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The movement of gases and liquids when calculated by the existing hydraulic
formulas presupposes a steady or continuous flow of the fluid. ~Anything which
causes this flow to proceed in #)uffs, waves, or pulsations will result, by the action
of metering devices, in errors often. of great magnitude which generally do not admit
of anyrad]ustment, or of any definite knowledge of the amount of the érror,

_The present paper discusses work undertaken under the joint direction of the
Engmeenn% Experiment Station of the Ohio State University and the Research
Sub-Committee on Fluid Meters of The American Society of Mechanical En%lneers,
which had for its object (a) the study of the nature of the pulsation and (b) the dis-
covery of some practical means of reducing or eliminating the pulsation or of com-
pensating for its effects on the devices used for measuring fluid flow. The investi-
gation was confined to the venturi meter, the orifice meter, the flange nozzle meter,
and the pitot meter, using air flow from a small compressor discharging into a S"in.
line. Itis believed, however, that the basic principles established by the experiments
are fundamental for pulsating-flow conditions for gas, steam, and water as well as
for air, and also for other sizes and kinds of installations.

[~\NE of the most disturbing factors encountered in recent years

in_the metermP of air, gas, steam, and water, especially in
connection with al| forms of power.englneermg, has been that” due
to turbulent or pulsatln? flow. This has not been confined to any
one class or type of meter, but is present to a more or less degree
with all forms of metering devices. o

2 The measurement of gases and liquids when calculated by
the existing hydraulic formulas presupposes a steady or continuous

1 Robinson Research Fellow, The Ohio State University.
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flow of the fluid. An¥_th|ng which causes this flow to proceed in
puffs, waves, or pulsations will result, by the action o metermgz
devices, in errors often of great magnitude which generally do no
admit of any adjustment,” or of any definite knowledge of the
amount of the error.

3 The work described in the present paper was undertaken
under the joint direction of the En?meerlng Experiment Station
of The Ohio State University, and the Research Sub-Committee
on Fluid Meters of The American Society of Mechanical En%;neers.
A sub-committee of the Fluid Meters Committee consis |n([1 of
A. E. Dodge, H. N. Packard, and H. Judd was selected to take
direct charge of the research work.

PURPOSE OF THE INVESTIGATION

4 The object of the investigation as outlined by the sub-
committee in direct charge was twofold:

a To stucly the nature of the pulsation

b To discover some practical means of reducing or eliminat-
ing the pulsation, or of compensat,mg; for Its effects on
the devices used for measuring fluid flow.

5 As the work has proceeded it has been necessary to use
a specific installation involving the flow of air only, and also to
limit somewhat the scope of the investigation. The work is by no
means considered to be complete, and” it is the intention in the
future to continue with the research so as to shed more light on
mang doubtful points that have arisen, as well as to try out a
number of new suggestions. o

6 For convenience, flow meters have been classified in two
main divisions which may be called (1) positive meters, and (2)
inferential meters. The domestic gas, or water, meter is an example
of the first class. It is a d_|sPIacement, meter in which an actual
volume of gas is introduced into a container of known size, and the
quantity thus measured is registered on the meter.
7 “In commercial installations of even moderate size, inferen-
tial meters are used almost entirely. In meters of this class some
function of the quantity of fluid passing a given cross-section of
pipe is measured and from this observation the actual flow is de-
duced or “inferred.” Perhaps the most common function observed
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in such meters is a pressure difference which is a quadratic function
of the velocity of flow. This method can be made to give accurate
results under ‘steady-flow conditions, but when the flow is rpu_Isatm
the accuracy of the measurement is seriously affected, if, indeed,
not entirely”destroyed. _ _
8 Three general cases may be mentioned where this problem
is of great importance: (1) The measurement of natural gas, both
entering and leaving a compressor station where remﬁrocatlng com-
i)ressors are used; (2) the measurement of air both entering and
eaving large reciprocating air compressors, or blowm?_ engines;
and (3) the measurement of steam supplied to reciprocating steam
engines. The steam flow is pulsating in character because the en-
gine cuts off the steam supply during a considerable part of each
stroke. In each of these cases the flow of the fluid has a regular,
comparatively rapid, rhythmical pulsation, which occasions serious
errors in measurement, especially where the measuring element is
of the inferential type. N .

9 Similar pulsating conditions are present in water flow where
reclprocatlng pumps are used. The problem, however, is more
easily solved by the proper use of air chambers and surge tanks.
Watér hammer”in pipe lines from whatever cause bears a striking
smlularlty to the pulsating effect produced by an air-compressor
valve,

10 We have confined our investigations to inferential meters.
These meter elements as selected are the venturi meter, the orifice
meter, the flange nozzle meter, and the pitot meter. Furthermore,
we have been limited to air flow from a small comP{essor discharg-
ing into a 3-in. line; and hence our findings, strictly speaking,
would be applicable onlf)]/_ to installations of similar character.
However, it would seem highly probable that the basic principles
established by these experiments would be fundamental for #oulsa_t-
ing-flow conditions for gas, steam, and water as well as for air,
and also for other sizes and kinds of installations.

EQUIPMENT EMPLOYED IN THE INVESTIGATION

11 The experimental work was carried on in the Mechanical
Engme_en'r\1/|g Laboratories of the Ohio State University, and was
begun in May, 1920. AIareQartoft_he work was_done during the
summer vacations of 1920-1921. During the remainder of the two
years devoted to the work such time was put in as could be spared
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from the university schedule. Acknowledgment should be made
of the valuable service rendered by Mr. Paul Bucher,l especially
durln% the vacation periods. . _

12 The essential elements for carerg on our project were:
(1) a dlsturblng element to produce the pulsating flow; (21 a
quieting element, or elements, to eliminate or modify the pulsa-
tions; and (3) a measuring element, to indicate constant flow con-
ditions and also to indicate the effect of the Pulsatlng flow.

13 Disturbing Elements. Fig. 1 shows the general layout of
the apparatus, at the extreme left hand of which is located ‘the air

compressor C, a 9-in. by 9-in. single-stage, single-acting, gas engine-
driven machine running at 293 r.,p.m. This supplied air to a line
about 120 ft, in total length of which 50 ft, was made up of 2|-in.
[%I e containing several short lengths and fittings. The remaining

ft. comprised the 3-in. test line of straight” continuous length.
This test line was at first made UP of standard 3-in. black pipe of
commercial quality; later 24 ft. of 3-in. brass pipe was substituted
for that portion of the test line grecedmg the meter and extending
3 ft. below the meter section. (See F|?. 1,B)

_ 14 This air supply with its tull pulsating effect could be ad-
mitted directly to the test line or could be first discharged through
a large tank “before entering the test line. ~A second disturbin
element for producing Pulsatlons artificially is shown at I, F:jg. :
the butterfly-valve Interrupter. This butterfly valve could be

1 Assistant Professor of Steam Engineering, The Ohio State University.
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driven at speeds ranging from 180 r.p.m. to 800 r.p.m., producing

thereby a variation in_the number of pulsations per second. ,
15 Quieting Elements. ~ Considerable study was made of this

essential feature and many trials were made to satisfy ourselves

that we were securing pulsationless flow where and when needed.

The tank T, Fig. 1, was used to quiet the pulsation before the meter

station, M, was reached. This was a 4g-in. vertical tank of 200

cu. ft. capacity. Air could be admitted either at the bottom or at

the top and released from the tank through the internal pipe which

Fw. 3 Fiow-Meter Units

reached nearly to the tog. This tank when fitted with 1"-in. orifices
at top and bottom enabled us to get air flow free from pulsations
before the test meters were reached, _ _

16 A second quieting tank was inserted at Q, Fig. 1 at a
Pomt 8 ft. below the meter station. This was necessary in order
0 secure pulsationless flow at the orifice head for the purpose of
establishing standard flow conditions. This tank was selected
almost by chance and afterward was proved by test to be of suf-
ficient ca;f)amty to' eliminate practically all of the effect of the
pulsating flow,"and with the insertion of a 1| in. orifice at the exit
from the tank we were entirely successful in securing pulsationless-
flow conditions.
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17 There are two positions marked, V, Fig. 1, one near the
compressor and one just beyond the large quieting tank, where
volumes of different sizes were inserted for the purpose of studying
their quieting effect. Because the term volume seems to apply
better we have perverted the word “volume ” from a term meaning
capacity to a special designation, and have used it altogether to
denote the various tanks of different dimensions which have been

Fig. 4 Section Sketches of Meters, M anome ters, an d Connec tions

used as quieting elements.  Most of these volumes were used in the
second volume ‘space, V, beyond the large quieting tank. _

18 The line valve near the entrance to the 3-in. test line
was used_as a quieting element when employed as a throttling
device. Both a gate valve and a globe valve and in some cases
orifices were thus used as throttllnrg devices. .

19 The combination of throttling with volumes constitute the
muffler ty?e of quieting device. FI([]. 7 shows an 8-section pipe-
flange muffler which was also inserted in the line at the second
volume station. This muffler is located in a by-pass in front of the
line which runs directly from the compressor. “All the volumes used
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as (lmetmg devices were placed in direct line, but later it was found
that the by-pass position answered just as well for the muffler or
the other quieting devices. Fig. 9, Nos, 1, 2, 3, 5, 6, shows some
of the disks which were tried in'the muffler. Fig. & shows sectional
views of the pipe-flange muffler and also other forms of mufflers,
including two tunnel mufflers. A form of pulsating bag, Fig. e,
was used as a quieting volume and was connected to the compressor

Fig. 5 Manometers Used with Flow-Meter Units

line in a way similar to an air chamber on a reciprocating pump.
Another form of device used was a System of revolving fans or
baffles, (See Fig. 9, No. 7) _ o

20 Measurin Elements. Under this heading will be taken
up in order: (1) the orifice-head meter, (2) meter elements used,
and (3) manometers used. _

21" Orifice-Head Meter. It was recognized at the outset that
one of the indispensable features was an accurate method of measur-
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ing.the discharge of the pipe, or (its equivalent) an accurate means
of mdmatmt\; the velocity of the air in'the pipe. This was effected
by means of an orifice head at the end of the pllpe line, Fldg. 1 H.
Fig 2 is a detailed sketch of the orifice head. [ts outer diameter
is 9 in, for a distance of 2 ft., followed by a tapered section to meet
the 3-in. line. This is given a taper of 7 deg., and was so chosen

Fig. 6 Pulsating Bag

as being the limiting 1an%le for preventing as far as possible the
swirling and eddying of the air as it passes into the orifice head
from the line. Seven holes, reamed to 1J in., were provided in the
head plate in. thick), although during the tests not more than

1 Trans. Am.Soc.M.E., vol. 42, 1920, p. 26: Physical Basis of Air Pro-
peller Design, F. W. Caldwell and E. N. Fales.
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five holes were used at one time. In gleneral the capacity of the
compressor was reached with four holes open with a Standard
static discharge head of 0.9 in. of water at the orifice head. The
orifice head was calibrated by discharging air through it from the
calibrated tank T under a constant static head at the orifice head.
Readm_?s every fifteen seconds were taken of this static head at
the orifice head, giving 25 to 45 readings per run. The formula
for a single orifice is:

g = KAV = 01261K Vh/Wa

where ﬁ = air flowing cu. ft. per sec.
= coefficient of discharge _
O\l = static head at orifice head, inches of water
d=

wei%ht of 1 cu. ft. of air at temperature of flowing air
at orifice plate.

For separate, single orifices the maximum value for K — 0.6269,
the minimum, K = 0.6037; average for 13 runs, Km=_0.6086. For
orifices in_combinations of twos, threes, fours, and fives, average
of K for 22 runs including the single orifices — 0.6115. -
22 The orifice head was also checked against a second orifice
to show how uniformly the air was distributed in its cross-section.
A variation was found' between the center orifice and the surround-
ing sm(_LIe orifices ranging from 0.1 per cent below to 0.2 per cent
above the_ratio for the center orifice. The perforated baftles were
then jaut in. These were two in number, the first being made up
of a J-in. wooden strip screen with J-in. openings. Twao inches in
front of this wooden screen was placed a second perforated iron
plate with 600 J-in. holes (see FI'(T]" 2). All ﬁossmle combinations
of the orifices including single orifices and 5-hole orifices with and
without the center orifice g}ave a variation not exceeding 0.1 per cent.
This established uniform tlow conditions in the orifice head regard-
less of the number of orifices open in the head plate. _
23 For the standard 3-in. pipe (inside diameter, 3.068 in.)
with a manometer head at the oritice head of 1 in. of water, barom-
eter 29.50 in., humidity at 75 per cent, the velocity of air in the
pipe for each orifice has been calculated as follows:
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Temperature of air, deg. fahr. Velocity of air in pipe, ft. per sec.

50 5.49
60 5.55
70 561
80 5.67
90 573

Wherever mention is made of the velocity of air in the pipe we
have assumed 5.35 ft. per sec. for each orifice for a standard orifice
head of 0.9 in. of water at 75 deg. fahr,

24 Meter Elements Used. The point of insertion of the meter
elements in the line, Fig. 1, M, was about 70 ft. from the com-
Fressor, 50 ft. above the orifice head, and 25 ft. from the entrance
0 the 3-in. test line. o

25 The venturi meter was a standard unit with 3-in. entry and
1-in. throat, It is shown attached to the pipe line in Fig. 3, No. 1,
and in sectional view in FIE._ 4, A

26 The orifice meter, Fig. 3, No. 2, was made up of a flanged
section of 3-in. brass pipe of the same length, 35 in., as the venturi
section. The orifice flange, Fig. 4, B, was placed 12in. from the
uPstream end and was counterbored to receive the set of orifice
Pates and to center them accurately. The downstream side of
I\Te hSoIe in each plate was chamfered to in. in thickness, Fig. 3,

0. 3.

Katio of orifice and pipe diameters, per cent Size of orifice plates: Diameter of orifice, in.

33 1.098
40 1.224
50 1.530
60 1.836
70 2.142
80 2.448
90 2.754
100 3.060

The manometer connections were made at one diameter above and

one-half diameter below the orifice plate as the standard points

of connection, S
2 The flange nozzle meter was made by inserting in the

orifice-meter section a special-shaped rounded-edge orifice with

projecting cylindrical end, as in Fig. 3, Nos. 4 and 6. This nozzle
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approximates the converging part of the venturi tube in shape.
The manometer connections were made at one diameter above and
ong-half diameter below the flange, corresponding to the standard
points of connection of the orifice meter. _

28 Two forms of pitot tips were used. Fig. 3, No. 5, shows
the hatchet-edge static tip Fpltot_ 0. 1) with -J-in. side openings.
This is used with the accompanying open-ended impact tIP with
B-in. openlng. Both tubes are made of |-in. seamless brass tubing.
Fig. 3, No. 7, shows a modified forifi of pitot tip (pitot No. 2
having Jg-in. brass tubing and an impact or leading opening facing

TABLE 1 SIZE OF FLANGE NOZZLES

. Inlet diameter Length, in.
Diam. of nozzle,
in. at rounded edge, Rounded Cylindrical Total
n. edge end
H 3 1 2.375 3.375
H 3 1 2.375 3.375
2 3 1 2.375 3.375
24 3 f 2.750 ' 3.375

the direction of flow and a static_or trailing opening directly oppo-
site. The diameter of each opening is £ in.” _

29 Manometers Used. As far as possible the simpler forms
of manometers were used. The vertical U-tube water manometer,
as in Fig. 5, No. 1; Fig. 4, D; Fig. 10, S, was used with the ventur
meter, and part of the time with the orifice meter and flange nozzle
meter, and also for the static line pressure. Where the readings
had to be magnified, use was made of a 6-in. inclined one-leg reser-
voir oil manometer, 5 to 1 magnification (Fig. 5, No. 2; Fig. 4, C).
For certain other readings an inclined U-tube oil manometer an
gve(rjtlllc)al U-tube two-liquid manometer were used (Fig. 5, Nos.

and 4).
30 A Foxboro differential mercury recording gage, Fig. 5,
No. 5 and Fig. 4, E, was used to make comparisons with the water
manometer used with the venturi meter. The flow conditions were
maintained and checked at the orifice head by means of an Ellison
inclined gage of 1 in. range and 10 to 1 magnification.
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NATURE OF THE PULSATION

3l The first knowledge of the nature of the pulsation was
gained through the use of an instrument which we have called the
hotopulsometer.” This instrument was made and loaned to us by
r. H. N. Packard of the Cutler-Hammer Co., Milwaukee, Wis.
Its formmgle is similar to that of the “phonedeik ™ designed by
Prof. D. C. Millerzof Case School of Applied Science and used by
him in photographic studies of musical Sounds.

Fig. 7 Eight-Section Pipe-Flange Muffler

3 The photopulsometer is shown in the diagrammatic sketch
Of_FI(%. 11, A pitot tube with one leading and one trailing tip set
with the oRenmg in line on a vertical diameter was inserted in the
center of the pipe. The leading or impact tip communicated with
the under side of a diaphragm chamber. The trailing or static tip
led to the Uﬂ)e[ side of the diaphragm chamber. The mica dia-
phragm, 0.0L1 in. thick, would therefore respond to changes in
velocity of the air in the line as they occurred. These vibrations

1 The Science of Musical Sounds, p. 78, D. C. Miller.
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were dlrectl¥ transmitted to a mirror hung in jeweled bearings and
b'Y means of a beam of light could be thrown .on a ghotographlc
film giving a dlagram proportional to the velocity. By means of
a pendulum beating quarter- and half-seconds ‘a chronographic
record could also be made as shown on most of the films, for ex-
ample in Fig. 14, by the breaks in the diagrams. A,?reat many
films were taken in this manner under a number of different run-
ning conditions and it proved to be a valuable method for providing
a permanent record of the state of the flowln? air in the line, either
under violent pulsations due to various disturbing factors or for

more steady flow due to the effect of certain quieting factors, as
well as a record of the state of flow when under steady or pulsation-
less-flow conditions, . S
33 Velocity Diagrams, Figs. 12 to 19, inclusive, give records

of the velocity changes at the center of the pipe line at various
points and under various flow_conditions. The maximum effect

of the pulsation in the open line direct from the compressor is
shown in Fig. 12. There is little or no quieting effect due to a
!jegngth of pipe equal to 183 diameters. As measured from the
jagrams:

Average of maximum pulsation at 50 ft. from compressor = 1.0
Average of maximum pulsation at 111 ft. from compressor = 0.80
Square root of ratio of 80 to 105= 0.875.
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This equals 12.5 per cent qmetmg effect due to length of pipe for
a maximum error of 82 per cent Que to pulsating flow.

34 Fig. 13 shows artificial ﬁulsatlons as produced hy the
butterfly-valve ‘Interrupter and that they are much less violent
than those shown in the previous figure where the valve to the com-
pressor is an automatic valve with a light spring. Diagrams (a)

Fia. 9 Muffler Disks, Fan Units, and Small Quieting Devices

and (b) aPproach more nearly the shape of a sine curve. It should
be noted that whenever the ‘Iinterrupter was used the air sulﬁ)plle_d
came from the tank T, Fig. 1, used as a storage tank. The air
was therefore free from pulSations except those that were imparted

by the interrupter itself. o . _

35 In Fig. 14 are shown artificial pulsations which are
most violent near the interrupter. Those from a point 4 ft.
[Diagram a)l above the interrupter show only a slight disturbance
Indicating that the pulsation is retarded soméwhat Dy the flowing
current of air. Diagram (d), taken beyond the 24-in. volume,
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shows its quieting effect and also shows the kind of diagram to be
expected for pulsationless-flow conditions, _ _
. lagram (a), Fig. 15, also shows ﬁulsatlonless-flow condi-
tions when the violent pulsations direct from the compressor have
been eliminated by the use of the big tank T as a quieting device.

Diagram (6)b shows that the dlaphragm of the photopulsometer is
not affected by the sound waves from a phonograph, Diagram %c)
was taken to determine the natural period of vibration of the
photopulsometer.  This_shows e vibrations in 0.103 sec., or 58
vibrations per second. This will explain the minute secondary pul-
sations occurring in Diagram (o) and in others under pulsationless
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flow. Most of the secondary pulsations seen in the other diagrams
are likewise due to the same cause. Due to this cause also, some
of the diagrams appear to go below the zero line when in reality
they do not. Some other cases arise, however, where the pulsation
appears to be negative, for which no good reason could be asmgned.
37 The large tank T was tried as a quieting chamber, when
connected similar to an air chamber to a pump, Fig. 16 shows
that such an arrangement is worthless as a quieting device. This

substantiates our later experience that, to be effective, tanks, or
volumes, should be inserted in the line so that the air may pass
through them axially. o o .
3 One of the methods for eliminating pulsations is throttling
by means of some kind of obstruction in the line such as a valve
or an orifice. Diagram (a), Fig. 17, is taken for maximum pulsa-
tions direct from ,comgressor. he diagrams appear to go below
the zero pressure line, but when the secondary pulsations due to the
natural period of vibration of the diaphragm are considered, it
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will be seen that the true diagrams approach but do not go below
the zero line. Diagram (b) shows the qmetlng effect of an orifice
\llvherhthe pulsation”has been reduced to the condition of pulsation-
ess flow.

39 Effect of Pulsation of the Static Pressure in the Line. For
a compressor speed of 293 r.p.m., or nearly five revolutions per
second, and for an air velocity in the plpe from 22 to 27 ft. ger SeC.,
the velocity wave length as shown by the diagrams would be from
410 6 ft. * On starting the compressor it seemed frequently that
tt%ethflrst_ impulse traveled much faster than the actual velocity
of the air.

40 Pipe-Line Pressure Diagrams. To test this out and also
to study the effect of pulsation on the static_pressure in the line,
two Crosby indicators were attached to the line, one on the com-

ressor cylinder (Fig. 1, C), and the other 70 ft. distant (Fig. 1, A,
0. 1 indicator) near the meter sFace. For details of arrange-
ment of indicators for taking simultaneous pressure readings, see
also Fig. 1, B. Diagrams from the comgressor cylinder (Fig. 20, A,
No. 1) had been taken several times before this as had_ also dia-
rams on indicator at point No. L, Fig. 1, to show the rapid fluctua-
lon in static pressure. When the Indicator at point No, 1 was
moved by hand a diagram was obtained closely resembling that
shown on the films from the photopulsometer; but no diagrams had
been taken simultaneously. = . o

41 Since the sudden rise in the dlaﬁram taken by indicator

No. 1 must mark the beginning of a pulsation, it was concluded
that this initial point was the point at which the valve opened
on the compressor, thus ,releasmﬁ a pulsation into the air line,
This pulsation would continue with the upward stroke of the piston
and at the instant that the valve on the compressor closed the
pulsation on the record would cease.
42 The two indicator drums were connected by means of a
light piano wire to the reducing motion on the engine. The two
indicator pencil motions were connected by an electric circuit
operating a detent motion.  The pencil motion on the indicator at
the compressor closed a switch and by means of a solenoid operated
the pencil motion of the second indicator. Whenever simultaneous
cards were taken, this method was used. _ _

43 Pressure Pulsation Greater Than Velocity Pulsation.
Threg sets of such diagrams were taken and are shown at' A and B,
Fig. 20. Two important features were brought out: (1) The pulsa-
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tion in the pipe produced a much %reater pressure effect than that
imparted to the velocity of flow. T edla(‘;ram taken with the pitot
t|Tp EFtljg 20, B, No. 2) would be expected to give the combined
effect due to pressure and velocity; and a larger and somewhat
modified diagram might be looked for. On the”contrary, the two
diagrams taken with the static connection and with the é),ltot tip
are strikingly similar in shape. (2;)' When simultaneous diagrams
for a single stroke were recorded ﬂ ig. 20, A and B, No. 3) It was
found that the suction stroke of the compressor corresponded to
the pressure stroke in the line. This seemed to indicate that the

Fig. 12 Showing Maximum Effect of Pulsations at Different Points on
the Linh — N0 Quieting Effect Due to Increase in Length of Line

(@) Maximum pulsation in line 50 ft. below compressor. (6) Do., Il ft. below compressor.

Pulsatlon required about the time of a compressor revolution to

ravel a distance of 70 ft. in the Plpe. For a speed of 291 r.p.m.

this would mean about o1 Sec.

velocity of 700 ft. per sec. _ o
A4 To verify this assumption, two more indicators were added

and their location rearranged as shown in Fig. 1, A and B. The

one at the compressor remained unchanged, a second &at 0, Fig.

1, A) was placed 18 in. distant in the discharge line to establish the

or \ revolution, or a pulsation
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beglnnln of [l)ulsatlon (see Cards 14c, 14o, Fig. 2a); indicators |
and I1 (Fig. 1, B) were placed in the 3-in. line, 54'ft. and 84 ft,
respectively, from the compressor. They were connected to the
detent mofion through the electric circuit’and were arranged so as
to be operated either by hand or by the reducing motion. "In addi-
tion, sparking points were attached to indicators | and Il and to
the ‘secondary coll, ?rounded through the pipe line, so that, by
means of a commutator, the cards on Nos. I and 11 would be per-

Fig. 13 Pulsations Produced Artificially by Butterfly-Yalve Interrupter,
Velocity of Airin Line, 27 Ft. per Sec.

(a) 53 ft. below interrupter, 3 pulsations per sec. (b) 53 ft. below interrupter, 4 pulsations per
sec. (c) 53 ft. below interrupter, 13.5 pulsations per sec.

forated simultaneously by twelve sparks for each revolution of the
drum while oRerated by hand. (See Fig. 21, Cards I11( IIn)
45 nalysis of Pressure Dla(tqrams., Fig. 21 comprises dia-
grams traced from cards taken on these indicators, mcIudmg
simultaneous cards at points C and 0, C and I, Cand Il, C, I an
I, and cards taken at | and Il with coincident points shown by
spark points. These diagrams include: o
a Partial cards for establishing the fact that the initial point
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of pulsation is the initial ﬁomt of pressure rise in the line which
IS seen to correspond to the Fomt of valve opening in the com-
ressor.  (See diagrams to establish simultaneous pressure points,
ards ec, 60, 14c, 140) _ o _

b Complete dla?_rams plotted in one direction, showing the
use of the coincident Tines. The drums were moved by hand” and,

Fig. 14 Showing Artificial Pulsations at Different Points in the Line

Distances from butterfly-valve interrupter: (a) 4 ft. above; (6) 0.5 ft. above; (c) 2 ft. below
(d) 60 ft. below, showing quieting effect of 24-in. volume.

at several points, simultaneous lines were drawn by means of the
detent motion. This gives a method of accurate” comparison of
selected pulsations. , _ o

¢ Also hand-operatfed diagrams to illustrate the initial pulsa-
tion points for repeated pulsations. The identity of the simulta-
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neous strokes on the indicators is established and shown by means
of the arrows of direction. (See Cards 3c, 30.) ,

46 [For the hand-operated cards the simultaneous lines are
numbered alike and the initial points on the same pulsation at
different points as it progresses arc lettered AAA, EBB, CCC, efc.
The pro,gire,ss of the pulsation down the pipe is shown clearly and
the similarity of the shape as compared with the record from the
photopulsometer is also apparent. (See Cards 3¢, 3n 3n; I1i; 11n)

Fig. 15 Showing Velocity Conditions for Pulsationless Flow, and the
Natural Period of Vibration of the Diaphragm

(a) Taken 111 ft. below compressor; air flowing from tank, no pulsations; velocity of air
in line, 27 ft. per sec.

(6) Taken with tips placed in front of phonograph, sound concentrated in convergent nozzles.
(c) Showing the natural period of vibration of the photopulsometer.

47 Rectification of Pressure Diagrams, A few dlagrams have
been plotted to a uniform horizontal scale, or in other words, the
diagrams have been converted into pressure-time diagrams. This
method is clearly shown in Fig. 22. " The motion of the piston has
been consideredas that of simple harmonic motion, which is not
strictly true, owm? to the finite length of the connecting rod. By
plotting the complete pulsation as If the diagrams were taken in
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one direction only, the true characteristic shape of the pressure
dla({lram is obtained. When the pulsation is foreshortened and re-
peated it bears a striking resemblance to those shown on the hand-
oRerated diagrams in Fig. 22 and shown also on the film of the
photopulsometer. . o

48 The Velocity of the Pulsation. The determination of the
velomt}/ of pulsation” from the simultaneous sets of indicator dia-
grams for points | and Il located 30 ft. apart was made as follows:

| _ad Hand-operated diagrams were taken as previously ex-
ained.
d b The diagrams were carefully compared, points of spark
puncture located, coincident lines drawn thereform and numbered
and the initial Cpomts of the pulsations were identified and marked
AAA, BBB, CCC, etc. The unavoidable irregularity of hand
operation rendered the identical pulsations easily recognizable by
means of their relative lengths. _ .

¢ Measurements of the sets of diagrams were carried out,
as shown in Table 2. It will be noticed that the computations
shown include some of the diagrams illustrated in Fig. 21. All
th% glatg[jams shown are tracings of originals and are numbered
and dated.

4 Results were computed as shown on Table 2. Choosing
Diagram 11 (see Fig. 21, Cards 11);, coincident line No. 3, pulsa-
tion'A-B is 0.74 in. long. For 293 r.p.m. one revolution = 0.205
sec. = time of one pulsation. 1f 0.74 in. or one pulsation = 0.205
sec., 0.01 in. = 0.00277 sec. Point A is 0.24 in. from line 3 for
indicator 1, and is 0.13 in. from line 3 for indicator 1, a lead at
point | over point 11 of 0.11 in., or the time taken to travel 30 ft.
will be 0.00277 x 11 which is 0.0305 sec. Rate of travel per second
= 30-r- 0.0305 — 985 ft., which is the velocity of pulsation. The
velocity of sound in dry air at 0 deg. cent,, 766 mm. pressure, is
1086 ft. per sec.

49 Table 3 gives the average results computed as in the’
example 4g|ven and Includes data taken for three points in the line,
30 ft,, 54 ft. and 84 ft. from the compressor, and for six different
velocities of air flow. , o

50 These results establish three significant facts:

a That, although our method shows results varying from the
maximum to the minimum through a wide range, yet in no case
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does the velocity of pulsation so determined approach anywhere
near the velocity of the flowing air.. o _

b That, for a variation of velocity of flowing air ranging from
zero to 27 ft. per sec., the velocity of pulsation was found to be
independent of the velocity of the air, .

¢ That the total avera%e for 148 computations gave 1090 ft.
per sec. as the velocity of pulsation. The velocity of sound in dry
air at 32 deg. fahr, and 29.92 in. barometer is 1083 ft. [ﬁer sec. The
velocity of pulsation in all probability is equal to that of sound
in air,

Velocity of pulsation,

Number of Length of Velocity ft. per sec

Date No. diagrams  pipe used, of air per
measured ft. sec., ft.

Max. Min. Avg.

4-5-22 1 14 30 0 1462 640 1042
2 16 30 5 1412 869 1088

3 18 30 n 1440 805 1124

4 20 30 16 1263 775 1019

5 20 30 22 1290 815 1044

6 13, 30 27 1465 747 1100

Total 101 Average. . . 1070

4-7-22 7 16 30 22 1640 809 1143
8 15 54 22 1830 780 1107

9 16 84 22 1750 797 1149

Total 47 Average. . . 1133

b1 For the average velomt¥ of pulsation equal to 1090 ft. and
for 4.88 pulsations per second, the pressure wave length as shown
on the diagrams would be 223 ft. o

52 Since the velocity of the pulsation is independent of the
velocity of the flowing air and is evidently equal to the velocity
of sound in air, it seems quite reasonable to conclude that the
Bulsatlon IS a pressure change in the form of a wave front resem-
[ling a sound wave of low frequency. It seems also highly probable
that these pulsations are similar in character to the pulsations set
up by water, hammer in a pipe line, since they also travel with the
velomtgy of sound in water.

53 We gained some additional knowledge of the nature of
the pulsation by noting its effect on manometers. Where a mano-
meter was used to measure a differential head at a meter, the
following effects were consistently present:
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a For pulsationless flow the reading was very constant, the
only variation being a slight long J)erlod surge due to appreciable
varlations in the compressor speed.

b For pulsating flow this surge was magnified greatly,

¢ For pulsating flow there is also a rapid vibration of the
water column corresponding to the pulsations and depending in
amplitude upon the local conditions at the manometer.
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d. The most significant characteristic of the readings for
Pulsatm flow was the large increase over that for pulsationless
low. This increase was present for every type of manometer
meter and gage tried. It varied from a few per cent to several
hundred per cent under extreme conditions.

THE ELIMINATION OF THE PULSATION

54 The problem of the elimination of the pulsation, or of the
effects due to the pulsation, suggested two methods of attack: (1)

Fig. 16 Vertical Tank of 200 cu. ft. Capacity as Quieting Chamber—
Similar «o Air Chamber on Pump; 4.9 Pulsations per Sec.

Distances below compressor: (a) 50 ft.; (6) 117 ft.

modification of the existing metering devices so that the recorded
flow would be unaffected whether the flow be steady or in pulsa-
tions; and (2) the use of devices which would correct or eliminate
the pulsations_before the flowing fluid reached the meter.

55 The first of these suggested schemes was taken up to some
extent in the study of the modification of manometer connection.
The second suggestion, that of pulsation elimination, received the
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major part of our attention. Of the five qmetm% devices used,
the pulsating bag and the revolving fan operated by the air flow
were studied by means of the photopulsometer.” The use of
throttling devices, the insertion of tanks, volumes or equalizing
chambers in the line and a combination of the two devices, form-
ing the so-called “muffler,” comprise the remaining three gmetmg
and eliminating devices. These five schemes, it is believea, cover

nearly all, if not all, of the practical schemes which might be used
for this purpose.

Fig. 17 Showing Quieting Effect of Throttling by Means of an Orifice

(a) 80 ft. below compressor, maximum pulsation in line. (6) 10 ft. below throttling orifice, pulsa-
tion destroyed, (c) 4 ft. above interrupter, 3.5 pulsations per sec.

56 The tabulated results which follow include the average
observed data and the percentage of error as figured from these
average data. The average observed data are the averages of
three “simultaneous readings taken for all manometer readings.
Tables 4 and 5 are observed-data sheets. In most instances where
any change in line setting was made a Fulsatlon-flow run was fol-
lowed immediately by a pulsationless-flow run so as to eliminate
the error due to possible change in temperature. In the few cases
during the first of the experimentation where this was not done,
proper corrections were made later for the temperature effect.
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The term “percentage of error ” for any meter means the percent-
age bg which the indicated velocity of flow with pulsations differs
from the velocity of flow for quiet or pulsationless flow, both read-

ings taken on the same manometer, or indicating device and with
a constant quantity of air flowing under the same conditions. The
condition for constant flow was assured by maintaining at all times
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Fxo. 18 Showing Quieting Effect of 3-in. Revolving Fans Driven by
Current of Air at Velocity of 22 Ft. per Sec.

(a) 54 ft. below compressor, pulsation slightly throttled; maximum error due to pulsation,
68 per cent; 4.5 pulsations per sec.

(6) Same as (a) but at 80 ft. below compressor.

(c) 54 ft. below compressor, 6 ft. above fan section; maximum error due to pulsation,
68 per cent; 4.5 pulsations per sec.

(d) 20 ft. below fan section acting as quieting unit; error reduced from 68 per cent to 27
percent; 4.5 pulsations per sec.
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a static head of 0.9 in. of water at the orifice head, where special
care was taken to secure pulsationless-flow conditions.

Error in Per Cent= (VTyFi-1)100

where P2~ corrected manometer reading for pulsatingi flow
Pi = corrected manometer reading for pulsationless flow.

d

Fig. 19 Showing Quitting Effect of Pulsating Bag

(a) 54 ft. below compressor; maximum pulsation in line.

(b) 54 ft. below compressor; pulsating bag attached to quiet pulsations.

c) 88 ft. below compressor; shows slight quieting effect of the 12-in. volume.

Ed) 117 ft. below compressor; shows complete quieting effect of the 24-in. volume.

The error in velocity varies as the square root of the error in head
readln?. The manometer readings at the meter were corrected
to a standard orifice head reading of 0.9 in., by direct proportion.

57 Modification of Manometer Connections at the Meter.
The first attempt to reduce the error of pulsation by this means



HORACE JUDD AND D. B. PHELEY 885

was by throttling the manometer connections. These connections
between the meter in the line and the manometer indicating the
head readings were made of heavy rubber tu_bm% having an ingide
diameter of A in. It has long beén the Fractlce 0 quiet'the swing-
mq of a pressure-gage hand by throtfling the gage connections.
Following out this 1dea, a series of “ orifice plugs,” see Flg. 4, were
made by drilling holes of known size in small pieces of brass rod.

SIMULTANEQUS  INDICATOR  DIAGRAMS
SHOWING RELATION OF PRESSURE_ CONDITIONS N
COMPRESSOR CYLINDER < TIPE LIME.

DIAGRAM SIMULTANEOUS
WITH N9 IB

30* SPRING

DIAGRAM  SIMULTANEOUS
N22 WITH N« 2B >A
NOV.19,192! 30* SPRIMQ WM
N23 BT g TS
NOV. 11,1921 30* SPRINg
DIAGRAM OF A SINGLE STROKE
DIRECT STATIC CONNECTION
TO PIPE 5% SPRINC3
N2 1
CONNECTED _TO VELOCITY TIP
N92 oF piToT TUBE
NOV. 19,1921 - §* SPRINQ > B

diagrams fk>m
) wPIPE |_|NEC70?\/|_
osx PRk R e Ction FT FROM
- Fstring PRESSOR.

MOV. 11,1921

Fig. 20 Simultaneous |ndicator Diagrams

These plugs were inserted in the rubber manometer tubes hoth for
the vertical U-tube water manometer and also for the Foxboro
differential mercury gage.

58 Fig. 23 gives the average error for hoth these gages for

maximum pulsation while using the' venturi meter. The curve
shows that throttling has no appreciable effect in reducing the error
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until the opening has been reduced to less than 0.07 in. diameter,
and that even for an obstruction so small as nearly to close the
opening the percentage of error is not reduced to within practical
limits.~ The Foxborg ga?e, showed the same characteristic in re-
gard to the effect of throftling, but gave an error about 60 per cent
as large as that for the water manometer. In either case In order
to reduce the error to 50 per cent of the maximum it would be
necessary to use an orifice of 0,02 in. diameter, or the diameter of
a No. 76 drill, clearly a ridiculous size. The surge, or pulsation,
of the water column’was completely destroyed, so that the effect
Is quite analogous to that of the steam gage when throttled. This

Fig. 21 Analysis of Indicator Diagrams

indicates that while throttling a pressure gage does not affect its
reading, it has no beneficial "effect in reducing the error due to
ulsation. That such an error might exist was pointed out by
vayolin 1905, and the futI|ItY of th(ottlln% manometer connec-
tions to reduce the pulsation is aIso mentioned by Westcott2in 1922,
59 The efficient quieting effect of volumes when used in the

test line suggested the possibility that small volumes inserted in
the tubes Ieadm% to the manometers might serve to reduce the
pulsation before the meter was reached.

1 Trans. AmJSoc.CE,, vol. 54, 1905 Part D, p. 502, Ma

0.
2 Measurement of Gas and Liquids by Orifice Meters,y1922, p. 143
H. P. Westcott.
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60 Our first observations as to the possible effect of a volume
in the manometer line were made by a comparison of the readings
of the two manometers (the 6-in."inclined one-leg reservoir oll
manometer and the 28-in. vertical U-tube water manometer) when
used interchangeably. These two manometers when used to measure
the ?ulsanonless flow would aPree exactly. When used for pulsat-
ing flow the two would not avv,a%(s agree, although the amount of
difference_between them was difficult to determine.

61 Several tests were made using the orifice meter and the
6-in. inclined gage with volumes of different sizes in one or both of
the manometer connections. The results of these tests show that

Fig. 22 Analysis op Indicator Diagrams

the use of volumes in the manometer connections does not give so
favorable results as the method of throttllng. There is only about
15 per cent reduction in the error for the 70 per cent orificé meter.

62 It was thought, also, that the point of attachment of
the manometer connection mlgh_t_have some influence on the error
due to pulsation. With the orifice meter comparisons were made
with the manometer connected (1) close to the orifice and, SZ) at
a distance of one pipe diameter above the orifice and at points be-
low the orifice ranging from  diameter to 19 diameters.

63 Tests made show that for all orifices including the 80
per cent orifice the error at the standard points of connection is
greater than that for points near the orifice which averages 96.3
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per cent of the error at the standard Romts of connection. For
points farther distant from the orifice there is a tendency for the
error first to increase and then to decrease as the 19 diameters
point is approaching, in all covering a total range of 20 per cent
error,

64 Effect of Type of Manometer Used. The error in measur-
ing pulsating flow seemed to depend to some degree upon the type

of manometer used to register the head, even if all other conditions
of the line and meter were identical.

65 It may be stated that all manometers properly graduated
will give the same head reading for pulsationless flow. But when

the flow is pulsating, the ratio of its reading to the true reading will
differ somewhat according to the variations mentioned above. A
mercury manometer will probably show an error less than that of
a water manometer and the latter less than one using mineral oil.
A manometer with small tubes is likely to read hlg er than one
with a larger set of tubes, but this is merely a tendency. 1f'the
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tubes are too small the capillary effect can be noted: and if they
are too large, or if they end in a reserv.oir, the doubtful effect due
to a “volume ™ will be introduced. The inclined leg of a manom-
eter under some conditions may even cause less “surge ” effect.
The presence of a check value or damping device between the two
manometer legs or chambers, or a float to actuate the recording

TABLE 8 COMPARISON OF METERS
Size, pef cent Error, per cent, average

Orifice meter Flange nozzle meter

37.5 20.0 76.5
50.0 47.5 94.0
66.7 112.5 142.0
83.3 207.5 199.0
Orifice meter Venturi meter
33.0 15.0 82.0

arm may reduce the error, as is seen in the case of the Foxboro.
age.

o 66 Maximum Percentage of Error Produced by Pulsation.
For our installation the maximum error for the meters was as given

in Tables 6 to 9, inclusive. The results show that the less the

TABLE 9 RESTORATION OF PRESSURE AFTER PASSING METER1

Maximum error, Restoration of pressure,

Type of meter per cent per cent

Venturi meter.......ccooeoveveevenienceenens 82.0 80.0
33% orifice meter.........cccoeeevecennne 15.0 115
40% orifice meter 25.0 19.0
50% orifice meter.... 47.0 28.0
60% orifice meter... 81.0 38.0
70% orifice meter... 127.0 48.0
80% orifice meter... 185.0 61.0
90% orifice meter.........c.cccccvenne 285.0. 77.0

obstruction to the flow of the air, the greater the percentage of
error due to pulsation; also, the ?reatert e restoration of pressure
after passing the meter, the greater will be the error. The reason

1 Trans. Am.Soc.M.E., vol. 38, 1916, p. 362, 264: Water Flow through
Pipe Orifices, H. Judd.
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for this relation appears to be that, since the pulsation_is a form

of pressure energy, that type of meter unit which in itself most
completely dissipates the” pulsation energy will show the least
percentage of error, _

07 Distribution of Pulsation as Shown by Traverse. The
pipe was traversed by both types of pitot tubes for maximum

pulsation conditions. The results are shown in Fig. 24. The
curves of this figure show by both traverses that error due to the
Pulsatlng flow is least at the center of the pipe. There is a slight
endency, as shown by the curves, for the point of minimum error

to be located a little to one side of the center of the pipe. It is not
known just how much the pitot tubes themselves are influenced by
their approach to the wall of the pllge. , , ,
Quieting Effect of a Revolving Fan Section (see Fig. 9,
No. 7). The effect of a revolving fan section when placed in the
pipe line is shown by Fig. 18. The revolving fan apparently has
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sml‘ne merit as a quieting device, but is,of questionable practical
value.
.69 Effect of the Pulsating Bag as a Quieting Device, Fig. 6,
IS shown b?/ Fig. 19. It is felt that the special design of such a
device would be needed to cover the requirement of each individual
installation in order to correct or eliminate the pulsating error.

70 Elimination of Pulsation by Throttling. The experiments
carried on with the various devices for eliminating or modifying

Fig. 26 Effect of Mufflers for Quieting Pulsation — Used with Venturi
M eter

the pulsation led to the conclusion that the solution of the problem
depended entirely on the absorption of the energy of the pulsation
Fropagated asa Wssure wave closely resembling a sound wave of
ow fr,equen,cyr. hatever the device used, its value in killing the
Pu_lsatlon will be measured by its ability to absorb, or dissipate,
his energy of Tpulsa_tlon. . _
il he first attempt made to quiet the pulsation was by

means of throttling either by valve or by orifice. The loss of pres-
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sure during passage through the valve or obstruction in the line
was the eliminating factor. o

72 The general effect of throttlln([] IS to reduce the error
rapldlfy by means of a pressure drop urx]) 0 4 in. of mercury. The
use of a reater pressure drop causes the error to be reduced more
gradually. The manner of throttling is immaterial whether by
gate or gl[obe valve or by an orifice. o

73 The general characteristics are summarized in Table 10.
This table shows that a droB in pressure of 4 in. by throttling is
needed to make an appreciable reduction in the error; and a drop
of 6 in. or 3 Ib. per sg. in. is necessary to bring the error within

TABLE 10 ELIMINATION OF THE PULSATION ERROR BY THROTTLING

Drop in pressure by throttling, inches of mercury

Kind of meter used 0 2 4 9 12
Error, per cent

VeNtUFi ot 820 26.0 10.0 5.0 2.5
33% orifice.... 100 2.0 0.0 0.0 0.0
50% orifice.... 58 0 17.0 7.0 4.0 2.0
70% orifice .. 145 0 50.0 18.0 9.0 4.0
80% orifice.... 175 0 67.0 25.0 12.0 4.0
90% orifice.......ccovviviiiiiiiiene, 315 0 118.0 22.0 -5.0 18.0
I1$-in. flange nozzle...................... 44 0 18.0 8.0 3.5 1.0
1$-in, flange nozzle..........ccoecueue 83 0 28.0 10.0 5.0 1.0
2-in. flange nozzle.............c.......... 156 0 50.0 16.0 6.0 1.0
27-in. flange nozzle..........cccccu...... 340 0 97.0 31.0 7.5 1.0
Pitot No. 1........ 160 O 50.0 20.0 -7.0 25
Pitot NO. 2....ccooiiis e, 140 O 810 5.0 0.0 3.5

[fractlcal limits. ~ In most cases_the error is not reducible below

to 3 per cent, even with a sacrifice of a de of 12 in. mercur]y.

74 Elimination of Pulsation by the Use of Volumes. Tanks,

or volume capacities, or “volumes,” as we have chosen to call them,
were used in the line for the purpose of qmetmg the pulsation,
These volumes were inserted in the line so that the direction of
flow through them was along the axis of the volume. The connec-
tions were made by means of pipe flanges; and later orifices were
inserted in these flanges at the entrance and exit of each volume,
This produced an abrupt entrance into and an abrupt exit out of
the- volumes, which in itself would tend to cause a loss of energy;
and hence would probably contribute toward the reduction of the
energy imparted to the pulsation. These volumes were all cylin-
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drical in shape and with the exception of the 8-in. and the 48-in.
volumes were made of thin sheet metal, No. 24 gage.

75 The quieting effect due to the use of volumes is shown by;
the curve sheet in Fig. 25. The dotted curve is drawn in as a
representative average curve for both venturi and orifice meters
where volumes, alone, are used. o

76 The 24-in._volume in our test line, situated below the
meter, had a capacity of 29 cu. ft,, and was plainly one of ample
size to convert the pulsating flow into pulsationless flow when the
air reached the line leading to the orifice head. It is evident from
these results that a volume is also a practical means of eliminating

the pulsation. The chief question is, whether in large installations
volumes of sufficient size would be of practical use. ,
17 Effect of Varrmg the Shape of Volume was also studied.
In a general way a volume is probably more efficient when it is of
relatively large diameter. _ o o
78 "Elimination of Pulsation by Combmm_(}; Throttling with
Volumes. Since the pulsation could be nearlg it not quite elimi-
nated either by the use of throttling devices or by the use of volumes
alone, the natural conclusion was that some combination of the two
schemes might be discovered which would give satisfactory results
without the objectionable large pressure drop or the excessive size
of the volume. A series of runs was made, while the various
volumes were in the line, where orifices of various sizes were placed
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at the entrance and exit of the volumes. The venturi and the ori-
fice meters were used in these tests, It was found that it was
possible with a volume of several cubic feet, combined with a pres-
sure drop of about two inches of mercury, to reduce the error to a
small figure, even for a meter having a large maximum error.

719" The Muffler as a Quieting Device. Following the experi-
ments with the volumes and orifices combined as a means of
eliminating the pulsation, the idea was further de_veIoE)ed by the
combination of a volume with several orifices; or in other words,

the adaptation of the principle of the automobile muffler to the
problem’ of pulsating flow. .

‘80 To study the effects of a muffler a device was constructed
of 8-in. pipe-flange sections, as in B, Fig. 8. The curve given in
Fig. 26 1s based upon all the results obtained for eyery type of
muffler tested. The results for the 8-section muffler were more
complete and show at the upper limit an error of 81.5 per cent for
pulsating flow for open pipe. The whole curve shows that the
effectiveness of an smgle tyP_e of muffler, aside from its value as
a volume alone, depends entirely upon the amount of throttling

Broduced and very little upon the design and arrangement of its
affle work.
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POSSIBILITY OF ADJUSTMENT OF ERRORS

81 There is a possibility that the error shown by a meter
when measuring pulsating flow may be so adjusted or so com-
Bensated for, that the true quantity passmg.t.hrough the meter may

e known. This is mentioned as a possibility only, and forms a
basis for comments on some of the circumstances which would attend
such an attempt. o _ _

82 There is the first possibility of the integration of the curve
obtained by means of the photopulsometer, which Is a series of

Static Pressure in Line, Inches of Water
Fia. 28 Effect of Pulsation on Orifice Meter in “Dead-End " Lines'

velocity-time diagrams.  The second possibility would be the use
of a correction factor for the manometer itself, ~ A third possibility
would be the determination of a pulsating factor by calibration
under actual runnmg conditions. . .

83 _Effect Produced b}/ “Dead-End ” Pulsation. During our
experiments in connection with the effect of pulsations on the static
pressure we had noticed indications of a reading on the meter for
zero velocity in the line.  Later a series of tests was made with each
of the four meters in while the test line was closed at different points



896 EFFECT OF PULSATIONS ON FLOW OF GASES

beyond the meter station. The static pressure, at a point in the
line 6 ft. above the meter, was maintained the same as during the
regular line of tests for 0.9 in. static head at the orifice head. "This
static pressure was secured by regulating a by-iqass valve in the
line 18 ft. above the meter %see Flg. 10).  The line could also be
closed at flanges located at 8 ft., I8 ft., 40 ft., and at the orifice
head, 45 ft. below the meter. For the “dead-end ” tests most of
the runs were made with the large tank, T, in the line, and a few
runs were made with the large tank out of the line.

84 The effect produced Ythe “dead-end ” pulsation is repre-
sented b,{ the flow equivalent to_the reading on the meter as com-
pared with the flow under pulsationless-flow conditions. The curves

shown in Figs. 27-31 show this relation for the four types of meters.
The standard flow conditions as represented, during the regular
rims, by the 0.9 in. static head at the orifice head, the static pres-
sure in"the line above the meter would read about 9.5 in. of water
for pulsationless flow and the corresponding static head under pul-
sating flow would range from 9.5 in. to 16 in, of water, according
to the type of meter used. Generally speakln%l as would be ex-
pected, the static pressure in the line read a little higher under
pulsating flow than under pulsationless flow, in some cases showm%
an increase of 3.5 in. in 10 in.  This would be equal to an error 0
16 per cent due to pulsation. . .

85 The curves, Figs. 27-31, gll,ve, especially, the effect due to
change in static pressure in the Tine while the meters are in a
“ dead-end " line. For all meters there is an increase in pulsating
effect as the static end is increased up to 20 in., after which they
mcrﬁaste more gradually up to 40 in. static pressure, the limit of

e tests.
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86 In most cases there was a tenden,c¥ toward an increase
in the false flow reading with increase of distance to point of line
closure from the meter. ~ In two instances the meter showed a nega-
tive reading. The rapid change in this effect on the meter with
variation in static pressure, together with the marked variation in
apparent flow with change in point of ling closure from the meter,
makes it exc,eedmg!y doubtful whether anY reliability could be
placed on this method of obtaining the pulsation factor for any
given installation, _

87 Application of Proposed Formula to Pulsating Flow. An
attempt has been made to test the relation expressed by the follow-

Fio. 30 E ffect of Pulsaition on Pitot Tube No. 1 in “Dead-End” Line

ing formula by means of the “dead-end " flow data. This form-
ulalis: P2 (.2 V)2 X 100= 100 per cent, where Pu P2
and D are respectively the corrected manometer readings for pulsa-
tionless flow, pulsating flow, and “ dead-end ” flow. The positive
value of D has been used since it was considered to be better
adapted to the data taken. _ _

88 Fig. 32 shows the relation between the ratio P2 to
(VPt £ VD)2and the point of line closure. The curve in broken
lines is the averaﬁe for the total number of results; the full line is
the average for the few points for the line without the volume, Q.
For the 8-t. distance the results are widely scattered and indicate

1 Measurement of Gas and Liquids by Orifice Meter, H. P. Westcott, 1922,
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that this distance is too close to the meter. The 18-ft. distance
%IVES results showing more uniformity with the average close to
00 per cent. This would indicate the formula would apply better
for ling closure at 18 ft. The 45-ft. point, though representing the
end of the duplicate line, with an average ratio falling below 100
per cent, would indicate less agreement with the formula. The
volume Q does not make any marked effect, or as much effect as is
shown by difference in length of line closure from the meter.
89 The uncertainty as to where the point of closure should

be made or as to whether & length of line duplicating any given

line would give the true puIsatinP-head factor make it doubtful
whether the proposed formula could be applied with any assurance
of a reasonable degree of accuracy.

CONCLUSIONS

90 This investigation relating to our special installation is
summarized as follows:

A Nature of Pulsations:

~a Pulsations in a_pipe line, originating from a reciprocating
%lston, or a similarly disturbing system, consist of sudden changes
oth in the velocity and in the pressure of the fluid.
b The pressure change is the most apparent and is probably
the greatest factor in producing errors in metering devices.
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¢ The pressure change is in the form of a wave front resem-
bling a traveling sound wave of low frequency. _
g The pressure wave travels in the pipe with the velocity of
sound.
e The velocity of the pulsation is independent of the velocity,
or quantltY, of fluid flowing. . .
| Pulsations in air flow are similar to the compression waves
set UP by water hammer. Both travel at the velocity of sound in
the fluid_and are independent of the velocity of flow. ,
g The effect of this pulsation on a flow meter is to increase its
reading, often causing an error of great magnitude. The magnitude

Fia. 32 E ffect of Line Closure on Proposed Formula— with “Dead-End”

Pulsations

of this error depends upon the frequency of pulsation, nominal
sta%hc pr_essulre of the fluid, type of meter used and adjacent fixtures
in the pipe line. .

h ~With orifice meters and flange nozzle meters the pulsating
error increases as the diameter of the orifice, or nozzle, approaches
the diameter of the pipe. o

i The throttling or modification of the manometer con-
nections to the meter does not appreciably reduce the error.

{ The point of attachment of manometer connection has no
great effect on the error due to ﬁulsatlng flow.

k  The pulsation error at the center of the pipe is 35 per cent
less than that at the wall of the pipe.
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| A meter on a “dead-end ” connection will usually show a
positive error of considerable magi_nlt_ude. _

m The pulsation must be eliminated or greatly reduced in
order to have the meter read without objectionable error.

B Practical Elimination of Pulsations:

n Because of the high velocity of the pulsation, an excessive
length of pipe line would be necessary to destroy the pulsation.

0 Throttling is effective buf requires a pressure drop of 6 in.
of mercury to reduce the error to 5 per cent.

p Abrupt volume enlargements in the pipe ling will eliminate
the error, if of sufficient capamt;. A volume capacity of 20 cu. ft.
IS required for an error within 2 per cent. .

q Generally speaking, for the same capacity, a volume of
(rjelatl\{ely large “diameter “is more effective thari one of small

lameter.

r No relation was found between the compressor displace-
ment and the capacity of the volume chambers. .

s The combination of throttling with volumes forming the
“muffler ” device probably is the most effective device for the
mechanical elimination of " pulsations. .

t The pulsating bag, or diaphragm, and the fan, or _revolvmgi
baffles, are partially successful in eliminating the pulsations, bu
their installation is"thought to offer serious practical objections.

U The effectiveness of any of these quieting devices seems to
depend upon their ability to ‘dissipate or change the energy of
pulsation which is effecte chleﬂa/ through a drop’in pressure.”

v The device which will destroy the pulsating energy with
the least obstruction to the flow of the fluid is the most desirable.

W The effectiveness of the meter element itself in quieting
the pulsation depends upon the degree of restoration of the pres-
sure beyond the meter. The greater the percentage of restoration
thet higher the percentage of error shown for any given type of
meter.

C Adjustment of Error of Pulsation:

X It is probably not feasible to correct any meter by means
of a correction factor me(t] to the disturbing effects which may
arise from slight changes in the installation and running conditions.

y The experimental establishment of a pulsating correction
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factor and its relation as shown in the proposed formula is not
considered feasible with our present experimental knowledge of the
laws of pulsating flow. _ _ .

z It seems probable that each installation where |pulsatl_n%
flow is_present would present jts own peculiar problem for whic
an individual study and consideration of the existing conditions
would be necessary for a satisfactory solution.
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DISCUSSION

H.o N, paceara. We do not agree that the “pressure change
... Is the greatest factor in producm?, errors in metering devices.”
For instance, imagine a comﬂressor cylinder dlschar[g]lng, throulgh a
short length of pipe, in which is mounted a pitot tube, Into a arqe
volume such as a gasometer. In the pipe section no measurable
static pressure change during the cylinder discharge can be detected,
but a very appreciable variation In rate of flow must occur with
the consetzuent error of meter reading. This is readily confirmed by
actual test with the pitot tube. As a further proof of this point, in
the Thomas meter, which is entirely independent of pressure con-
ditions and indicates only the standard units flowing through it,
we have errors with heavily pulsating flows. Assuming a uIsatl_n(i
flow of sine wave form, the meter error is negligible up to the poin
where the flow at the peak of the wave does not vary more than 30
per cent from the mean rate, When the wave amplifude is as great
as the mean flow, giving instantaneous stoppage of flow in each
cycle, the meter error reaches a maximum of nearly 8 per cent.
As practically all meter installations are fairly close to"the pulsation
producing piston, we believe the errors are” mostly due to actual
Instantaneous flow variations through the metering device.

We believe that the velocity of transmission of the wave is
that of sound plus that of the gas velocity, slightly modified by
the size and shape of the pipe line. We have found a number of
references in standard works on ph){SIC_S that the velocity of sound
in air is dependent on the wind, velocity as well as the density of
the air. Do the authors feel that their data can support their state-
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ment? Their maximum test velocity was 27 ft. per sec. compared
with about 1100 ft. per sec. for sound, and it seemed to us ditficult
to be sure that the experimental error was not as great as this.

The curves on Flgz. 23 would indicate some reduction in mano-
meter error with throttling of connections. Have the authors any
explanation of this other than possible leaks? ~ We can see no other
‘'reason for the gain in accuracy. _

The statement is made that at least a 6-in. mercury pressure
droR is required to reduce pulsations to a practical limit. Do the
authors consider this a general statement or athcabIe only to
their test conditions? It would appear to me to be a function of
the density of the fluid, its velocity and the pulsation wave form
(magnitude of i)ulsatlon) if made as a general statement,

Ve are still of the opinion that there is some relation between
the piston displacement and volume of a quieting receiver which
will qlve good results. Taking the two absurd extremes of a volume
equal to piston displacement and an infinite volume, in one case we
know that no effect will be produced and in the other perfect quiet-
ing of pulsations will occur. We believe that the quantity of fluid
discharged per stroke, the number of strokes per minute and the
volume and diameter between the source of pulsations and the meter
determine the pulsation effect at the meter, at least with elastic
media such as gaes. . _

~ On dead-end error tests we believe that there is an actual
displacement of gas back and forth in the meter, this flow effect
being due to the elasticity of the gas which is alternately compressed
and expanded in the dead-end volume. In our own meter the
dead-end effect does not occur at all except with such large dead-
end volume, that the alternate gas flows through it, traveling at
least seven inches in a reverse direction. This condition has been
met but once in our commercial experience. Qur meters are nor-
mally set vertically with the normal flow vertically upward. At
zero’load a very small amount of heat is still left in the heater to
maintain control and due to convection current the heated gas rises
through the exit thermometer and maintains its temperature higher
than the entrance thermometer sufficiently to give a constant tend-
ency to shut down the meter, With large dead-end volume and
severe pulsations there is sufficient back flow to overcome the con-
vection currents and carry heated (t;as from the heater into the
entrance thermometer, increasing its temperature to approximately
the same as the exit thermometer. Immediately the control for the
meter goes to full load under such conditions.
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J. M. spieza1ass. Prior to the advance of Professor Judd’s
experimental work on pulsating flow there was an idea prevalent
that the error in the measurement was due mainly to the magnifying
effect of the differential column, reading the _average height and the
corresponding square root of this average instead of the averaﬁe
of the instantaneous square roots which “are the equivalent of t
varying flow. .

_With the development of the flow meter, we sought to eliminate
this error b%/ making the meter respond electrically to the instan-
taneous instead of the average height of the differential column.
This provision was thought to eliminate the part of the error which
the authors of the paper designate as the “effect of the type of
manometer used.” "We soon “discovered that there was a much
larger error-due to the “harmonic” effect of the pulsations in the
flow. Still, in all our observations with reciprocating flow this
error seldom exceeded 25 per cent under any circumstances. Further-
more, this error could be easily eliminated by moderate restrictions
in tg_e form of additional orifice plates on either side of the differential
medium.

The writer was greatly surprised when he first glanced at the
tables in the paper to note that the errors in some of the meters
were as high as 200 per cent and over, The writer does not for a
moment cast any doubt on the data of the given observations, but
he has felt from the beginning that there must be something mis-
leading in the algebraic presentation of the results. After reading
the paper a second and third time, the solution of the riddle
presented itself very clearly. o

In summarizing the tabular results of the investigation, the
authors adopted the velocity pressure of the flow as the basis for
comparing the effect of the pressure pulsations, which, according
to their own explanations and results, was not in the least a function
of that velocity pressure. What they actually did was to compare
a variable quantity, the pressure pulSations, on the basis of another
and more variable quantity, the velocity pressure of the flow in
the given meter. It will be observed, thérefore, that whenever the
assumed basis, the velocity pressure of the meter, decreased, the
apparent pe_rcentagle of error increased in a corresponding ratio.

The writer believes that this is the real reason why the per-
centage of error increased when the size of the orifice or the flange
nozzle was increased. The same reasonm[q applies and is a sufficient
explanation for the fact that the percentage error increased in the

€
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case of the pitot tube at the wall of the plr_pe, where the velocit
pressure (the assumed basis) is the lowest. ' Furthermore, the dead-
end phenomenon shows conclusively that the effect of pulsation is
not a factor of the velocity pressuré of the air. _
~As the data and the results of the investigation are exceedingly
important for the users of the meter on pulsating flow, the writer
would like to ask the authors to include in the paper a summary
table, similar to Table 4, giving the actual values of the static
pressure in the ling, the actual velocity pressure, and the difference
In static pressure between the pulsating and pulsationless flow for
all meters tested. It can be readily seen that if the difference has a
value of, say, 5-in. of water, it may form a square-root error of 145
per cent ori a meter whose velocity pressure is only one inch of
water, while the same 5-in. difference will form an“error of only
5 per cent on a meter whose velocity pressure amounts to 50-in.
of water; and what is more important, if by means of moderate
restriction or increased volume the difference is reduced from 5
to 0.5 in,, it will still give an error of 22 per cent in the first case
and will be entirely insignificant in the second case. To state this
in another way: The effect of pulsation, according to the writer’s
understanding” of the mvestlﬁatlon, is shown to be rather in the
nature of an additional term than a factor in the algebraic expression
of the flow for a given meter.

R. J. S pigoce. The paper on pulsating flow reports the
results of research work undertaken for the Special Committee on
Fluid Meters, of the Society’s Research Committee.

One point about ﬁulsatlnlg flow seems to be coming more stronﬁ]ly
to the fore; that is, the problem is largely an acoustic one. All the
data %o to show that the variability of the conditions is due to the
fact that the acoustic conditions in the pipe differ with every in-
stallation, and it is hard to see how pulsating flow can be stoppéd in
e%/eré/ cqsetuntll a study is made of the phenomena from an acoustic
standpoint.

p to the present time we have not developed devices for
detecting the acoustic variations. We have been working along
lines of ‘mechanical devices almost wholly, and have never given
enough attention, as yet, to demonstrating clearly what are the
acoustic conditions in ‘the pli)es. _ o

One of the earliest problems in the opinion of the members of
the Fluid Meters Committee was that of either providing correction
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for the effect of pulsating flow upon the indications yielded by the
flow meter mechanism, or to so reduce the pulsations as to render
their effect insignificant. The net result of research has definitely
confirmed the belief that any type of meter operating on a difference
of head which is proportioned to the square of velocity will register
high on pulsating flow. The other belief, that it is very difficult, if
not impossible, to provide suitable correction factors for the readings
of the meter, is also very largely confirmed. The problem, therefore,
is mainly reduced to providing commercially practicable means for
su pre_ssm% pulsations to a point where they do not have a marked
effect in the registration of the meter. o

~ The experimental work so far carried out has indicated that
it is feasible to accomplish this end by means of a combination of
throttling with enIar%ement of volume. The scope of the experi-
mental work has not been Iarge enough as ?/et to definitely establish
the amount of throttling and the amount of volume enlargement
required for any particular case and it is probable that the variations
in velocity and size of lines will render an exact solution for any
specific case difficult. However, there is a good deal of encourage-
ment to be drawn from the evidence that in all likelihood proper
relations of the two requirements can be determined to cover a
considerable variation in pulsation condition. The situation on
pulsating flow is only one factor of several which have tended to
reduce the reliance placed upon flow meters for accurate measure-
ments, and it is not generally recognized that the inaccuracies
found in the commercial operation of flow meters are due almost
entirely to the_conditions under which the flow meter is installed.
Under Prt()fer installation conditions, it can be demonstrated that
any well designed flow meter can give results with per_fectIY satis-
factory precision. However, in the great majority of installations
insufficient attention is given to the effect of pulating flow, eddy
currents in the lines due to valves, elbows or similar, obstructions
and leakage in the lines, transmitting a pressure difference to the
meter indicating and recordlnlg mechanism, _

The firt report of the Fluid Meters Committee was to have
been produced for the Annual Meeting but the amount of work to
be done hoth in editing the report and preparing for printing was
too much to permit publication at this time.

This rePort will cover the matter of installation very fully as
well as the theory and accuracy of the devices employed. It is to
be hoped that this report will ‘provide for the designers and users
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of flow meters a comﬁlete summary of information available on the
subject. Hitherto there has been no single source from which
this information could be obtained and it has been scattered through
three or four hundred different publications.

jonn L. Hoagsona IN the opinion of the writer, the results
obtained from the elaborate researches described in the paper
might have been very much greater had a careful analysis been
made beforehand of the ways in which pulsating flows cause errors
in meters which are based upon the measurement of a differential
ressure.
g By making such an analysis the writer has found it possible to
reach wider and more general conclusions than the authors of the
present paper at the expense of far less experimental work.
~Some of the most important of these conclusions are summa-
rized below. _ _

A pulsating air flow may be considered to consist of:

a A “pressure variation” which is transmitted with the
velocity of the fluid in the ?lpe, plus the velocity of the
sound in the fluid proper to the particular size and rough-
ness of pipe used, and the nearness to the source of
pulsation of the point where the velocity is measured.

b A “velocity variation” during which the whole of the air
in_the pipe is accelerated or retarded. ,

The fluid at a point distant from the source of pulsation
does not however chang|e its velocity until the impulse,
transmitted with the velocity stated under a reaches it.2

Both these pressure and velocity variations cause errors3 in
the meter; but in quite different ways.
~ The error due to the pressure variation occurs when the pressure
Plpe_s leading to the meter have different coefficients of dlscharﬁe
or inflows and outflows, and when the capacity in the meter on the
two sides of the water or mercury column are different.4 It is then

1E%g|ngton House, Beds, England. , , ,
s The authors state that the velocity of propagation of the impulse is
that of sound. That ma% apparently be so in the case oOf their particular experi-
ments; as the effect of the pipe walls is to retard the speed, and of the moving
air to_increase it.

_ 3 The above sources of error, and also the effects of “square root” and
“wscous”,damplna of the manometer or meter were pointed out in a paper
by the writer in 1816; see Proc. Inst. C. E., vol. CCIY,_ p. 134 to 137.

41n the case of the photo-pulsometer, shown in Fig. ‘11, the upstream
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possible to obtain an actual difference of pressure on the two Sides
of the meter by the pressure variation alone and when there is no
velocity variation at all in the pipe.l .

The error due to the pressure variation2 may easily be brought
down to a very small amount by u,smg pressure connéctions which
have equal coefficients of discharge in both directions, and by keep-
ing the capacities in the meter about equal. T

There remains the error due to velocity variation, which is the
real source of trouble.

This causes error because the flow depends upon the mean of
the square root of the pressure differences across the measuring
device; whereas the meter reading3 depends (approximately)4
upon the mean of the pressure differences. .

_ It can be shown by calculation that for certain wave forms
this “vctelomty variation” may produce errors of several hundred
per cent, _ _

The error due to this cause can be calculated or determined
by calibration for an¥ particular conditions; but as it varies with
the rate of flow, and the wave form, and the product of the specific
volume and the absolute pressure of the fluid, and the loss of pres-
sure in, and the capacity of, the pipe line, it is best reduced to a
small amount rather than allowed for.

The only way to reduce it is to smooth out the wave form of
the “velocity variation” at the meterln? point. .

This can be done in many ways, the simplest of which {not
mentioned by the authors) is t0 insert a capacity and a throttling

cavity is larger than the downstream cavity, with the result that when a change
of préssure accurs the pressure will rise and fall most ?mcklg_ in the downstream
cavity; thus exaggerating all the readings, Many of the diagrams taken with
this instrument indicate “negative flows Hnstead of the positive flows which
must actually have existed) because of this defect,

1The “dead end” condition referred to by the authors.

2 The “pressure change” is wrongly stated by the authors to be “probably
the greatest factor in producing errors.”” The *préssure change” is more rightly
considered as a “symptom” than a “cause.” _

3 That is, assuming that the meter is adjusted so as to show no appreciable
error due to_the “preSsure variation.” _

4 This is only true when the “,damFmg” in the pressure pipes and the
meter follows the “viscous” law. If it follows the “square-rogt” law the mean
meter readln% IS not the true mean of the pressure differences. This may explain
the change of manometer error as the pressure pipes are throttled shown in the
authorg’ IP' 23. The data given in the paper are, however, insufficient to enable
the point {0 be settled.
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device between the source of Pulsatlon and the metering Pomt. f
the meter itself offers sufficient resistance it may form the throttlin
device; if it does not, an additional throttling device ma)f be added.
The capacity should be placed between the Source of pulsation and
the meter, and the additional throttlln% device, if any, should be
placed on the downstream side of the meter. (See Fl(f] 3.) .

In a paper read before the Midland Institute of Mining, Civil
and Mechanical En,gmeers in January 1921, and again in a paper
read before the Institute of Naval Architects in April 1922, the writer
showed that, if certain assumptions were made in order to simplify
the reasoning ', it could be proved 2that the percentage error of a
meter for any particular wave form depended upon the value of

the ratio;
FCL/ZQ

wher_et Flfis the frequency with which the wave form repeats
itse

C is the capacity, and ,
L is the loss of pressure between the entrance to the capacity
C and the side of the metering device which is furthest
_from the source of pulsation , ,
Z is the product of the specific volume of the fluid and its
~absolute pressure
Q is the rate of weight flow.

1 Such as that the meter is adjusted so that the “pressure variation”
causes no error; that the only error is caused bg the meter taking the mean of
the pressure differences across the measuring device, instead of the mean of
the s%uare root of the pressure differences; that L varies in Q2 efc.

For an elementary proof, see the writer’s paper publistied in the Proc.,
Inst. Naval Architects, April 1922.
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The writer has developed methods which enable curves con-
necting the values of FCL/ZQ and the per cent error of the meter
due to the “velocity variation” to be calculated and drawn out, so
that, given the wave form, and the values of FZQ, the value of CL

Fig. 34 Square Wave Form

which will reduce the pulsation error to small limits can be immedi-
ately read off. . _ _
. S3u50f11 a curve for a square wave form, Fig. 34, is shown in
ig. 35.
: Many interesting results follow from the FCL/ZQ relation,
among which are:

1 A large meter error may often be reduced to a negligible

amount by trebllngz, or quadrupllng the value of CL by
providing “for additional throttling and by putting the
meter further from the source of pulsation $o as to Secure
additional capacity. It will be seen that in order to
reduce the pulsation error, it is equally efficacious to

1 Compare the authors’ Fig. 26, which is plotted against L only.
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increase C or L. The ener%y lost is, however, least
when the pulsation is reduced” by increasing C.

2 1f the rate of flow is reduced on account of the compressor
slowing down ,I(the wave form remaining the same) the
meter error will be increased, as F and L are reduced,
.and L falls off more rapidly than Q.

3 Similarly when a steam engine governs, the meter error
increases as the flow is reduced. The increase in the
error is greatest when the engine governs on the “cut off”
(instead of “on the throttle™), as the wave form is then
altered for the worse. I there is an appreciable steam
chest capacity on the engine side of the throttle, the
pulsation error may actually be reduced when the
engine governs “on the throttle.” .

4 1f the throttling orifice shown in Flg. 33 consists of a
valve (instead” of a fixed orlflcez) and this valve is shut

down (either automatically or by hand) as the flow is

reduced so that the original L is maintained, the pul-
sation error will remain constant at all flows, if F and Q
fall off in the same ratio. _ _

5 It will be seen on reference to Fig. 35 that if the pulsation
error is large, any small chanﬁe in the value of FCL/ZQ
will cause a farge change in the Pulsatlon error, whereas
if the pulsation error is reduced to 1 or 2 per cent there
may be large variations in the value of FCL/Z? without
causing any appreciable change in the overall error of
the meter. ~ It 1s therefore far better to reduce the pul-
sation error to a small amount by mcreasm% FCLIZQ
than it is to “rate” the meter by actual calibration for
a large pulsation error.l .

6 The F LZ% relation explains the authors’ conclusions
A(h) and B (w), since it shows that the pulsation error
is large when 'L is small.

7 It can be shown that for given values of FLZ and Q the
amount that the meter reads fast is (roughlzé) inversel
ProEortlonal to C2 or for given values of CLZ and
0 F2and so on.

It should be understood that the FCL/ZQ relation, being
deduced from premises which simplify the actual conditions, does

1 Compare the authors’ conclusions A (m) and C(x).
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not hold with absolute rigidity in practice, and also that it only
holds over a limited range of conditions.l At the same time it
serves as a most valuable key to the meaning of what is otherwise
a mass of unrelated data. _ _

The writer would say that he disagrees with the authors’
conclusions A(b)(dz(e)(f)( . and B(n). _ _

It will be seen that he Is %enerally In agreement with conclusions
C(x) and C&z). With re?ard 0_the [atter he would say that curves
connecting the values of CFL/ZQ and the percentage error of the
meter which he has had calculated out enable his firm (Messrs.
Geo. Kent of London and Luton, England) to decide on the proper
value of CL for any particular case at the expenditure of a few
minutes’ work .onI%. .

In conclusion he would like to congratulate the authors upon
the scope of their work, and upon the clear way in which they have
set forth their results.

The Authors. In rei)ly to Mr. Packard, we can readily see
that his type of meter would not be greatly affected, if any, by the
R_ressure changes, even though the static pressure gage might read
nigher due to the pulsation. We would also conclude from our
investigation that his meter would be less affected bx the pulsation
because the effect on the velocity head seems to show much less
error than that produced in meters depending on the pressure
drop readings. . .

In ,regard to the effect produced by the static pulsation we
have failed to convey the proper meaning. The change or effect
on static pressure produced by the pulsation is much ?rea_ter than
the effect produced on the velocity head. This pulsation, like
sound, seems to be propagated as a pressure wave and the effect
produced on any measuring.device, espemall¥] where difference in
‘ Pressure head is"used, is much greater than the effect recorded on

he velocit dlaﬁrams from the photo-pulsometer. Hence, the
conclusion that the * Rressure change” was the greatest disturbing
factor was drawn. This we believe to be borne out in our work.
By the photo-pulsometer the diagrams with air flow through the
vénturi showed a maximum velocity change of 1| in. =4.5 in.
water as taken with the pitot tips which from their construction
would produce a magnified reading while for the same flow con-

1 For instance, it does not hold when the rate of flow is so great that the
loss of pressure, L, no longer follows the square root law.
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ditions, the indicator diagrams giving static pressure fluctuations
showed a change about 1.2 [b. or sa)( 35-in. water or about eight
times as ?reat as was shown in the velocity head reading neglecting
the fact that the instrument gave a magnified reading.

Furthermore in Fig. 20, the diagrams 1 and 2, section B, show
a pressure card and a pressure and velocity head card respectively.
A comparison of the two cards show little or no difference and at
least indicate no great change, if any, due to the velocity head
when added to the static head, as taken by a pitot tip attached to
the indicator cock. _ o

It seems apparent, therefore, that the pulsation, (assuming its
proRaga_tlon as a pressure wave) is transmitted in the pipe by means
of the air (either flowing or quiet) as a medium; and that with the
dead-end meter connection the pulsation is surging back and forth
mdePendent of the air which itself may also have some slight move-
ment back and forth. This transmission of pulsation in the dead-
end line would seem to be similar in this respect to the surge of
pressure_ in a water line due to water hammer which is very much
greater in magnitude as compared with the effect due to velocity.

In regard to the velocity of the pulsations, the statement
should be modified to show ‘that the velocity of the pulsation
included the velocity of the wave and the velocity of the air. For
the maximum veloCity of 27 ft. per sec. the error would be less
than 3 per cent if we neglect the velocity of the air which of course
is much less than the actual experimental error.

The conclusions given in the summary are made with reference
to the installation which we tested; also reference to the throttling
effects of a six-inch mercury (Fressure drop considers our test con-
ditions only, and should be modified much according to Mr. Packard’s
suggestion. , ,

In regard to error due to throttling manometer connections,
we do not believe that there were any leaks, since these manometer
throttling plugs were made up in sets all of the same material and
in the same way, and furthermore the data seemed to be consistent.

Referring fo_the relation to piston displacement of the volume
of a_quieting cylinder, it is probably true that some relation exists,
but it seemed t0 us that it would take such an extended mvesﬂqatl_on
to establish anything approaching a law, as to render the solution
impracticable. _ _ _

In the dead-end meter installation, we agree with Mr. Packard
that there is an actual forward and back flow of the fluid due to
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the elasticity of the ?as; but it is also true, we think, that the pul-
sation in the form of the compression wave travels forward in un-
diminished amplitude and returns in more or less diminished ampli-
tude depending on the length, shape, and volume of the dead-end
connection, S _
~Mr. Spitzglass states in his discussion that the authors in
finding the per cent of error due to pulsating flow have compared
“a variable quantity, the pressure pulsations, on the basis of another
and more variable ‘quantity, the velocity pressure of the meter.”
The error due to pulsating flow was based on the velocity, or
qhuantlty of flow, or its proportional equivalent the square root of
the pressure difference through the meter element for pulsationless
flow. For the four types of meters used the velocity head is equal
to or proportional to the drop, or pressure difference, through the
meter element, From whatever cause the pulsating flow may have
been produced it is quite evident that its effect would have to be
determined from the reading on the meter manometer. _
It apBears to us, therefore, that while the pressure pulsation
seems to be the greatest factor in the error due to Rulsatlng flow
it is the velocity head rea_dmg that is observed on the meter. In
our opinion it i$ the velout%/- ead readings as shown by the meter
for both conditions of flow that should be compared. In"fact we are
at a loss to know of any other way of establishing the per cent of
error,
~Mr. Spitzglass also calls'attention to the fact that for the
orifice meter and flange nozzle meter the percentaPes_ of error increase
approximately as the inverse ratio of the velocity heads. The
reason he assigns is that as the velocity through the meter element
decreases the effect due to the static Rressure pulsations increases;
and likewise by the same reasoning the apparent increase in_per-
centage of error, as the walls of the lmpe are reached, can be explained.
This relation for the orifice and flange-nozzle meters can be noted
in the following table but it is felt that the data is not sufficient in
relation to the behavior of pressure pulsation at different points of
the line to warrant more than a mention of this apparent relation.
Owing to the limited capacity of the air compressor it was not
possible to experiment with Rulsatm air flow under varying static
pressure conditions. For the dead-end meter connection static
pressure changes could be noted and it was observed that a rapid
Increase in percenta(%e of error occurred with increase of static
pressure. Hence in the discussion, where it is stated that a 5-in.
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differential would give 145 per cent error for a flow condition of
one inch true differential and the same differential of 5 in, would
give ongl 5 per cent error for g true differential of 50 in. of water,
it would be unsafe to predict that the differential would still be
5 inches for a 50-in. true differential. A flow under 50-in. head
would necessarily require a much higher static pressure which is

likely to result in a differential between pulsationless and pulsating
flow much greater than the assumed 5 inches and hence the per-
centqlge of error would be correspondingly increased.

“The authors are glad to comply with Mr. Spitzglass’ request
to include a table glv_mg In summary a statement of the flow
conditions in the test line: _ _ _

Columns 2 and 3 give the static pressure in the line for pulse-
less and pulsating flow respectively. Column 4 gives the difference
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in static_pressure for pulsating flow over pulseless flow for a velocity
of flow in the three-inch line of twenty-two feet per second.

It will be noticed that although the flow conditions were uni-
form for the different meter elements the fulsatm effect on the
static manometer varied, rangln% from 0.4 to 4.3 in. of water.
This variation depended upon the kind of meter element used.
Those elements which obstructed the pipe most, namely: the
venturi, the 33-per cent orifice and the lj-in. flange-nozzle, showed
the qreatest effect due to the static_pulsation. ~Where the pipe
was least obstructed as with the orifice, flange-nozzle, and pitot
meters the static manometer showed the least effect. Also the
maximum percentage of error is seen to vary approximately inversely
as the error shown by the static manometer. ,

As pointed out in the paper and as further emphasized by
Mr. Plﬂott,,the authors believe that very little can be done to
establish suitable correction factors for meters operating under
pulsating flow and that the solution of the problem is reached when
some suitable means is_provided which will reduce the pulsations
to a negligible point. The adaptation of the “muffler” device is
ap‘aaren ly the most effective mechanical device for reducing the
Pu sations. However, further study and experimentation is necessary
0 establish the proper combination of throttling and volume space
for static pressures and pulsating conditions approaching those in
general practice. o _ .

The authors feel greatl¥ honored in having their paper reviewed
by Mr. John L. Hodgson o En?Jand. . o

Mr. Hodgson takes exception to certain conclusions in the
paper, in some cases justly so, and in others due apparently to a
wrong interpretation of the paper. He points out the importance
of having equal spaces in the manometer connections of the meter
and in the ease of the %hoto-pulsometer equal spaces above and m
below the diaphragm. The authors also recognized the importance
of this and so far as possible all manometer connections were made
of equal length, although this relation could not be maintained
while the manometers were in use.  Our experiments showed Ssee
Fig. 23) that, when the manometer tubes were throttled, a throttle-
Plug, with a diameter of 0.02 in. was necessary to reduce the error
rom 80 to 60 per cent for the venturi meter,” with throttlmg_plug
coefficients the same for flow in either direction and other conditions
of flow remaining constant. The use of volumes in the manometer
connections in various combinations and with uniform and similar
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connectm? tubes, | in. diameter o emn% (see “M,” Fig. 4), gave
no more avorable results than did the throttle pImfﬁ. _

With the ?hoto-pulsometer the space below the diaphragm
was made equal to the space above as were also the connections
to the s,earchm_gz tubes as shown in the corrected drawing of Fig. 11,
A partition with a glass shutter extended across the diaphragm
chamber so that the diaphragm was equidistant from each wall.
The dmgrams showing negative pressure could not therefore be
caused Dy unequal capacities. The photo-pulsometer was used
chiefly as an indicator for illustrating and confirming pulsationless
flow Conditions, _ _

It is conceivable that the pressure pulsations might be lessened
erhaﬁ)_s nearly eliminated, by the use of the proper amount of
hrottling, observing at the same time that equal spaces were pro-

vided at the manometer connections for var mg quantities of flow.
We concluded that it Was an extremely doubtful and uncertain
method, if not wholly dangerous, to rely too fully on such expedients
for reducing the pulsating error. _

~ The question raised in regard to the relative effect of the pulsa-
tion on the static pressure is answered, we believe, in the reply to
Mr. Packard. The authors have designated as_static pulsation
changes all pulsating changes which act in a direction at right
angles to the stream flow. "For the venturi meter- with the usual
static pressure connections, acting under pulsatmgt_flow, the liquid
in the manometer tubes would steadily rise until a differential
head was reached equal to more than three times the differential
head due to pulsationless flow. The column would vibrate through
a range of \" to f of an inch corrgsponding in frequency to that
of the rowm% air.  This vibration is due, in our opinion, to the in
and out flow through the manometer tubes, and represents the only
effect on the manometer tubes due to the velocity Pulsatlo_n, the
grgater part of the manometer reading being due to the static pul-
sations.

We agree with Mr. Hodgson and Mr. Packard that the velocity
of propagation of the pulsating wave approaches that of sound in
the flowing fluid plus the velocity of the flowing air. However, in
our opinion, as based on our expériments, we aré not willing to con-
cede that the pressure pulsation has a less effect than the velocity
pulsation in meter installations where these pulsations act on
manometers with static connections at right anHIes and even with
the inside of the pipe. From the “dead-end” flow experiments it



918 EFFECT OF PULSATIONS ON FLOW OF GASES

would also seem evident that the pressure pulsation effect is many
times %reater than that due to the veIocw pulsation. _

The statement was made by Mr. Hodgson that the simplest
way of reducing the pulsation by the use of a capacity combined
with throttling was not mentioned by the authors. In conclusion
B (s) we have stated that the “muffler” device, a combination of
capamty, or volume, with throttling is probably *the most effective
device for the mechanical elimination of pulsations.” The capacity
or “muffler” was always inserted between the disturbing element
and the meter. It would not seem advisable in our opinion, to
insert the throttling device in the line below the meter. It would
seem better to eliminate the pulsations as far as possible before the
meter was reached. S

The authors regret that Mr. Hodgson’s paper containing his
latest investigations  involving the development of a formula for
pulsating flow was not available for examination and study until
after their paper was written. The groupln(% of the factors involved
in pulsating flow in order shown in the formula seems feasible.
Mr. Hodtgson IS to be congratulated in being able to reduce the
results of his researches to a working formula which shows the
factors involved in their proper relation. We are in full accord with
the opinion_of Mr. Hodgson that the only sure way to meter pul-
sating flow is to reduce the pulsations by means of suitable capacity
and throttling, and we likewise helieve that even the formula pro-
Bosed, or any similar formula, while serving in a general way cannot

e too rlgllldly ap%hed in practice. Each installation will present its
own peculiar problem.



