0 = fir.

A formula approximating the author’s “envelope curve” may
be found by taking / = an integer and solving Equations [24],
[14], [17], and [29] to find
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Since e, in Fig. 11 of this discussion, is alternately positive and
negative as/ is alternately odd and even, and passes through zero
when 2/is an integer, the curve eversusfir is periodic. It may be
approximated by the formula

in which F is the integer nearest to the given value of/.
GH
In the foregoing example, in which/ = 3.25 and ﬁ: 0.77,

F —3and the approximate eccentricity ratio is

This discussion seems to support the conclusion that, although
simplifying assumptions have introduced some errors, the errors
are probably small. The author’s calculations also seem to be
highly accurate despite their complication. However, as shown,
the analysis need not be complicated and, judging by the illus-
trative example near the close of this discussion, the formulas
therein derived could easily be used in the design of helical com-
pression springs.

Author’s Closure

Professor Perkins’ discussion is of much interest as showing a
different method of approaching the problem. His treatment is
admittedly shorter than the author’s, and possibly simpler, but
it has been compressed to such an extent that it is more difficult
to follow. For instance, Equation [23] is given for the elastic
curve, but no equations expressing P3and Pi directly in terms of
P are given. Apparently it would be necessary to use Equation
[15] which involves XJ, finding XJ from Equation [30], The
author admits frankly that the assumption of zero Xat the origin
is not exactly true. However, it is very nearly true, physically,
as is the case with many assumptions commonly accepted in
elasticity calculations. It is not clear why the reaction Pt has
been taken as acting outside the coil.

The paper is concerned primarily with the determination of
the elastic curve, as the subject indicates. No attempt was made
to give working formulas for practical spring calculation. For
such purposes, neither the author’s paper nor Professor Perkins’
discussion is suitable. A further simplification is necessary and
the results must be put in tabular form so that the use of formulas
is eliminated. Such tables have been prepared by the author and
used for several years in routine spring calculation. They have
proved to be rapid and accurate, containing the proper allowance
for inactive end turns and load-eccentricity effect, as expressed
in the envelope curve.



Helix Warping in Helical
Compression Springs

By D. H. PLETTAland F. J. MAHER,2 BLACKSBURG, VA

When helical springs are compressed between parallel
planes, the load is usually eccentric with the longitudinal
axis and the helix, in its deflected position, is no longer
truly helical but assumes a sinusoidal or warped shape.
The magnitude of the eccentricity and of the warping is a
function of the number of turns in the spring.

The research reported on hereillustrates this warping for
a heavy helical spring, whose length was varied for the
seriesoftests, and it also comparesthe test results with the
theoretical behavior as outlined in the accompanying
paperofH.C. Keysor. Ingeneral, the actualand theoreti-
cal behavior were in excellent agreement, thus apparently
substantiating the theory. An analysis of the data also
emphasizes the need of alwaysassuming some eccentricity
of load in practical design, to allow for the lack of perfect
concentricity of the individual turns.

HE TESTS reported on in this paper were undertaken to
Tdetermine the correlation between the actual behavior of

loaded helical compression springs and the theoretical
behavior as outlined in the companion paper3by H. C. Keysor.
The theory indicates that helical springs, when compressed
between parallel planes, are usually subjected to an eccentric
rather than a concentric load, and that this eccentricity causes the
helix to warp under load. The term warping, as used here,
indicates that the deflected helix assumes a sinusoidal shape and
does not remain truly helical in its deflected position as the
ordinary spring formula leads one to believe. Fig. 1 illustrates
this phenomenon. Curve A shows the unloaded helix “un-
wound” and projected on a vertical plane. Curve B indicates
the deflected position of this helix after application of the load,
the solid curve showing actual behavior, and the dotted line
showing the commonly assumed position. The shaded area be-
tween curves A and B represents deflection and is replotted in
curve C for only half of the helix.

The actual and theoretical behavior of compression springs
may then be checked by measuring the actual eccentricity
of load or by measuring the warping of the helix, and comparing
these observations with the theoretical values. The tests as
carried out included only observation of helix warping, mainly
because apparatus capable of determining warping already
existed and because it would have been somewhat difficult to
measure eccentricity accurately on the heavy stiff spring used.

A single spring was used in this project. Hence, all variables
such as differences in heat-treatment, moduli of elasticity, coil-
and-bar diameter, etc., common to any series of separate speci-

1 Associate Professor of Applied Mechanics, Virginia Polytechnic
Institute.

5Instructor of Applied Mechanics, Virginia Polytechnic Institute.

3 “Calculation of the Elastic Curve of a Helical Compression
Spring,” by H. C. Keysor. Published in this issue, page 319.

Contributed by the Special Research Committee on Mechanical
Springs and presented at the Annual Meeting, Philadelphia, Pa.,
December 4-8, 1939, of The American Society of Mechanical
Engineers.

Note: Statements and opinions advanced in papers are to be
understood as individual expressions of their authors, and not those
of the Society.

mens were eliminated or at least minimized. The bar as coiled
consisted originally of about seven turns from each end of which
equal lengths were cut as the spring was shortened for the series
of tests. The spring had an outer diameter of 6.42 in. and a
bar diameter of 1.336 in. A plain carbon steel (0.9 to 1.05 per
cent C) was used, coiled hot on a slightly tapered mandrel, and
subjected to an oil quench from 1525 F and a subsequent draw-
ing to 850 F.

The spring lengths, as tested, were placed between special
helical end blocks mounted to the base and movable head of a
testing machine, Fig. 2. Very thin plaster of Paris cappings,
as cast in place under load, insured continuous contact for the
first 270 deg of the dead turn. The balance of the apparatus to
measure the warping consisted essentially of a collar, concentric
with and free to rotate about the lower end block, to which a
vertical post was attached. An Ames dial reading to 0.001 in.
was fastened to a sleeve which was free to slide up and down the
post. A tapered pin, which fits through the sleeve and post
simultaneously, could be inserted in any one of a series of holes
in the post spaced 1in. apart. The cantilever arm attached to
the lower end of the Ames-dial plunger rested on the top side of

Fig. 1 Sinusoidal Shape Assumed by Deflected Helix

the wire of the spring. W.ith this arrangement, it was possible
to determine the elevation of any point on the coil to 0.001 in.
above a datum for any given load. A subtraction of two suc-
cessive elevations at any given point gave the net deflection for
that increment of load.

During a test run, readings were taken at points spaced 30
deg apart along the helix for loads of 500 and 8000 Ib. The
cantilever arm was used to eliminate the error that could pos-
sibly result if points on the outside of the wire had been used.
Any twist in the wire, when the coil was loaded, would have
caused these points to deflect more or less than the helical axis,
whereas any measurement made on a horizontal tangent to the
top of the wire would always remain half a wire diameter above
the axis. At each load the deflection of the whole spring was
also observed by noting the movement of the head of the testing
machine.

At the 8000-lb load, the upper and lower split wedge blocks
were adjusted so that the deflection of the end of the dead
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Fio. 2 Method of Mounting Spring Lengths in

M achine

Testing

turn (point 13) was reduced to zero relative to
its seat. The wedges can be seen in Fig. 2 and
are also illustrated in detail in Fig. 3. They
resemble a bolt with the circular head of the
bolt and washer tapered. Under the 8000-lb
load the two ends of the dead turn closed sev-
eral hundredths of an inch allowing point 13 to
deflect. This movement was reduced to zero
by tightening the nut, thus separating the ends
of this turn. Various other nonadjustable sup-
ports were tried but all of them allowed some deflection due to
the localized contact deformation. It was thought best to have
this deflection zero in keeping with the theory, but it should be
added that the small movement allowed by these other sup-
ports was not critical, for the deflections of points along the helix
were only slightly affected.

Table 1indicates the scope and some of the results of the tests.
Seven tests were made, the bar length varying from 6 to 3.511
total turns. Three of these lengths were such that the eccen-
tricity of the load was theoretically zero; whereas the others,

Fig. 3 Split
W edge Block
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with the exception of case 2, were such that the eccentricity
was the maximum attainable. The theoretical spring deflection
was calculated, using a shearing modulus of elasticity of 11,600,-
000 Ib per sq in.

Fig. 4 shows the helix warping up to mid-length of the spring
for the seven tests outlined in Table 1. The other half of the
spring should, of course, be identical and tests indicated that it
was, but there seemed little need of plotting the curves for the
entire spring. The load increment was 7500 Ib. The solid line
represents theory. No attempt was made to draw a curve
through the data points. In four of the tests the correlation
between theoretical and actual behavior was almost perfect,
whereas in the other three cases it was only fair. There are

Fig.4 Helix Warping Up to Mid-Length of Spring

several reasons why the agreement in these last three cases should
not be perfect. The measurement of the deflection on the top
of the bar rather than along the neutral axis; the slight rocking
of the bar on the split wedge blocks, tending to shorten the spring;
the imperfect seating on the helical end seats; and the lack of
perfect concentricity for the individual turns of the spring,
all tended to modify perfect behavior. The last condition is the
most important. It is practically impossible to coil heavy bar
so that all turns are identical in diameter, pitch, and concen-
tricity. If only one turn is displaced laterally, an axial load
on the spring would be eccentric on this coil. Theoretically
the warping decreases near the center of the spring as the ec-
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centricity of load increases. Hence the sinusoidal effect would
tend to be damped out especially at the center of the spring.
The measured eccentricity of individual turns on the spring
amounted to several hundredths of an inch, which corresponded
approximately to e = 0.02/g rather than zero. Naturally the
magnitude of this error was relatively larger in cases 3 and 5
when the eccentricity should have been zero than in cases
1, 4, and 6 when e was appreciable. Yet in case 7, with e =
0 theoretically, the correlation is very good. The reason for
this is that this spring had only 1.511 free turns and was there-
fore too short to be affected by any lateral displacement of a full
turn, the short length practically requiring concentricity with
itself.

The actual eccentricity of individual turns in cases 3 and 5
was actually determined, but its existence would also be sus-
pected when studying Fig. 5. Here the deflection of individual
full turns 30 deg apart is plotted for cases 1, 3, and 4. The

sinusoidal nature of the test data for case 3 is possible only
when the load is eccentric. When considering this variation,
it should be remembered that the total load on the spring,
considered as a concentrated force, acts perpendicular to the
diameter through the mid-point of the spring, and that it is
generally displaced from the longitudinal axis of the spring.
Some objection to these tests and the theory might be raised

NUMBER OF FREE TURNS
DEAD TURNS NOT SHOWN

Fig.6 Hbiix Warping of a Commercial Spring

because of the difference in the end conditions between these
tests and those in commercial springs with their tapered ends
ground square. Fig. 6 illustrates helix warping in a commercial
spring tested and reported on previously.l Here again the
sinusoidal effect is quite evident.

It is the belief of the authors that the tests reported in this
paper substantiate Mr. Keysor’s theory on spring behavior and
also emphasize the absolute necessity of always assuming some
eccentricity for the load in commercial design to be on the safe
side. In other words, an eccentricity based on the envelope of
the theoretical cyclic variation in eccentricity,6 rather than the
theoretical eccentricity itself, should be used to allow for the
lack of concentricity arising in the practical manufacture of
springs. In the commercial design it should, of course, be
remembered that eccentric loads produce greater shearing
stress than the commonly assumed axial loads.

4 “The Effect of Overstrain on Closely Coiled Helical Springs and
the Variation in the Active Coils With Load,” by D. H. Pletta, S. C.
Smith, and N. W. Harrison, Bulletin 24, Engineering Experiment
Station, Virginia Polytechnic Institute.

6 Reference 3, Fig. 7.



Boundary Film Investigations

By SYDNEY J. NEEDS,1PHILADELPHIA, PA.

This paper describes attempts made in Dr. Kingsbury’s
laboratory to detect the influence of boundary surfaces
on the viscosity of thin films of lubricant between two
optically plane parallel disks. Investigations included
both mineral and vegetable oils. Details of two testing
machines are given and typical results with each machine
are described.

Intboduction

surface is influenced by that surface has been the subject

of considerable study in this country and abroad. It ap-
pears obvious that the molecules of the liquid actually in contact
with and adhering to the surface, or to adsorbed layers on the
surface, must necessarily behave differently from adjacent mole-
cules of the liquid in bulk. But the nature of this surface phe-
nomenon and the distance from the surface to which its influence
extends are not well understood and experimental studies have
given rise to widely divergent opinions on these particular points.
Kingsbury (1)2pointed out some 37 years ago that the nature of
this surface property was probably “an intensified viscosity in that
part of the fluid within the region of attraction of the surface
molecules of the metal.” Hardy and Nottage (2) offer proof
“that the attraction field of the solids modify the state of the
lubricant throughout a layer many hundreds or thousands of
molecules in thickness;” and they place the limit of boundary
lubrication (3, 4) at a distance of 0.007 to 0.010 mm (0.0003 to
0.0004 in.), that is, the film must be of that order of thickness if
any of the liquid is to be beyond the range of surface influence.
Wilson and Barnard (5) found that capillaries as large as 0.3 mm
(0.01 in.) diam would gradually clog up under the flow of oils and
would close completely if a small percentage of oleic or stearic
acid were added to the oil. This clogging was attributed to the
gradual building up of adsorbed fijms on the walls of the capil-
laries.

In a carefully conducted series of experiments with capillaries
of approximately the same diameter as those used by Wilson and
Barnard, Bulkley (6) was able to show that the clogging was due
to the fact that the oil had not been thoroughly filtered. From
further experiments with highly filtered oils in fine glass and
platinum capillaries having diameters of the order of 0.01 mm to
0.03 mm, Bulkley concluded “that the thickness of any fixed layer
adjacent to the walls is not in excess of two or three hundredths
of a micron, or approximately a millionth of an inch.” Con-
firming results have been published by Bastow and Bowden (7),
who conclude from measurements of the flow of liquids between
optically polished flat plates that no sign of induced rigidity is to
be detected in liquids at a distance of 1000 A [4(10)~6in.] from
the surface. There are many other reports in the literature
which form, as pointed out by Bowden (8), “a large body of
conflicting evidence and opinion as to the range of surface
forces.”

THE MANNER in which a liquid in contact with a solid

1Service Mem.
AS.M.E.

JNumbers in parentheses refer to the Bibliography atend of paper.

Contributed by the Special Research Committee on Lubrication
and presented at the Annual Meeting, Philadelphia, Pa., December
4-8, 1939,0f The American Society of M echanical Engineers.

Note: Statements and opinions advanced in papers are to be
understood as individual expressions of their authors, and not those
of the Society.

Manager, Kingsbury Machine Works, Inc.

The present paper reports some of the results of a 4-year study
of thin films of vegetable and mineral oils conducted in Dr.
Kingsbury’s laboratory under his direction. Aside from the
problems of filtration, selection of the proper metal for the test
surfaces and the preparation of the surfaces, the experimental
work divided itself into two distinct parts. Part | of this paper
describes attempts to discover indications of increasing viscosity
in thin films of oil formed by two plane disks approaching each
other under loads of the order of 0.20 Ib per sq in. with no tangen-
tial motion. Part Il describes experiments with plane surfaces
approaching under loads up to 800 Ib per sq in. with continuous
relative rotation of the surfaces. It also describes a method of
measuring the minimum film thickness reached under these con-
ditions. Experiments reported in part Il are extremely simple
and may be readily reproduced. They add clarity to the results
of part | and appear to show that steel surfaces have a profound
influence on the behavior of lubrication films up to thicknesses
greater than 60 millionths of an inch (0.0015 mm); the thick-
ness depending somewhat upon the lubricant. These films have
great mechanical strength and are capable of supporting loads at
least as great as 800 Ib per sq in. Under such loads, the film
thickness quickly reaches a constant minimum value which re-
mains unchanged indefinitely even with continuous relative rota-
tion of the surfaces.

The influence of the surfaces on the film manifests itself in
what might be termed “directional rigidity,” a property, which
to the author’s knowledge, has not been previously observed. As
mentioned, the condition of constant minimum film thickness is
indicated by constant torque at a given rpm, provided the rpm
is above some minimum value. As long as the film is under con-
tinuous shear at a rate above this minimum, it behaves as a purely
viscous liquid in the circumferential direction and the torque is
proportional to the rpm. In the radial direction, however, the
liquid exhibits remarkable plasticity or rigidity since, under
heavy loads, it will not flow radially from between the surfaces.
Building up of an apparently similar rigidity in the circumferen-
tial direction may be observed by stopping rotation and running
at infrequent intervals only long enough for a torque observation
to be made. The torque will increase rapidly at first and then
more slowly, finally reaching an upper limit within 1to 3 days.
This upper limit will be several times greater than the constant
torque when the film is free from circumferential rigidity. During
the rigid stage, the film will resist considerable circumferential
stress without appreciable deformation. If continuous rotation
is again resumed, the circumferential rigidity will be gradually
removed; the torque will decrease rapidly at first and then more
slowly until finally the same constant value is reached when
rigidity has entirely disappeared, thus indicating no change in
fijm thickness. In any particular test this cycle may be repeated
as often as desired.

Oils used in the earlier tests were rotated for periods up to 50 hr
in a clinical centrifuge. A small ultracentrifuge, operating at
extremely high speeds, was next constructed and used. In the
later tests the samples of oil were removed by pipette from near
the centers of containers that had remained undisturbed for
several months. It may therefore be assumed that the oils
were used in the same condition as commerically produced.
Centrifuging of the oils made no apparent difference in test
results.
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Theoretical
Formulas for two plane, circular, parallel plates, approaching
each other under the action of an external force and with the
space between the plates filled with a viscous liquid, may be
readily developed from Reynolds’ (9) basic equation

Fig.1] Mathematical Notation; Plane Circular Plates
Since there is no relative tangential velocity of the surfaces

in the case under consideration, Uo— Ui = 0; and, since the plates

are parallel, there is no variation of film thickness; hence, thzZ>x

= 0. By definition Vi = dh/dt; hence Equation [1] reduces to:
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Equations [5] and [6] were first developed by Stefan (10) in
his studies of the approach of plane, circular disks separated by
a viscous liquid. Reynolds’ Equation [1], published 12 years later
is of great general utility since, in addition to the present case, it
is also the basis of modern theoretical treatment of plane and
cylindrical bearings.*

From (9) the shear stress at the surfaces of the plates, due to
outward radial flow of the liquid, is

and this stress will be the same on any radius passing through the
common axis of the plates. Since x2+ z2  r!, we have from
Equation [2]

the negative sign indicating that the shear stress opposes flow
from between the surfaces. Since the shear stress is maximum
whenr = 0

The film thickness may also be calculated by rotating one of
the plates relative to the other at « known rate and measuring the
required torque.

Referring to Fig. 1, the frictional drag opposing rotation at the
differential area 2irrdr is df, and the moment is rdf. If N is ex-
pressed in revolutions per minute, the linear velocity U is
2xrJV/60. Then for a simple Newtonian liquid

3Reynolds’ original paper contains many misprints, which un-
fortunately also appear in hia “Collected Papers.” His expression,
similar to Equation [5], for the approach of parallel elliptical plates
should have the coefficient 3/2 instead of 3.
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At any time during a test Equation [11] may be used as a check
on Equation [7].

EXPERIMENTAL
|I—The Disk Viscometer

The disk viscometer, shown in Fig. 2, was constructed to
measure the rate of approach of two plane disks under conditions
that would enable a comparison to be made with theory. It con-
sists essentially of two disks A with plane surfaces and the bal-
anced beam B, with a micrometer screw C to measure the move-
ment of a pin fastened in the end of the beam. The upper plane
is Vs in. diam and is firmly attached to the upper bar D of the
rugged steel frame by means of a fitting electrically insulated from
the frame. The lower plane is iin. diam and has asteel ball placed
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so that the lowest point on its surface is located as near as possible
to the center of gravity of the disk. The ball rests on a plane sup-
port attached to the beam, thus locating the disk and permitting
its plane surface"to adjust itself to the upper plane. A thin-steel
cup E is provided to prevent loss of liquid flowing from between
the approaching surfaces. The beam is supported by the knife-
edge F. Load isapplied by the I7io-Ib sliding weight Gand may be
varied by changing the position of the weight. When the weight
is against the knife-edge fulcrum H, the center of gravity of the
beam and all its parts is brought as close to the knife-edge as
possible by adjustments of the counterweights /. The cam K
is used to raise the loaded end of the beam, thus keeping the sur-
faces separated until the start of an experiment.

The micrometer-screw nut is fastened to the upper bar by four
screws and electrically insulated with sheet mica. A lower nut is
provided to eliminate lost motion in the screw. The micrometer
screw is i in. diam and carefully cut with 40 threads per in.
Smooth operation is obtained by lapping the screw and nuts to-
gether. After assembly, the spindle in the end of the micrometer
screw was lapped optically flat. Adisk L, 5'/«in. diam and gradu-
ated into 25 equal numbered divisions, is attached to the upper
end of the micrometer screw. Each division is subdivided into
tenths and a vernier M is provided for rea<’'jig to Vio of each sub-
division or Vioo.ooo-in. vertical moveme__haf the screw. The
distance from the micrometer screw to Im. knife-edge is 10 times
greater than the distance from the knife-edge to the center line
of the plane disks. Each vernier division therefore represents a
change in film thickness of one millionth of an inch. Contact be-
tween micrometer and beam is indicated by a milliammeter in a
circuit closed when the micrometer spindle touches the pin in
the beam. A similar circuit is provided to indicate contact be-
tween the plane surfaces. By loosening the frame nut N, the
upper bar may be swung to one side permitting insertion of the
lower disk or removal of the beam.

The viscometer is operated in a wooden box (not shown)
covered with aluminum foil and heavy paper for heat insulation.
Curtained inspection windows are fitted in the box and the
necessary controls are provided for external operation of the
instrument. The box is electrically heated by coils operated
through a relay and a differential-expansion thermostat capable
of holding the temperature constant to within 0.1 F. Vis-
cometer temperatures are measured by thermometers O located
in mercury wells in the vertical supports at each end of the
instrument and also by a thermometer suspended in the atmos-
phere near the plane surfaces.

The plane disks were first made of normalized low-carbon steel
and later a second pair was made of hardened tool steel. The
surfaces were optically polished and flat to better than one
millionth of an inch, including the edges. Turned edges were
avoided by cementing the otherwise finished disk with beeswax
in a ring about 2%/« in. diam made from the same bar of steel as
the disk, and finishing the two as a single piece. The turned
edge will then be on the ring and, if the diametral clearance
between the disk and ring is of the order of 0.001 in., the plane
surface of the disk will be continuous to its edge. After cement-
ing the disks in the rings, the surfaces were ground flat, lapped
on lead, and finally polished with optical rouge on pitch. Supports
were then placed under the unpolished sides of the disks and the
rings gently heated until melting of the beeswax permitted them
to drop free, leaving the edges of the disks untouched.

Most of the difficulties encountered in polishing the surfaces
to the required flatness proved to be simply questions of tech-
nique; eventually the point was reached where the scratching of
a pair of surfaces, instead of actually threatening the success of
the investigation, occasioned merely a relatively short interrup-
tion in the experimental program. However, researches for a
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satisfactory metal of which to make the disks were not so success-
ful. There appears to be no metal which, when polished and ex-
amined even under low powers of the microscope, will present a
surface of uniform appearance even remotely approaching that
of well-polished glass. The metal surfaces invariably contained
pits or nonmetallic inclusions, iron carbides or traces of manganese
in the form of gray spots with well-defined but irregular edges.
At times traces of corrosion were also visible somewhat resembling
nonmetallic inclusions. No one steel of good enough grade to be
considered for optical flats is likely to contain all the above flaws,
but, by the very nature of the constituents of steel and its method
of production, nonhomogeneous structures are to be expected on
any plane. Experience finally seemed to indicate that the best
surfaces were produced by high-speed tool steel or a high-chrome
tool steel. The chrome steel is corrosion-resistant and will hold
its shape over long periods of time but it warps badly during the
hardening process and is somewhat difficult to polish. High-
speed tool steel gave the most uniform surface of all metals inves-
tigated, and it was therefore used in the later experiments.

TIME- HOURS

Fig.3 Approach of Plane Circular Plates; Tests With Castor
Qil

(Plates, 8A in. diam; oil temperature, 92.2 F; n —50.8(10) “« Ib sec_per sq

in.; load, 0.199 Ib. The four tests were made under identical conditions.)

After polishing, the disks were prepared by washing with pads
of absorbent cotton moistened with carbon tetrachloride. When
all visible traces of contamination had been removed the disks
were gently rubbed with dry absorbent cotton and finally touched
with a fine camel’s hair brush to remove any tiny pieces of lint
left by the cotton or other contamination deposited from the air.
The disks were then placed in the viscometer and the upper bar
locked in position. Two carefully cleaned platinum wires ap-
proximately 0.001 in. diam were placed parallel across the lower
plane approximately equidistant from its center. The beam was
gently lowered until the surfaces were separated only by the
wires. The box was then closed, outside operating attachments
were connected, and the heat turned on.

When the temperature had reached the desired constant value,
a micrometer reading was taken with the wires in place. If the
diameter of the wires is known, it is then a simple matter to com-
pute the micrometer zero, which is the micrometer reading when
the disks are in actual contact. This seems to be the only prac-
ticable method of determining the zero reading. If the sur-
faces were brought together without the wires, a false reading
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would probably result due to possible surface contamination or to
adsorbed air or moisture films on the surfaces. Attempts to ob-
tain optical contact of the surfaces by wringing them together
would doubtless result in scratches and would also introduce
the problem of separation after the zero reading had been made.
It is probable that the small-diameter wires cut through any
adsorbed layers on the surfaces and came into actual contact
with the metal. Assuming this to happen, it then became neces-
sary to measure the diameters of the wires in order to establish

Fig.4 Approach of Plane Circular Plates;
il

(Plates, ‘/<in. diam; oil temperature, 92.2 F; n = 7.02(10)"® Ib sec_per sq

in.; load, 0.199 Ib. The four tests were made under identical conditions.)

Tests With Olive

Fig. 5 Approach of Plane Circular Plates; Test W ith DTE

Light M ineral Oil

(Plates, 3i in. diam; oil temperature, 92.3 F; N “ 5.23(10) ~Blb sec per sq
in.; load 0.199 Ib. The four tests were made under identical conditions.)

the micrometer zero. This was done by a filar micrometer used
with a microscope. Many measurements were made at various
magnifications with ordinary and monochromatic illumination
and the wire diameter determined from these measurements.
Assuming perfect microscopy, however, the limitations of the mi-
croscope would leave the final result open to an uncertainty of the
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order of 1Jt wave length of light and this is considerably greater
than the film thicknesses it had been hoped to investigate.

After noting the zero reading, the micrometer screw was raised so
that the beam could be lifted by the cam. The wires were then
removed and oil introduced between the separated surfaces
from a pipette. This was done with but slight temperature dis-
turbance through a hole in the top of the box. When the tem-
perature had again reached the constant value, the time was
noted, the cam moved from beneath the beam, and the surfaces
began to approach.

Observed rates of approach of the planes are compared with
theory in Fig. 3 for the case of castor oil, and for olive oiland DTE
light in Figs. 4 and 5, respectively. Calculations of rates of fall
are based on the known bulk viscosities of the three oils and are
shown by the broken lines. In general, the observed rates of ap-
proach are a fair approximation to theory but excepting the ex-
periments with castor oil the film thicknesses at the end of 1 to
2 hr are found to be considerably greater than the calculated
values. Satisfactory duplication of tests was found impossible,
even though the lubricants were carefully centrifuged before us-
ing. After 8 hr, little if any reduction was observed in film thick-
ness and, at the end of 24 hr, the film thickness was invariably
found to have increased slightly above the reading at 8 hr. It is
interesting to note that after a few hours the measured film thick-
nesses were of the same order regardless of the differences in bulk
viscosities of the oils. Apparently the films were not behaving
strictly according to theory. The probable causes of these dis-
crepancies will appear from the results described under part II.

It was also observed that, when the films reached a thickness
of approximately (10)-4 in., they began to show indications of
carrying current under a voltage of 0.025 volts. At thicknesses
of about 60 (10)“*in., the resistance of the film had dropped to
the point where it carried small currents as readily as the copper
wire of the circuit, that is, the ammeter showed the same current
flowing with and without the film in the circuit.

With loads of about 0.2 Ib per sq in., the final film thicknesses
were of the order of 30 to 40 millionths of an inch, subject to er-
rors of approximately 10 millionths of an inch. Because of this
high percentage of uncertainty, these figures are not entirely
satisfactory. Nevertheless the above experiments indicate that
there is some limiting film thickness reached by plane surfaces
approaching under load. The limits of boundary lubrication
placed by Hardy are considerably greater than those observed in
the foregoing experiments.

Il—Continuous Rotation

It is obvious from the results cited that loads much greater than
a fraction of a Ib per sq in. are required to bring the surfaces to
within a few millionths of an inch of actual contact. The ap-
paratus shown in Fig. 6 was therefore constructed and mounted
in the same drill press used with the tapered-plug viscometer and
the journal-bearing testing machine (11, 12). The lower disk
A is located by the fitting B, and held against rotation by a set
screw. This assembly is located by the ball bearing C and sup-
ported by the torsion rod D. Angular twist of D, measured by a
graduated curved scale E, gives an accurate measure of the
torque, due to rotation of the upper disk A'. The torsion rod is
supported against buckling by a split bushing F set in a ball bear-
ing to avoid binding at the support. The torque-indicating arm
is counterbalanced by the weight G and vibrations of the arm are
damped by a pan of oil H. At extremely low speeds, the move-
ment of the indicating arm may be very small; hence a micro-
scope has been found convenient for detecting minute deflections.
The upper disk is held central and rotated by the sleeve J, the
bore of which has been lapped to a close sliding fit on the spindle
K. Load is applied by compression of the spring L which is held
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Fig.6 Torsional Disk Viscometer

central by the plunger M. The lower surface of the plunger is
hardened and ground flat to form a contact surface for the hard-
ened conical point of the disk support N, thus providing for ad-
justment of the upper disk. Both plane disks are supported on
annular rings, turned on the backs of the supports. Assuming
a parabolic pressure distribution in the oil film, the diameter of
the ring is such as to provide support at a point directly under
the center of gravity of each radial half section of the parabola.
The spindle K is fitted into the drill-press spindle in the usual
manner and electrically insulated by paper.

The drill press is driven by a 7y2hp, 1200-rpm synchronous
motor through a chain-and-change-gear transmission. Friction
clutches are provided for starting, stopping, and reversing. An
independent drive for low speeds is furnished by a small syn-
chronous motor through a speed reducer. Speeds as low as
0.0016 rpm are thus obtained. The loading springs were cali-
brated in position and the spindle graduated at the top of the
sleeve. A spring is provided to cover the range up to 100 Ib per
sq in.; a second spring is used for loads from 100 to 400 Ib per
sq in.; and the heaviest spring possible with the present apparatus
gives loads up to 800 Ib per sq in.

The hardened plane disks, 7/ 8in. diam, were prepared as pre-
viously described, except that the final polish was made on lead
instead of pitch. After cleaning, they were covered with a heavy
film of oil, placed in the machine, and brought together until the
oil formed a single film approximately ‘/u in. thick. At zero time,
rotation was begun and load applied. Almost immediately most
of the oil was pressed from between the surfaces, forming a thick
ring around the edge of the film as shown in Fig. 7; thus protect-
ing the film from external contamination. The meniscus of this
ring introduced a slight negative pressure at the edge of the film.

Assuming that the plane disks remain coaxial, it may be as-
sumed that the rate of approach is independent of relative rota-
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tion. A test was therefore made with olive oil at a load of 100
Ib per sq in. with the upper surface continuously rotating at 11.06
rpm. Results of the test are shown in Fig. 8. The broken line
represents torque calculated on the basis that the planes are ap-
proaching at the rate indicated by Equation [7], and the circled

Fio. 7 Oil Meniscus at Edges op Plane Disks; Torsional Disk

Viscometer

points are actual torque observations. During the first 8 min,
over the range OA, the observed torque agrees with theory. This
indicates that, while the film is relatively thick, the rate of ap-
proach is the same as calculated. It is interesting to note, how-
ever, that after 16 min the torque becomes constant over the range
BC, showing that the film thickness has reached a minimum value
and approach of the surfaces has ceased. If rotation is stopped
at time ti and resumed at stated intervals only long enough to
take a torque observation, it will be found that the torque is
progressively increasing. After rotation has been stopped for
some time, it will also be found that a slight angular movement
of the upper test surface will move the torque indicator from zero
and it will not return, thus showing rigidity in the film. That the
rigidity increases is shown by the continuous increase in torque
with time over the range CD. If at time U, continuous rotation
is resumed, the torque will drop rapidly at first and then more
slowly until the previous constant value is reached at E. Rota-
tion may be continued indefinitely over the range EF with no
variation in torque, unless there is a change in film viscosity, due
to variation of room temperature.

Fig. 9 shows the results of a continuous run of 52 hr with olive
oil at 11.06 rpm and 40 Ib per sq in. load, followed by periods of
building up and removal of rigidity. Observations of torque
versus speed at any time during the constant-torque period fall

TRANSACTIONS OF THE AS.M.E.

MAY, 1940

on a straight line passing through the origin, provided the speed
range is low enough to avoid frictional heating of the film. Fig.
10 shows such a curve taken at 50 hr in the test shown by Fig. 9.
When rigidity has not been entirely removed by rotation, the
torque-speed curve may be a straight line or a curve which, at
zero speed, gives a value of torque proportional to the rigidity. It
is obvious that torque observations with rigidity present will not
be consistent since shear reduces rigidity, thus reducing the
torque. There is, however, some minimum speed below which
rigidity will not be entirely removed. No attempts were made
to discover this limiting speed, but it was observed with olive oil
at 40 Ib per sq in. load that rigidity would build up very slowly
indeed at 0.9 rpm.

After these tests the surfaces appeared to be exactly the same
as at the start. There were no traces of scratching or metallic
contact even at high magnifications. The first indication that
the film will carry small electrical currents occurs at calculated
film thicknesses of about (10)“4in. Before constant-torque con-
ditions are reached, the circuit with the film in series carries the
same current as when the film is short circuited by a copper wire.
Rigidity does not appear to influence the resistance of the film.

Previous reference has been made to the excess oil from the
very thick starting film, flowing out under the applied load and
forming a seal around the edge of the film. The meniscus of this
seal is in such direction as to cause a slight tension at the edge of
the film. This is of little importance except to point out that
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there is no pressure restricting flow; in fact, the results are the
same if all excess oil is removed.

To measure the final film thickness a Varin-diam pin with a
spherical babbitt tip was fitted into a hole in the lower disk, as
shown in Fig. 11. The descending upper plane forces the pin
into the hole and the height of its tip above the lower plane is
measured after the test by counting the interference fringes (13)
between the surface and a small optical flat in intimate contact
with an edge of the plane surface and the pin. Film thicknesses
thus measured after tests with several oils at loads up to 800 Ib
per sq in. are shown in Fig. 12. For example, with Atlantic super-
heat cylinder oil and a load of 300 Ib per sq in., the torque reached

M easured and Calculated Minimum Film Thickness
W ith Various Oils; Torsional-Disk Viscometer

(Plane disks, 7/s in. diam; 11.06 rpm. Atlantic superheat cylinder oil;
average temperature, 72.4 F; n — 670(10) Ib sec per sq in.” Valvoline
AAX mineral oil: average temperature, 71.2 F; n = 113(10)Ib sec per

Fig. 12

=11
sq in. Castor oil: average temperature, 72.2 F; n = 115(10)lb sec per
sq in. Olive oil: average temperature, 73.6 F; n = 11.04(10) " Ib sec per
sqin. DTE light mineral oil: average temperature, 72.4 F; n' = 9.42(10)"*

Ib sec per sq in.)

a steady condition one hour after the load was applied and re-
mained constant during the next hour. The test was then discon-
tinued, the surfaces separated, washed with carbon tetrachloride
and finally with alcohol. The optical flat showed the central pin to
be 44(10)~6in. high and this is the final constant film thickness
under the test conditions. From the known bulk viscosity of
the oil and the observed torque, the calculated film thickness
fromEquation [11] isfound to be8.8(10)_#in. Variation of speed
shows the torque to be directly proportional to the speed and
there is no rigidity in the film in the direction of motion as long
as rotation is continued. The lubricant is therefore behaving as
a purely viscous fluid in so far as the direction of rotation is con-
cerned. From the observed torque and the measured film thick-
ness, the effective viscosity in the direction of motion has been in-
creased 44/8.8 or five times the ordinary bulk viscosity. In the
radial direction, however, the effective viscosity has been ap-
parently increased to infinity, since no oil will flow from the film
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44(10)-6 in. in thickness supporting a load of 300 Ib per sq in.
This may be explained by the fact that rigidity will build up un-
less the rate of shear is above some critical value. The speed of
rotation is sufficient to prevent the formation of rigidity in the
direction of motion except perhaps to a small distance from the
center. The rate of shear in the radial direction, however, is
due to radial oil flow only and this decreases as the surfaces
approach. Apparently when the rate of shear in the radial
direction falls below the critical value, rigidity rapidly builds up,
thus stopping further radial flow from the film. The surfaces
are therefore unable to approach and a minimum film thickness
is established.

Preparations for the foregoing tests were made under ordinary
room conditions; hence, we may not exclude the possibility of
contamination from the atmosphere. It is also probable that the
commercial lubricants used were not chemically clean. A mass of
particles of undefined nature would hold the surfaces apart, but
the experimental evidence is against this possibility. If the par-
ticles were hard enough to hold the surfaces a definite distance
apart the intensity of pressure on the larger particles undoubtedly
would be great enough to cause scratching. If the particles were
soft enough to change shape under load, they would also be ex-
pected to break down under continuous motion and permit closer
approach of the surfaces. This would be evidenced by increasing
torque. The presence of particles would also tend to increase
friction to values well above those observed. Probably the most
convincing argument against surface separation by foreign parti-
cles is the fact that, immediately after rotation has ceased and
before rigidity has become appreciable, if the torque indicator is
moved from its zero position, itwill immediately spring back. This
would be impossible if the surfaces were separated by particles
under sufficient pressure to support the load. It seems beyond
question that the surfaces are not held apart by particles in the
film and any particles present must be smaller than the distance
between the surfaces.

The fact that time is required to build up rigidity in the film
and time is also required to remove it by motion suggests molecu-
lar rearrangements in the film. In such cases, it is reasonable
to expect that both building-up and tearing-down actions would
be rapid at first and then proceed more slowly as constant condi-
tions are approached. Torque observations indicate that some
such phenomenon actually occurs. It would also be expected
that the building up and removal of rigidity would be more rapid
in the less viscous fluids where molecular motion is more free.
This is also observed to be the case. But the less viscous the
oil the thinner the film under a given load, and presumably sur-
face influence would become more pronounced as the film thick-
ness is reduced.

Referring again to Fig. 12, the calculated values of film thick-
ness were based on the known bulk viscosity of the oil and the
constant torque along the range BC or EF of the curve in Fig. 8.
At loads up to 350 Ib per sq in., constant-torque conditions with
olive oil were reached in which the friction coefficients were of
the order of 0.007. At loads above 350 Ib per sq in. with olive
oil, and above 100 Ib per sq in. with DTE light, no constant-
torque conditions could be found. For the first few minutes of
the test, the torque followed the theoretical law and then gradu-
ally increased to comparatively high values where it remained un-
steady, fluctuating between values giving friction coefficients from
0.15 to 0.30. Measured film thicknesses under these conditions,
however, fell on a smooth curve consistent with previous measure-
ments at lower loads and constant-torque conditions. It is in-
teresting to note that lard oil, which has about the same viscosity
as olive oil, carried a load of 800 Ib per sq in. under constant-
torque conditions. Oleic acid and a mineral oil of somewhat
higher viscosity than DTE light also carried the 800-Ib per sq in.
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load under constant-torque conditions. This is also true of white
Russian mineral oil, the latter presumably nonpolar.  Addition of
2 per cent of an ester of phosphoric acid to the above mineral oil
made no difference whatever in torque or final film thickness.
Upon separation of the surfaces after a test under constant-
torque conditions, the residual films appeared to be evenly spread
over the entire area and of variable color depending somewhat
upon the angle of view. Immediately after separation, castor-
and olive-oil films showed the effects of surface tension by draw-
ing up into tiny circular droplets. These arranged themselves in
a geometrical pattern not unlike honeycomb but lacking its
regularity of shape. About 10 min were required for the com-
plete formation of the pattern. The final appearance was that
of a piece of spider web dropped over the surface. Russian

Fig. 13 Variation W ith Load of Constant Torque at a Given
Load; Torsional Disk Viscometer
(Plane disks, 7A in. diam; 11.06 rpm; n = 115(10)“* b seo per sq in.)

mineral oil and lard oil displayed similar tendencies. The pat-
tern formed by oleic-acid film was much finer than the others
and much more rapidly arranged. The commercial mineral
lubricating oils showed no similar tendencies; the residual films
remaining fixed in the presence of air and thoroughly wetting the
surfaces.

In tests with olive oil at the heavier loads, where no constant-
torque conditions could be found, the forces set up by rotation
were strong enough to tear the films away from the surfaces and
break them up into tiny white fragments. These fragments were
so small that in some cases the separated surfaces had the ap-
pearance of being streaked with paraffin wax. At high magni-
fication, the tiny white fragments were seen to be spots of oil
exhibiting characteristic color fringes at their edges, but instead
of being spherical segments like the droplets formed by surface
tension, they were of irregular shapes with three to eight sides.
Generally some round droplets were also present. Even though
the film had broken up, the surfaces invariably showed no signs of
scratching or wear. Apparently metallic contact had not occurred
even though the friction coefficients were as high as would be ex-
pected with unlubricated surfaces. Similar tests with DTE light
mineral oil generally resulted in faintly scratched surfaces or
circular bands visible because of a higher polish than the re-
mainder of the surfaces. Apparently the mineral oil was not as
clean as the olive oil and the particles present were hard enough
to scratch in the former case and soft enough to give a polishing
effect in the latter. The films showed no tendency to break away
from the metal as in the case with the olive oil.

Since the ordinary bulk viscosities of castor oil and Valvoline
AAX are closely the same at the test temperature, and the meas-
ured film thicknesses are about the same, it would be expected
that the same torque would be found at the same loads and speeds
with the two oils. From Fig. 13 this is seen to be true at low
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loads but, as the load is increased, the mineral oil gives greater
friction than castor oil. At 800 Ib per sq in. the friction with the
mineral oil is approximately 27 per cent above that with castor
oil. Increased viscosity due to film pressure (12) would account
for about 8 per cent greater friction with the mineral oil. Cor-
rections have been made for the slight differences in room tem-
perature at which the various tests were made.

Discussion and Conclusion

Results of part | indicate that under very light loads a mini-
mum film thickness is reached which is about 30 to 40 millionths
of an inch. The order of these measurements is substantiated
by the direct measurement at heavier loads described in part II.
It now appears that the apparent increase in film thickness
observed overnight in part I might possibly be due to the build-
ing up of film rigidity. From the results of part I, it appears
that, at film thicknesses of about (10)—4in., the electrical re-
sistivity of the film began to decrease. At thicknesses of about
60(10)“6 in. the film carried small currents as readily as the
copper wire in the circuit. This also agrees with similar ob-
servations in part II.

The comparatively simple technique of the experiments de-
scribed in part 1l and the ease with which results may be re-
produced, offer an attractive method for further study of friction
in thin films. The method is free from the complications and
uncertainties introduced by abrasion and wear. An improved
method of measuring film thickness is desirable.

It has been shown that, when two optically smooth plane steel
surfaces are brought together in the presence of oil in such man-
ner that the formation of a parallel film is possible, the distance
between the surfaces will reach some definite minimum value
depending upon the viscosity of the oil and the external force
acting upon the surfaces. At room temperature, with surfaces
Vs in. diam, this minimum film thickness varies from about
30(10)“* in. with olive oil to about 60(10)“*in. with a heavy
cylinder oil. The minimum film thickness is not greatly changed
by loads up to 800 Ib per sq in. of surface area.

The nature of this separating film is not known but experi-
mental evidence indicates that the proximity of the metal sur-
faces has a profound influence upon the forces normally acting be-
tween the molecules of the liquid. This gives the film a high de-
gree of mechanical stability, as evidenced by its ability to support
considerable load without radial flow. The film also assumes the
curious property of directional rigidity which seems to depend
upon the direction, rate, and duration of shear.

At the present time there is no direct experimental evidence
that rigidity is due to oriented molecules. But the rate at which
rigidity builds up and the rate at which it is removed by shear
points to the possibility of molecular rearrangement. If molecular
orientation is due to surface influence it would be expected that
the plane of least influence would be midway between the sur-
faces. The molecules at the center would be the first dislodged
by shear thus causing a rapid reduction in friction. Resistance
to dislodgment would increase with each molecular layer re-
moved since the orientating forces would become stronger as
the surfaces are approached. This would be evidenced by a de-
crease in the rate of torque reduction. Eventually a level would
be reached where the orientating forces holding the molecules in
place would be sufficiently strong to balance the shearing forces
and dislodgment of molecules would cease; hence, the observed
condition of constant torque at calculated film thicknesses well
below the actual distances between the surfaces.

From the foregoing may be visualized a film composed of a
fixed layer or layers of molecules firmly attached to each surface,
and a central layer in which the molecules are kept free of sur-
face influence by continuous shear. The central layer is there-
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fore in the same molecular state as the liquid in bulk as far as
the circumferential direction is concerned. Direct experimental
proof of the existence of rigidity in the radial direction is lacking.
But the fact is that, if the liquid in the central part of the
film is free, as indicated by absence of circumferential rigidity, it
does not flow radially under the external load. Hence, there
must be some restraining radial force.

It was found that at loads above 350 Ib per sq in. with olive
oil and above 100 Ib per sq in. with DTE light, no constant low-
torque conditions could be established at 11.06 rpm. It would
be interesting to investigate the effect of speed on these limiting
loads. In fact, an explanation of the breaking up of films under
loads too great to permit constant low-torque conditions would
be most interesting indeed.

Liquids other than lubricants should be investigated for film-
forming characteristics. Olive oil and DTE light should be
highly filtered and the experiments repeated. Filtering should
be done by the methods employed by Bulkley and also by cen-
trifugal methods, since there is a possibility that Bulkley’s
methods might remove the components responsible for rigidity.
It would also be interesting to discover if the diameter of the plane
surfaces has any influence on final film thickness.

Finally, a study of polished metal surfaces would undoubtedly
result in improved methods of producing smoother and truer
finishes.
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Discussion

C.H.Bierbaum.4 Afterreading the paper, the thought seems
to persist that the oils tested were oxidized, at least so in a
limited degree and that, therefore, the researches of Langmuir5
seem to have a direct bearing. His findings are that the oil
molecules are columnar in form and that, in the oxidizing proc-
ess, one end remains hydrophobic and the other end to which the
oxygen is attached becomes hydrophilic or metallophilic, so
that these molecules will orient themselves perpendicularly
upon a metal surface.

It was the writer’s observation that by oxidizing an ordinary
motor oil by bubbling pure dry air through it at the temperature
of boiling water, for say 2 hr, the ultimate load-carrying capacity
of this oil was increased by more than 4000 Ib per sq in. of pro-
jected bearing area. This effect seems entirely due to the in-
creased tenacity with which the oriented oil molecules attached
themselves to the metal surfaces, an adsorbed effect.

Oils oxidized in the foregoing manner have a distinctly cor-
rosive' action, in varying degrees, upon the different metals
ordinarily used for bearing purposes. It seems safe to assume
that the chemical affinity of such modified oils is greater for the
more corrosive materials than for the less corrosive; as an illus-
tration, silver, a more noble metal, is not corroded in this manner,
which is one reason why in the pure state it has not given a better
account of itself for bearing purposes.

Fortunately, it has been found that the full benefit of this
oxidizing of oils can be taken advantage of without having the
deleterious corrosive effect and, at the same time, be made into
a positive inhibitor of corrosion, by the elimination of the cor-
rosive by-product.

It would be interesting to know whether any oxidized oil mole-
cules were present in the tests described in the paper; espe-
cially so with the mineral oils, since “the residual film remained
fixed in the presence of air and thoroughly wetted the surfaces.”
Very interesting results can be expected in future tests with dif-
ferent materials for the two bearing surfaces.

The electrical conductivity of the film seems in keeping with
the experience in the breaking down of polarized oil in electric
transformers, a strong suggestion that oxidized molecules were
present.

The fact that the addition of 2 per cent of ester of phosphoric
acid had no effect either on the torque or film thickness in the
experiments described seems in itself unaccountable, except for
the possible presence of an oxidized oil film. The results seem
to show that boundary film lubrication may be divorced com-
pletely from the properties of the lubricant as a whole.

High-power photomicrographs of the bearing surfaces before
and after the tests would have been desirable.

Mr. Needs is certainly to be congratulated upon the accuracy
and refinement of his tests. His paper shows distinct progress
on the subject of lubrication.

L. J. Bradford.7 The explanation advanced by the author
for the difference between the calculated and measured film

4 Vice-President and Consulting Engineer, Lumen Bearing Com-

pany, Buffalo, N. Y. Life Mem. A.S.M.E.

‘ “Constitution and Fundamental Properties of Solids and Lig-
uids,” by Irving Langmuir, Journal, American Chemical Society,
vol. 39, 1917, p. 1848.

e “Corrosion Effects of Lubricants Upon Bearing Surfaces,” by

Christopher H. Bierbaum, The Iron Age, August 31, 1933.
7 Professor Machine Design, Pennsylvania State College, State
College, Pa. Mem. A.S.M.E.
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thicknesses shown in Fig. 12 of the paper is attractive, but not
wholly convincing. We should expect the extent to which the
molecules were detached from their static positions to be de-
pendent upon the force with which they were held, and upon the
distorting force applied to them. This latter will in turn be
proportional to the rate of shear at the boundaries of the active
portion of the film. If we assume that the viscosity of the oil in
the active portion is the same as that of the oil in bulk, we may
then take the distorting force as inversely proportional to the
ordinates of the curves of calculated film thickness. It would be
greatest at heavy loads and least at light loads. We should,
therefore, expect the static, oriented portions to be thickest at
the light loads and thinnest at the heavy.

An examination of the curves shows that this is true. The
difference between the measured and calculated thicknesses,
which we may take as representing twice the thickness of the
oriented, static layer, is greatest at the light loads and least at
the heavy. We should, however, expect the orientation to be
more vigorous with a substance which is decidedly unsymmetrical
in molecular structure, than one with greater symmetry.

The observations recorded in Fig. 12, do not sustain this
expectation, for curves for Valvoline, a mineral oil and castor oil
are almost identical, while that for Atlantic superheat cylinder
oil shows a markedly greater difference between the measured and
calculated thicknesses. Apparently viscosity is still associated
in some way with these phenomena.

Figs. 8 and 9, showing marked increases in the torque if the
apparatus is allowed to stand, suggest that the orientation takes
time to form, but that it breaks down quite rapidly.

F. J. Villforth and the writer repeated the stop-and-start ex-
periments, using a tapered-plug viscometer and olive oil.
Clearances much greater than those mentioned in the paper were
employed, in order to get some idea of the distance to which
these surface effects were felt.

With a clearance of 0.0055 in. an increase in torque of about
10 per cent was found when the apparatus was allowed to stand
for several hours. When the clearance was reduced to 0.0033
in. the increase was found to be about 20 per cent. A further
reduction to 0.00164 in. raised the increase to about 25 per cent.
These results were obtained with rates of shear of 786, 978, and
1950 reciprocal sec, respectively. There was also some indica-
tion that after a rest the torque first increased and then de-
creased to a value below that at the start.

If the foregoing results can be validated by subsequent and
more extensive experimental work, they would indicate that
surface effects extend to distances which are truly enormous in
terms of molecular dimensions.

Ronald Bulkley.8 The methods of test described in this
paper are refreshingly novel and possess great possibilities for the
further elucidation of thin-film phenomena. In attacking re-
lated problems in the past, several investigators have drawn con-
clusions regarding the nature of liquid films as close as a few
millionths of an inch to a solid wall, but in most cases their actual
experiments have been made on films whose thickness has been
perhaps 200 times this amount. Now, the author has been able
to work with actual films only 0.00002 or 0.00003 in. in thickness
and truly this is a great stride forward in the art of thin-film
experimentation. His conclusions, however, are not in accord
either with classical theory or with the conclusions of several
previous experimenters in the field.

The concept of long-range forces which increase the viscosity
of liquids out to distances of 0.0001 in. or more was championed
15 or 20 years ago by Sir Wm. B. Hardy. In 1922, Wilson and

8Haddon Heights, N. J.
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Barnard published experiments purporting to show that oily
liquids of polar characteristics, e.g., oleic acid, could be solidified
by these forces clear out to distances of 0.005 or 0.006 in. from a
solid wall. For 8 or 10 years these results were accepted and
widely quoted by many lubrication engineers. Orthodox physi-
cists and chemists pointed out, however, that on the basis of
their theoretical calculations, molecular influence can extend
outward to not more than about 0.0000005 in.

In 1931, the writer repeated Wilson and Barnard’s experi-
ments and discovered that the clogging of capillaries which they
attributed to solidification of the liquid was due to lint and foreign
matter in the oil. In the same year two of Hardy’s own stu-
dents, Bastow and Bowden, published a paper,* giving the same
explanation for Hardy’s anomalous long-range results, namely,
dust and lint in the liquid. In a paper 2 or 3 years later, the
same men described viscosity experiments conducted in an ap-
paratus not too different from the author’s disk viscometer.
These experiments completely confirmed the writer’s earlier
work, indicating, as he had claimed, that no rigid layer existed
on a solid wall out to distances greater than 0.000001 or 0.000002
in.

It is difficult indeed to reconcile these results with those now
found by the author. Another difficulty arises from the fact
that even Hardy and Wilson and Barnard did not postulate or find
any orientating influence for ordinary hydrocarbons or pure
petroleum oils, but only for polar materials or materials possess-
ing good oiliness, such as lard oil or oleic acid. The author,
however, finds just as pronounced an effect for a mineral oil as
for castor oil and olive oil.

Moreover, his conclusions do not seem always to be justified
by the data he presents. For example, of the 12 runs he made
on 3oilsin the disk viscometer, 5 agreed closely with the theoreti-
cal curves. The other 7 were wide of the theoretical curves and
the author notes as a general comment that “satisfactory dupli-
cation of tests was found impossible.” Yet notwithstanding the
narrow margin between the number of curves which did and
those which did not agree with theory he concludes, contrary to
theory, that “the above experiments indicate that there is some
limiting film thickness reached by plane surfaces approaching
under load.” He places the thickness of the limiting film
reached under these conditions at about 0.00003 or 0.00004 in.

In the second viscometer, much higher loads are used and the
limiting film thickness is, therefore, reached in a much shorter
time. The thickness of the film, however, is substantially the
same as in the first viscometer, notwithstanding the fact that the
loads may be some 4000 times as great. It is hard to imagine
what kind of material the oil has been converted into in this
relatively thick layer to permit the layer to remain as thick
under 800 Ib per sq in. attempting to squeeze the oil out as under
only 0.2 Ib per sq in. The picture the author draws calls for the
intensification of viscosity to be greatest at the wall where the
forces are greatest and to diminish as the distance from the
wall is increased until at last out in mid-stream, 0.000015 or
0.00002 in. away, the viscosity is the normal bulk viscosity.
Would we not expect heavy loads to squeeze out more of these
partially solidified layers than light loads and thus to give a
thinner film? Maybe we could not expect the light load to give
a film 4000 times as thick as the load which is 4000 times as great,
but should we not expect the film under the light load to be, say,
1000 times as thick or maybe 100 times as thick or at least 10
times as thick? In the author’s experiments, the films are of the
same thickness regardless of load. This seems to suggest some
limitation, not yet discovered, inherent in his apparatus or method

*  “On the Contact of Smooth Surfaces,” by S. H. Bastow and F.

P. Bowden, Proceedings of the Royal Society, vol. 134. 1931. pp.
404-413
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of experimentation which leads him to erroneous conclusions.

Failing, to date, to find any such limiting conditions, the
author’s only other recourse, naturally, has been to invent a
new concept to explain his data. This has taken the form of a
layer of material some 500 or 1000 molecular lengths in thickness
which possesses the surprising property of being a solid in one
direction and a simple viscous liquid at the same time in another
direction.

Regarding this revolutionary concept of directional rigidity,
it should be observed that every investigator has a right to invent
new concepts when his data are incapable of explanation in
terms of old concepts. The author has found it necessary to
invent the concept of directional rigidity in liquids which up till
now have been regarded as possessing uniform properties in all
directions. Until some one can explain his results in a more
simple or more conventional manner his new concept must
stand.

J. R. Connetty. 10 The first part of this discussion will deal
with specific matters mentioned in the paper and the second will
be a brief statement concerning some of the larger questions in
the field in which this investigation exists. In the course of the
writer’s comments some questions will be raised that cannot be
answered and some techniques of the author questioned where an
improvement cannot be suggested at present. The specific
discussion follows:

1 The method of indicating contact between the micrometer
and the beam is open to question because of the possible un-
evaluated constant and variable errors. The writer and his
associates have struggled with this problem for some years and
do not feel they have a satisfactory solution, although this
method has been tried.

2 Which results were obtained using normalized low-carbon
steel and which using hardened tool steel? It is often contended
that a low-carbon steel, work-polished against a soft bearing,
will react differently from a hardened tool steel which is not work-
polished. It seems that some future investigation by this
method should endeavor to compare a work-polished (probably
burnished is a better term) low-carbon steel with a hardened tool
steel. It might also be worth while to prepare two highly
polished flat glass disks, since the surfaces exposed would not
furnish recesses for the lubricant.

3 In the section devoted to disk-viscometer experiments the
author mentions that “satisfactory duplication of results was
found impossible.” For the castor oil, the. variability of results
is explainable and, for the olive oil, the extreme variation of one
determination is more of quantity than kind. However, in the
case of the DTE light mineral oil, it may be said that agreeing
data are definitely in the minority. It raises the question of
whether all the variables are under even approximate control.

4 In Fig. 10, the author shows a plot of torque taken during
the constant-torque period, against rpm. In discussing this
plot, the statement is made that the relation is a straight line
passing through the origin, provided the speed range is low
enough to avoid frictional heating of the film. Now the writer
does not wish to contend whether the relation is a straight line or
not but to infer that a rotative speed of 100 rpm does not
produce frictional heating of the oil film seems far-fetched indeed.
Some other explanation would be more satisfactory.

In discussing the method used in the investigation, the author
states that it “is free from the complications and uncertainties
introduced by abrasion and wear.” This statement is true as
far as it goes, but to it could be correctly added, “and gives no
information on abrasion and wear.”

Industrial
Mem. A.S.M.E.

10 Assoc. Professor,
Bethlehem, Pa.

Engineering, Lehigh University,
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It would seem that our knowledge has advanced to a state
where we can recognize a number of different classes of condi-
tions in bearing operation, as follows:

Class A dry rubbing contact, resulting in reduction of contact
surfaces (abrasion).

Class B rubbing contact in the presence of a lubricant, result-
ing in reduction of contact surfaces (wear).

Class C relatively thin film separating the surfaces (present
paper).

Class D relatively thick film separating the surfaces (hydro-
dynamic theory).

The term boundary film or boundary lubrication would seem
to apply to both classes B and C in the sense that they are inter-
mediate between dry-rubbing and thick-film lubrication. For
purposes of study it would seem wise, however, to keep these
classes separate in our thinking since the variables give evidence
of being quite different.

M. D. Hersey.11 While a variety of new phenomena are
reported in these experiments, they can be harmonized some-
what by noticing the close analogy which they bear to the more
familiar phenomena of plastic deformation in everyday tests of
greases, and many other types of plastic material, particularly
materials that are strongly thixotropic. This analogy might be
made more complete if the author could supply a typical curve for
torque against speed, taken during the recovery period after
rigidity has set in.

It would seem that the possibility has not been entirely ruled
out that the observations may, in part, be explained as due to a
slight degree of plasticity caused by suspended particles; not
necessarily foreign particles. Such plasticity might be present
in commercial oils without becoming noticeable until the film is
sufficiently thin.

Two experiments might be suggested for the future: (1) Repeti-
tion of some of the rotation tests, substituting annular surfaces
to simplify the mathematical analysis; and (2) observations of
thixotropy of any convenient plastic material in bulk to see if
the properties in one direction are influenced by motion at right
angles.

G. B. Karelitz.22 The work reported in this paper is so
extraordinary that one is tempted to look for signs of experi-
mental error. It seems, however, that none of the measurements
or techniques can be objected to. Yetit is difficult to believe that
the influence of steel on oil molecules would penetrate to a depth
of 0.00002 to 0.00003 in. It would mean that the effect of the
contact surface may be felt at a distance of 200 to 500 molecular
dimensions from the steel surface. In a number of experimental
bearings, such as tested by McKee at the Bureau of Standards,
the minimum film thickness was of the order considered in the
paper, 40 X 10“*to 60 X 10~6in. It appears that these bear-
ings should have shown a high coefficient of friction, but they did
not. It may be that the agitation in an actual bearing, together
with higher speed, would prevent the stratification of the lubri-
cant into an orientated layer.

If the orientation of the molecules extends that far into the
film, the several layers near the metal surface must be lined up
rather well. It should then be comparatively easy to detect
this quasi-crystalline structure by X rays, if pyrex-glass disks are
used instead of steel. Reasonably flat disks could be pressed
together, with an oil film trapped between them and a pencil of
X rays played through the assembly. Of course, it may be that

11 Research Director, Morgan Construction Company, Worcester,
Mass. Mem. A.S.M.E.

122 Professor Mechanical Engineering, Columbia University, New
York, N. Y. Mem. A.S.M.E.
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glass does not produce the same orientation as does steel. A
number of observations with techniques different from that used
by the author would be required before the existence of direc-
tional rigidity could be accepted. This is said not to minimize
in any way the importance of the contribution but rather to
emphasize the significance of the report.

The low electrical resistance of the film is also very disturbing.
It is very unusual that a film 10“4in. thick and only a fraction of
a square inch in area, should pass a detectable electric current
with an imposed voltage of 25 mv.

One can only hope that this investigation will be followed up
by other experimenters who will have the opportunity to study
the physics of a thin oil film. The painstaking manner in which
the work was performed and reported by the author speaks for
itself and adds further credit to the laboratory of Dr. A. Kings-
bury.

Melvin Mooney.13 Regardless of what the explanation may
be for the formation of a stable thin film of oil, the facts established
in the author’s experiments are of fundamental importance in
problems of lubrication. The explanation given for the facts
observed is not very convincing. The data can readily be ex-
plained on the assumption of a layer of foreign particles between
the parallel plates. Such particles would not be eliminated by
centrifuging if they have approximately the same density as the
oil. 'When the upper plate is rotated, the particles roll and form
effectively a ball or roller bearing. If they are irregular in shape
or slightly compressible, they would tend to increase the separa-
tion between the plates when the upper plate is rotated at a
fixed pressure. This appears to be in agreement with the experi-
mental facts. (The data on this point are not quite conclusive,
for they require an extrapolation of the thickness-pressure curves
under rotation back to 0.2 Ib per sq in. pressure.) On the other
hand, if the strength and rigidity of the final film depend upon a
special arrangement of the molecules of the oil, it would be antici-
pated that the shearing action, when the plates are rotated,
would disturb the arrangement and cause a decrease in the thick-
ness of the film. This is contrary to the observed facts. The
rigidity to rotation developed on standing may be ascribed to
yielding and flattening of the foreign particles.

The difficulty of reconciling the author’s explanation of his
own experiments with the results obtained by Bulkley with fine
capillary tubes is suggested but not discussed by the author.

It is to be hoped that the work with the parallel plates will be
continued as planned. There is a variation in the experimental
procedure which might be adopted to determine definitely
whether the rigidity of the film is due to properties of the oil
itself or to fine particles suspended in the oil. The variation
here suggested is that one of the test plates be drilled through its
center. Then, after a stable film has been produced, it would be
possible to test whether oil under pressure can be forced through
the central hole and out between the two plates. If so, the
rigidity must be due to isolated points of support, presumably
foreign particles. If not, the entire film is a rigid structure in-
volving all the oil.

M. Muskat and F. Morgan.14 Whether one agrees or dis-
agrees with the observations presented in this paper, the im-
portance of its implications in all problems of the flow of liquids
near solid boundaries as well as in boundary lubrication must be
recognized. In view of the perhaps almost universal opinion,
based largely on the researches of Bulkley and of Bowden and his
colleagues, that no such effects exist, the author and Dr. Kings-
bury should certainly be commended for their activity in a field

18TJ. S Rubber Products, Inc., Passaic, N. J.
14 Gulf Research & Development Company, Pittsburgh, Pa.
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in which the possibility of obtaining positive results must have
appeared very small.

Before all the previous results are discarded, however, or at
least explained on the basis of different experimental conditions,
it is perhaps worth asking if the results of this paper can be inter-
preted in any other way. For instance, the possibility that dust
particles may contribute to the experimental results has already
been considered, but apparently no great pains have been taken
to remove this unknown factor from the experiments. The
elaborate precautions necessary to obtain clean surfaces and puri-
fied air or liquids relatively free from dust particles have been
described by Bastow and Bowden.9 In spite of the methods
used, however, they report that, under the ultramicroscope,
purified alcohol still showed occasional dust particles. In fact
the presence of some sort of contamination in the author’s experi-
ments seems almost to be postulated from the observation in
part | that the micrometer zero could only be set by bringing the
surfaces together with platinum wires between them, since a
false reading would probably be obtained due to surface con-
tamination or adsorbed films if they were brought together
without the wires.

In any case, even though the author does feel that dust particles
were not present, it is interesting to observe that if we do as-
sume their presence practically all of the experimental results
can be explained without invoking the peculiar rigidity proper-
ties proposed in the paper. Thus the linearity of the friction-
versus-speed curve would simply be the result to be expected of a
normal viscous film. As the dust particles would be supporting
the load, the surface-tension forces at the edge of the surfaces
would more than suffice to keep the liquid in without requiring
any rigidity characteristics. The increase in torque observed
after the rotation has been stopped might be due to a flattening
of the dust particles on standing and subsequent return to
approximately spherical shape upon rolling between the rotating
disks.

Admittedly, the discrepancy between the directly measured
film thicknesses and equivalent film thicknesses calculated from
the torque observations must then be ascribed to errors in the pin
method of direct thickness measurement. But, until there are
other independent confirmations of the accuracy of this method,
it is difficult to have sufficient faith in it to compel acceptance
of the rigidity hypothesis. As to the lack of wear and scratches,
this might be explained if the dust particles act in a manner
similar to that of a polishing agent, even though they apparently
do not become broken up.

While this picture is presented only as a working hypothesis,
the alternative interpretation of the author requires that the
film have a tremendous anisotropy. Thus in the direction of
rotation the rigidity is equivalent only to a viscosity 5 times its
normal value, whereas its radial viscosity is practically infinite.
Furthermore, when the disks are at rest, the film apparently has
an isotropic rigidity. Moreover, if rotation tends to remove the
rigidity, it is surprising that, over the entire range of speeds
of 120 rpm practically to zero, the effective viscosity remains so
strictly constant.

If these properties are substantiated, the author will certainly
have established a most remarkable phenomenon. It is felt,
however, that just because this phenomenon would have such a
profound bearing upon the general problem of lubrication, it is
highly important that all factors which may permit alternative
explanations of the experiments be positively eliminated before
what are generally believed to be well-established physical con-
cepts are discarded.

B. L. Newkirk.1 In this paper, the observed effects are so
¥ Rensselaer Polytechnic Institute, Troy, N. Y. Mem. A.S.M.E.
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striking that they call for careful study and further efforts to
check them experimentally from new angles if possible. Par-
ticularly impressive is the consistency of measurements of the
individual curves of Figs. 3, 4, and 5. The departures of in-
dividual points from smooth curves are only a few millionths of
an inch. In Fig. 3 agreement with theory is close. Figs. 4 and 5
show discrepancies which would be reduced materially if some
reason could be found for a change in the zero reading from one
test to another. These curves show some apparently real diversi-
ties in shape that could not be so explained. For example, the
curve marked by crosses in Fig. 5 would not fit the theoretical
curve even after displacement. In view of the author’s remarks
about the difficulty of the zero measurement, it is not surprising
that vertical displacements of the curves appear. A wave length
of sodium (yellow) light is nearly 0.000024 in. On the other hand,
it would certainly not be wise to dismiss these discrepancies in
the view that they may be due to zero errors, for it is possible
that some important fact would be brought to light if we could
find the real cause. If means could be found to check the zero
measurements independently, something further of importance
might be discovered.

The experiments of part |1 also turn to a considerable extent
on the measurement of distance between the plates. The method
used in this case to measure the distance seems admirable but an
independent check of a factor of such critical importance would
be desirable if it could be managed. The measured distances
between the plates are of the order of 400 times the length of the
long polar molecules. The apparent fluidity for circular motion
and rigidity for radial motion and the rigidity developing during
periods of no rotation are very remarkable. If the surfaces had
bumps and hollows or if they were distorted by pressure or the
mounting, this might account for some of the observations, but
the author’s statement that the surfaces were flat to better than
0.000001 in. and the care taken in the design and mounting of the
disks seem to exclude these possibilities.

K. Terzaghi.15 The personal experience of the writer con-
cerning the subject of the paper is limited to the physical proper-
ties of boundary films in clay-water mixtures. Therefore the
writer was much impressed by the similarity between his own
experience with water films and that of the author with oil
films.

The findings of the writer can be condensed into the following
statements: If the average width of the voids in a clay-water
mixture is smaller than about 0.1/x the average effective viscosity
of the water increases rapidly and, at the same time, the water
assumes more and more the characteristics of a solid substance.7
The increase in viscosity is apparently due to the restraining
influence of the proximity of the solid surface on the movement
of the molecules of the liquid.18 The existence of an almost
perfectly constant ratio between the normal pressure and the
corresponding shearing resistance of the boundary film seems to
be due to an orientation of the molecules of the liquid within the
boundary film.

In 1933, B. Derjaguin published the results9of investigations
concerning the elastic properties of water films between an opti-
cally plane and a curved surface of glass. The thickness of the
film was determined by observing the Newtonian rings around

1BHarvard University, Cambridge, Mass.

17 “Versuche fiber die Viskositat des Wassers in sehr engen Durch
gangsquerschnitten,” by K. Terzaghi, Zeit. filr Angewandte Mathe-
matik und Afechanik, vol. 4, 1924, pp. 107-113.

B“The Mechanics of Adsorption and of the Swelling of Gels,”
by K. Terzaghi, Fourth Colloid Symposium Monograph, Chemical
Catalogue Company, Inc., New York, N. Y., 1926, pp. 508-708.

u “Die Formelastizitat der dfinnen Wasserschichten,” by B.
Derjaguin, Zeit. filr Physik, vol. 84, 1933, pp. 657-670.
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the point of minimum distance between the two surfaces. The
data required for computing the modulus of shear of the boundary
film were obtained by recording the period of oscillations pro-
duced by the application and subsequent release of a torque.
The following table contains theresults ofthe investigation, quoted
from the paper:

Thickness of film Modulus of shear

in microns in absolute units
0.089 i 190 X 10»
170 X 10«
4 X 10*
0.0

This table shows that the thickness at which the film began
to exhibit a measurable modulus of shear (0.14*0 is of the same
order of magnitude as the thickness at which the writer noticed a
marked increase of viscosity (0.1*t). However, as soon as the
water acquires elastic properties, one can no longer call it a liquid
and the physical meaning of the term viscosity changes. The
transition from the liquid to the solid state, which takes place if
the thickness of the film is decreased, also requires a correspond-
ing progressive departure from Stefan’s equation for the relation
between the time and the thickness of the film (Equation [6] in
the paper). In order to bring this departure more clearly into

prominence, it would be advisable to plotthe value hy/1 against

\ / 1, because according to Equation [6] the value h\/ 1 should be a
constant, which appears in such a graph as a horizontal line.
The departure from a horizontal line is more easily detected than
that from a hyperbolic curve.

As h approaches a final constant value hcthe empirical curve

approaches an asymptote through the origin y/1 —0 and the
value he is determined by the slope of this asymptote. The
writer would appreciate it if the author would present such a
graph in his final discussion.

The rapid increase of the torque after stopping, as shown in
Figs. 8 to 10 of the paper reminds the writer of the thixotropic
phenomena in the clay-water mixtures. The increase of stiffness
with time under unaltered external conditions, characteristic of
thixotropic phenomena seems to be due to the gradual building up
of a molecular structure within the boundary films. Such an in-
ternal change may also account for the ultimate increase in the
thickness of the films in the tests illustrated by Figs. 3 to 6.

As soon as the rotation ceases, the resistance against sliding
approaches the value determined by the coefficient of static
friction for lubricated surfaces, which is normal pressure per unit
of area times coefficient of friction.

The coefficient of static friction for olive oil (Figs. 8 and 9)
seems to be of the order of 0.14. For castor oil W. B. Hardyd
gives a value of 0.10. In this connection, it is interesting to note
the extraordinary difference between the rate at which the sliding
resistance approaches the static value under a pressure of 40 Ib
per sq in. (Fig. 9, very rapid) and under 100 Ib per sq in. (Fig. 8,
very slow). Noticing this difference one feels tempted to con-
sider whether an increase of the pressure may not increase the
resistance against re-establishing the molecular structure within
that part of the film which is kept by rotation in a liquid state.

Regarding the rigidity of the film during rotation, the writer is
inclined to believe that the rigidity existed throughout the films,
except within a layer with a thickness equal to the diameter of a
few molecules along a plane half way between the solid surfaces.
This may also account for the failure of the oil to flow out in a
radial direction, in spite of liquid behavior with respect to rota-
tion. Finally it may eliminate the apparent contradiction be-

D “Note on Static Friction,” by W. B. Hardy and J. K. Hardy,
The Philosophical Magazine, London, vol. 38, 1919, pp. 32-48.
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tween the measured and the calculated values of film thickness
(Fig. 12 of the paper), because the calculation seems to be based
on assuming that during rotation the film is liquid throughout its
thickness. The writer would appreciate an expression of opinion
by the author as to whether he considers this hypothesis com-
patible with his observations. In every other respect his con-
ceptions regarding the structure of the oil films are practically
identical with those of the writer, derived from a very different
realm of empirical evidence.

Author’s Closure

Many interesting points have been brought out in the discus-
sion. Some of these points may be clarified, but in most cases the
information is not available at present to answer the questions
raised.

Attempts by Professor Bradford and Mr. Villforth to detect
indications of film rigidity by means of a tapered-plug viscometer
are most interesting. Since the rate of approach of the surfaces
appears to be in agreement with theory, until the film thickness is
close to its minimum value, it would be indeed surprising if sur-
face influence were detected in such comparatively thick films
as 0.005 to 0.006 in.

Dr. Bulkley passed highly filtered fluids through fine capil-
laries and arrived at the conclusion that there was no surface in-
fluence sufficient to produce a rigid layer out to distances greater
than 0.000001 or 0.000002 in. from walls of platinum or glass.
The author worked with films of oil of the order of 0.00003 in.,
bounded by two plane steel surfaces, and found unmistakable
evidences of unexpected behavior. This behavior he attributed
to surface influence. Aside from questions of preparation and
purity of the liquids, technique, and others, which become ap-
parent when reading the papers and comparing the find-
ings, the two following important facts stand out: A single
surface, such as the wall of a capillary tube, has little or no in-
fluence on a contiguous liquid. Two steel surfaces in close prox-
imity exert an appreciable effect on the oil betweenthem. These
two findings are not essentially in conflict. All the experiments
on which the present paper is based indicated that, when the
films were relatively thick, their behavior could be calculated
from simple theory. It was only when the two steel surfaces
came close to each other that their influences became apparent.
It was also found that there appeared to be an appreciable
change in electrical resistivity as the films became thinner.
This point was not investigated to the extent warranted by its
importance, but it was noted that the beginning of the change
in resistivity occurred at approximately the same time as the
departure of the rate of approach from Stefan’s law. Investiga-
tion along these lines might be fruitful.

Professor Connelly has pointed out that the work done in
shearing the oil film must cause heating of the film. At low speed
and low torque, however, the rate at which heatisgenerated is so
small that its influence on the film cannot be detected with the
present apparatus. The rate at which heat is generated depends
upon work done in shearing the film, and not upon rotative speed
alone. Forexample, in the test shown by Fig. 10 of the paper, the
rate at which heat is generated at 100 rpm is about the same as at
30 rpm in the test shown by curve 2 in Fig. 14 of this discussion.
Data are available to show that, under these respective conditions,
heat is generated at a rate sufficient to cause a 10 per cent drop
in torque in 1 min. Only a few seconds are required for a torque
observation and, between observations, the speed is reduced to
11 rpm or less where heating of the film is not appreciable.
During the constant-torque period in the test shown by Fig. 9
of the paper, the reduction in torque due to shearing of the film
is probably not in excess of 2 per cent.

No difference in test results could be detected by using hard-
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Fig. 14 Variation of Torque With Speed; Torsional Disk

Viscometer

(Plane disk, 7s in. diam; load 100 Ib per sq in.; castor oil, average
temperature, 73.7 F; n = 107&0)"“Ib sec per sq in.)

Fig. 15 Terzaghi’s Method of Determining Time of Departure
From Stefan’s Equation; Torsional Disk Viscometer

(Plane disk, V» in. diam; 11.06 rpm; load_40 Ib per sq in.; castor oil,
average temperature, 71.8 F; ii = 117(10)Ib sec per sq in.),
ened tool steel in place of normalized low-carbon steel. Prefer-
ence of one steel over another for making the test surfaces was
due only to the reasons stated.

The torque-versus-speed curves requested by Mr. Hersey are
shown in Fig. 14 of this discussion. The data were taken with
castor oil and a load of 100 Ib per sq in. After a continuous run
of 8 hr at 11.06 rpm, rotation was stopped and the film was al-
lowed to remain undisturbed for 153A hr. Variations of torque
with speed were then observed and plotted in curve 1. Rigidity
at zero speed is shown by the intercept at about 1.05 Ib-in. Con-
tinuous rotation was then resumed and when the constant torque
of the previous day had been reached, the speed was again varied
with the results shown by curve 2. As in all cases when rigidity
is not present, the torque is proportional to the speed and the
curve is a straight line passing through the origin. From Fig. 12
of the paper, the film thickness with castor oil at 100 Ib per sq in.
is 38(10)“6in. and, for the ordinary bulk viscosity of the oil, the
theoretical torque is shown by the broken-line curve 3. Compari-
son of the slopes of curves 2 and 3 shows that, in this film, surface
influence has increased the effective viscosity to nearly 5 times
its normal value.
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That the data may be readily explained on the assumption of
a layer of foreign particles between the parallel plates, as sug-
gested by Drs. Mooney, Muskat, and Morgan, is not quite clear
to the author. It is true that no elaborate precautions were
taken definitely to exclude dust from the atmosphere during the
short time required to apply the oil and start the test, but to
visualize a particle that could account for the observed phe-
nomena is very difficult indeed.

Dr. Terzaghi’s suggestion that the point of departure from
Stefan’s Equation [6] may be more clearly seen by replotting the
data, has been carried out in Fig. 15 of this discussion. Data
therein presented are from a test with castor oil and a load of
40 Ib per sq in., with continuous rotation at 11.06 rpm. The
horizontal broken line represents the constant value of h -\/t,
which in this case is 0.000648 from Equation [6]. The point of
departure A is at y/'t — 32. Therefore, during the first 17 min,
the surfaces are approaching at the rate calculated for a purely
viscous fluid. Torque becomes constant at B, 2 hr after starting,
and approach of the surfaces ceases. From the slope of the
curve beyond B, the minimum film thickness is 11.7(10)-6 in.
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This may also be found from the observed torque and Equation
[11]. But from Fig. 12, however, we find the actual minimum
film thickness is about 41(10)~6 in., nearly 4 times the theo-
retical value.

From Fig. 8 of the paper, it is seen that, with olive oil at 100 Ib
per sq in., the torque increases from 0.125 to 1.54 Ib-in. over the
2-hr period CD. Time, in Fig. 9, is plotted in hours instead of
minutes; hence, it is not quite so clear that, at 40 Ib per sqin.,
the torque increases from 0.08 to 0.8 Ib-in. in a similar 2-hr period.
The rate of torque increase, therefore, is greater at the greater
pressure and the final values reached depend upon pressure and
time.

Wi ith reference to film rigidity and the general behavior of these
thin films, there seems little difference between the conclusions
which were reached by Dr. Terzaghi and those expressed by the
author.

It is evident that further study of the boundary-film problem
is desirable and warranted by the promise of additional informal
tion. This discussion has been most valuable in that it points
out several paths for future research.



High-Speed Lightweight Trains

By C. T. RIPLEY,1 CHICAGO,

The purpose of this paperisto outline the changes which
have occurred during the last five years in high-speed
passenger-train carsand in motive power for hauling them
and the economic factors which have brought about these
changes. The new designs for passenger cars and the ma-
terials used in their construction are discussed. A de-
tailed comparison of steam-locomotive and Diesel electric-
locomotive characteristics as they affect the operation of
these new high-speed trains is presented. Test data are
included to indicate the importance of comparative stress
in track produced by two types of power. Reference is
made to the steady improvement which has been made in
steam-locomotive design, but it is shown that there is a
need for some rather extensive experimentation to make
this type of power more suitable for this particular class of
service. In conclusion, the author presents his views on
the general results which have been secured from the opera-
tion of these new trains and the probable trend in their
future development.

American people have expanded greatly. The develop-
ment of the low-priced automobile, and the construction
of hard-surfaced roads have been the major factors in this change.
In the face of increased travel, railway passenger traffic steadily
declined until in 1933 it produced only about one third the gross
revenue which it did in 1920. The data in Table 1 show this

DURING the last twenty years the travel habits of the

TABLE 1 PASSENGER-TRAFFIC_STATISTICS, CLASS 1 RAIL-
ROADS IN UNITED STATES

Passenger Revenue per

revenue, passenger mile, Passengers
Year dollars cents carried
1921 1,153,792,000 3.09 1,035,496,000
1925 1,057,704,231 2.94 888,267,000
1930 729,470,279 2.72 703,598,000
1933 329,342,000 2.01 432,980,000
1934 346,325,993 1.92 449,775,000
1936 412,379,000 1.84 490,091,000
1937 442,809,000 1.79 497,288,000
1938 405,476,000 1.87 452,808,000

decrease both in the number of passengers carried and in the rates
and revenues.

The large decrease in railway passenger traffic was undoubt-
edly due to the inroads of bus travel, private-automobile travel
and, to a lesser degree, airplane travel. Prior to 1930, the railway
managements, with properties still fairly prosperous because of
good freight traffic, did little to remedy the situation except to
reduce rates, as indicated in Table 1. They also eliminated some
nonpaying trains and in the case of branch-line operation, where
they were usually forced by governing bodies to continue passen-
ger service regardless of losses involved, they substituted gasoline-
electric motorcars for steam trains. These cars were definitely
successful in reducing operating costs to such an extent that
their first cost was paid for in a few years, but there was nothing

1Chairman, A.S.M.E. Railroad Division.
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about their service to attract new passenger business or even to
hold what was left. Their usage did influence later develop-
ments in that they brought to the attention of railway manage-
ments the possibilities of utilization of the internal-combustion
motor in railway service. Their success in mechanical perform-
ance led the manufacturers to develop the new type of light-
weight two-stroke-cycle Diesel motor, which is now playing such
an important part in the operation of high-speed streamlined
trains.

About 1930 the railroads started air-conditioning passenger
cars. This was an instant success with passengers and though
the cost was high, about $8000 per car, it became necessary to air-
condition practically all main-line cars, with the result that there
are now about 11,000 such cars in operation. In some of these
cars there were other improvements made for the comfort of the
passengers such as more comfortable seats and better lighting.
The success of this development, from a traffic viewpoint, con-
vinced the passenger-traffic officers that it might be possible to
recapture at least a part of the lost business.

In 1900 the 60-ft wooden passenger car, seating about 80
passengers, weighed about 40 tons or 1000 Ib per passenger. In
the interests of safety, designs were changed first to include steel
underframes, and in about 1910 to all-steel construction. Various
parts were also increased in size and weight in order to secure
greater strength and durability, until in the 1920’s the 80-ft
passenger car seating about 70 passengers weighed approximately
80 tons or 2300 Ib per passenger. About 1930 still further weight
was added, due to the introduction of air-conditioning equipment,
weighing about 5 tons. As a result of this continued increase in
weight of passenger cars, as well as a gradual increase in the speed
of operation, the size of steam motive-power units steadily in-
creased. Track structures and bridges had to be made stronger
to carry these heavier locomotives and cars, and thus there was,
from all of these angles, an increase in the cost of operating pas-
senger trains, while at the same time the total traffic was di-
minishing and there was a continual demand for lower rates to
save the remaining traffic.

Development op Lightweight Cabs

About this same time some new structural materials became
available for use by the car builders, namely, aluminum alloys,
stainless steel, and various so-called low-alloy high-tensile steels.
Because of these developments the railway engineers and the car
manufacturers started active work in the design and construction
of new trains of a fighter type for main-line operation. The first
of these were small trains consisting of three or four cars with
600-hp Diesel engines located in the head car. They were made
as light as possible in order to hold down the power requirements
and to enable them to compete with buses and private auto-
mobiles by giving cheap transportation. The cars were of non-
standard height and some were narrower than the standard.
They were streamlined to reduce power requirements and also
to make an appeal to the public, already educated to such design
by automobile developments. The reaction of the traveling
public was so favorable that there was an immediate demand for
more elaborate and larger trains for longer runs, with sleeping
accommodations and other features for maximum comfort. Low
first cost was soon lost sight of in this development. Interior
decorators designed the most elaborate fittings and the trains
were built with as many as 14 cars with power units totaling as
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much as 5400 hp and auxiliary power for the cars of 1200 hp.
A few of these trains were powered with streamlined steam
locomotives but there was little change in the design of these
locomotives from the old type except that higher driving wheels
(84 in.) were used together with higher steam pressures (300
psi) and larger tenders to reduce delay in taking fuel and water.
They also had roller bearings and some other refinements in
design.

Most of the early trains had articulated cars because it was
thought that this design reduced weight and gave better riding
conditions. It developed however that neither of these factors
proved to be important. There was a definite disadvantage in
articulation particularly on long runs, in that standard cars
could not be mixed with such cars. In case of difficulty, such as
a bearing or wheel failure, a car failure might become a train
failure. In the last few years practically all the lightweight cars
have been built as individual units with standard floor and coupler
heights and standard outside dimensions, so that they can be
associated with any standard car. The weights of these cars were
reduced about 40 per cent from those of the conventional struc-
tural-steel cars and thus four-wheel trucks could be used.

Specification Requirements for Passenger Cars

The only standards for design strength available at the time
most of these cars were built were the provisions of the United
States Railway Post Office mail-car specifications (1).2 These
specifications were first prepared in 1912 by a group of represen-
tatives of the Post Office Department, the Master Car Builders
Association, and the car manufacturers. It was required that all
postal cars meet these specifications. While other cars were not
required to meet them, practically all passenger-train cars were
designed at least to these requirements. In July, 1938, they
were revised to clarify certain features. These new specifica-
tions were written so as to cover practically all types of con-
struction with all types of materials. The major provisions
of both the 1912 and 1938 specifications were, first, a minimum
strength of center-sill construction based on 400,000 Ib buffing
static load and a factor of safety of two, and second, a minimum
strength of end construction to protect against telescoping action.
This latter required minimum section moduli for vertical end
members and minimum shear values for their top and bottom
connections. There were also numerous other limitations of stress
in frame members.

Cars built to meet these specifications have rendered excellent
service with a remarkably good record in the protection of passen-
gers under wreck conditions. As a consequence when lightweight
construction was started in about 1931 these specifications were
used as a minimum requirement, even though there were no rules
of the American Railway Association or of the Government setting
such limitation. However, a feeling developed that because of the
operation of lightweight cars between heavy cars in trains, it was
necessary for the Association of American Railroads to set up
more detailed specifications to cover the construction of all
passenger-train cars built in the future, giving particular atten-
tion to prevention of damage from telescoping. A committee
of the Association of American Railroads has recently developed
these new specifications and they will probably govern all new
construction of passenger cars. While these new specifications
are generally based on the Railway Post Office specifications,
they include some major changes: They provide for a center-
sill strength such that an 800,000-Ib load applied on line of draft
will not produce any permanent deformation. The Railway Post
Office specifications contained only a stress limitation and per-
mitted the load application to be divided between the coupler
line and the buffer fine. This change will probably result in the

2Numbers in parentheses refer to the Bibliography.
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addition of more material than is now used in center sills of light-
weight cars designed with high center sills and buffers, with little
compensating benefit from added protection. The new specifica-
tions also include increased requirements for strength of couplers,
carrier irons, and end construction, all of which mean some in-
crease in weight, but which are apparently justified in view of the
importance of maximum protection against telescoping of cars.
Generally speaking, the new lightweight cars are being de-
signed and built just as strong and safe as the older heavy types.
Better engineering, stronger materials, and improved methods of
fabrication make this weight reduction possible. New welding
technique largely eliminates the human element and when
properly applied should be preferable to the old riveting practice.

Need for Light Weight

Light weight is almost a necessity for high-speed operation in
order to hold down the size and cost of power units, as well as
the cost of operation. This is particularly true with Diesel-
electric locomotives with their high first cost. Experience indi-
cates that 450 Ib per hp (including weight of locomotive) is a
proper design ratio for high-speed operation. Some of the new
trains have a power ratio as high as 550 Ib per hp but the main-
tenance costs appear to run higher on such trains. In order to
secure satisfactory performance on high-speed schedules, it is
necessary to have some reserve power in the locomotive because
some delays are inevitable and extra power is needed to make up
the lost time. While the schedules may indicate that maximum
speeds of only about 90 mph are required, actual operation re-
quires at times speeds of 100 mph or even higher. This fact
must be taken into consideration when designing locomotives
and trains for this type of service.

Car Construction Materials

Several of the early trains were built of aluminum alloys but
in recent years the majority of them have been built of stainless
steel or low-alloy high-tensile steel. The major claims for the
stainless steel are lower weight due to higher physical properties,
better welding by the automatic shot-weld process, and high
resistance to corrosion. Stainless steel does not have to be given
paint protection of any kind, which reduces both first cost and
maintenance cost. Its polished surface gives an attractive mod-
ernistic appearance to the cars and is easily cleaned. In high-
speed operation the sandblast effect of particles from the ballast
or right of way damages paint finishes quite rapidly. The low-
alloy high-tensile steel advocates claim that they secure equally
low weights for lower costs. Tests indicate that these steels
have from two to four times the corrosion resistance of ordinary
carbon steel. They are made to various formulas and have differ-
ent trade names. It is claimed that some of them have some-
what better welding qualities than others.

Inasmuch as no exactly similar cars have been built using the
different types of steel or aluminum, it is not possible to make
accurate weight comparisons. While it is true that the full use
of the superior physical properties of stainless Steel or the light
weight of aluminum is limited to some degree by deflection re-
quirements, it should be possible, by using these materials in-
stead of low-alloy steel, to construct a lighter car of equal strength.
A general comparison of the large number of cars of the various
types which have been built indicates a weight advantage for
stainless steel and aluminum of at least 5 per cent. 1t would be
expected that the construction cost of cars built of these ma-
terials would be somewhat higher due to the high cost per pound
of such materials, but competition between builders has resulted
in about equal bid prices.

It is too early to evaluate fully the different types of light-
weight-car construction. Maintenance costs over a longer period
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and performance in accidents will ultimately provide the answer.
It appears, however, that a weight of about 100,000 Ib for an
80-ft coach is entirely practicable with full safety to passengers.
If too much space for extra luxuries is provided, part of the ad-
vantage of lightweight construction is lost, as the important
factor is the weight per passenger carried. Table 3 shows the

TABLE

3 COMPARATIVE WEIGHTS OF CONVENTIONAL AND
TYPICAL L

IGHTWEIGHT_ AIR-CONDITIONED PASSENGER
COACHES

All weights in pounds
Conventional Lightweight

steel stainless-steel

coaoh
Length over end sills, ft 70 79
Seating capacity.. 58 63
Weight of trucks. 52800 34000
Weight of car-body struc 66500 33000
Weight of inside furnishings. 7000 5000
Weight of eqmpment ..... . 5400 25000
Total weight................ . 171700 97000
Weight per passenger........cevveeeenns 2962 1540

major parts of a typical lightweight car in which the weight sav-
ing has been made.

Riding Chabactebistics op Lightweight Cabs

Due to higher operating speeds, the design of passenger-car
trucks is a most important factor. The former six-wheel trucks
were not entirely satisfactory at these increased speeds, and
doubt existed in the minds of some engineers as to the possibility
of securing good riding qualities with four-wheel trucks. The
weights of the new car bodies were so low that only four axles
were necessary to carry the load, affording further opportunity
for weight reduction by the use of four-wheel trucks. Extensive
experiments were made by various railroads and manufacturers,
which resulted in the development of many new features of
truck design with a decided improvement in riding
characteristics.

Among these new features were the use of softer springs with
greater deflections, hydraulic shock absorbers to control both
lateral motion and vertical spring reactions, multiple-spring
systems in triple-bolster trucks, and roll stabilizers. The use of
cylindrical tread contours on wheels to reduce the nosing of trucks,
and the grinding of treads to secure true rotundity and concen-
tricity, were both helpful in softening the ride. Balancing of the
wheels was also practiced to some extent, although a complete
check of this feature has not been made due to lack of balancing
machines in this country. It is now being given careful check on
one railroad, which has installed the necessary machine. In an
effort to reduce noise in the cars, rubber or other semiresilient
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materials have been introduced in various parts of the trucks,
such as pedestals, spring seats, and center plates. The mounting
of the brake cylinders on the trucks instead of the body has also
reduced the noise produced by the brakes. Improved insulation
of car floors, as well as the sealing of windows, has also made a
marked improvement, but there is still need for further noise
elimination. The passengers can still hear the click of the wheels
on the rail, the grinding of brake shoes on the wheels, and in some
cases generator noise. Longer rails and better track maintenance
would help to reduce rail and wheel noise and the use of disk-type
brakes would reduce brake noise.

In some of the lightweight cars a certain amount of vertical
body vibration was noticeable to passengers. This has been re-
duced by stiffening the car-body structure. The fore-and-aft
vibration of cars which is so noticeable in many of the standard
cars, particularly in operation with reciprocating steam loco-
motives, has been largely eliminated through the use of tight-lock
couplers, which have little or no free slack and by softer acting
draft gears.

The most unpleasant shocks in these cars are those of lateral
acceleration, resulting either from nosing of trucks on tangent
track, or the entering or leaving of curves. A novel attack on this
problem is being made by one manufacturer, who has developed
a pendulum type of car. This method of mounting the car on
the truck differs completely from standard practice, in that the
car body is virtually suspended from the truck, floating on soft
vertical helical springs located well above the center of gravity
of the car body. These springs permit through horizontal deflec-
tion the necessary truck motion relative to the body, and this
motion is positioned and controlled by a pair of horizontal links,
which are restrained by rubber disks and shock absorbers acting
between the car body and vertical extension of the truck frame
at a point above the center of gravity of the body. In going
around curves this type of car tends to bank and thus avoids
the unpleasant sensation resulting from car-body roll. Pre-
liminary tests of this type of car indicate an improvement in
riding characteristics particularly on curves.

In general it appears that there is still need for research in
truck design, in order to secure even greater comfort for passen-
gers and to make possible higher operating speeds on sharp
curves which, particularly on western roads with much track
curvature, are a definitely limiting factor to fast over-all operat-
ing schedules.

Improvements in track structure and maintenance are also
necessary if still higher speeds are to be attained. Whatever de-
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sign of truck is used, satisfactory riding characteristics cannot
be secured in high-speed operation over bad track.

Braking

The introduction of high-speed lightweight trains brought
many new problems in braking. The stopping of these trains
within reasonable distance is a difficult problem. While the car
weights are less, individual wheel loads are as high and in some
cases (particularly with the articulated type) higher than with
the old heavy cars. In order to reduce the stopping distance,
there have been a number of changes from former practice, such
as truck mounting of brake cylinders which increases rigging
efficiency, much higher braking ratios (some as high as 250 per
cent), decelakrons to reduce pressures as the train slows down
and thus prevent sliding of wheels, automatic car sanders acting
only in emergency application, and electropneumatic control.
In some cases the very high brake ratios resulted in considerable
wheel and brake-shoe trouble. With all of these improvements
there is still a question whether emergency stopping distances
are as short as they should be. To effect shorter stops without
undue punishment to wheels and shoes, new types of disk brakes
are being tested. One train so equipped is now in operation.
This type of brake has the advantage of a more uniform coefficient
of friction throughout the speed range, thus permitting brake
pressures which more closely approach the coefficient of adhesion
between the rail and the wheel. Unfortunately, this coefficient
of adhesion varies widely under different rail conditions. Thus
if higher braking pressures are used, there is danger of sliding
under unfavorable conditions. To meet this problem, either car
sanding equipment or governors to reduce pressures automatically,
when sliding begins, may prove to be a necessary complication.

In both steam- and Diesel-powered lightweight trains, the
locomotive weight is a large percentage of the train weight, but
in most cases locomotives do not do their full share of the brak-
ing. The steam locomotive is particularly lacking for three
reasons: First, there are often some unbraked wheels on engine
trucks for operating safety; second, the large spread between
light and loaded weight of tenders makes it necessary to design
braking power on the basis of light weight, and third, enginemen
have to relieve engine brake pressure frequently to guard against
the loosening of driving tires due to heating. The Diesel is better
in that all wheels are braked and the spread between light and
loaded weight is relatively small, but the small-diameter wheels
are so highly loaded that the braking ratio must be limited in
order to protect the wheels from damage. It would be advanta-
geous if Diesel-electric locomotives had a supplementary dynamic
electric brake such as is used in some electric locomotives as well
as in the new experimental turboelectric design.

Comparison of Diesel-Electric and Steam Locomotives

It may be noted from Table 7 that the Diesel-electric locomo-
tive is more commonly used in these new high-speed streamlined
trains than is the steam locomotive. It is claimed by some that
this is chiefly due to the interest of the public in a new type of
power, but the users apparently have good engineering arguments
to support their choice. The advantages claimed for the Diesel
are: First, high availability; second, rapid acceleration because
of high tractive power at lower speeds; third, low maintenance
costs; fourth, low fuel cost (usually less than half that of steam);
fifth, lower rail stresses. The steam locomotive is less expensive,
costing about $37 per hp. However, it is harder on track at high
speeds due to the dynamic augment produced by overbalance
in the driving wheels. It appears that a radical change in the
design of the steam locomotive is necessary to make it capable
of fully competing with the Diesel in this service. The important
objects of such redesign should be the securing of a more con-
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stant torque and the reduction of track punishment. Three out-
standing locomotives of new design are under construction or in
service, namely, the 5000-hp turboelectric being manufactured
by the General Electric Company for the Union Pacific Railroad,
the Baltimore and Ohio Railroad’s four-cylinder engine, and the
Pennsylvania Lines’ four-cylinder high-speed engine. All of
these new types are experimental, but they indicate a trend
toward a type of steam locomotive having more constant torque.
A step still further in this direction is involved in a new Baltimore
and Ohio design, which includes individual axle drive.

The comparison of typical modem high-speed steam locomo-
tives and Diesel-electric locomotives on a horsepower basis, as
shown in Table 4, is open to criticism because of the basic differ-

TABLE 4__COMPARISON OF TYPICAL MODERN HIGH-SPEED
STEAM AND DIESEL-ELECTRIC LOCOMOTIVES
________ £aAM e
Diesel-electrio  4-6-4 4-8-4

Nominal hp of Diesel motors............. 4000
Maximum _indicated h '4300  '5750
Weight with fully loaded tender, Ib.. 608000 809000 896000
Weight, Ib per hp.....ccoooviiciins 152 188 156
Approximate cost per hp.......ccoeeee $87.50 $35.00 $34.00

ence in the horsepower curves of the two types and also the differ-
ence in method of power transmission. The nominal horsepower
of the Diesel-electric locomotive is available over practically the
entire speed range, whereas the maximum indicated horsepower
of the steam locomotive is available only during a limited speed
range. With locomotives of equal horsepower, the Diesel has
the advantage of greater power for accelerating at low speeds
and greater sustained horsepower at very high speeds. Some
difficulties with pistons, heads, and liners have been experienced
in services where Diesel-electric locomotives were operated with
such loads and schedules as to require almost continuous maxi-
mum output of power. Recent improvements in materials and
designs of these parts have largely overcome this trouble. Never-
theless, the maintenance cost of any type of locomotive increases
as the working-load factor increases. Proper design of a motive-
power unit should provide some reserve power for emergency use,
but not such an excess as to result in uneconomically high cost
of construction.

Fig. 1 Comparative Drawbar-Horsepower Curves for Steam
and Diesel-Electric Locomotives
(Solid curve. Diesel-electric locomotive, 4000 nominal hp. Dotted ourve,

4-6-4 steam locomotive, 4300 max ihp.)

Fig. 1 shows the relative drawbar horsepower of a 4000-hp
Diesel-electric locomotive and a modern (1938) high-speed steam
locomotive of the 4-6-4 type with 4300 max ihp. These curves
are plotted from actual dynamometer-car readings with necessary
corrections for grade and acceleration. They show the advantage
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of the Diesel-electric locomotive at low speed and very high speed
and also the advantage of the steam locomotive at intermediate
speeds, such as would exist in ordinary grade working. This ad-
vantage in grade climbing is offset to a considerable extent by
the 33 per cent greater weight of the steam locomotive.

The sharp dropping off of the horsepower curve for steam
locomotives at high speed is due largely to low mean effective
pressure in cylinders. To improve this condition, radical changes
both in the design of valve and of valve gears appear to be
necessary.

In the case of Diesel-electric locomotives, the curve does not
drop off as sharply as does that for steam locomotives and further
improvement has already been secured in the latest designs by
change in the generator voltage control. This change has also
increased the power output at low speeds.

In regular operation of the two types the performance of the
Diesel-electric locomotive is usually that which is indicated by
the drawbar-horsepower curve, but in the case of the steam
locomotive there are a number of variables which may result
in average performance somewhat below what is indicated by the
horsepower curve derived from tests. The skill of the engineer
varies and the condition of the locomotive is not always as nearly
perfect as it is in the test.

Manufacturers of Diesel-electric locomotives have an advan-
tage in that they produce a practically standardized product and
thus can reduce cost through line production. On the other hand
almost no two lots of steam locomotives are the same. Each
order means a new design with resulting high costs for engineering
and production. This also means higher cost for and larger stocks
of repair parts. American railroads have made a marked advance
in the standardization of freight cars but there has always been
strong opposition to any plan for standardization of steam loco-
motives or passenger cars, due mainly to differences of opinion
among different managements. The usual explanation is that
operating conditions vary but this is hardly a valid excuse at
least when certain railroads are compared.

The use of Diesel-electric locomotives is more extensive on
western roads than on those in the East. This is probably due
to the following factors: Most of the oil production is in this
territory, which results in lower prices, and the traffic in oil and
its by-products is a more important source of revenue than that
from coal, whereas the reverse is true in the eastern territory. In
the Southwest most of the steam locomotives use oil as fuel be-
cause of its lower first cost. The usual Diesel-locomotive fuel is
about 28-gravity furnace oil costing about four cents per gallon
at the refinery. Steam-locomotive fuel oil is a low-grade residuum
costing about two cents per gallon at the refinery. The boiler-
feedwater supply and treatment is also much more of an expense
and problem in at least a large part of the West than it is in the
East.

Diesel-electric locomotives provide better vision for the engi-
neer because the cabs are located at the head end. The riding
quality of Diesels is better than that of steam locomotives. They
also provide smoother-riding trains as their high tractive effort
at low speeds enable them to start and accelerate trains more
quickly and smoothly.

Steam locomotives have an advantage in that more horsepower
can be put in one unit. It may be noted in Table 4 that the in-
crease in horsepower is secured with a lower percentage of in-
crease in first cost and weight, that is, both the cost and weight
per horsepower are lower for the 4-8-4 locomotives than for the
4-6-4 type. The maintenance cost per horsepower should also
be somewhat lower for the 4-8-4 locomotives. It is true that any
number of Diesel units can be coupled and controlled from one
cab, but this increase in number of units means increased first
cost and increased weight. A 2500-hp Diesel unit would appear

to be a desirable size for heavy service, particularly in mountain-
ous territory, but this does not appear practicable at present.

The performance records of Diesels show fewer failures than
similar records for steam locomotives, even when the latter are
operated in slower-speed service. The multiunit power plant is
a helpful feature in the prevention of failures. If something goes
wrong in one power plant the locomotive can still go on to its
terminal and in many cases the defect can be repaired en route
with little or no delay. A major breakage or defect on a steam
locomotive means a failure.

If an entire territory were completely Dieselized, major sav-
ings could be secured in elimination of water and fuel facilities
and also intermediate terminals. With partial Dieselization, it
is necessary to provide certain special facilities for water and fuel,
but these are not expensive. Diesel-electric locomotives are de-
signed to operate about 700 miles without refueling or watering,
whereas steam locomotives with large tenders operate only about
one half of this distance for fuel and one third the distance for
water. Fewer and shorter stops for fuel and water are essential
in making high-speed schedules.

Diesel-electric locomotives have a higher availability than
steam locomotives because they need less servicing. Further-
more, individual major parts can be changed in a short time, thus
avoiding delay of the unit for repairs. In service they are regu-
larly making 1'/2to 2 times as much mileage as steam locomo-
tives, though it is only fair to say that part of this may be due
to their use on preferred runs. Diesel-electric locomotives are
cleaner in their operation, due to lack of smoke. This is par-
ticularly advantageous in cities and towns. It also adds to pas-
senger comfort in that the view from the car windows is not
obstructed by smoke.

Table 5 gives a breakdown of the weight of a typical 2000-hp

TABLE 5 WEIGHT OF STANDARD 2000-HP DIESEL-ELECTRIC
LOCOMOTIVE

Two 1000-hp Diesel motors and auxiliary equipment... 23
Two electrio transmissions_with auxiliary equipment 21
One steam boiler with auxiliary equipment........cccooviniincins e 2
Two trucks (less traotion motors)...... . 28
One car body . 26
Total........ 100
Total light weight... 277000 Ib
Weight of oil (1420 8 11000 Ib
Weight of water (13i Olgal)... 10800 Ib
Weight of sand (16 cu ft). 1600 Ib
Total 300400 Ib

Diesel-electric locomotive. The large percentage of the weight
involved in the trucks may be noted. This is due to the heavy
construction needed to support the traction motors and withstand
the shocks of high-speed operation. The trucks are constructed
of alloy steel and there appears to be little opportunity of making
them lighter. The Diesel motors are almost as light as they can
be made to withstand the service, but it may be possible in future
development to take more power out of each cylinder, which
would result in a reduction of weight per horsepower. The trans-
mission accounts for a considerable percentage of the total weight.
There is some possibility of reducing both the cost and weight of
this part through the development of suitable hydraulic transmis-
sions, but no large locomotives of this type have as yet been
built in this country. The weight of the body structure cannot
be reduced to any great extent as alloy steel and welded con-
struction are already used throughout.

The center of gravity of the Diesel-electric locomotive is con-
siderably lower than that of steam locomotives and this fact, to-
gether with the shorter rigid wheel base makes it possible to
operate the Diesel-electric locomotive at about 15 per cent higher
speeds on sharp curves. This is an important factor in making
high-speed schedules, particularly on runs where there is a great
deal of curved track.
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Relative Cost 0of Maintenance of Diesel-Electric and

Steam Locomotives

T here is a great deal of controversy as to the relative cost of
maintenance of Diesel-electric locomotives and steam locomo-
tives. It is difficult to secure reliable data from which to make
comparisons. The comparison of costs on different railroads is
open to question because of difference in operating conditions
and accounting practices. The two types of power are not regu-
larly used in the same type of service on the same railroad.
Furthermore, the Diesel-electric locomotives are rather new and
very few of them have received general repairs. It may be said
that the two types are definitely different in regard to general
repairs; the steam locomotive because of its boiler, flues, and
firebox must be given general overhauling at relatively frequent
periods. The Diesel-electric locomotive, on the other hand, is
being constantly repaired by the regular replacement of the wear-
ing parts. Some roads have put them in the back shop for general
repairs after about 750,000 miles of service. It was originally
thought that this might be the life of the major element of the
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Diesel motor, the crankshaft, but it has developed that the life
of this part will normally be greatly in excess of this figure, and
some roads are planning on one million or more miles between
general shoppings.

The best available data appear to be the five-year-period main-
tenance-expense figures of a group of Pacific-type locomotives
with approximately 3800 max ihp capacity, operating in normal
passenger service, and similar figures for a group of 3600-hp
Diesel-electric locomotives in high-speed service on the same
railroad. These data show that the steam locomotives cost about
20 cents per mile for maintenance, whereas the Diesel-electric
locomotives cost approximately 17 cents per mile for main-
tenance. These particular Diesels have never been given a
general overhauling and, therefore, in order to be conservative, it
might be fair to add as much as 3 cents per mile to this figure.
These data indicate that it may be conservatively claimed that
Diesel-electric locomotives can be maintained for at least the
same cost as steam locomotives. If this same group of steam
locomotives were operated at high speed, the repair costs would



undoubtedly be greater than the 20 cents shown. It is claimed
by the builders of steam locomotives that the most modern type
will have a lower cost of maintenance than older types, but it
can also be claimed that the details of Diesel-electric locomotives
are being steadily improved with a resultant reduction in main-
tenance cost. It must be recognized that costs on different
railroads vary widely, particularly those applying to Diesels,
since they are new and maintenance forces are not as familiar
with them as they are with the steam locomotive. Furthermore,
most railroads’ repair facilities were designed for steam-loco-
motive work and are not suitable for efficient handling of
Diesel repair work. New facilities are gradually being provided
for taking care of Diesel work and their use should result in
some reduction in maintenance cost.

Tback Stresses

Every steam locomotive must have a certain amount of over-
balance in the driving wheels, in order to balance the reciprocat-

353

ing parts. This overbalance results in a dynamic augment which
increases as the square of the speed and thus becomes an im-
portant factor in producing stresses in the rail and roadbed at
high speed. In some cases this effect has been so serious that the
main drivers actually lift from the rail at high speed and may
produce kinked rail. Improvement in this condition has been
made by reducing the weight of the reciprocating parts to a mini-
mum and reducing the percentage of the reciprocating weight
balanced to a minimum limited by the production of nosing and
fore-and-aft motion of the engine. A still further effort along
this line is embodied in the new experimental designs of loco-
motives having two complete sets of cylinders and motion work.
This not only reduces the weight of reciprocating parts but gives
another desirable characteristic, that of more constant torque.
In order to illustrate the difference in rail stresses produced by
a large Diesel-electric locomotive which has no reciprocating
parts and a large modern high-speed reciprocating steam loco-
motive, Figs. 2 and 3 are included. These show the results of
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rail-stress measurements on 110-lb rail with a modern 4-6-4
steam locomotive and a 3600-hp Diesel-electric locomotive. Fig.
2 shows stresses on a 5-deg curve at speeds of 5 and 45 mph and
Fig. 3 stresses on level tangent track at speeds of 5, 60, and 100
mph. In Fig. 2 the stresses are shown separately for both edges
of both rails, and the maximum stress at each location, as repre-
sented by the average of three highest readings at each location,
is shown in short horizontal lines. In Fig. 3 the average vertical
stress in the rail base is shown and the effect of the counterbalance
by indicating its relative position. The maximum stress is also
an average of three maximum values. The damaging effect of
counterbalance is clearly shown in these data which are actual
stress measurements and not calculations.

If a steam locomotive slips at high speed, the rotational speed
of the driving wheels may be greatly in excess of that involved
in these tests, therefore, the dynamic augment and resulting rail
stress are greatly increased. The high rail stresses under steam-
locomotive tenders due to too-high loads on small-diameter wheels
may also be noted. Large tenders are necessary on high-speed
locomotives in order to reduce to a minimum the delays for taking
fuel and water, but it appears necessary to add two more pairs
of wheels or increase the diameter of the wheels, in order to re-
duce wheel loads to a reasonable figure where damage to both
track and wheels is not excessive.

No complete data are available for rail stresses under 4-8-4
type high-speed steam locomotives. However, the tests made
indicate that rail stresses under the main drivers of such loco-
motives are about 25 per cent greater than those shown for the
4-6-4 type. This is due to the fact that the reciprocating parts
in these larger and higher-powered engines are heavier and the
driving-wheel diameter is usually made smaller to meet heavy-
grade operating conditions.

All of these track-stress data point to the need of a radical
change in steam-locomotive design for competition with the
Diesel-electric locomotive in high-speed passenger-train opera-
tion. The four-cylinder design is a step in the right direction.
The individual axle drive proposed by the Baltimore and Ohio
Railroad is a further step and also the new turboelectric
type. Up to the present time the gear-drive turbine loco-
motive has not been tried out in this country, but it too may
have possibilities. The individual axle drive for a steam loco-
motive appears to have the most interesting possibilities since
it involves not only relatively constant torque but also better
track protection resulting from complete balance. A lower center
of gravity can also be secured since driving wheels of smaller
diameter can be used. A special committee appointed by the
Association of American Railroads composed of leading railway
mechanical engineers and representative engineers of the loco-
motive builders is making a thorough study of the entire question
of design of steam locomotives for high-speed operation. Out of
their work there will probably come some concrete and valuable
recommendations on this important question.

Until some marked changes are made in steam-locomotive de-
sign it appears that the Diesel-electric locomotive will have a
definite advantage in so far as effects on rail and roadbed are con-
cerned.

Lightweight passenger cars also have an advantage over con-
ventional cars in the matter of track-maintenance costs. Though
their individual wheel loads are just as high, their lower total
weight and trucks with shorter wheel base result in lower lateral
rail pressures in high-speed operation.

Thermal Efficiencies

The theoretical maximum thermal efficiency of the Diesel-
electric locomotive figured on the basis of energy developed at the
rail is about 27 per cent, whereas the corresponding figure for a
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modern steam locomotive seldom exceeds 7 per cent, which would
indicate a relative fuel consumption of about 1 to 4. This is
somewhat altered for over-all performance by difference in
weight of the two types of locomotive and difference in stand-by
losses. It is difficult to find accurate comparative fuel-consump-
tion data because the two types of power are not ordinarily used
on similar runs. One comparison available is on a main-line fairly
high-speed through train where steam power was superseded by
Diesel-electric locomotives. The relative round-trip fuel-con-
sumption figures based on a 12-month average on this run are as
follows: Steam locomotives used 124 tons of coal; Diesel-electric
locomotives used 3950 gal of Diesel oil. Based on the Btu con-
tent of the two types of fuel, these data indicate that the thermal
efficiency of the Diesel-electric locomotives figured at the drawbar
was 5.5 times that of the steam locomotives.

A careful check was made on another railroad to determine the
relative amount of Diesel oil consumed by 3600 hp Diesel-electric
locomotives and modern Pacific-type oil-burning steam loco-
motives, when pulling both light and heavy medium-speed main-
line passenger trains on a 550-mile run. These data show the
steam-locomotive oil consumption to be approximately four and
one half times that of the Diesel-electric locomotives.

There appears to be little chance of improving the efficiency
of the Diesel-electric locomotive except in the factor of trans-
mission loss. There should be a possibility of marked improve-
ment in steam-engine efficiency because of the many losses now
involved. There has been a steady improvement in steam-
locomotive thermal efficiency as indicated by the figures of the
Association of American Railroads, which show that in 1920 it
took 173 Ib of coal to produce 1000 gross-ton-miles of freight
transportation and 18.8 Ib of coal per passenger-car-mile, whereas
in 1938 these figures were only 113 Ib for freight and 14.7 Ib for
passenger trains. A large part of this fine showing is undoubtedly
due to improvements in steam-locomotive design and the re-
ductions would be even greater if all the locomotives in service
were of a modern type. Credit is due the designers for these im-
provements, which incidentally have been developed without the
urge of competition from other types of power. Naturally under
noncompetitive conditions the designers have been more or less
bound by precedent. Conditions have now been changed. The
young virile Diesel locomotive (whose designers were not swayed
by precedent and who had at their disposal the vast amount of
research data developed by the automotive industry) has reached
a remarkable state of development in the short period of five
years. This new competition should prove to be a spur and a
benefit to the steam-locomotive designers, as is indicated by the
numerous new designs which are mentioned elsewhere in this
paper.

The Diesel designers had an advantage in connection with
high-speed operation in that they started their development of
road locomotives on the basis of high speed (top speed 118
mph). On the other hand, steam-locomotive designers focused
their attention on the improvement of thermal efficiency and
greater power development with top speeds of about 90 mph.
Thus when the demand for high-speed operation developed so
rapidly, their designs were not entirely adequate. This feature
of high speed is the one which is now being given major con-
sideration, and improvement should result.

Electric Locomotives

The modern electric locomotive is also a highly satisfactory
type of motive power for high-speed operation, both from the
viewpoint of capacity and effect on track structure. Early
types had detrimental effects on track due to high lateral forces,
but later designs have overcome this. The use of this type of
power in this country has been limited, due to the fact that the
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density of traffic on most railroads does not warrant the high cost
of overhead construction. Where it is used for long-distance
high-speed operation, as on the Pennsylvania Railroad, between
New York and Washington and Harrisburg, it has shown excellent
performance, but there appears to be little probability of electri-
fication of less dense traffic lines, particularly those in the western
part of the United States.

Operating Expenses

In 1938 Coverdale and Colpitts (2) issued a comprehensive
report covering the results of their studies of operating costs and
revenues of a majority of the streamlined trains in operation at
that time. The cost data for the various railroads show such
wide variations that it is difficult to arrive at a fair average figure
for cost of operation of Diesel locomotives as compared with
steam. Unfortunately, there are no roads on which comparable
trains are operated with steam and Diesel-electric locomotives,
so that there is no fair basis for comparison. However, a study
of all the data in this report indicates that the cost of mainte-
nance of a 3600-hp Diesel-electric locomotive is no greater and
probably less than that of a modern steam locomotive of similar
power, handling equal-weight trains on fairly comparable sched-
ules. The fuel cost is approximately one half as much. The
cost of crew wages is about the same, though it should be noted
that on some roads a maintainer is included in the crew of Diesels
for long-distance operation. This should not be necessary when
firemen are fully trained in their work on this type of power.
Lubrication costs (a lesser factor) are greater for Diesels than
for steam locomotives. It is noticeable that the maintenance
costs for Diesels are higher when the total load is much above
450 Ib per hp.

The outstanding feature of this report is the large margin be-
tween gross revenue and net revenue (depreciation charges are
not included). Most of the trains show net revenue over 50 per
cent of gross revenue and in some cases this is as high as 75 per
cent. These figures, are, of course, unduly favorable because of
the omission of two important factors, namely, the overhead
charges for depreciation and interest, and the item of track
maintenance. The overhead in one particular case is shown in
Table 6 of this paper. Even with the high mileage made by such
trains, the overhead is a major item of expense because the
first cost of these trains is high. As to track maintenance, it is
well recognized that safe and comfortable high-speed operation
necessitates a high standard of track maintenance. Furthermore
high-speed operation, particularly with steam locomotives, in-
creases the cost of maintenance, though no definite figures are
available to determine such extra cost. It is a fact that large
expenditures have been made, particularly on the western rail-
roads to eliminate curvature and alter curves to make high-speed
operation successful. As an example of this, it may be noted
that one transcontinental railroad spent over four million dollars
on such work during the last three years, and similar work is
still under way. The total cost of these improvements should
not be charged against the operation of the new trains for these
changes also benefit the operation of other trains. Nevertheless,
it must be admitted that there is a considerable part of this extra
expense, which should properly be charged against the new trains
to give a full picture of the financial results. If speeds are still
further increased, this factor will become of even greater impor-
tance as more work of this kind will be necessary to make such
schedules.

Coach-Type Streamliners on Long Runs

Table 6 shows a comparison of weights and operating costs
between two streamlined trains operating in similar transconti-
nental service on one railroad. One of these trains is a first-class
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all-sleeping-car train and the other is an all-coach train. All of
the data are prepared on the basis of full load of passengers which,

TABLE 6 COMPARISON OF OPERATING COSTS FOR A FIRST-
CLASS ALL-SLEEPING-CAR STREAMLINER AND AN ALL-COACH
STREAMLINER

Estimated
. All- 10-car
First-class coach all-coach
Item train train train
Number of cars . 9 5 10
Number of Diesel power unit 2 1 2
Horsepower of locomotive.. 3600 1800 3600
Total weight of cars, tons... 482 248 496
Weight of power units, tons... 287 147 287
Total weight of train, tons. 769 395 783
Length of train, ft.............. 890 473 970
Total salable seats or berths.. 121 156 312
Out-of-pocket cost per mile of a-
THON0 ..o $0.88 S0.68 $0.88
Train length per passenger (full load),
P T OU PO UPO R POPO 7.4 3.0 3.0
Car weight per passenger, tons......... 4.0 1.6 1.6
Train weight per passenger, tons.... 6.4 2.5 2.5
Out-of-pocket cost per passenger per
mile of operation,. $0.0073  $0.0043 $0.0028
Total yearly operatior . 232,00 232,000 232,000
Total first cost of train $1,110,000 $580,000 $1,160,000
Overhead cost per mile, based on 1
per cent of first coOSt.......cccevrrens - $0.48 $0.25 $0.50
Overhead cost per passenger per mile
(full Toad)............... ettt $0,004  $0.0016 $0.0016
Overhead and operatmé; cost per pas-
senger-mile (full load)......ccccovvrenene $0.0113  $0.0059 $0.0047

° This _cost does not include sleeping-car employees’ wages or maintenance
expense for sleeping cars.

of course, is not always the case. Estimated data are also shown
for a train similar to the coach streamliner but with twice the
capacity. All operating costs are taken from the Coverdale and
Colpitts report (2).

It may be noted that the train weight per passenger for the
first-class train is 6.4 tons, whereas for the coach train it is only
2.5 tons, which accounts largely for the higher out-of-pocket
cost for the former. The overhead cost per passenger is more than
twice as great. The total overhead and operating cost per pas-
senger-mile is approximately twice as great for the first-class
train as for the coach train. It is thus apparent that much lower
rates can be charged on coach trains. This latter type of train
has been remarkably successful in attracting passengers for this
long run, although it involves their spending two nights on the
road.

It is the coach type of train that primarily has the possibility
of diverting traffic from private automobiles and buses to the
railroads. Because of the low rates it also has the possibility of de-
veloping a large amount of new traffic among people in the low-
and medium-income group, who are becoming more and more
travel-minded and have more and more time available for such
travel. There is almost no limit to the possibilities for develop-
ment of this type of travel. People of this class want low-cost
transportation with high speed and comfort. All of these are
being provided in such trains.

The Coverdale and Colpitts report shows remarkably success-
ful results from the operation of all of the high-speed streamlined
trains. They have undoubtedly brought back to the railroads
some of the lost traffic and give promise of developing new
traffic.

It appears that these new high-speed trains, particularly those
in the western territory are now operating at about the maximum
speed, which is possible on the present track structure. The
limitation to further increase in speed lies in the large number of
rather sharp curves which are unsafe for too high speed and un-
comfortable for passengers when taken too fast. The number of
unprotected grade crossings is also a limitation, as well as speed
restrictions through towns with grade crossings. It would be
very expensive to correct all of these track conditions.

Outside of the passenger-traffic gain, these new trains have
been warranted by the public interest which they have aroused.
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Prior to their advent, there was a feeling that the railroads had
not kept pace with developments as they should have, and conse-
quently the public had less interest in their welfare. They are
now much more favorably inclined and this may have an in-
fluence on future legislation.

Large numbers of new lightweight cars are now being added
to main-line trains, and there is a gradual replacement of old
types. The public demand for such cars is due largely to their
many comforts and attractive appearance. There is every indi-
cation that there is a real revolution in American passenger
trains. Table 7 shows a list of the high-speed streamlined trains
now being operated on the railroads of the United States.

Conclusions

The streamlined high-speed passenger train has been definitely
successful on American railroads in recovery of traffic, financial
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return, and mechanical performance. The number of such trains
in service should continue to increase.

Both steam and Diesel-electric locomotives will pull these new
trains, but the Diesels will predominate unless new designs of
steam locomotives prove themselves better suited for the long
high-speed runs than are the present types. There should be a
continual improvement in the design details of Diesel-electric
locomotives. Radically new designs of steam locomotives will
probably be built to meet the high-speed opera.ting conditions.

Schedules faster than those now being made are possible and
probable as soon as roadway conditions are further improved by
curvature reduction and grade-crossing elimination.
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Discussion

T. R. Cook.5 The writer agrees with the author’s conclu-
sions that the railroads have and can regain considerable of their
lost passenger business by the adoption of better schedules and
the provision of more comfortable passenger trains, and there is

aCoverdale and Colpitts, Consulting Engineers, New York, N. Y.
Mem. A.S.M.E.
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no question but that lighter construction is the principal funda-
mental factor involved.

As to whether these trains will be hauled by Diesel or steam
power is a question which will be resolved by the economies
of the situation. There are over 43,000 steam locomotives in
existence in the United States, divided in the order of freight 65
per cent, passenger 17 per cent, and switchers 18 per cent.

It is quite evident that the major activity, that of hauling
the freight will alone keep the steam locomotive on the rails
for some years to come. A number of the railroads are coal
carriers. It would, therefore, seem logical that the roads and
the steam-locomotive builders, to say nothing of other invest-
ments in property and plants dependent upon steam, should con-
stitute a sufficient urge to force the advancement of steam loco-
motives. There is no doubt but that there is room for improve-
ment both in engineering and in operation of steam power.

As to the present situation of steam, the writer is doubtful of
the superiority of the Diesel as indicated in the paper, particu-
larly when the Diesel locomotive is considered as a prime mover.
The author gives a thermal efficiency at the rail of 27 per cent
for the Diesel and 7 per cent for the steam locomotive. The 27
per cent is correct for the Diesel, but 7 per cent in the writer’s
opinion is quite low for the modern steam locomotive.

A more interesting figure, however, would be a statement of
the efficiency at the drawbar where the work is done, and not
only at full load but at various load factors and at various speeds.
We are dealing with types of power having entirely different char-
acteristics. In order to make a comparative statement, the
writer has worked out the thermal efficiencies of a modern 4-8-4
and a Diesel locomotive each of 5400 hp, through a range from
30 to 100 mph, and load factors varying from 100 per cent down
to 40 per cent. The results indicate that the maximum efficiency
of the Diesel is developed at 30 mph with 100 per cent load
factor; this efficiency decreases as the speed increases and as the
load factor decreases. The steam locomotive, on the other hand,
generally increases in efficiency as the load drops and has higher
efficiency at 80 per cent load at all speeds than at 100 per cent
load; up to about 50 mph this increase in efficiency continues
down to a 40 per cent load factor. It may fairly be assumed
that, in high-speed passenger service, the load range is primarily
between 60 and 80 per cent, at speeds varying from 50 to 70 mph.
In the example taken in the ranges cited, the Diesel shows an
efficiency of 22 per cent and the steam slightly over 8 per cent.
This would indicate that the cost of the fuel in the normal range
of unit prices would be about equal.

As to the cost of repairs, it is believed that the age of the
equipment must be taken into consideration. The increased
cost in repairs of steam locomotives with increasing age has been
thoroughly demonstrated. The Diesel switcher has shown a
greater rate of increase and, although there are no figures avail-
able, it is safe to assume that the Diesel road locomotive will show
a similar increase.

The author in Fig. 1 shows comparative drawbar-horsepower
curves of a steam versus a Diesel locomotive, stating that the
curves are plotted from actual dynamometer-car readings. As a
rule, dynamometer cars are placed in a given scheduled train and
the readings taken show the resistance of the train under various
conditions, but do not show the capacity of the prime mover at
various speeds. The writer has found it of interest to compare
the theoretical drawbar horsepower with that shown in the
author’s curves. His calculations indicated that the Diesel
was operating below full load up to 80 mph and, thereafter, was
working at an overload; while, in the case of steam, the loco-
motive was operating at full load up to 50 mph and was working
considerably under capacity at higher speeds.

In Table 4 of the paper, in reference to steam power, what is
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the author’s definition of “maximum indicated horsepower?”
The indicated horsepower of a steam locomotive increases with
speed up to a point where the steam-pipe valve and port resist-
ance prevents the use of all the steam the boiler can evaporate.

Under the section on “Maintenance,” it is stated that the cost
of repairs of a steam locomotive is 20 cents per mile, and the
comparative Diesel costs 17 cents per mile; the writer would like
to know the age of both the steam and the Diesel units used in
this comparison.

Under the section on “Thermal Efficiency,” a comparison is
made between Diesel and steam power. In one case, a ratio
of 5.5is shown and in another a ratio of 4.5. In the two instances
was the work done the same, i.e., did the Diesel and steam loco-
motives haul the same-weight trains over the same tracks?

Jones 4 The

L.s.

the attractive weight reduction

author quite properly calls attention to
made possible by the use of

lightweight cars. Parallel with the development of lightweight

cars, however, has come the development of mechanically driven
air-cooling systems which offset any advantage the locomotive
might realize from the substitution of lightweight cars in the
train.

In Fig. 4, two 12-car trains have been assumed, one made up
of 85-ton cars having 4-kw axle generators working to rated
capacity, and another 12-car train of 60-ton cars, with 20-kw
generators, generating at rated capacity. It will be noted that
the drawbar pull required for the 60-ton cars is greater, up to
speeds considerably in excess of 90 mph. The figures are for
level track. On an upgrade, the lightweight cars would gain
some advantage.

The development of heavy axle-generator loads has, therefore,
robbed the locomotive of whatever advantages the lightweight
cars offer in the way of drawbar pull. The development of air
cooling has been very rapid, and sufficient consideration has not
been given to a logical and comprehensive method of supplying
the power necessary. As a starting point, it is suggested that a
440-v, 3-phase train line, powered from a small plant on the
locomotive, would supply all necessary power for cooling and
lighting at an over-all efficiency probably double that of indi-
vidual axle-generator units. Storage batteries could also be
reduced to about V4 of their present size, and kept charged
through a small automatic rectifier. Stand-by service would be
provided in large terminals, as is now done with steam heat.

Reference is made to the lower center of gravity of Diesel-
electric locomotives, with higher possible speed on curves. This
is no doubt true as regards speeds at which the locomotive will
upset, but there have been cases where it was necessary to raise
the center of gravity of electric locomotives in order to prevent
serious lateral forces which pushed the track out of line or over-

*Engineer of Testa, The Pennsylvania Railroad, Altoona, Pa.
Mem. A.S.M.E.
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turned arail. In Figs. 5and 6, curves have been plotted showing
the maximum possible speed of stability of a locomotive on a
6-deg curve. Fig. 5shows a curve with 5 in. superelevation and
Fig. 6 a curve without superelevation.

While the speed required to upset the locomotive increases
rapidly with reduced center of gravity, it will also be noted that
the speed required to overturn the rail has the opposite trend,
and the two curves cross at 98 mph in Fig. 5. These curves are
plotted on the basis of centrifugal force only. When we consider
the maximum forces resulting from nosing or lurching of the
locomotive, it is evident that too low a center of gravity can
create dangerous lateral pressure on the rail, and therefore the
advantages of a low center of gravity must be circumscribed.

Fig. 5 Curves Showing Maximum Possible Speed of Stabilitt
ofalLocomotiveona6-DegCurve With5in.Superelevation

Fig. 6
of a Locomotive on a 6-Deg Curve Without Superelevation

Curves Showing Maximum Possible Speed of Stabilitt

Data are presented in the paper showing rail stresses under a
steam locomotive in comparison with a Diesel. Omitting the
steam-locomotive drivers for the moment, and considering only
the engine and tender trucks, which are not subjected to dynamic
forces, it will be noted that the rail stresses under the locomotive
trucks increase much more rapidly from 5 to 100 mph than the
stresses under the Diesel-locomotive trucks. It is not apparent
why rail stresses should increase more rapidly with speed under a
locomotive-tender truck, for example, than they do under a
Diesel-locomotive truck.

Considering now the locomotive driving wheels, it will be noted
that the minimum rail stress under the main wheel at 100 mph
is only slightly less than the stress due to static loading at 5 mph
(it is assumed that at 5 mph no dynamic stresses are noticeable).
In most 2-cylinder steam locomotives which have been tested,
there is a definite tendency for the main wheels to leave the rail
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at a speed of 100 mph and, although with well-balanced loco-
motives no lifting actually occurs, the rail stress at one point
of the revolution should be very nearly zero. This raises the
question whether the strain gages used were sufficiently sensi-
tive to record the actual stress variations. If average figures
were used in plotting the vertical stresses, this might explain
the tendency to level off the variations throughout one revolution.

While there can be no challenging the author’s statement
that future development of the steam locomotive should look
toward reduction of the dynamic augment, it seems only fair to
observe that the comments on undesirable dynamic behavior have
been based upon the performance of a few locomaotives, whereas
hundreds of other steam locomotives are handling fast schedules
every day without any symptom of trouble. We recently con-
ducted a series of tests in which several locomotives were slipped
on greased track up to speeds very much in excess of their maxi-
mum operating speeds and, while the dynamic effect was defi-
nitely noticeable, there was no trace of rail damage in 100-lb
rail on cinder ballast, and the rail stresses recorded were not
excessive. The only precaution taken in connection with the
locomotives tested was that the counterbalances were precisely
checked in advance of the tests, as well as the quartering and
tramming of the locomotive wheels.

A. |. Lipetz.6 There is a common but unjustified notion
that a Diesel-electric locomotive has the advantage of greater
acceleration as compared with a steam locomotive. This is a
remnant of the common theory that the electric locomotive
provides quicker acceleration than the steam locomotive. In
this consideration, the fact is overlooked that the electric loco-
motive usually draws power from an outside source to about
double its nominal power at low speeds. However, this is not
true for the Diesel-electric locomotive, in which the electric
feature lies only in the transmission, not in the generation of
power. The advantage of the Diesel-electric locomotive is in
the magnitude of the tractive effort only at low speeds, since the
power is always limited by the power of the Diesel engines and
by the greater number of drivers which are carried on the loco-
motive chassis, just as the power of the steam locomotive is lim-
ited by that of the boiler on the locomotive frame and its num-
ber of drivers. Thus, the author’s statement regarding the
“rapid acceleration (of the Diesel-electric locomotive) because of
the high tractive power at lower speeds” may be literally correct,
but can be misleading if the speeds to which this applies are not
given. This advantage of a Diesel locomotive is of compara-
tively short duration and is not of the same order, as in the
straight electric locomotive with an outside source of power.
In order to evaluate this advantage, a more accurate and detailed
calculation is necessary. This has been done and is presented in
Fig. 7.

Referring to Table 4 of the paper, the steam locomotive
shown in the third column is the one discussed by the author.
The maximum indicated horsepower is given as 4300, and the
graph, which is shown in Fig. 1, gives the drawbar horse-
power, both for a steam and some Diesel locomotives. The steam
locomotive is referred to as a modern locomotive of the 4-6-4
type. Regarding the drop of the horsepower shown in the curve,
it is explained that this can be improved if a change both in
the design of the valve and the valve gear is made. Fig. 7 also
refers to the 4-6-4-type steam locomotive of the New York
Central of a lighter design but, nevertheless, of 4700 ihp, built
for high speed with this very improvement in the valves; the
steam curve is taken from actual tests.

The drooping characteristic of the horsepower curve of the

6 Chief Consulting Engineer, American Locomotive Company,
Schenectady, N. Y. Fellow A.S.M.E.

359

Speed - Miles per hour

Fig. 7 Comparison of Drawbar Horsepower of Steam and

D iesel Locomotives of Identical Indicated Horsepower

Speed -Miles per hour

Fig. 8 Miles Peb

Hour of Steam and Diesel Locomotives of lIdentical Horse-

Tractive Effort in Relation to Speed in

power

steam locomotive of Fig. 1 has been corrected in Fig. 7; the part
of the curve at high speeds has a flatter appearance. Further-
more, the weight of the locomotive with a fully loaded tender
is given in Table 4 of the paper as 809,000 Ib. For the 4700-hp
steam locomotive it is only 674,300 Ib and, therefore, the weight
per horsepower, instead of being 188 Ib as shown in Table 4 is
only 144 Ib. Moreover it should be noted that the steam loco-
motive is not running all the time with its tender fully loaded
and, therefore, has the advantage of reducing its dead weight;
this remains practically constant in a Diesel locomotive. How-
ever, this slight advantage of the steam locomotive will be disre-
garded and the resistance will be based upon the weight of the
locomotive with fully loaded tender as given, namely, 674,300 Ib.
The maximum drawbar horsepower of the 4700-hp steam loco-
motive is 3880 hp, as established by very elaborate tests6of the
New York Central.

* “New New York Central Locomotives Show High Power Con-
centration,” Railway Age, vol. 104, 1938, p. 601. Also: “The New
York Central Receives 50 Powerful 4-6-4 Locomotives,” Railway
Mechanical Engineer, vol. 112, 1938, p. 173.
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As to the Diesel-electric locomotive shown in the second col-
umn of Table 4, the power of the Diesel engines is only 4000 hp
and the maximum drawbar power is 2950 hp, against 3880 for
the steam locomotive. In fairness to the Diesel-electric loco-
motive, which the writer will compare with the steam, the draw-
bar power given by the author in Fig. 1, from actual dynamometer
tests of the 4000-hp Diesel locomotive, should be increased in pro-
portion to the maximum indicated horsepowers of the steam and
Diesel locomotives; in other words, for the Diesel-electric loco-
motive, the maximum drawbar power should be

4700
2950 X 270 = 3465 hp

It is only fair to the Diesel-electric locomotive to assume that
the Diesel power is equal to the indicated power of the steam
locomotive, since both must be multiplied by the efficiency of
power transmission and mechanical efficiency of the chassis,
in order to arrive at the drawbar powers. Thus, we are impar-
tially comparing a steam and a Diesel locomotive of identical
maximum indicated horsepower, which is 4700 in either case, by
studying their corresponding drawbar-horsepower curves.

Fig. 8 shows the tractive efforts in pounds in relation to speed
in miles per hour for these two locomotives of identical maximum
horsepower. The advantage of the tractive effort of the Diesel
locomotive at low speeds is evident from this illustration. It is
true that, due to the electric transmission there is an advantage
in developing greater tractive effort than with the steam locomo-
tive for all speeds below 40.5 mph, but the difference between
these two curves drops very rapidly and is negative at speeds
above 40.5 mph.

Also in Fig. 8 is shown the resistance of a 16-car lightweight
streamlined train weighing 760 tons, or 47.5 tons per car. This
is what the Diesel-electric locomotive would be able to pull on
level track at high speed. The balancing speed of the Diesel-
electric locomotive is about 95.5 mph on the level. For the steam
locomotive it is slightly higher, about 101 mph, because of greater
sustained power at high speed.

The acceleration curves of these two trains are shown in Fig. 9.
From the comparison, it may be observed that the intersection
point of 40.5 mph is reached by steam in 2 min 10 sec within a
distance of 0.75 mile, whereas the Diesel will do it in 1 min 16
sec in a distance of 0.51 mile. The Diesel will thus gain 54 sec
and 0.24 mile. But, we are concerned here with performances at
higher speeds than 40.5 mph and, if we continue beyond 40.5
mph, we shall be gaining time with steam; in fact, the steam
locomotive will reach 95.5 mph in 10 min 17 sec from the start,
while the Diesel will take 15 min 20 sec to attain this speed. In
other words, the Diesel will lose the 54 sec which it gained at the

Fig. 9
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start before reaching the intersection point of 40.5 mph, but will
lose an additional 4 min 9 sec, showing a total loss from the start
of 5 min 3 sec, just contrary to what might be expected. Every
time the train is slowed down (due to speed restriction) to a speed
about 40.5 mph and accelerated again, the total gain in time, in
the case of the steam train, will be increasing cumulatively.

It is interesting to note that L. Dumas, assistant director
of the French National Railway, who has had considerable
experience with Dieselized streamlined trains, made a special re-
port,7in which he gave a summary of three different reports be-
fore the International Railway Congress Association. In this
report he also made a statement concerning the advantage of
quick acceleration of trains due to Dieselization with electric
transmission, as compared with steam locomotives, but confined
his remarks to trains with electric-motor coaches, essentially
rail cars, and high-speed trains of the German and French types,
in which the ratio of Diesel power to the weight of the cars is very
high. The acceleration is, therefore, due not to the electric
transmission, but to the high power-to-weight ratio, which is
lacking in the American high-speed trains with sleeping accom-
modations.

In connection with the author’s remark that the performance
of the steam locomotive, especially of modern type, depends
largely on the engineer and is subject to increased efficiency and
capacity, an interesting incident demonstrating this fact occurred
on the Chicago, Milwaukee, St. Paul & Pacific on November
18, 1939. On one of the new class F-7 locomotives of the 4-6-4
type, which is now operating fast heavy trains out of Chicago,
something went wrong and the locomotive was cut out at Mil-
waukee.

A 4-4-2 Hiawatha locomotive, which is lighter and less powerful
than the 4-6-4 regular locomotive, was put on in its stead and
pulled the 10-car train, weighing approximately 1,000,000 Ib from
Milwaukee to Minneapolis, bringing it in on time and making up
almost the entire delay of 22 min; the train arrived at St. Paul
only 2 min late. It is interesting to note that originally the
Hiawatha was designed to pull only 6 cars weighing 700,000 Ib,
but lately has pulled 8 cars of corresponding weight. A Diesel
locomotive would meet its requirements only, and no more; it
does not have the flexibility of the steam locomotive.

Referring to the matter of counterbalancing, discussed in the
section on “Track Stresses,” there can be no doubt but that the
steam locomotive is at a disadvantage as compared with any
other locomotive without dynamic augment, such as Diesel-elec-

7“Methods Used to Speed Up Passenger Trains, and Resulting
Expenditure,” Special Report by L. Dumas, Bulletin of the Inter-
national Railway Congress Association (English edition), July,
1939, pp. 661-663.

Acceleration Curves of 4700-Hp Diesel-Klectric and Steam Locomotives
(Train composed of 16 streamlined cars, 760 tons;

locomotive 340 tons; total 1100 tons.)
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trie, turbine, or straight-electric. However, the examples given in
the paper are not fully convincing; first, because the steam loco-
motive in question was heavy, 71,570 Ib on the first driving axle,
as compared with 50,700 Ib on the fourth driving axle of the
Diesel-electric. Furthermore, the locomotive, as may be judged
from Fig. 3, was dynamically counterbalanced, or as we call it,
cross-balanced, only on the main wheel, which was the second
driving wheel. The front and back wheels were statically
balanced. The percentage of balancing is not given and it is
natural that the dynamic stresses in the rail should be greater
for the steam locomotive. It is remarkable that, with all the
handicaps of this steam locomotive, the difference is so small; the
maximum rail stress is 19,000 Ib for the steam locomotive at a
speed of 100 mph as compared with 17,000 Ib for the Diesel-elec-
tric at the same speed, or an increase of 12 per cent for the steam;
much less than the increase in static weights, which is 41 per cent.
For the Diesel-electric locomotive, the maximum at 100 mph is
aboutthe same as for the tender of the steam locomotive, although
the weight on the tender axle is still about 30 per cent greater.
This proves that the dynamic augment of the steam locomotive
is not so grave as it is usually represented; it is the static weight
which matters most, probably due to the element of time.

The old-time track and bridge engineers were mainly concerned
about the static weight per axle. It is only recently, when the
balancing of locomotives became better known and understood,
that the dynamic stresses in rails began to bother them, especially
when improperly evaluated.

The questions of track stresses and of counterbalancing of
locomotives had a very peculiar history. Without going into
details, it is enough to say that only lately proper attention is
being paid to the question of counterbalancing of steam locomo-
tives.

With the old-time counterbalancing, speeds up to 80 mph
could be easily obtained. Hammer blows as high as 15,000 Ib
per wheel and more, which would kink and break rails, were evi-
dently tolerated on a great many railroads. The track was
simply built very stiff so the locomotives could run at these
speeds. As one engineer expressed it, the “anvil” was strong
enough to stand the “hammer blow.” However, when the elec-
tric and the Diesel-electric locomotives came into being and
proved their superiority for track conditions and their mainte-
nance, the steam-locomotive engineer became cognizant of the
unfitness of the old-time steam locomotive to modern high-
speed conditions. Cross-balancing and lighter reciprocating
weights, to which 15 years ago no one would listen, became very
popular.

To a great extent the question of adaptability of steam loco-
motives to high speeds depends upon designing the locomotive
so that it may have good tracking conditions at high speeds.
American locomotives, especially of the type with front and rear
trucks, have been very well suited to good negotiation of curves
at high speeds. This partly eliminated the necessity of paying
much attention to proper counterbalancing of locomotives. The
recent development of lateral-motion and cushioning devices in
locomotives was also a great help in this direction.

It is now possible to build locomotives with very small over-
balances on wheels and, consequently, small hammer blows.
Although it may not yet be possible to bring it down to zero, as
was done on the Madras & Southern Mahratta Railway of British
India, an improvement in track stresses, nevertheless, would re-
sult from the small overbalances, if the percentage of balancing is
reduced to a figure close to zero and compatible with the shaking
forces of light reciprocating weights in modern steam locomotives.

Wide discussion is taking place concerning the low center of
gravity of some trains and Diesel-electric locomotives, as com-
pared with the high center of gravity of steam locomotives, al-
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though nothing is pointed out as to what kind of disadvantages
may result from the high center of gravity of the steam locomo-
tive. This question was investigated years ago by many loco-
motive designers. In the 1870, it was even proved experimen-
tally that the high center of gravity is an advantage because it
stabilizes the locomotive at high speeds. Of course, on curves,
the centrifugal force may overturn a locomotive, if proper care is
not taken in the design, but if the correct track elevation is made
and the centrifugal forces are thus neutralized, nothing will hap-
pen on a properly designed and maintained track. However, the
locomotive will run more smoothly.

It should be remembered that any train, even on first-class
track, is subjected to violent vibrations due to the unevenness
of the permanent way, its discontinuity due to rail joints, the re-
siliency of rails, ties, and ballast, and that a certain limit of
speed must be set for any train with any locomotive—steam, tur-
bine, Diesel, or electric, on a flexible track.

In a recent paper,8F. G. Gurley, vice-president of the Atchi-
son, Topeka & Santa Fe Railway, predicted speeds of 140 to
150 mph and indicated the motive-power equipment which would
satisfy this condition. He even saw some possibilities for the
steam locomotive, but, of course, had no doubts about the Diesel-
electric locomotive at those speeds. As far as the writer is con-
cerned, the figure of 150 mph cannot be accepted for any loco-
motive on any track until by actual experience the possibility of
these high speeds is proved. It is not known that they are
wanted for rail transportation.

It is interesting to note that electric locomotives on the Penn-
sylvania Railroad, which has first-class track, the heaviest in the
world, are limited to 90 mph and are permitted to run at this
speed only because their weight per axle is comparatively low.

Modern steam locomotives, properly cross-balanced on all
axles, with cushioning devices on properly selected axles, can
easily run at 100 mph, and have already proved their riding
qualities at 115 mph. In fact, abroad, a steam locomotive de-
veloped 125 mph in the presence of the London Institution of
Locomotive Engineers. References to this trip have been widely
published.9

Speeds at 100 mph with steam locomotives are now not unusual
in this country. There is no doubt in the writer’s mind but that
the steam locomotive can meet any higher speed, limited only by
the speed of cars, obtained by any other type of locomotive.

In discussing the economics of the problem, the author in
Table 6 gave us a comparison of operating costs between two
streamlined trains in transcontinental service on one railroad.
He also referred us to the well-known report prepared by Cover-
dale and Colpitts (2). He mentioned, however, that interest and
depreciation charges have not been taken into account by these
analysts.

This comparison has been completed by the writer by adding
several more trains to Table 6, and by trying to figure out from
various sources the cost of streamlined trains, using for this pur-
pose a paperby E. E. Chapman on the subject. The results of
this comparison are given in Table 8. Several representative
streamliners, like the City of San Francisco, Denver Zephyr, and
Hiawatha, have been added and the table is complemented by the
cost of locomotives and cars, fixed charges per year on the basis
of 10 per cent of interest and depreciation, the income per train-

8“Performance Limits of Transportation; Range, Speed, and Ca-
pacity,” by J. G. Gurley, Michigan-Life Conference, University of
Michigan, Ann Arbor, Mich., November, 1939.

9“New German Streamlined Locomotives,”
vol. 62, 1935, pp. 1209-1217. Also:
Railway Gazette, vol. 67, 1937, p. 318.

D“Diesel and Steam Locomotives in High-Speed Service,” by
E. E. Chapman, Railway Age, vol. 105, 1938, pp. 733-735.

Railway Gazette,
“The Borsig Centenary,”
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mile (net revenue less fixed charges), and amortization of the in-
vestment.

A study of Table 8 is illuminating. The number of cars is
greatest only in the case of two trains, namely, in that of the
Daylight on the Southern Pacific (14 cars) and the City of San
Francisco on the Union Pacific (also 14 cars). The gross revenue
of these two long trains amounts to more than $4 per train-mile,
irrespective of whether Diesel or steam, thus indicating the ob-
vious fact that the gross revenue depends upon the number of
passengers, which naturally is greater on the longer trains. To
the same class of large-revenue trains belongs the Milwaukee
Hiawatha steam train, which has only 9 cars. This is due to its
great popularity. All the Diesel trains, except the City of San
Francisco, earn less gross income per mile.

The percentage of net revenue to gross is about the same in
all streamliners (60 to 70 per cent), but the greatest is the Hia-
watha (74.1 per cent), except the Denver Zephyr (included in the
Burlington Zephyrs) for which it is 75.1 per cent. This is be-
cause the mileage of this train is very high, being more than double
that of the Hiawatha. The return on investment, however, is
lower.

The costs of the trains are, of course, different, the greatest
being that of the long steam and Diesel-electric trains, especially
the Diesel. This, of course, reduces the net revenues by the
amount of fixed charges, making the income per train-mile lower
for the Diesel trains. Only the steam Daylight and the steam
Hiawatha show high incomes, above $2.50 per mile. The steam
Ann Rutledge makes only about $1 per train-mile, probably due
to traffic conditions. The total income per train-mile is figured,
and the total per year is then referred to the investment. It
will be seen that again the highest figure is for the Hiawatha, the
cost of which is paid up in the shortest time, a little over 1'/a
years.

The return on the investment of all these trains, both steam
and Diesel-electrics, is not only the result of their utilization,
especially the latter, but also a result of the comparatively low
costs of the steam locomotives. In some cases the Diesel-electrics
show remarkable mileage, as, for instance, the Denver Zephyr,
which makes 1036 miles daily. However, but few trains, even in
this country, have such a long run and can show such a remarkable
utilization, which, after all, depends also upon the convenience
of schedules, location of cities, meeting points, turnover of
locomotives, and other factors. Therefore, the writer does not
think the author’s conclusion that Diesel trains will predominate
is at all obvious, because to a great extent the success of Diesel
trains is the result of novelty, streamlining, comfort, air condi-
tioning, special service, etc., all of which are obtainable with
steam trains and are matters of competition. In the long rim
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the preference is given on economic grounds, as pointed out by
Mr. Gurley,8if the engineering of the productis right. There is
nothing inherently wrong in the design of the steam locomotive,
and this type of prime mover may be further perfected for high
speed.

The writer agrees with the second part of the author’s conclu-
sion in which he states that radically new designs of steam loco-
motives will probably be built to meet high-speed operating condi-
tions. He enumerates the possibilities. It should be added
that the combustion-gas-turbine locomotive of Brown, Boyeri &
Company looms now on the horizon, and although it is not
strictly a steam locomotive, it can be built with direct drive,
which has been spelling the success of the steam locomotive for
over a hundred years. Furthermore, it has no dynamic aug-
ment. So far, the steam locomotive has been able to meet new
conditions in similar circumstances.

Of course, we cannot foresee the future. But there are no
indications which would point away from the locomotive with
direct drive.

K. F. Nystrom.11 In the cost of operation of lightweight
trains, it is necessary to include the initial cost of the power
plant and cars. In the writer’s opinion the costs of steam
locomotives and passenger-train cars, at the present time,
are entirely too high, as the railroads, and particularly the
builders, have failed to standardize on designs. It isappreciated
that different operating conditions exist. However, both steam
locomotives and passenger-train cars might be standardized to a
point where the cost would be substantially reduced. If we are
to continue making inroads on the private automobile and re-
capture passenger business for the American railroads, consider-
ably greater economies will have to be made so that railroad
fares can be placed at a popular-price level.

Much has been done in regard to reduction in weight of pas-
senger-train cars, however, much remains to be done. Trucks
under passenger cars delivered to railroads this year weigh
34,000 to 36,000 Ib per carset. This weight, considering the
total weight of the car, is too high. At the present time, one
railroad is experimenting with a truck which will not weigh more
than 25,000 Ib per carset and appears to offer some decided ad-
vantages.

The author of the paper commented on the change in the
Railway Post Office Department specification as follows: “This
change will probably result in the addition of more material than
is now used in center sills of lightweight cars designed with high
center stills and buffers, with little compensating benefit from

11 Chief Operating Officer, Chicago, Milwaukee, St. Paul & Pacific
Railroad Company, Milwaukee, Wis. Mem. A.S.M.E.
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added protection.” The author, in his modesty, failed to men-
tion that under his supervision a design12 of passenger-train car
was developed by the Federal Co-Ordinator of Transportation.
This design was developed after exhaustive studies had been
made and met all the requirements of the Railway Post Office
Department’s specification then existing. The estimated weight
of this design was 96,900 Ib and in the writer’s opinion would have
been entirely satisfactory.

Unfortunately, the Association of American Railroads pre-
maturely adopted the so-called “tight-lock coupler” before a
satisfactory application was developed, with the result that the
car builders abandoned the conventional practice which had
been in vogue for more than 20 years and lowered the center sills,
taking all the stresses on the coupler instead of on the buffer and
coupler. This change created an undesirable condition when
new cars were coupled with older-type cars. To correct this con-
dition, the specification for passenger cars was hastily changed
and it is the writer’s strong conviction that this specification is
causing an undue penalty when employing material other than
low-carbon or so-called high-tensile steel.

Three passenger cars were recently built for one railroad
by three different carbuilders, one employing high-tensile steel,
the second, stainless steel, and the third, aluminum. All three
cars weighed substantially the same. The writer is satisfied that
the reason for practically the same weight was not that one con-
cern applied greater engineering skill than the other, but was
solely due to arbitrary deflection requirements in the new speci-
fication. The foregoing is, in the writer’s belief, substantial
proof of the inconsistency in the existing specification and it is
hoped that the Association of American Railroads will not stand
in the way of progress, but correct this inconsistency.

J. W. Ragsdale.13 The author cites the case of a 79-ft coach
which weighs 97,000 Ib. To the uncalculating reader this
weight may appear to be at variance with the weights more re-
cently published (6). These figures approximate 104,000 Ib.
One is apt to overlook the additional statement that they also
refer to coaches having a length of 84 ft 8 in. The difference in
weight and the difference in length are almost exactly propor-
tional.

The author also refers to the Association of American Rail-
roads specification which emphasizes the strength of the center
sill in car construction. He does not mention the novel require-
ment that deflection may govern instead of ultimate strength.
While the writer is absolutely in sympathy with the spirit which
inspired the new A.A.R. specification and with all of its other re-
quirements, he has differed on this matter of deflection. It penal-
izes the use of high-tensile steels such as stainless steel and it
penalizes the Budd type of construction.  On the basis of strength
alone, a stainless center sill of 8 sq in. would be sufficient. We
are now using as much as 18 sq in. If we “floated” the center
sill instead of making it an integral part of the structure, we
could meet the strength requirement with 8 sq in. and have
absolutely no deflection of the car body at all. But, this mem-
ber should be made to serve a general structural purpose rather
than to be a mere part of the draft gear. This belief costs us
2200 Ib. This weight might be used to better advantage else-
where.

After all, it is the resiliency of a structure which counts, not
its deflection. An 800,000-Ib end loading presumes a crash.
A resilient structure might better withstand this crash than an

12“Design of Typical Lightweight Coach,” Report of Mechanical
Advisory Committee to the Federal Co-Ordinator of Transportation,
Washington, D. C., 1935, pp. 597-678.

13Chief Engineer, Stainless Steel Division, The Edward G. Budd
Manufacturing Company, Philadelphia, Pa.

LIGHTWEIGHT TRAINS

363

absolutely rigid one. The A.A.R. limits the deflection under
this loading to 1in. or less. A truly resilient car structure might
hump up in the middle as much as 4 in. and yet suffer no damage
other than to the trim. When we have a wreck, trim is of small
consideration compared to passenger safety. The writer, there-
fore, is opposed to the deflection clause of the A.A.R. specification.

Another phase discussed by the author, and again in the
interest of safety, relates to braking. He indicates that any in-
creased braking must automatically involve some means of
sanding. While this is quite true, the writer wishes to point out
that wheel locking results largely from the peaks of the braking-
torque curve and that these peaks are far more pronounced with a
metal shoe-to-wheel braking than they are with the disk type of
braking, such as has been developed by the company with which
he is connected. The eventual development may well be not
only disk-type braking but automatic sanding and a torque con-
trol.

E. W. Test.4 The writer wishes to discuss several points,
particularly the references involving stainless steel in comparison
with the low-alloy high-tensile steels in car construction. The
author states: “While it is true that the full use of the superior
physical properties of stainless steel or the lightweight of alumi-
num is limited to some degree by deflection requirements, it
should be possible, by using these materials instead of low-alloy
steel, to construct a lighter car of equal strength.”

The writer is prompted to discuss this statement, principally in
view of the publicity which has been given stainless steel, in
which the virtues of the metal have been widely heralded to the
complete exclusion of its eccentricities. It is felt that, in an en-
gineering discussion of this kind, utmost care should be exercised
not to foster any questionable ideas which may have been im-
planted in the minds of readers by an overzealous publicity
effort. Most readers do not have the opportunity carefully to
study this enormous flow of publicity, hence, the value of such
engineering papers as the present one.

The author’s statement might be accepted without question
by many, if consideration were given only to those physical prop-
erties of stainless steel which are superior. Tensile strength
is the property which has been generally overemphasized, not
only in the case of stainless steel, but of other metals as well.

A study of the tensile properties alone either of stainless steel,
high-tensile low-alloy steel, or mild steel, as the basis for the
selection of a material for passenger-car construction, is not the
proper approach to such an important problem. A material
with 4 times the tensile strength is not 4 times as strong. The
word “strong” must embrace all the properties of a metal and
the quality of each must be such that the metal will not fail under
any of the conditions in which it is to serve.

A very important requirement of a metal, if it is to be used in a
structure, is that it have high compressive-stability properties.
Dr. C. S. Aitchison and Dr. L. B. Tuckerman of the National
Bureau of Standards, in the introduction of their report No. 649
to the National Advisory Committee for Aeronautics, clearly ex-
pressed this idea as follows:

“During recent years, a remarkable expansion has taken place
in the use of thin sheet and thin-wall material in lightweight
structures, such as airplane wings and airplane fuselages. The
strength of these structures is generally limited by the strength
of certain members carrying compressive loads. These members
have frequently been designed on the basis of the tensile prop-
erties of the material. This is convenient as the tensile test is
relatively simple and is widely used. However, it may lead to an
unsafe structure, on the one hand, or an uneconomical structure,

14 Assistant to President, Pullman-Standard Car Manufacturing
Company, Chicago, 11 Mem. A.S.M..E.
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on the other hand, if the compressive properties of the material
differ from the tensile properties. There is an urgent need
for a method which makes possible a direct determination of
compressive stress-strain graphs for thin-wall material.”

Any material offered for lightweight car structures comes in
this category and it is essential that the compressive stress-strain
ratio of these materials be satisfactory so that sufficient stability
may be assured. In case of a wreck, which must always be
considered in the design of railway passenger cars, substantially
every structural member may be called upon to resist high com-
pressive stresses.

It is a well-known fact, at least for the last several years, that
compressive tests on 110,000-lb per sq in. yield strength 18-8
stainless steel show a drop in the modulus of elasticity to 22,000,-
000 at stresses as low as 44,000 Ib per sq in. At 57,000 Ib per
sq in. stress, the modulus of elasticity has dropped to 19,000,000.
In other words, a very important factor with reference to the
ability of the metal to stand up as a column has been reduced
in the ratio of 29to 19, as the unit compressive stress was increased
from zero to 57,000 Ib per sq in. Compressive tests further
reveal that, long before the stress has reached the alleged yield
point of 110,000 Ib per sq in., the modulus of elasticity has
dropped to 12,000,000. Incidentally, under increase of tensile
stress, test samples also show a reduction of the modulus of elas-
ticity. At a tensile stress of 88,000 Ib per sq in. the modulus of
elasticity has decreased to 22,000,000. This is the disappointing
quality of stainless steel which is revealed by stress-strain graphs.
It is a major deficiency and it must be a limiting factor in the
design of a structure using this material.

We are not unmindful of the many good qualities of stainless
steel but these, including its superior tensile strength, cannot
be used to offset the deficiencies when the material is called upon
to resist buckling, in which case the low and variable modulus of
elasticity becomes the weak link in the otherwise strong chain.

A theoretical conclusion as to the weights of structures, based
upon a comparison of the known properties of the metals in-
volved, is at the best a precarious adventure, particularly so in
the case of a passenger-car structure. It has been difficult, as the
author stated, to make accurate weight comparisons of the dif-
ferent types of structures used in passenger cars because of the
dissimilarity in specifications.

We have, however, one comparison available, which probably
has been published since the paper was prepared. The following
statement is quoted from the article5in question:

“Early in January the Pennsylvania ordered 15 dining cars, 5
from the Pullman-Standard Car Manufacturing Company, 5
from the Edward G. Budd Manufacturing Company, and 5
from the American Car & Foundry Company. All of the cars
are built to the same general specifications and are believed to
represent the first instance in which three dissimilar sets of ma-
terials and techniques of construction have been so employed.”

In this instance, the stainless-steel car was approximately
5000 Ib heavier than a similar car with a structure of low-alloy
steel:

Stainless steel: 118,170 Ib; designed and built by Edward G.
Budd Manufacturing Company. Low-alloy steel: 113,240
Ib; designed and built by American Car & Foundry Company.

It is felt that the author has dismissed too lightly the economic
aspects of the stainless-steel car. If there have been instances
where bids on cars with stainless-steel structures, including the
variety of equipment, accessories, and trucks, have by some
method been reduced to the total price of other cars having low-
alloy-steel structures, it would appear that this total car price is

5
Age, vol. 107, 1939, p. 469.

“Pennsylvania Receives Diners From Three Builders,” Railway
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of little significance in an engineering analysis of the relative
costs of the two body structures. The cold facts are that
stainless steel costs 30 to 40 cents more per Ib than the low-alloy
steels. If no decrease in weight can be obtained by the use of the
high-priced metal, the body structure alone will be penalized for
material only, as much as $8000 to $10,000 per car. Recent com-
petitive bids have fully reflected this differential in cost of ma-
terials.

It has not been the writer’s purpose to advance the opinion
that stainless steel is not a suitable material for passenger-car
structures. By the recognition of its deficiencies it can be
successfully used. We doubt the possibility of producing a car
of stainless-steel structure which will weigh less than a car of low-
alloy high-tensile-steel structure and which will be of equal
strength. Even though high-tensile stainless is nowhere used
structurally in any important way in vehicles engaged in major
transportation, except in the case of railway passenger cars, it is
believed that no one disputes the propriety of such use. The
one question in relation to its use is that of economics, namely,
as to what it may prove to be able to do toward cheap mainte-
nance in order to justify the substantially higher investment.

J. R. Thompson.16 The writer has been with the Bureau of
Valuation of the Interstate Commerce Commission since the
valuation work started in 1914, and has also been assigned to
cooperate with the Depreciation Section of the Bureau of Ac-
counts since the depreciation order affecting equipment was put
into effect in 1934. In this connection, they have been interested
in the service life of all railway equipment in the United States
and, in recent years, particularly in the new designs of locomo-
tives and passenger-train cars. Therefore, it will be helpful if the
author in his closure will comment further upon the life expec-
tancy which modern Diesel locomotives and lightweight pas-
senger-train cars may attain.

Victor R. Willoughby.17 The A.A.R. passenger-car speci-
fication, wherein additional strength in the end portion of the
center sills and the end sills is required, is in the writer’s opinion
a very necessary requirement, especially where the new light-
weight equipment is operated in the same trains with the old
heavier equipment having high center sills. It is true that this
adds considerable weight to the underframe of the car but this
additional weight is in the proper place and is of material value
atthe time ofan accident. The author states that no cars exactly
similar in type but of different materials and construction had
been built.

Recently there has been built a lot of 15 dining cars;165 using
aluminum, 5 using stainless steel and 5 using low-alloy high-
tensile steel. These cars were all constructed to the same
strength specifications, practically the same floor plans, and very
similar equipment.

The interior design of the stainless-steel car added about 700 Ib
to its weight, as compared with the low-alloy high-tensile-steel
car. The differences in specialties amounted to a saving on the
stainless-steel car of about 200 Ib, making a net weight credit
for the stainless-steel car of 500 Ib. The trucks were supposed
to be identical. The dry weight of the stainless-steel car was
nearly 5000 Ib more than the low-alloy high-tensile-steel car,
meaning that after adjustment, because of interior equipment
and finish, the stainless-steel car weighed about 4500 Ib more
than the low-alloy high-tensile-steel car.

It is the writer’s opinion that the modern passenger car, with

BEquipment Engineer, Bureau of Valuation, Interstate Commerce
Commission, Washington, D. C. Mem. A.S.M.E.

7Vice-President in charge of Engineering, American Car &
Foundry Company, New York, N. Y. Mem. A.S.M.E.
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an over-all length of about 85 ft, meeting all the strength re-
quirements of the A.A.R. specification, when equipped with 4-
wheel trucks, will weigh in the neighborhood of 108,000 Ib.

The most important problems, which yet require solution, are
better riding trucks and improved braking.

W. E. Woodard.18 The author mentions the fact that steam-
locomotive designers are studying the question of improving
their designs, particularly for high-speed work, and out of this
will probably come some valuable recommendations. He speaks
of this as in the future. The writer will mention some results
already accomplished in this direction.

Fortunately, the writer’s experience relates to a locomotive
which has a little less than 4000 ihp, so the data are comparable
with the 4000-hp Diesel mentioned in the paper.

The method of comparing modern locomotive types, as used
by the author, is open to question. For the steam locomotives
the weights are given with a full load of coal and water. This is
an unfair basis of comparison, so far as the steam locomotive is
concerned, and makes the figures look extremely favorable for the
Diesel. If we use two-thirds coal and water in the tender, the
comparison can be made much more nearly on the basis of ac-
tual conditions of continuous operation. Moreover, this is the
figure used in all tests9and comparisons of the Association of
American Railroads.

Using this basis, the steam locomotive, to which reference has
been made, compares as follows:

Diesel Steam locomotive
locomotive 4-6-2 type
Nominal hp ... 4000
Maximum hp.......... e s '4000
Weight with two-thirds fuel and water,
| 609600° 506000
......... 330800

° Latest published weights of 4000-hp Diesel.

Actual drawbar pulls have been secured from this 4000-hp
steam locomotive and the curve looks very much different from
that given in Fig. 1 of the paper. The steam-locomotive
drawbar-pull curve crosses and goes above the Diesel at about
40 mph, touches almost 3000-drawbar hp at about 65 mph, and
remains above the Diesel curve all the way to 100 mph. Such a
drawbar-horsepower curve gives operating characteristics far
better than the steam-locomotive curve in Fig. 1.

The author mentions the accelerating abilities of the Diesel
locomotive as compared with steam locomotives. On all runs
in passenger service, except strictly local, the ability to reac-
celerate from 40 mph up to about 70 or 75 mph is far more im-
portant than the rapidity with which the train reaches 40 mph.
Almost any division, say of 200 miles in length, has at least five or
six slowdowns; it is the ability to reaccelerate at these points
which counts. In other words, normally there are five or six
slowdowns to one start from zero speed. This is the reason why
the increased drawbar-horsepower curve of the 4000 ihp steam
locomotive at 40 mph and above is of such vital importance,
particularly in high-speed work.

As an example of what a 4000-hp steam locomotive is doing in
regular service, some interesting runs recently made with a 13-car
train, weighing approximately 900 tons, are mentioned as follows:

Distance traveled 98.3 miles at a speed of 83.07 mph
Distance traveled 78.8 miles at a speed of 84.4 mph
Distance traveled 25.1 miles at a speed of 100.4 mph

These figures are from the official train sheet. The maximum-

BVice-President,
Mem. A.S.M.E.

9“A.A.R. Passenger Locomotive Tests,” Report of Association of
American Railroads, Chicago, 111, October, 1938.

Lima Locomotive Works, New York, N. Y.
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speed stretch of 25.1 miles was over rolling profile (not all down-
grade).

In the case of a 12-car train, consisting of standard Pullmans
and diners, weighing about 1100 tons, a maximum speed of 96 mph
was attained on the run from Fort Wayne, Ind., to Crestline, O.,
which was accomplished in 2 hr flat, 5min less than the “Broadway
Limited’s” schedule. One stretch of 116.4 miles was negotiated
at a speed of 74.3 mph.

These are not mentioned as outstanding, simply because they
were high-speed runs. Many such runs have been and are
being made. The writer wishes to emphasize the fact that they
were accomplished with a 4000-hp steam locomotive, the loco-
motive itself weighing 330,800 Ib. This locomotive did not have
any special crew or preparation. The runs were made in regular
“pool service.”

Author’s Closure

Mr. Cook presents theoretical calculations indicating that the
cost of fuel for Diesel and steam locomotives should be equal.
The figures given in the paper are actual performance data for
similar operations and the author feels that such data are more
reliable than any estimates which might be made.

There is no basis for the theory that the maintenance expense
for Diesel engines increases with the increasing age of the equip-
ment. Thirty years’ history with rail motorcars refutes this
theory. Furthermore, the comparisons made by the author in-
volve comparatively new steam locomotives as well as new Diesel
locomotives. The steam locomotives referred to in the study
of maintenance costs were built in 1928 and the figures were taken
from records for the years 1930 to 1935. The figures used for
the Diesel locomotives were taken from records for their first 4
years of service.

There is a misunderstanding of the methods mentioned as
being used in making dynamometer-car tests. In testing a new
type of locomotive, various train consists are used on numerous
runs, so that the maximum performance can be checked. The
steam locomotive referred to was not working below capacity
at high speeds, but was being worked to maximum capacity. By
maximum indicated horsepower the author refers to the maximum
computed from the many hundreds of indicator cards taken dur-
ing the various tests.

A question is raised regarding the comparison shown for
thermal efficiency. The author made the comparison on exactly
the same basis, that is, the same trains were handled on the same
schedule.

Mr. Jones raises an interesting point as to the extra power re-
quired by the use of large axle generators, in connection with air-
conditioning equipment. The author feels that the best answer
to this problem is in the use of the steam-ejector system of air
conditioning, wherein the power is secured from the locomotive
boiler. The suggestion for the use of a head-end electric power
plant to provide electricity for the cars may be suitable for certain
conditions but its disadvantage lies in the fact that nonwired
interchange cars could not be used in such trains.

It is undoubtedly true that locomotives with too low a center
of gravity may produce serious lateral forces. It is noted from
Mr. Jones’s curves that the ideal height for the center of gravity
is approximately 4 ft 6 in. This is the approximate height for
Diesel locomotives, whereas the center of gravity for steam
locomotives is considerably higher. The stress curves shown in
Fig. 2 of the paper indicate that the Diesel locomotive does not
produce any undue rail stress on curves. The question is asked
why rail stress increases more rapidly with speed under loco-
motive tenders than is the case under Diesel locomotives. This is
probably due to the fact that there is a greater shifting of wheel
load in high-speed operation with steam locomotives than with
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Diesel locomotives. Most track stress tests with steam locomo-
tives have indicated this shifting of load.

The author does not agree with the inference that stresses
developed under driving wheels are not serious unless rails are
kinked. Higher stress must result in greater punishment to the
rail and more chance of failure. It also results in increased road-
bed-maintenance expense.

The curve presented by Mr. Lipetz for drawbar horsepower of
a steam locomotive does not go beyond 85 mph and no figures
are given to indicate how it droops beyond that point. His cal-
culation of theoretical time for acceleration is interesting but in
the dynamometer-car tests referred to in the paper different re-
sults were obtained. In mountainous territory, where there is
sharp curvature, speeds are often brought below 40 mph. Fur-
thermore, in service the steam locomotives do not appear to pro-
duce their theoretical power at all times. Most of the tests are
made under the best operating conditions. The human element,
the element of weather conditions, and the condition of locomo-
tives all play an important part in steam-locomotive operation,
whereas the performance of Diesel locomotives is much more
uniform. There is no skill required to apply the power; rail con-
ditions have very little effect because of nonslipping character-
istics; and very cold weather is in no way detrimental to the
Diesel. Another factor which appears to be a distinct advantage
in the Diesel or electric locomotive is the continuity of the torque.

The author does not feel that the lack of cross-balance on other
than the main wheels of a steam locomotive has any appreciable
effect on track stress. It is not understood how Mr. Lipetz ar-
rives at the figures quoted for maximum rail stress. It appears
that there has been a misunderstanding of the diagrams Fig. 3, of
the paper. The actual maximum stress at 100 mph is 27,000 Ib
for a steam locomotive and 17,000 Ib for a Diesel locomotive at
the same speed. Thus the increase for the steam locomotive is
about 60 per cent instead of the 12 per cent referred to. It is
undoubtedly true, as Mr. Lipetz states, that some locomotives
have been built which may show a better performance than the
one referred to in the paper. It is also true that a great many
locomotives show poorer performance. It may be noted that the
particular steam locomotive therein recorded was a strictly mod-
ern high-speed locomotive built in 1938, and therefore, should be
fairly representative of present-day power.

As regards permissible speeds of operation on curves, the best
indication of the facts is the definitely higher speeds permitted
for Diesel locomotives than for steam locomotives on individual
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railroads. These rules have been based on actual experience.

As regards comparative costs of operation, the author does not
believe it possible to compare operation on different railroads,
because of the fact that operating conditions, traffic conditions,
and equipment-maintenance conditions are different. It is for
these reasons the author confined his comparisons to trains
operating on one railroad.

The author does not agree that the success of the Diesel has
been due to its novelty, steamlining, etc. In various parts of the
paper the economic reasons for the success of the Diesel engine
have been brought out. Economy of operation is the governing
factor in the selection of any type of power.

The comments of Mr. Nystrom, Mr. Ragsdale, Mr. Wil-
loughby, and Mr. Test indicate the wide difference of opinion
which exists regarding materials and design best suited for light-
weight passenger-car construction. The major parts of a pas-
senger car must be designed to have strength characteristics far in
excess of what is needed for ordinary operating conditions, in
order to stand up in case of wreck. The best criterion is a study
of wrecks which have actually occurred with equipment of various
designs built with different types of lightweight materials and
also the old-style heavy equipment. The author’s observation of
these results leads him to believe that the importance of deflec-
tion requirements has been exaggerated. What is desired in a
passenger car is protection to fives of passengers in case of wreck
rather than to minimize the damage to equipment. This feature
should be the primary object in designing passenger cars. The
author does not have the data upon which to base a comparison
of the weights of the diners referred to in the discussion, but it is
his understanding that there were certain requirements in the
specifications which did not permit of the manufacturers design-
ing the cars to make maximum usage of all the strength proper-
ties of the particular materials which they used.

Mr. Thompson requests further comments on service life of
Diesel locomotives and lightweight passenger cars. There is no
reason why this equipment should not have just as long physical
life as the older types. However, there is a question as to how
rapid will be the rate of obsolescence. Because of the Diesel
power as well as the lightweight car construction being new de-
velopments, it is possible that there may be many improvements
developed during the next 10 years, which would affect the rate of
obsolescence to a greater extent than has been the case in the past
with the older-type equipment, when there was much less new
development work going on.
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