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Pulsating Air Flow

By NEIL P. BAILEY,! AMES, IOWA

Mechanically induced air flow is pulsating even when
it may seem steady to the physical senses. This pulsation
causes errors in velocity measurement that are often as
great as twenty per cent when the conventional pitot
tube or orifice is used with a liquid manometer, and it
causes an increase in the velocity-energy and fluid-friction
loss that can easily reach fifty per cent.

A simple portable instrument has been developed by
the author which gives the true average air velocity for
any amount of pulsation. In this instrument, the air
velocity creates a water velocity through a submerged
orifice, and this water velocity is always proportional to
the air velocity at that instant, and can therefore be used
to determine the true average air velocity, regardless of
the amount of pulsation.

The instrument was first verified by checking it on
velocity-wave forms of known characteristics. Following
that a blower was tested for several conditions of operation
and the air velocity was determined with the instrument
and compared with the values given by the conventional
instruments. In a similar manner the intake air velocity
was measured for single-, four-, and six-cylinder internal-
combustion engines, and the effectiveness of a receiver
tank for damping pulsations was studied.

The last section of the paper is devoted to similar tests
on the slip-stream velocity of an airplane propeller where
the effect of pulsation on the efficiency of the propeller
was worked out.

‘ ‘ YHENEVER air is caused to move by mechanical
means, the resulting air velocity is pulsating in nature.

It has long been recognized that the motion of the

intake air of internal-combustion engines and the discharge
of reciprocating compressors is definitely ecyclic. Recently
H. F. Hagen? demonstrated that the discharge of air blowers
pulsates much more than was previously realized. This same
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condition is also present in air flow actuated by propellers and
ventilating fans. It is quite commonly appreciated that pulsa-
tion introduces serious experimental errors, but not so universally
recognized that it is a source of considerable energy loss.

At present very little quantitative information is available on
this subject, chiefly because there has existed no adequate
experimental method for studying it. Most of the effort to
date has been directed toward devising receivers, ducts, and
nozzles to damp out the pulsation sufficiently to obtain reliable
test data, rather than on attempts to study the pulsating flow
as it actually exists under operating conditions. The direct
data? that have been obtained required such elaborate testing
technique as to make any extensive investigations almost out
of the question. It is the object here to present a very simple
and effective method for studying pulsating air flow, and to
offer some experimental information so obtained in the hope
of directing attention to some of the important facts connected
with pulsating air flow.

Puysical EFFecrs oF PuLsaTioN

The usual method of determining the velocity of air is to
measure the velocity head obtained from a pitot tube, nozzle,
or orifice by means of a manometer or other pressure-sensitive
instrument. The velocity calculated from this pressure reading
is the true average velocity only when the flow is not pulsating,.
Since the velocity head or pressure is proportional to the square
of the air velocity, and since the manometer indicates the average
value of this pressure, it follows that the velocity calculated
from this reading is the square root of the average value of the
velocity squared, or the effective velocity.

An idea of the possible magnitude of this error may be had
by considering an air velocity having a harmonic pulsation,
o 8in wf, superimposed on a steady average value vao.

The effective value of the velocity vey is given by

27
(va» + vo sin wt)? wdt
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Or, the ratio of average velocity to effective velocity becomes
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If (23) is defined as the pulsation, the condition of LU 1,0r

Vav Vav
unit pulsation, corresponds to a flow where the velocity varies
from zero to a maximum sinusoidally. For this case

av 1
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which represents considerable error for a velocity determination.

Also, for air flowing in this pulsating manner, the kinetic
energy that must be given to it compared with the energy that
would be necessary if the flow were free from pulsation, is given

2
by the ratio, (’M = 1.5.

av

The friction loss in ducts and
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pipes is increased in this same ratio.  Since this much pulsation
IS not at all uncommon in practise, and lesser amounts very
common, it is highly desirable to be able to determine the average
velocity accurately when testing, and to be able to determine
the ratio lavivit fo be able to compare the effectiveness of
glfferent blower, fan, and propeller designs in eliminating pulsa-
ion.

Method of Testing

Obviously, anK instrument that is to measure the true average
velocity when the flow is pulsating must be actuated by sorhe

Fig.1 Fluid-Velocity Meter

physical_ manifestation_that is lineally related to the air velocity
at“any instant. . The instrument3 sfiown in Fig. 1 is one that
meets” this requirement.  The velocity head or pressure of the
air varies as the square of the air velacity, and the rate of flow
of water through an orifice varies as the square_root of the alo-
Plled,head, provided the coefficient of discharge. is constant. In
his instrument the velocity head of the aif is used to cause
water to flow through an orifice. The resultisthat at any instant
the rate of flow of water throughthe orifice is directly propor-
tional fo the air velocity at thdt instant. If the watér flowing
through the orifice is collected for a time and the average ratg
of flow determined, the true average air velocity can be found,
regardless of the amount of ﬁulsatlon.

ater is brought from the constant head supply tank (4),
through the tubeg(S), and the inlet valve (6), to the high-pressure
side of the working chamber (7). After passing through the
orifice (8), the water reaches the low-pressure side of the worklng
chamber, leaves through the dlschar%e valve (9), and is collecte
for measurement in the graduate (10). The water rises in the
glass tubes (11), and (12), that communicate with the high-
pressure and low-pressure Sides of the working chamber through

*A patent has been applied for by the author.

the stuffing glands (13).  The height of water in the glasses (11),
and (12) can be meastred by the scale (14). | _

When the meter is in opération, the ve omtg head of the air
being measured is brought from the pitot tube or nozzle and
conriected to tubes (11) and (12{ in such a manner that the higher
pressure is applied to tube (11). The rate of flow of water to
and from the chamber is re%ulated by valves (6) and (93 until
the height of the water is the same in columns’(11) an (12?1.
In sucha condition, the only head causing water to flow throug
the orifice is the velocity head of the air being studied. Since
the rate of flow of watér through the orifice at any instant is
directly proportional to the air Velocity being measured, if the
average rate of flow of water through the orifice is determined
by measuring the discharge, the trué average velocity of the air
can be determined from™ the calibration curve of the meter,
irrespective of the amount of pulsation of this velomtg. ,

The meter is calibrated by regulating the inlet and_discharge
valves until the water in column (112 is'Some amount hlg_her than
in (12), when both are open to the atmosphere, Since the
effective and avera(%,e velocities of the air are identical with no
pulsation, the resulting rate of flow of water through the orifice
corresponds to a steady average velocity of air that would give

Fio. 2 Calibration of Fluid-Velocity Meter

a \éel((lJ%ty head equal to the difference between columns (11)
and (12).

Sucha calibration curve for this instrument is shown in
Fig. 2. The fact that this curve fails to pass exactly through the
origin makes necessary a consideration of the characterisfics of
orifices under low hedds. The usual form of the equation of
discharge, Q = CA \/"2gh, must be modified to the form,

Q = CA y/2g{h — ") for low heads, where C is the coefficient
of discharge and h1is the head necessary to overcome surface
tension and start the flow. , o
_The first orifice built was_ really a hole in brass, 0.05 in. in
diameter and 0.10 in. long with roiinded entrance and discharge.
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When it was first constructed, the calibration curve passed exactly
through the origin. However, after a few weeks’ use it was
discovered that the curve had shifted and ?assed through the
point of 9 ft per sec air velocity at zero cc of water per minute,
and showed an increase in disc arTge at higher air velocities.

It was finally observed that freshly machined brass is not
really wetted by water, and no surfacé-tension effect is present.
After being used a while the chlorine or manganese in the water
covered the surface of the brass with a black film which caused
the water to wet the hrass with a corresponding evidence of sur-
face-tension effect at low heads, and a decreased jet contraction
at hlf%her heads. B

After this experience, the orifice was made sharp _edqed to cut
down the wetted surface, and was allowed to be in The water
some time before calibration. The result was an orifice that
holds its calibration and whose calibration curve comes sufficiently
close to passing through the origin for all practical purposes.

A Check on the Test Method

The logical method of verifying the theory of this method of
measuring pulsating air veloCity is to try it out on aveloc!t%/
wave of Known characteristics and comparé the test results wit
the theoretical ones. To accomplish this a jet of air was blown
through a small nozzle against the outer edge of the cut-out disk
shown in Fig. 3a and a pitot tube was located in the path of
the jet close behind the_disk. When this disk was rotated, a
square wave of air velocity was impressed on the pitot tube.

A complication arose, however, because the air was furnished
by a blower that caused the flow of the primary air jet to be
Eulsatln rather than stead>(, giving a wave form as Shown in

Ig. 3(_6();_ During most of the test, the disk was rotated at 240
rpm, giving a primary frequency of 8 cycles per second. The
blower was a high-pressure exhauster having 6 vanes on its
rotor, which, wheén running at 2100 rpm, gave a supeanosed
frequency of 210 cycles per second. This gave 26.25 cycles of
hlgrh-frequenc pulsation for one cycle of prlmarr frequency.

he impact tube of the pitot tube was connected to tube (11)
of the instrument, and the static tube was connected to tube

. By using Y-connections, this same_velocity head was
But on an inclined manometer. - With the disk removed and the
lower at 2100 rpm, the manometer head gave an effective
velocity for the primary jet of \tii = 1215 ft per sec. The cc
Per minute of water from the instrument when converted from
he calibration curve gave an average velocity vav = 118.0 ft
Eer sec. This gave a ratio vavivft —0.972, which when used in
tw_tlon [2%, gave a primary pulsation viva = 0.3, _

ith the blower and pitot'tube as hefore and the disk rotating
at 240 rpm, the effective velocity \\/ became 825 ft per sec,
and the average value vav was 57.5_ft per sec.  This corre-
sponded for & VavVefl = 0.70. The theoretical value of
VavVav should of course be 0.50 and was by test equal to

%g: 0.495. The theoretical value of Vm for the wave of
Fie. 3(6)

Or, assuming raan integer which may or may not be realized

but, since
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Substityting the value of vovax = 0.32 previousl}% found for the

rimary jet, gives Vav/V = 069. Thus, the theoretical

avivav, — 0.5 as compared with a test value of 0495, and_a

theoretical Vav/Vefi = 0.69 as against a test value of 0.70

gives a very satisfactory check for this method of testing pul-

sating Iﬂow. With the “disk fqom(I] at a speed of 1200 _rpm or
c

40 cg es per second, a test value of Vavivm = 0.704 was
foutn : Tthese are but samples of many similar checks on the
Instrument,

A possible source of error in this instrument is worthy of
mention here. In an earlier instrument, the tubes (112 and (12)
were quite large compared with the rubber tubing that came

) Fig. 3 Pulsating Flow
(o, Disk for generating pulsating flow; 6, Velocity-wave form.)

from the pitot tube, and it was found that the length of rubber
tubing materially “affected the result obtained.” When the
inside hores of thie glass tubes, of the rubber tubes, and of the
passages of the pitot tube were made essentlaIIY the same, it
was found that a variation in rubber-tube length from a few
inches to several feet made no detectable ditference in the
results. 1t was also found that a pitot tube with a greater
static hole area than usually used, is desirable for the same Feason.
Most of the static pressure damping’ and the error due to rubber
tubing seems to De effectively eliminated by ,keepm% the ajr-
passage area constant all the way from the pitot tube to the
water surface of the instrument. , o _
. The accuracy of this method of measuring pulsating air veloci-
ties is independent of the frequency except for very high and
very low frequencies. Suppose, for example, that theé total
Ientgth of air path from the pitot tube to the instrument i two
feef. The critical frequency of such a tube length would be
280 cycles Ber second, which would correspond™to a blower
speed of 2800 rpm for a six-impeller rotor.  This upﬁer frequency
limit can be raised by coupling the whole system shorter.

The lower frequency limit for accuracy seems to be about
5 cycles per second for the instrument ued.. Below that fre-
uency the water surface is in such violent agitation as to make
the leveling of the two water columns difficult. As the fre-



784 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS

quency is increased above this value the water quiets down,
until &t 10 or 12 cycles per second the very surface of the water
is all that has any motion. This lower limjt of fre(%uency{ can
doubtless be lowered by the correct proportioning of the tubes
and working chamber together with the sizes of valve openings
and of the orifice.

Pulsation of Air Blowers

The work of H, F. Hagen2 established the fact that the
pulsation in the discharge of air blowers assumes serious pro-
portions. It not only complicates the test procedure, but also
may cause entirely erfoneous ideas of Performar]ce. To illustrate
the” foregoing méthod of testing with pulsating flow, a high-

Fig.4 Blower and Wind Tunnel

pressure blower with a 6-vane rotor was tested for pulsation
under various conditions of operation. - This blower is normally
part of a 6-inch, open-throat wind tunnel shown in FI%. 4,
The_blower was first tested when removed from the tunnel
and discharging directly into the atmosphere. With a pitot
tube placed in the discharge, the average velocity, Vay, and the
effective velocity, vet, were determined as previously explained
at sReeds ranging from 800 to 2700 rpm. _
The blower was next placed back in the tunnel and the air
was blown around the tunnel and throHJ%h the discharge nozzle (3)
with the intake pipe (2) removed. The average and effective
velocities at the discharge nozzle were obtained for the same
range of speeds. Following this, the 6-inch discharge nozzle
was replaced by a 2-inch nozzle and the tests repeated.”
The resulting curves of (vasv,ff) are shown plotted against
blower speed in Fig. 5(a), and values of (v,/vav) calculated from
Equation [2] are shown'in Fig. 5(b). It is worthg of note that
at 800 rpm the pulsation (vofvav) of the blower with a free dis-
charge is almost unltly, which répresents a flow that practm,allly
ceasés between impulses. For such a condition of flow a pitof-
tube traverse would credit the blower with 21 per cent too much
air delivered, and the kinetic energy contained by the air is
47 /Ber cent greater than would be the"case with steady flow.
comparison of the curves for the blower alone and for the
blower with the tunnel and nozzle illustrates the effect of a
receiver and nozzle on damping out ﬁulsatlon. It is possible to
Predlct accurately4 the curve with the tunnel and nozzle from
he curve of the blower alone, The amount of damping pro-
duced by a receiver and nozzle increases with frequency, receiver
volume,“and quantity of discharge and increases as the discharge
nozzle area is decreased. ,
While the foregomg tests are for only one machine, they seem
to illustrate the “need, not only of considering pulsatiori when

4Not inclgded here because the mathematics are somewhat tedious
and involved.

testing, but also of emphasizing the desirability of _studﬁin? the
Performance of existing designs in order to determine the Types
hat are free from excéssive pulsation.

Pulsation of Engine Intakes

. Some very mgemous methods exist for damping out the pulsa-
tion in the intake air of internal-combustion engines sufficiently
to obtain reliable air determinations, but here again, very little
is known about the actual amount of pulsation present” under
different conditions. _ _

The first engine tested was a single-cylinder, four-stroke-cycle
gasoline englne with a displacement of 24.9 cu in, and a rated
speed of 1000 rpm.  Arounded entrance nozzle, 0.383in. in throat
diameter was placed in the air inlet to the carburetor. The
velocity-head draw-down qwen b{ a static tube in the nozzle
throat “was connected to tube (12) of the instrument, Fig. 1
and also to an inclined manometer. The a_vera?e and effective
air velocities through the nozzle were determined for several oper-
ating conditions. _ _

For the next set of tests, the air was drawn by the engine
through the same nozzle and through an intermediate tank

ig.5 Blower Pulsation

Fi
(a, Vav/Veff vs. rpm; b Vo/Vav vs. rpm.)

h,avm% a volume 278 times the engine displacement.  The pulsa-
tion of the air flowing into the tark was determined as hefore.

The results are shown in Fig. 6, along with the theoretjcal
Fulsatlon. The theoretical valte of vav/utff -m0.45 was calcu-
ated by assuming the air enterln%_ the cylinder to be a true
loop of “a sine curve during the suction stroke, and the air flow
then remaining zero until the next suctign stroke.

The difference between the theoretical value and the (an*ff)
for the air with a direct intake_shows how much pulsation was
damped out in the intake or induction system of the engine,
The amount of dampmlg produced by the receiver tank “and
nozzle is also considerable, but even then the air measurement
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to the engine, if made in the usual manner, would be about 10
percentmerror. , ,

A standard four-eylinder automobile engine was tested next
by placing a nozzle in the carburetor intake and measuring the
avera_?e and effective velocities. Qver a wide range of operating
conditions, the results stayed quite close to an“average value
of Vav\eit = 0.927. The theoretical value found by assuming
sine loops for the intake strokes of such a four-cylinder, four-
stroke cycle engine is Vav\eif =
0.90. . This represents. much less
damping In the induction system
than in the case of the Single-
c¥lmder engine, which is typical
of all attempts to damp pulsation.
When large amounts. of pulsation
are present, it is relatively easy {o
damp out a girea_ter J)art of it
but as the pulsation decreases, it
becomes  correspondingly more
difficult to decrease the amount of
variation in the flow.

This is again illustrated by the
pulsation ofa standard_six-cylinder
automobile en%me_wnh a nozzle
in the carburetor intake. Theo-
retical calculations from intake
loops that qverlap 60 deqrees give
VavlVef/ = 0.994, Carefultests over
a wide ranFe of conditions gave ex-
Berlmenta values ranging from

995 t0 0.997 for Vaviveg.

Pulsation of Propellers

An airplane propeller creates a thrust by incre,asin% the
momentum of the air that it handles. This increase in velocity

Fig.6 Intake Pulsation for Single-Cylinder Engine

represents kinetic enerﬁy that is given to the air by the propeller
to obtain a thrust.  The thrust depends on the average velocity,
hut the kinetic energy given to_the air stream depends on the
effective velocity. Any pulsation that the propeller creates
represents_an increase in propeller power over and above that
necessary if the flow were steady. _ o

All propeller theory tacitly ‘assumes no,PuIsatlon but it is
rather improbable that anythiing as intermittent as the ﬁassage

of a narrow propeller bladé can possibly produce steady tlow.

~ Fig. 7 Pulsation Behind a Propeller
(Pitot tube at 9-in. radius with a 30-in. diameter propeller.)
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The test propeller used was a 30-in. diameter, Nav_¥_ T[ype,
wooden propeller, with a pitch ratio of 0.7, the sEem icaflons
for which are given under propeller L, p. 161 of the 1926 Report
of the National Advisory Committee for_Aeronautics. This
propeller was turned at it$ rated speed of 1700 rpm by a Vs-hp,
d-c motgr. No wind tunnel Iargie enou&;h to mount the propeller
was available, so only static tests could be run. , ,

According to the momentum theory, part of the increase in
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Fig.8 Pulsation Acrossa Propeller
(Pitot tube 9 in. behind 30-in. diameter
propéller.

velocity is accomplished by inflow in front of the propeller, the
propeller then builds up the pressure of the air, and this pressure
energy Is converted into velocity behind the propeller. " In the
light™of this, a c,han%e in_the amount of pulsation would be
expected as the pitot tube is moved further back from the plane
of the propeller. _ _ _

The first run was_ made with the pitot tube out at a radius
of 9in. and at var mg distances behind the propeller. Curyes
of Vay, Vavivet, and volvav are shown in FIR. 1 for a_propeller
speed.of 1700 rom.  This curve shows a slight increase in average
velocity, Vav, up to a point 9 in. behind the propeller, where ‘it
begins'to decrease uniformly. It should be remembered, how-
ever, that in the first 9 inches, the viscous drag about the jet
is also_tending to decrease vav just as it does “after the 9-in.
point is reached. [t follows, then, that the actual tests only
Show_a part of the increase in vavthat would take place under
Idealized conditions. _ _

The pulsation vAvav increases up to this same point and then
remains constant after the pulsating pressure energy has all been
converted to velocity. Values of Vavivelf = 0.92 andwoAw = 0.60
show that a ver apé)r_emable amount of pulsation 1 present and
should be considered in the theory. , _

Fig. 8 shows the same tests with the pitot tube 9 in. back of
the propeller and at different radii. It shows that the amount
of pulsation is fairly constant until the edge of the jet is reached,
where the flow becomes violently ﬂulsatmg_ in_nature. In this
connection, it was observed that when an air disturbance in the
test room caused the, proPeIIer tips to set up a violent flutter
and noise, with the pitot tube near the tip of the propeller, the
average velocity practically disappeared even though the manome-
ter continued to indicate a fair value of efféctive velocity.
There appeared to be more than an incidental connection betweén
the amount of pulsation and the amount of noise.

As previously pointed out, this pulsation in the air flow repre-
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sents an increased propeller loss above that necessary with steady
flow. For example, with an airplane traveling with a velocity
V, suppose the propeller gives an increase in air velocity of
vav + o 8in wf. The average velocity in the slip stream is
given by V 4 vay, and the effective velocity turns out to be

By modifying the classical momentum theory of propellers to
include pulsation, it can be shown that the ratio of the ideal
efficiency with pulsation to the ideal efficiency with steady flow
is given by,

: 1
Ep 14 + é Vav

—_— s e i [7]
E 1. 1w
vV + Vav <2 + 4 (7.,3)

When the velocity of the airplane is very large compared with
the slip-stream increase, this efficiency ratio, of course, approaches
23 is, say
0.2, this ratio is 0.985, if the previously determined test value
of vo/vae = 0.60 is used. At very low velocities, such as at
take-off, the velocity V approaches zero and the efficiency ratio
becomes 0.85.

Thus, the effect of pulsation on a propeller is a decrease in
efficiency of about one per cent at high velocities up to a decrease
of 15 per cent at take-off. Stated another way, for a given power
input to a propeller, the presence of unavoidable pulsation de-
creases the static thrust 15 per cent below the value that could
be attained with steady flow.

unity. In the intermediate range where the ratio of
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CONCLUSIONS

With a simple portable instrument available for studying
pulsating flow, it is possible to find out much more about fluid
flow than has previously been possible, and there is a wide field
that needs investigation.

Considerable work seems desirable on the determination of
the rate of decay of pulsation along ducts and pipes. As men-
tioned before, pulsation causes a serious increase in friction loss
in pipes above that which is necessary with steady flow. Plans
are under way to adapt the present instrument to the study of
the pulsation of flowing water and other fluids. It seems reason-
able to believe that liquid pumps are just as liable to create
pulsating flow as are air blowers.

The decrease in pulsation between a four-cylinder engine and
a six-cylinder one seems to suggest a logical method for decreasing
pulsation. In a six-cylinder engine, the suctions overlap, and a
great reduction in pulsation results. An air blower with two
independent rotors drawing air from separate intakes, but having
the rotors staggered and delivering air to a common discharge
seems to be a logical method of obtaining overlapping discharges
free from pulsation.

It is rather difficult to realize that air flow, that is usually
considered steady, is actually badly pulsating. The physical
sense of feel can detect pulsation up to a frequency of as high
as 60 cycles a second. Above this frequency, air flow that is
actually discontinuous seems perfectly steady. In any case,
however, the determination of the true average and effective
velocities as previously described, not only detects the presence
of pulsation, but also tells quantitatively how much pulsation
is present.



