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SUMMARY

This study was concerned with the effects of pressure
pulsations and tube wall flexibility on the pressure gra-
dient and friction factor for a laminar fluid flow.

The apparatus designed to perform this task consisted
of a horizontal pipe system fed by a constant head reser-
voir. The test section was removable and was composed of
a live rubber tube inserted snugly into a steel pipe to
make it rigid for the first set of runs. The steel cover-
ing was removed to provide a flexible tube with the same
static dimensions and surface roughness for the second set
of runs. The flowing fluid was oil. Pressure pulsations
were produced by a rotating butterfly valve located down-
stream of the test section and the static pressure varia-
tion was recorded by a Visicorder as a plot of static
pressure versus time. The Visicorder is an oscillograph,
manufactured by Honeywell, which records on light sensi-
tive paper. The flow rate was controlled by a globe wvalve
located near the exit end of the system and was measured
by_collecting the fluid in a bucket. The runs consisted
of diminishing the flow rate in steps from maximum flow
and measuring the static pressures on the Visicorder at
each flow setting. A series of seven flow settings was

established for each of the five frequencies from zero to
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4,30 pulses per second. The procedure was the same for
both the rigid and the flexible test sections.

The time averesged mean static pressures were deter-
mined by planimeter measurements of the Visicorder plots.
From these data, the time averaged mean pressure differen-
tials across the test section were obtained and plotted
versus the average flow rate. Also, the time averaged mean
friction factors were computed from the average pressure
gradient and the flow rate by applying steady, laminar flow
relationships. This procedure was followed by F. Schultz-
Grunow in reference 4 during his pulsating flow experiments.
Data from the present experiment indicates that the flexi-
ble tube effected a damping of the pressure pulse. That
is, the amplitude of the pulse through the flexible tube
was diminished as the frequency increased, but the ampli-
tude tended to remain constant in the rigid tube over the
same frequency variation. Also, in the flexible tube, the
upstream wave peaks noticeably lag behind the downstream
peaks whereas, in the rigid tube, these peaks are essen-
tially coincident.

A dimensional analysis of this flow produced the

following dimensionless groups:
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However, the significance of these numbers cannot be
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determined from this limited range of data.

The results depicted by these data will help to
point out more appropriate areas of investigation and
techniques of measuring the characteristics of the flow,

oome alterations to improve the results of this
investigation would be to provide a maximum flow rate
bordering on turbulent flow and to design a calibrated
means for accurately varying this flow from a maximum to
zero, This would allow the determination of a large number
of data points, which could be considered random in the
probability sense, and a consequent large reduction in
error. In this extended range it is probable that more
trends could be observed with respect to the effects of
the frequency variastions and of the various test sections

on the flow characteristics.



CHAPTER I
INTRODUCTION

The problem developed from a curiosity about the
flow characteristics of blood as it pulsates through the

flexible walled artery.

Problem
This study was a preliminary investigation of the
pressure differential and friction factor across a flexible
walled test section through which fluid flowed in a pulsat-

ing, viscous, laminar configuration.

Purpose

The purpose of this investigation was to experimen-
tally determine the pressure differential across both a
flexible and rigid test section as the flow rate and the
frequency of pressure pulsation were varied. The friction
factor, calculated from this data, was compared with the
accepted steady, laminar flow friction factor to determine
the relation between the measured, time averaged, mean
pressure differential of pulsating flow and that of steady

laminar flow.

Literature Survey

F. Schultz-Grunow (4) outlines the techniques used



and results obtained from an experiment with pulsating flow
through a circular pipe. He measured the total pressure
profile at the exit of the test section with a series of
probes positioned across the cross-section. These probes
were connected, through a rotating valve device, to glass
manometer tubes. The rotating manometer valve was synchro-
nized with the butterfly pulsator to make possible the
reading of the instantaneous ftotal pressure profile. How-
ever, reverse flow effects and lag in the response of this
pressure sensing device limited the pulsating frequency to
24 pulses per minute for accurate data. Pressure differen-
tials were determined from differences between static pres-
sure measurements taken from drilled holes in the tube wall.
From this experiment, it was concluded that the friction
factors resulting in this particular realm of frequency and
flow rate very closely resembled those calculated from steady
flow relationships using the time averaged mean pressure
gradient and the mean flow rate. This further indicates that
the mean mass flow rate of pulsating flow, as determined by
collecting the flow in a bucket, is equivalent to the inte=~
grated average flow rate of steady flow.

This same conclusion is drawn by Uchida (5) who states
that the time averaged mean pressure differential of pulsat-
ing, laminar flow will produce the same flow rate as an
equal pressure differential in steady, laminar flow.

According to 3. Logan and Earl B. Strawger (6), the



instantaneous velocity is constant throughout a pipe of
constant cross section when the pulsations are slow. How-
ever, if the velocity change is sudden, when the valve is
closed quickly, the elastic properties of the o0il and of the
tube wall result in a flow which is not uniformly retarded.
The portions of the flow near the valve are the first to
feel the effect of the closure. These portions will be com-
pressed and the adjacent walls expanded by the pressure
caused by the closure. This increased pressure requires
time to travel along the pipe before the distant portions
feel the effect. The time of travel is proportional to the
dimensions of the tube and to the modulus of elasticity of
both the flowing fluid and the tube material.

C. We Harris (7) derived an expression for the static
pressure increase at a point resulting from a pressure pulse
traversing a flexible pipe. This, also, is a function of
the elastic modulus of the fluid and tube material. The use
of the instrumentation system consisting of the Visicorder
and variable capacitance type pressure transducers was jus-
tified by a pulsating flow experiment by F. J. Bayley (8),
in which the same type instrumentation was used successfully.

The basic relationships in the discussion and compu-
tation sections were taken from fluid flow textbooks (1, 2).

For the numerical analysis, two sources were used (3, 9).



CHAPTER II
DESCRIPTION OF THE APPARATUS

The apparatus consisted of a closed system of one-
inch steel pipe, a constant head reservoir, a sump, a 4.50-
foot test section, an inlet and exit flow control valve, two
piezometer rings and attached pressure transducers, a rotat-
ing butterfly valve located in the stream, a two-horsepower
pump, an amplifier and oscillograph (trade name: Visicorder)
as shown in Figure 1.

The constant head reservoir was constructed from a
steel drum 44 inches high and 2% inches in diameter and open
to the atmosphere. An overflow bucket 24 inches high and
19 inches in diameter was attached inside to the bottom of
the drum. The direct line to the test section was attached
to the bottom of the overflow bucket while the 0.75-inch
overflow pipe was attached to the bottom of the drum in com-
munication with the overflowing oil.

The sump was constructed from a similar steel drum.
The 1.50-inch return suction line to the pump inlet was
attached with its axis four inches from the bottom of the
drum. This design allowed for sludge settlement without
contaminating the flowing oil. The overflow pipe end was
two inches from the bottom of the sump to minimize air bub-

ble formation or foaming. A 35-mesh-per-inch screen was



suspended in the cenfter of the reservoir above the surface
of the o0il to disperse the stream of oil flowing from the
main pipe in order to reduce foaming.

The test section for the first set of measurements
consisted of a live rubber (RLP Latex) tube of one inch in-
side diameter, 0.125 inch wall thickness and 4.75 feet in
length. This tube was forced through a 1.250 inch inside
diameter steel boiler tube 4.45 feet long so that the test
section was relatively rigid. As shown in Figure 1, Appen-
dix A, 1.50 inches of both ends of the rubber tube were
stretched over the one-inch pipes at either end of the test
section and were clamped by adjustable stainless steel band
clamps to eliminate o0il leakage at these points. The rigid
tube was supported by wooden blocks so that its axis matched
those of the test section extremes. This design allowed a
0.25-inch gap between the boiler tube ends and the steel
pipe ends in which the rubber tube diameter smoothly transi-
tioned from the strefiched dimension to its normal one inch
inside diameter with no apparent closure or bulging inside
the boiler tube. It was assumed that these gaps were of
such small dimensions as to not significantly alter the data
accumulated during the rigid ftest section runs.

The test section for the second set of measurements
consisted of the same rubber tube with the boiler tube
covering removed. Since both test sections had the same

inner surface, the roughness characteristic was a constant



during the experiment and the end joint discontinuities were
constants in both test sections. The entire length of the
flexible test section was supported by a wooden brace so
that its axis matched that of the test section extremes.
Thus, the rubber tube was restricted in its radial deflec-
tions only along its bottom surface which was tangent to a
rigid wooden brace.

The piezometer rings were 0.50 inch long steel rings
cut from steel bar stock and bored with a 1.%3%35-inch hole
to enable them to slide over the 1l.311 inch outside diameter
steel pipe as shown in Figure 2, Appendix A. The inner sur-
face of the rings was grooved to allow 0il To communicate
from the four 0.06-inch holes in the pipe to the 0.125-inch
pipe tap in the top of the ring. Both rings were secured to
the pipe and sealed by molding plastic steel over the seams.
The upstream piezometer ring was positioned 25 inches up-
stream from the entrance of the test section to minimize the
possibility of propagated disturbances from this entrance
effecting the static pressure pickup. Also, the downstream
piezometer ring was positioned 4.50 feet downstream of the
test section exit. In calculating this dimension by equation
(3) in Appendix C, it was assumed that the steady, laminar
flow relationship would provide sufficient calming distance
for pulsating, laminar flow. The one inch long 0.125 inch
diameter pipe in the top of each piezometer ring was capped

with a 0.,125-inch T-joint. Transducers of five and seven psi



capacities were secured to one side of each T-joint, while
a globe valve was secured to the other. The rings and T's
were secured in a position ten degrees from the vertical
with the transducers attached to the lower ends of each
T-joint. When the valves were opened, it was assumed that
the fluid velocity through the inner groove of the pie-
zometer ring was great enough to force out any air bubbles
trapped in the ring. The angular offset allowed the escape
of any air trapped in the transducer during assembly.

The rotating valve was fitted through a 0.10-inch
slot in a 0.375-inch shaft as shown in Figures % and 4.
The valve was a disc cut from sheet steel and was secured
in the slot by opposing Allen head screws. The butterfly
valve and shaft combination rotated inside a two-inch inside
diameter pipe. One end of the shaft rotated in a 0.375-inch
ball bearing which was pressed into a steel hub welded to
the outer surface of the pipe. The other end of the shaft
was projected through a similar hub on the other side of
the pipe. This hub was bored to 0.375 inches and fitted
with an "O" ring to complete the seal which was very satis-
factory in that no oil leakage was observed in this area.
The shaft was rotated by a four-inch timing pulley pressed
on its free end as shown in Figure 4., The two-inch pipe
section containing the rotating valve was joined at both
ends by reducers to the one-inch pipe of the main system and

was bypassed by 0.75-inch pipe. The butterfly valve was



positioned 25 inches downstream of the piezometer ring so
that disturbances created by the rotating valve would not
effect the downstream static pressure readings.

The drive mechanism consisted of a Vickers 0.75
horsepower hydraulic transmission powered by a 0.25 horse-
power electric motor. The transmission shaft was fitted
with a two-inch timing gear and connected to the rotating
valve gear by a timing pulley.

All flow control valves in the apparatus were globe
type. A valve was placed at the upstream end of the hori-
zontal pipe run to allow the test section to be drained and
removed. The exit valve was placed below the exit side of
the bypass and was used to vary the flow rate during the
experiment by closing the valve three quarters of a turn for
each flow setting. This made possible seven different flow
rates from the full open position.

The electronic measuring equipment consisted of two
variable capacitance type pressure transducers connected
through an amplifier to the Visicorder (an oscillograph

which records on light sensitive paper).



CHAPTER III

PROCEDURE

Preparation for Test

The inlet and exit valves were fully opened and the
electric circulating pump was switched on to circulate the
oil through the pipe system. This circulation continued
for one hour before the oil appeared to be free of air bub~
bles. Next, a steel pipe one inch long and 0.125 inches
in diameter was screwed into the diaphram cavity of both
transducers. The volume above the transducer diaphram was
filled with air-free oil from a glass tube. This procedure
was followed to insure that no air would be trapped below
the shoulder of the pipe insert. A plug was then removed
from the lower end of the T-joint on the piezometer ring
and the transducer was tilted and screwed into the T-joint
while the dripping o0il was caught in a bucket. The valve
attached to the upper end of the T-joint was then opened
into the bucket to clear out air which may have been trapped
in the top of the piezometer ring. It was assumed that the
above procedure cleared the piezometer rings and transducers
of trapped air. However, there was no provision for clear-
ing a possible air pocket in the top of the two-inch pipe

section in which the butterfly valve was located. It was
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assumed that its effect, if any, on the pressure pulse

would be constant and, therefore, not bias any one set of
data. The amplifier and Visicorder were tuned according

to the accompanying operating instruction manuals. In two
hours, the circulating oil had reached a steady temperature
as was indicated by & constant reading of 104 degrees Fahr-
enheit on the three-inch immersible Fahrenheit thermometer
positioned in the flow trough at the outlet end of the pipe.
This thermometer did not provide an accurate reading of the
temperature in the test section, but the reading was assumed
to be close enough so that any change in it would be directly
proportional to a change in the actual test section tempera-

ture.

Procedure During Run

The rigid test section was arbitrarily chosen for
the first set of runs. The runs through both the rigid and
flexible test sections were divided into a series of five
pulsating frequencies, the first of which was zero pulses
per second, then 1.20, 1.99, 5.50, and 4.30 pulses per
second., The pulse rate was purposely limited because it
was assumed that at high frequencies the inertial and vis-
cous properties of the fluid would effect the accuracy of
the recorded data. This assumption was based on the experi-
ment by F. Schultz-Grunow (4) in which the pulsation was

limited to 24 pulses per minute. This particular pulse rate
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cannot be considered a standard limit in pulsating flow
experiments, however, since it was a function of the design
of the pressure measuring instrument in that particular
experiment. The pulse rates were measurea by counting a
mark on the rotating butterfly valve timing pulley as it
passed the top center position and dividing by the time
interval over which the count was taken. The resulting
figure was doubled to give the pulse rate since there were
two pulses per revolution of tThe butterfly valve. The fre-
quency of pulsation was controlled by the hydraulic trans-
mission which was connected to the butterfly valve timing
pulley by a belt. Each of the frequency series was sub-
divided into seven different flow rates, the first of which
was the maximum flow. The flow was diminished six times by
a three quarter closing turn on the exit valve and, for each
one of these settings, the flow was measured by collecting
the oil in a bucket and weighing it. The pressure wave
form was recorded by switching on the Visicorder for a
duration of approximately ter pulses and then switching it
off. It was assumed that ten pulses were sufficient since
the waves appeared to be very uniform with respect to shape
and amplitude. The position of the valve for the lowest
flow rate was within one half turn from the fully closed
position. The flow rate contrel was repeated for each fre-
quency and the entire process was repeated for the flexible

tube test section.
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Measurements

Before any measurements could be taken, the pressure
transducer had to be calibrated in order to determine a
scale factor for converting linear distance on the Visi-
corder paper to units of pressure. Equation (5) in the sam-
ple computations in Appendix C shows that for constant area,
steady, laminar pipe flow, the pressure differential is
linearly proportional to the flow rate through the pipe.
Also, since the total pressure range of this experiment was
small, it was assumed that the deflection of the transducer
diaphragm and, consequently, of the Visicorder scribe, was
linear with the pressure variation., With these two points
in mind and considering the transient nature of the oil
properties over time because of frictional heating and vary-
ing flow rates, the Visicorder was rapidly calibrated in
the following manner immediately prior to each series of
runs. The exit valve was closed and the pump was shut off
to maintain the full head in a static condition. This pres-
sure was recorded on the Visicorder paper. The exit valve
was then opened and the o0il drained down to the level of the
riser at the pipe exit. Again, the pressure was recorded
on the Visicorder paper. This lower oil level maintained
two inches of o0il on the transducer to prevent air contami-
nation of the system. The linear distance between these
two pressure readings represented 2.60 psi of static pressure

head which was determined by direct measurement of the height
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of the oil above the transducer diaphragms and the desired
linear scale factor was found by dividing the 2.60 psi by
the distance in inches between the recorded lines on the
Visicorder paper. The repeated calibration prior to each
series of runs served also to correct for possible drifting
of the amplifier settings. After each calibration, the
piezometer drain valves were opened to release the air which
might have entered the system while the o0il was at the low
level. The pressure pulsations had to be checked to insure
that they were not in excess of the specified transducer
limits., That is, the pressure pulse limits were plus or
minus five and seven psi respectively at the upstream and
downstream transducers. To determine whether the pulsations
were within the specified transducer limits, the exit valve
and the bypass valve were both fully opened and the butter-
fly was slowly rotated. This allowed for a minimum pressure
pulse across the transducers. Next, the bypass valve was
closed in increments while pressure pulses were observed
on the Visicorder. This process was continued until the by-
pass valve was completely closed., The maximum pressure
recorded by the seven psi transducer positioned upstream
was 35,17 psi and the maximum pressure at the downstream
transducer was 2.65 psi. These pressures were well within
the transducer limits.

The pressure measurements for the normal runs were

evaluated by determining the time average mean static
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pressures at both pressure taps. This was done by measuring
the area under each Visicorder plot of pressure versus time

with a lens type planimeter and dividing by the linear dis-

tance over which the area was measured,

It had been thought that the changing flow rates and
frequencies would tend to vary the frictional heating and
thus the temperature of the oil. However, the readings for
the various flow rates were taken over a relatively short
period of time and the system quickly returned to the maxi-
mum flow configuration so that the exit oil temperature
appeared to stabilize at about 104 degrees Fahrenheit.

When the system was shut down, the oil was drained
and the test section was removed and cleaned by draining a
small quantity of mineral spirits through the tube and then
swabbing several times with a rag until the inner surface
appeared to be dry. This precaution was observed to prevent
the oil from attacking the rubber and changing the tube
properties before the experiment was completed. At the
termination of the experiment the tube was not cleaned and,
in several days' time, it appeared to have undergone about
a 5 per cent expansion of both its longitudinal and radial

dimensions. This elongation may be seen in Figure 5.
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CHAPTER IV
DISCUSSION OF RESULTS

The original data are listed in Tables 1 through 4
in Appendix D and are displayed graphically in Figures 6
through 10 in Appendix B for the flexible and rigid test
sections. The time average mean pressure differential, as
determined by planimeter measurements of the pressure versus
time oscillograph plots, is plotted against the average flow
rate and the frequency of pulsation is the distinguishing
parameter. The static pressures appear to vary linearly
with the flow. Therefore, it was decided to fit this data
to straight lines in an attempt to gain a more apparent
correlation among the several runs. This curve fitting was
accomplished by the method of least squares as outlined in
Appendix C.

Figures 11 through 15 provide a comparison, at each
frequency, of average static pressures in the rigid and
flexible test sections. The characteristic feature evident
in each of these plots is that the upstream time average
mean static pressures are greater for the rigid test section
than for the flexible one at any one frequency. This dif-
ference demonstrates the damping effect of the flexible wall

tube on the pressure wave as it traverses the test section.
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In steady laminar flow, pressure differential varies
linearly with flow rate. Uchida (5) states that the time
averaged mean pressure gradient of pulsating flow will pro-
duce the same average flow rate as an equal pressure gradient
in Poiseuille flow; and, consequently, the time averaged
mean pressure differential of pulsating laminar flow would
also vary linearly with the average flow rate. Therefore,
the mean pressure differentisls across the test section
were fitted to straight lines by the method of least squares.
These curves are plotted in Figures 16 through 20. The fit-
ted pressure differentials were then used in equation (16)
in Appendix C to compute the friction factors of the test
sections. Figures 25 through 29 show that the calculated
test section friction factor is in the same order of magni-
tude in the higher flow rate region as the theoretical fric-
tion factor for laminar, steady, viscous flow. However, in
Figure 25 in the low flow rate area in the flexible tube,
the calculated friction factor diverges below the theoreti-
cal line by an appreciable amount. Partial explanation for
this is given in the error anslysis in Appendix E where it
is shown that the curves of the time averaged mean friction
factors across the test section could contain a maximum error
of 22 per cent as a result of the accumulated errors in the
entire process from reasuring the deta to presenting the
calculated properties graphically. Aside from the errors

in the data, an additional error may have been induced into
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this calculation by ignoring the diametrical expansion of
the test section resulting from the relatively high static
pressure of 2.20 psi at the minimum flow configuration.
Assuming a modulus of elasticity, E equal to 150 psi, equa-
tion (22) shows that the actual radius of the rubber tube,
which was seen by the above static pressure, was 0.529
inches. Referring to equations (15) and (2%), it is seen
that a possible error of 33 per cent could have resulted
from using the smaller radius of 0.50 inches instead of the
actual radius. At higher flow rates, the combination of an
increased pressure differential and a lower static pressure
greatly reduce the effect of an expanded diameter on the
calculation of A.; the test section friction factor.

To further exemplify the difficulty with which the
fitted curves were derived for this particular set of data,
consider the following simultaneous equations which were
typical of those resulting from the vector equation (7) in

Appendix C:

7&0 + QLQZQal = ,923
52 6ao it 4.162&1 = 726

where; a, = 0.C099 and a, = 01619
and ; AE}B = 0,0099 + 0.1619w.

But, if there is a % per cent error in the coefficient,
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5.276, then;

78, + S.434a, = .923
Del34a  + 4.162a; = .726

where; &, * 0.,2590 and a, = -0.1635
and; A Peg = 042590 = 0.1635w.

As can be seen, the two pressure differential equations
have opposite slopes. This example demonstrates the effect
of a small error in coefficients of similar magnitude as
was characteristic in this data.

Partial justification for the use of steady, laminar
flow relationships in computing the friction factor comes
from F. Schultz-Grunow (4) who shows that, for Reynolds
numbers below 10,000 and for a frequency range up to 24
pulses per minute, the mean friction factor of pulsating
flow is essentially the same as that of steady flow.
Schultz-Grunow's paper offers the possible explanation that
the changes in the friction factor, resulting from the
accelerations and retardations of pulsating flow, approxi-
mately eliminate each other in the above prescribed range.

Figures 21 through 24 are time plots of the upstream
and downstream static pressure wave forms for each frequency
at the maximum flow rate setting. LSeveral contrasts can be

observed from these figures. The upstream wave forms through
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the rigid tube are characterized by many small reflections
which diminish in number as the frequency increases, whereas
the wave forms through the flexible tube have relatively few
reflections because of the shock absorbing character of the
flexible wall. In the rigid tube both the upstream and
downstream pressure pulse amplitudes tend to remain constant
through the range of frequency, but in the flexible tube,
the amplitude of the upstream pulse diminishes and that of
the downstream pulse increases with the increase in fre-
quency. A third contrast is that the upstream and downstream
pressure peaks in the rigid tube are almost coincident with
respect to time. But, in the flexible tube, the upstream
peak lags the downstream peak in time.

An attempt was made to develop some appropriate
dimensionless parameters by dimensional analysis. The flow

was assumed to be described by the following group of prop-

erties:
AP
'lQ’u!E!kgfgvges.ndD
where:
A P/L - is the time averaged mean differential pressure
across the test section (1bf/ft.7).
Q - is the density of the flowing fluid (lbm/ft.5).

is the viscosity of the fluid (lbf—sec./ft.e).

is the mecdulus of elasticity of the tube wall

=
|
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(1b£/T6.%) s

k - is the bulk modulus of the fluid (1bf/ft.°)

f - is the frequency of pressure pulsation
(cycle/sec.).

V - is the average velocity of the flowing fluid
(ft./s€ec.)s

e - is the thickness of the tube wall (ft.).

D - is the inside diameter of the test section (ft.).

Some of the dimensionless groups which resulted from

this analysis were:

APV Q Ve E K @ VD [kD}

- eeedl BE T Bieepaall B (twawenl I BN el (F 1 R and | — | .

fp UL Lifp ;pr Lpr U Ee
The Reynolds number was expected to appear and the ratio
kD/Ee is a group which appears in the equation for the

velocity of the pressure wave propagation in an elastic

pipe as derived by Harris in reference 7:

£
Dk
1 - %e
where:
Ve - is the velocity of the pressure wave in an elastic

pipe (ft./sec.).
Vp - is the velocity of the pressure wave in a theo-

retically rigid pipe (ft./sec.).



The significance of these groups with respect to
this particular flow has not been determined for this

limited range of data.

21
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CHAPTER V
CONCLUSIONS

The effect of the flexible test section was to
dampen the pressure pulse as it propagated through the tube.
This conclusion was drawn from the observed reduction in
static pressure amplitude at the upstream pressure tap.
Also, the upstream pressure pulse lagged behind the down-
stream pulse with respect to time to a much greater extent
in the flexible tube than in the rigid tube.

Friction factors, computed from relationships for
fully developed, laminar flow using the time averaged
mean pressure differential and flow rate, compared in magni-
tude to the accepted laminar flow friction factors (see
Appendix B for graphical results). This conclusion pertains
only to the included frequencies for which experimental data

was obtained.
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CHAPTER VI
RECOMMENDATIONS

The following recommendations stem largely from the
limitations in the available equipment and instrumentation.

The differential pressure across the test section
should be measured with a differential transducer and the
static pressure should be measured by a transducer connected
to either end of the test section. The static pressure of
the other end would then be determined by applying the
measured differential pressure. In the case of this experi-
ment, a differential pressure transducer was not available.

A more accurate calibration of the transducer-oscil-
lograph system would definitely improve the quality of the
data. The static pressure measuring transducer should be
calibrated by connecting it to a mercury manometer and
recording a series of pressure readings covering the desired
range., The differential transducer should be calibrated by
connecting both sides of its diaphragm to individual mercury
manometers and taking pressure readings over the desired
range. In both cases, a curve drawn through these points
in a plot of manometer pressure versus transducer pressure
would provide a full scale correction for the transducer

pPressures.
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The flow rate capability should be increased to the
turbulent flow region by raising the level of the supply
reservoir and increasing the pipe diameter. This would
allow investigation over the full range of laminar flow.
Also, the flow rate reductions should be spaced over the
entire range from maximum flow to zero flow. In order to
achieve this spacing of flow rates, a valve more suitable
for calibration than the globe valve would be necessary.

In this event, a statistically sufficient number of measure-
ments could be taken at each flow setting to determine a
reasonable average at that setting. This more character-
istic data might possibly reveal trends which were not
observed in the present experiment.

More complete stoppage of the flow and, conseguently,
greater pulsation magnitudes could be achieved by construct-
ing the butterfly valve assembly of a pipe of the same
diameter as the main system rather than of a larger pipe as
was the case in this experiment. Then the leakage past the
valve clearance would not be as significant a percentage of
the total flow as it was in the present system.

Sinusoidal or other desired wave forms could be
obtained in several ways. One would be to vary the angular
velocity of the butterfly during each revolution in such a
way that the desired wave form could be produced. Another
design could be a disc rotating in the pipe cross-section

about an off-center shaft perpendicular to its surface and
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shaped so that the rate of change of cross sectional flow
area resulted in the desired wave form. A more complicated
valve design is outlined in (3).

Experimentation over a greater range of frequencies
and using a greater variety of test sections would certainly
be of interest.

The Jjoints at the extremes of the test section should
be so designed as to provide a smooth entrance and exit for
the fluid (see Figure 1).

Precautions should be made to insure the release of
all air from the chamber containing the butterfly valve.

Air entrapped in this section might possibly effect the

pressure pulse at its origin.
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Pulsation Frequency = 1.20 pulses/sec.
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Pulsation Frequency = 1.99 pulses/sec.
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SYMBOLS

are constants determined by the data

is the friction coefficient for each globe valve

(tabulated on page 152 of reference 1)

is Tthe inside circumference of the test section

(in.)

is

is

the

the

(psi)

is
is
is

- is

the
the
the
the

(1pf)

is
is
is
is
is
is

is

the
the
the

the

inside diameter of the one-inch pipe (ft.)

modulus of elasticity of the test section

thickness of the rubber test section (inches)
friction factor of the pipe (64/Re)
frequency of pulsation (pulses per sec.)

inertia force of o0il and air respectively

bulk modulus of the oil (psi)
length of the test section (4.50 ft.)
total length of the pipe system (ft.)

calming length (ft.)

6.08 feet of pipe length

pounds of 0il collected in the bucket (lbm)

the

time averaged mean pressure drip across the

pipe sections between the transducer piequometer

rings and the test section ends (1lbf/in.

Fy
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is the time averaged mean pressure differential
across the test section (lbf/in.g)

is the static pressure inside the test section
(1b£/in.?)

is Reynolds number

is the inside radius of the flexible test section
(in.)

is the incremental change in R

is the circumferential stress of the test section
(1b£/in.?)

is the time interval (seconds)

is the average velocity of the oil (ft./sec.)

is the time average mean flow rate (lbm/sec.)

is the height of the reservoir (ft.)

is the acceleration of oil and air respectively
(ft./sec.)

is the circumferential strain of the rest section
is the density of o0il and air respectively
(1bm/ft.2)

is the kinematic viscosity of the oil as measured

4 ft.g/sec. at

in a previous experiment (2.04 x 10~
104° F,)
is the friction factor of the test section calculated

from the data

is the dynamic viscosity of the oil (lbm—sec./ft.g)



60

SAIMPLE COMPUTATIONS

Preliminary computations, based on the geometry and
properties of the available equipment, were made in order
to properly choose the instrumentation.

The pressure head in feet was determined by direct
measurement, The friction factor for an anticipated maxi-
mum Reyholds number of 1500 was acquired from page 126
of reference 1. To find the mean velocity of the maximum

flow rate, Bernoulli's equation was used:

Z. - 2., = V2/2g + £LVS/D2g + 2CVe/2g (1)

A% 2

where: subscript 1 represents the surface of the constant
head reservoir, and subscript 2 represents the exit
end of the system of one-inch pipe.
Ordinarily, in laminar flow, the total head loss

would be represented by:
2 5
fLV=/2gD (2)

But, it was assumed here that the flow through the globe

valves would become turbulent. Therefore, the factor:
20Ve/2g

was added.
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In order to place the pressure taps in a position of
known laminar flow, the following relationship for length
required to achieve parabolic velocity profile was used,

as described by Schlicting in reference 2, page 401:

L' = D(0.03)(R,) (3)

It was necessary to fit curves to the data in order
to get any graphical distinction between the various runs.
Pressure differential in steady, laminar flow of an incom-
pressible fluid through a constant cross section pipe is a

linear function of the average flow rate:

AP = Q fLV%/D2g (#)
where:: Vo= w/Q, = 4w/Q T D
and £ = 64/R, = 641/ RVD = 16{LTT D/w
then: AP = 128[Lw/Q TT gD" (5)

The method of least squares was used to fit the data for
each run to a straight line. It was desired to derive an

equation of the form:

AP, = a, + ajw (6)

0

Reference 3 states that a solution of the constants
a, and a; can be achieved by arranging the particular set
of data in the following type vector equation and solving by

standard matrix techniques.
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AI}S was determined by subtracting from the total measured
pressure drop, the pressure drops across the pipe sections
between the transducer piezometer rings and the test section
ends, (‘AIED. A Pp was determined from laminar flow rela-

tioms:
AE, - £1Ve/2gD (8)

To determine the flow rate, the following relation

was used:
w = m/t (9)

The frequency of pressure pulsations was determined
by counting a mark on the butterfly valve timing gear as

it passed top dead center:

fp = (cycles)2/t (10)

The transducers which were used in this experiment
are primarily used in pulsating gas experiments in which
the pressure pulses can be measured accurately to within

2 per cent at a frequency of about 500 cycles per second.
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In the oil experiment, the pulsation frequency was necessar-
ily limited by the high inertia of the vibrating volume of
0oil next to the transducer diaphragm. It can be seen that
the inertia force of oil is about 700 times greater than

that of air:
where: Ko =X

It is recommended that this fact be considered in designing
the frequency range for future investigations if this type
pressure transducer is to be used.

To calculate the Reynolds number from the flow data,

equation (13) was obtained as follows:

R, = VD/\{ (12)

Letting
_ 2
V=4w/Q77D

and substituting the actual value of the indicated proper-
ties as specified in the symbol definitions, Reynolds

number becomes:

Re = 1440w (13)

The friction factor across the test section was found

from the following relation:



AP, = AL__V%/D2g (14)

where: © is the density of the oil (52 lbm/ft.5 at 104° F. e

Again, substituting for V:
A= (D’QTT °&/8L)(4 B_/w?) (15)
or.:
A = 0.2654 B, /w° (16)

The following derivation shows the effect of internal

static pressure on the radius of the rubber test section:

€ = Ac/c = AR/R = S/E (17)

Therefore; AR = RS/E (18)
But; S = EPRLtS/EGLtS = PR/e (19)
Then; AR = PR2/Ee (20)
Now, if: P = 2,20 psi

R = 0.5 inches

E = 150 psi

e = 0.125 inches
Then; AR = 0.,0293 inches (21)
Therefore: R+ AR = 0.529% inches (22)

Referring to equation (21), the expanded diameter
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taken to the fifth power is:
[2r + A R)]5 = 1.33 in.” (23)

This is about 33 per cent larger than the fifth power of the

one-inch diameter which was used in equation (15).
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Table 1. Static Pressure - Rigid Test Section

Pulsation Frequency = 0.00 pulses/sec.

Flow Downstream Tap Upstream Tap Scale Factor

Rate lMeasured Fitted DMeasured HFitted Down Up

W inches psi psi inches psi psi Stream Stream
psi/in. psi/in.

0.00 2.90 4,05 1.13 1.10

0.00 0.60 1.68

1412 0.73 0.83 0.84 1«12 1235 1.25
1.04 0.85 0.96 1.00 l.22 134 1.358
1,03 1.00 1.13 1.02 1.6 1.49 1.40
0.9350 1.08 1.22 1.22 l.46 1.60 1.57
0.865 1l.14 1.29 1.35 1.50 1.65 1.68
0.785 1l1l.34% 1.51 1.51 l.64 1.80 1.82
0.605 1.67 1.89 1.37 1.95 2.14 2.12
Downstream Pressure = 3,07 - 1.99w
Upstream Pressure = 3.15 - 1.70w

Pulsation Frequency = 1.20 pulses/sec.

0.00 2.90 le.l5 1.06
0.00 0.64
0.950 0,94 1.07 1.13 1.35 1.49 1.54
0.940 1.04 1.20 1.15 l.42 1.56 1.55
0:855 1.15 1:32 1l.32 1.51 1.66 1.68
0.805 1.25 1l.44 1.43 l.63 1.80 1.77
0.745 1.29 1l.48 1.55 l.66 1.83% 1.86
0.675 1.55 1l.78 1l.68 1.80 1.98 1.96
0.555 1l.64 1.89 1.93 1.98 2.18 2.15
Downstream Pressure = 3.05 = 2.02w
Upstream Pressure = 5,01 - 1l.55w
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Table 1. Static Pressure - Rigid Test Section (Continued)

Pulsation Frequency = 1.99 pulses/sec.

Flow ~ Downstream Tap Upstream Tap Scale Mactor
Rate Measured  Fitted [Ileasured Fitted Down Up

w inches psi psi inches psi psi Stream Stream
0.00 2.90 4,09 psi/in. psi/in.
0.00 0.62 1,72 l.14 1.10

0.940 1.00 1.14 1.15 1.32 1.45 1.54
0,920 1.11 1.27 1.17 1.48 1.62 1.58
0,865 1l.12 1.28 1.30 157 18 189
0.795 1.27 1.45 1.46 1.69 1.86 1.84
0.755 1.33 1.52 1.55 1.77 1.94 1.93
0.690 1.52 1.73 1.69 1.935 2.12 2.06
0.595 1.62 1.85 1.89 2,01 2,21 225
Downstream Pressure = 3.20 - 2.19w
Upstream Pressure = 3,50 - 2,09w

Pulsation Frequency = 3.30 pulses/sec.

0.00 2.92 4414 l.14 1.08
0.00 0.63 1.81
0.940 0.89 1.01 1.11 l.34 1l.46 1.48
0.925 1.09 1.24 1.14 L42 1.55 1.5
0.860 1.12 1.27 1.26 1.45 1.58 1.60
0.795 1.20 1l.36 1.39 1:58 1475 271
Q.725 1.37 1.56 1.52 Le69 1.85 1.8B2
0.685 1l.42 1l.61 1.6l 1.72 1.88 1.89
0,500 172 1.95 1.96 2.00 2.,18 2.18
Downstream Pressure = 2.94 - 1.95w
Upstream Pressure = 2.98 - 1l.60w
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Table 1. Static Pressure - Rigid Test Section (Continued)

Pulsation Frequency = 4.%0 pulses/sec.

Flow Downstream Tap Upstream Tap Sacle Factor
Rate Measured Fitted Measured Fitted Down Up

w inches psi _psi inches psi psi Stream Stream
0,00 2.95 4,10 psi/in. psi/in.
0.00 0.63 l1.72 1.14 1,10

0.945 0,925 1.05 1.08 1.37 21.50 1.55
0.935 0.973 1.11 1.10 1.46 1.60 1.57
0.860 1.12 1.28 1.25 1.49 1l.e4 1.68
0.805 1,19 1,36 137 1461 1,77 1.77
0.740 1.%3 1l.52 1.49 1.73 1.90 1.87
0.660 1.45 1.65 1.65 1.85 2.04 1.99
0.490 1.74 1.98 1.99 2.00 2.20 2.25
Downstream Pressure = 2,98 - 2,01lw
Upstream Pressure = 3.0l = 1l.54w
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Static Pressure - Flexible Test Section

Pul sation Frequency = 0.00 pul ses/)sec.

I nches psi

2.

PR PP OOO

P PP PRPRPPRPON

9% "
45

.74

81

. 00
. 20

.35
.90

0.
0. 84
1.04
1.24

77

1.40

1-

97

Downst ream Ta
Measur ed

_ F Ups: tream Ta Scal e Factor
Fitted Measured Fitted Down Up
psSi I nches psi psi Stream Stream
psi/in. psi/in
1. 04 1.03
0.79 1.11 1.14 1.19
0.84 1.19 1.23 1.23
1.04 1.35 1.39 1.39
1.22 1.53 1.58 1.54
1.39 1.65 1.70 1.68
1.99 2.07 2.13 2.16

Downstream Pressure = 3*45 - 2. 56w
Wpstream Pressure = 3*36 - 2. 56w

Pul sation Frequency ¢ 1.20 pul ses/sec.

.95
. 53
.02

04
20
30
45

. 56
.99

PR PR R R

10
12
29

.40
. 56

. 67
2.

14

1.11
1.15
1.30
1.41
1.52
1, 61
2.17

4.
.78

P PP R RPRPRPPR

25

40

.44
. 54

61
78

. 88
2.

18

.47
. 52
. 62
.70
. 88
. 98
.30

NP RRER PR PR
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49
52
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34

NP PR PP P

Downstream Pressure = 2.85 - 1.83w
2.88¢- 1.46w

Upstream Pressure



