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PREFACE

The second year efforts of the research project entitled "Investigation of
Scaling Characteristics for Defining Design Environments due to Transient Ground
Winds and Near-Field, Non-Linear Acoustic Fields", the NAS8-30159 Contract
for the period from April 1970 to May 1971 are presented in two sections of this
report.

The first section entitled "Experimental Investigation of Pressure Wave Propa~
gation in a Pipe" presents a report on the experimental investigation of propagation
phenomena of nonlinear pressure waves in an open-end pipe containing air ot atmos=-
pheric conditions. An instrumentation system consisting primarily of a battery of
hot-film anemometers was used for the measurements of temporal and spacial velocity
profiles for various diaphragm burst pressures. In order to gain a better insight of the
physical phenomena, a mathematical model was developed by assuming the flow pro-
cess isentropic. Calculated results from the mathematical model were compared with
the experimental data. The discrepancy between the theory and experiment demon~-
strates the degree of anisotropic nature of the flow process. This task has been car-
ried out primarily by Manfred J. Loh under the principal investigator's technical
direction.

The second section entitled "Experimental Investigation of Effects of Unsteady
Flows on a Submerged Cylinder" reports briefly results of the investigation of un-
steady flow phenomena about a submerged right circular cylinder in various un=
steady flow conditions. A set of dimensionless parameters consisting of guantities
pertinent to the unsteady flows is used to analyze pressure and force data which
are presented in terms of local pressure coefficients, lift and drag coefficients
versus instantaneous Reynolds number and nondimensional fluid displacement re-
Specfively. The measured drag coefficients were found to be comparable with the
calculated ones from the pressure coefficients.

A variation of the hydrogen bubble technique was used in obtaining high
speed movies of the unsteady flow phenomena about the circular cylinder. A se-

quence of photographs taken from these movies is presented which shows the de-

velopment of the flow field around the cylinder at various times.




This task has been undertaken primarily by David J. Morrow under the techni-
cal direction of the principal investigator. A detailed and final report of this task
will be submitted later upon completion of the M.S. Thesis by Mr. Morrow.

These two tasks of the project were supported by staff members of the Fluid
Dynamics Laboratory, Instrumentation Services Laboratory, Computer Laboratory,

and the Machine Shop of The University of Alabama in Huntsville.

Cornelius C. Shih |
Principal Investigator



TABLE OF CONTENTS

PREFACE ® € © o © © o o . ®© &6 © o ¢ o © © © © © 06 o©o o° o ©°
TABLE OF CONTENTS e © © & & e © © o© o6 © ¢ © @ ¢ o o @

Section I.  EXPERIMENTAL INVESTIGATION OF PRESSURE WAVE
PROPAGATIONINAPIPE, . . . . . . & e e e s b e s

ABSTRACT & ¢ o o 6 o 0 e o0 6 066 0 e o s osooescon
NOMENCLATURE ... ... e o s 0 s s e s s s s e e
INTRODUCTION ..... e oo e 0 s e e s o0 0 s o e
THEORETICAL CONSIDERATION . . v v v v v o ..
DESCRIPTION OF TEST FACILITY © ¢ ¢ ¢ ¢ 6 o 0 s o o o
1. Pressure Wave Generator . . . . . ¢ oo s 0 s a0 s

a. DriverSection « ¢« ¢ ¢ o o o ¢ o6 6 0600000

b, Piston Section . ¢ s o c 6 0o o o0 c 000 oo .

Co'TesfPipe ooooo e ©¢ 6 © o © © @ © © 0 © © o e

Ly B e

~J

TEST PROCEDURE L] L] L L ® e L[] ® L] ° e L

].
20

1.
2.
30

Instrumentation System . . . . . . .

Q.

b.

Sensor System . . o 6 o 0 0 0 o

Recording Equipment . . . . . .

Calibration of Instrumentation System ,

Conducting the Test . o o o o o « &

6 © © © ¢ 8 © o0 © © ¢ e &6 o © e o

Test Conditions o ¢ ¢« 6 ¢ 6 s 0 0 o o

Oscillograph Analysis « « o ¢ o « & &

Data Analysis « « « ¢ ¢« o 06 0 s o o

s
be
Ce

de

e,

Temporal Velocity Profiles . . .

Spacial Velocity Profiles . . . .

°

Acceiérqﬁon of the Fluid Flow . .

Propagation Speed of the Pressure Wave , . .

Comparison of Numerical Calculations with

Experimental Data + ¢ o o o «

ooooooo

oooooo

e & © © o »o

PRESENTATION AND DISCUSSION OF EXPERIMENTAL
DATA .

e o o

11
12
12

Y J — PR — PRINE R — sl
[s= 2NN s s BN RN & L & T O S



f. Blockage Effect . . o ¢ oo o e oo« o e o o o o s 20
REFERENCES . ....... et s e s s e s e s e e e e 21
FIGURES « . -« - - e e Ceeee. 22
APPENDIX A

I. Listing of Computer Program for Burst Pressure 80 psi,
Without Friction . ... ... ... 0. .. e esee. 36

II. Listing of Computer Program for Burst Pressure 80 psi,
With Friction (F=0.2) . .o v v v vt oo v v oo 38

APPENDIX B

Tobulated Data o . o v 0 0 v 0o & s c e e e e e e 40

| Section II. EXPERIMENTAL INVESTIGATION OF UNSTEADY FLOWS
' ON ASUBMERGED CYLINDER . . . ¢ e e v ¢t e 0000 a e 50
ABSTRACT .. ..o vovecvososoccoosnsssseascs 90
INTRODUCTION . 4 ot e v e e eeeneennennnns 51
DESCRIPTION OF TEST FACILITY  « ¢ ¢ ¢ 6 ¢ e 0 0 o o s « o 53
INSTRUMENTATION AND DATA REDUCTION , , , . .. .. 54
FLOW VISUALIZATION ., ......... .. c o v oo e 55
PRESSURE DATA « + ¢ v v e v v vmnnosnnnnennon 56
FORCE MEASUREMENTS « « o v o+ & o « e . 58
RESULTS AND CONCLUSIONS © ¢ ¢ ¢ o e 0 6 06 00 000 59

REFERENCES ¢ . o ©» © © © © © 6 & © © © 6 o o © e ° © © ¢ © & e © é@




SECTION I

EXPERIMENTAL INVESTIGATION OF PRESSURE
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SECTION 1

EXPERIMENTAL INVESTIGATION OF PRESSURE
WAVE PROPAGATION IN A PIPE

ABSTRACT

This study is concerned with the experimental investigation of temporal and
spacial velocity profiles in a 3-inch open-end pipe produced by the propagation
of nonlinear pressure waves generated by a modified shock tube driver. Using o
constant temperature anemometer system with hot-film probes, the investigators
measured temporal and spacial velocity profiles at five sections along the 42~ft.
test pipe for five diaphragm burst pressures. Data analyzed are presented in graph-
ical form and compared with theoretical results obtained by the method of character-
istics through a digital computer. The mathematical model was developed by as~
suming the flow process isentropic. The discrepancy between the theory and ex -
periment demonstrafes the effect of friction upon the dissipation of energy in the

flow system.




NOMENCLATURE

sonic speed
pipe diameter

friction coefficient

total energy per unit mass

Mach number

static pressure

heat flux vector

time

velocity vector and component
axial coordinate along pipe
ratio of specific heats

fluid density

temperature

stress tensor

£V



INTRODUCTION

Highly intense pressure waves in the near sound field are generated by iaunch
vehicles such as Saturn V. Characteristics of the propqgahng acoustical energy i
the near sound field are highly nonlinear. The use of standard linear scaling tech-
niques for determining environmental criteria such as overall sound pressures and
power spectral densities has resulted in considerable error, But there are no ade-
quate scol‘ing procedures available for use in the near sound field.

In order to establish a foundation of scaling laws for the highly nonlinear
waves associated with the Satum V vehicle, the basic knowledge of the relation-
ships among the parameters pertinent to the energy dissipation process associated
with the propagation of nonlinear pressure waves in thermoviscous media is defi-
nitely required. Review of literature indicates that there are numerous studies in
theoretical aspect by Burgers®, Hopf?, Cole® Lighthill%, Rodin® etc., on the
Burgers' equation which is considered to represent the above stated phenomena.
There were several studies on wave propagation in pipes by Blackstock®, Nakamura
and Takeuchi?, Kantola®, Strunk®, Sawley and White'®, Brown'?, D'Souza and
Oldenburger'®?, and Schuder and Binder’®, These studies are either the treatment
of small-amplitude waves, shock waves, plane waves of finite amplitude, or invis-
cid fluids. Some of them were verified experimentally, but none of them treats
the propagation of nonlinear pressure waves of large amplitude with measurements
of velocity distributions throughout the pipe.

Specifically, the problem of interest for this study is to experimentally inves-
tigate the temporal and spacial velocity profiles of fluid flow in a 3-inch open-
end pipe, produced by the propagation of nonlinear preésure waves for various
diaphragm burst pressures of a pressure wave generator. As a consequence, fem-
poral and spacial characteristics of wave propagation for a parametric set of non-
linear 'pressure waves in the pipe containing air under atmospheric conditions were
determined.

Velocity measurements at five sections along the pipe of 42 ft. in length were

made with hot=film anemometers for five pressure waves produced by diaphragm




burst pressures at 20, 40, 60, 80 and 100 psi in the driver chamber of the pressure
wave generator. The pressure wave generator, modified from a shock tube, con-
sists of a driver, a pistvon, and a test pipe. The piston which is advanced at a
nearly constant acceleration by the energy released through the mass of air from

the shock tube driver generates a pressure wave to propagate through the pipe.




THEORETICAL CONSIDERATION

The physics of the phenomena considered in this study may be expressed by

the equations of momentum, energy, continuity, and state as follows:

Momentum: | | P %‘%" =- %‘E‘i + ’g—:f‘t‘ (M
Energy: aap'J + ag:{iJ = :f + aaxl(vi 715" qy) (2)
Continuity: aaf = - aa(:,Vi) | (3)
Equation of state dP _dp + d o (4)
for a perfect gas: P o 8

Obviously, to date, no exact solutions of the above equations are available

because of the extreme complexity. However, they can be simplified somewhat

by following limiting assumptions:

| 1) The flow is one-dimensional; V=V (x, 1) , a=a(x, )

2) The gas process is isentropic; =const. , q,=0

P
3) The fluid is perfect; T ,=0
tum: v v _1 2P
Momentum: 7 +V % v (5)
— 1d dV
Continuity: - 2P = é
ntinuity pd?+ax 0 (6)
Sonic speed: | yP

e 7)
p




Proper rearranging of Egs. (5), (6), and (7) yields the following characteristic

equations for the method of characteristics:

3 d 2a |
S (Vo) 2| (v Ep) =0 ®)
[a v 8% y-T left-running
cdix =V+a chcruc_tgnsfics (©)
t
2 (v-a2](v-25=0 | 0
Lat 3 x -1 (10)
‘ right-running
d x characteristics
Ir - Ve | (1

A numerical program was written for temporal and spacial solutions of Egs.
(8), (9), (10), and (11). Results of numerical calculations of the flow field are
presented later for qualitative comparison with the experimental results. Listings
of the numerical program for cases without and with friction are presented in the

Appendix A. The numerical program for the case with friction was formulated

based on Eq. (12).




DESCRIPTION OF TEST FACILITY

1. Pressure Wave Generator

The pressure wave generator generates pressure waves fn a long test pipe by
accelerating an aluminum f)isfon over an 11-inch distance from the inlet end of
the test pipe. The aluminum piston is accelerated by a driver system which is
located at a respectable distance from the test pipe. Also, the aluminum piston
has no direct contact with the inside surface of the test pipe at any time. This
arrangement insures that no shocks or vibrations are transferred fo the test pipe.

The pressure wave generator consists of three major parts:

1. Driver Section, 6.6 ft long
2. Piston Section, 3.2 fr long
3. Test Pipe, 42,2 ft long .

The overall length of the test facility amounts to 52.0 ft. All sections are
mounted on support stands; the height of the centerline of the tubes and the mov-
able parts is 49 in. The inside diameter of the driver section and the test pipe
is 3 in.

a. Driver Section

The driver tube of the shock tube facility at The University of Alabama in
Huntsville is used as driver section of the pressure wave generator. Figure |
shows the driver section with its measuring and control devices. The basic unit
is a constant-area stainless steel tube of 3 in. inside diameter. The tube in~-
cluding the diaphragm section and the pressure supply system is mounted to
support dolly that is movable on a track. The driver tube may be operated af
controlled pressures up to 2,000 psi by using a double-diaphragm technique.

In this project, however, a digphragm bursting technique was developed for
relatively low burst pressures. The diaphragm was made of mylar sheets. The
steel wire attached to the diaphragm was electrically heated and bursted the
diaphragm immediately. This method has proved to be reliable for the burst

pressures ranging from 20 to 100 psi.



b. Piston Section

This section converts the driver pressure in piston motion which generates the
pressure wave within the test pipe. The piston section is shown in Figures 2 and 3;
also, the technical details are given in the assembly drawing of Figure 5. As it
can be seen from the photograph of Figure 2, a stainless steel tube with a welded
flange is connected to the diaphragm section of the drivertube . A steel piston of
3 in. diameter is driven within the steel tube (see Figure 5). This piston is attoched
to one end of a bearing shaft by means of a screw thread, while the other end of
the bearing shaft is screwed into an aluminum piston that moves within the fest pipe
during the operation. The bearing shaft consists of a cold finished carbon steel
with relatively high tensile strength (161,500 psi).

The piston system is accelerated over a distance of 11 in. while it is subject
to the driver pressure. Then, the piston system is slowed down by a double-acting
damping system within a distance of 6 in. The piston finally comes to rest by a
heavy stopper block. The damping systemis built as an integral part of the stopper
block using the combined effects of 40 springwashers and a shock absorbing air
cushion generated by a steel piston sliding in a cylinder of the stopper block.

Two plain bearings are installed be’rw\een the stopper block and the test pipe.
They serve as a guidance for the bearing shaft which moves into the test pipe. In
addition to the two bearings, the piston system is in fact supported at three more
locations due to the design and the precision machining of the matching parts.
These five supports make the bearing shaft of the piston system a statically inde~
terminate structure.

The decleration and stopping of the piston system resulted in a variety of un-
expected major problems due to the heavy impact. These difficulties could be
‘solved through modifications of the facility.

- c. Test Pipe

A galvanized steel pipe of nominal pipe size, 3.000 in., schedule number 40,
is used as test pipe. The steamless pipe consists of two basic parts which are con-
nected by means of a screw joint. Figure 4 shows the test pipe in a general view;

also, the beginning of this pipe is shown in Figure 2.



The inside diameter of the test pipe is 3.068 in. The aluminum piston gener-

ating the pressure wave has a diameter of 3.000 in.;v'fht.‘-s there .is - a gap between
the piston and the pipe of 0.034 in. This gap of'app’roximdtely 1/32 in. amounts
only to be approximately 1/90 of the pipe diameter. Because there is no metal
contact between the moving piston and the test pipe, no shocks or vibrations from
the driver system can be transferred to the metallic test pipe. This insures that the
instrumentation is free of any other influence but the air flow within the pipe.

In order to measure velocity profiles generated by the pressure wave, five
instrumentation ports have been machined at five sections along the 42 ft, test
pipe. A brass fitting is screwed into each port with the hot film probe. The
first port is located in a distance of 3 ft. from the beginning of the test pipe.

Each of the following instrumentation ports has an equal distance of 8 ft. from
each other. Behind the last instrumentation port, the remaining pipe section
turns out to be 7 ft. 3 in. in length. _ |

Additional instrumentation ports were machined in three pipe sections at the
end of the investigation period. This permits the installation of two hot film

sensors in the same pipe section opposite to each other.

2. Instrumentation System

Five Hot Film Sensors in connection with Constant Temperature Anemometers
were used to measure velocity profiles of the unsteady flow of air in the test pipe.
The five sensors were mounted into instrumentation ports by brass fittings. The
instrumentation ports are spaced at intervals of 8 ft. on the upper side of the test
p]‘pe. The details of sensor installation and the pesitioning of the sensing ele-
ment are shown in Figure 6. The sensor-anemometer system was connected with
a recording oscillogfcph. This recorder transfers the electrical output data to
immediately readable photographic records.

a. Sensor System

The sensing element of a hot film sensor is essentially a conducting film
on a ceramic substrate, e.g., a quartz coated platinum film on the surface of a
glass rod. Gold plating on the ends of the rod isolates the sensitive area and pro-

vides a heavy metal contact for fastening the sensor to the needle supports. The
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thickness of the metal film on a typical film sensor is less than 1000 Angstrom units.
The physical strength is provided by the substrate material, and a thin quartz

" coating on the surface resists accululation of foreign material. Hot wire sensors
are probes of similar nature; however, the hot film sensors have several advantages
like better frequency response and more f|e>‘<ibilify with respect to sensor configu-
ration, when they are compared with hot wire sensors.

The sensors are designed for use with a constant temperature anemometer cir-
cuit. A constant temperature anemometer measures the instantaneous heat transfer
rate (heat flux) between a small electrically heated sensor and the flow being meas-
ured. An electronic feedback control circuit varies the electrical current through
the sensor to correspond to the cooling effect of the flowing fluid, always kéepiﬂg
the sensor at a constant resistance and temperature.

In this project, we used a constant ‘fempe‘roturé anemometer system including
sensors, of Thermo-Systems Inc., along with the Monitor Power Supply Unit (Model
1031-10A) for ten channel operation.

Each of the five hot film sensors was a Port of a controlled bridge or anemometer
circuit. For this purpose, we employed five units of Model 1033A Anemometer Mod-
ule. Some specifications of the Model 1033A Anemometer are as follows: bridge
voltage output 0 to 24 VDC: output impedance 50 ohms; frequency response 0 to 3
keps. |

An important element in the bridge circuit is the control resistor which is used
to set the sensor operating temperature and to provide temperature compensatfion.
The control or compensating resistor is an external fixed resistor taking into account
an overheat ratio of 1.5 (operating resistance to room temperature resistance on the
sensor) and, in addition, a bridge ratio of 1/5 (hot sensor to compensating resis~
tance). In order to determine the room temperature resistance of each sensor sys-
tem including its long connecting cable, a Variable Decade, Model 1056 was
used., The resulting compensating resistor was pluggéd into the anemometer mod-
ule. The output signal of the bridge is a voltage in relationship to velocity or
mass flow units. This relationship has to be determined by individual calibration

of each sensor system.
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The sensor selected has the following specifications: The Quartz Coated Hot
Film Sensor is cylindrical and has heedle supports ‘(Model 1212-20); the diameter
is 0,002 in.; the length is 0.040 iﬁ.; the relative frequency response is 40,000
cps; the nominal resistance is 4-8 ohms. The needle supports of the sensor have a
90° bend to probe shank, facing upstream for reduced flow disfurbdnce.

b. Recording Equipment

Five channels of voltage outputs from the anemometer system were recorded
on on oscillograph (Type = CEC Datagraph 5-133). This recorder was operated in
conjunction with a Galvanometer Amplifier, Model T6 GA -500 from Honeywell;
also, five D.C. Amplifiers 1-165 from CEC were used. The Recording Oscillo~
graph (Type 5-133) may accommodate frequency variations up fo 13,000 cps. The
recorder was operated at the maximum writing speed of 160 inch/sec. Only this
fast writing speed made it possible to obtain recording data that could be clearly
analyzed. The electronic flash timing system produced 100 lines per second. The
error in timing was determined to be less than 0.5 percent.

The galvanometers used in the oscillograph were CEC Fluid Damped Galva-
nometers (Type 7-326). They have an undamped natural frequency of 5,000 cps
and a system voltage sensitivity of 0.291 in/volts. |

The frequency response of the entire instrumentation system is limited by the
anemometer circuit. As mentioned before, the anemometers used have a frequen=
cy response up to 3,000 cps. This is at least 100 times greater than it is required

for the case of 100 psi burst pressure.
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TEST PROCEDURE

1. Calibration of the Instrumentation System

A careful calibration of the complete instrumentation system was performed be-
fore each test series. The basic variable measured by a hot film sensor is the vol-
tage related to the rate of heat transfer from the sensing element to the flow of air
in the test pipe. Because all hot film sensors are not exactly the same in response
characteristics, a calibration curve of each individual sensor system was obtained
for establishing the relationship between the flow velocity and the deflection re~
corded due to voltage output. This relationship was highly nonlinear, therefore,
about 10 to 15 calibration points were recorded for each curve.

The Model 1125 Calibrator of Thermo=Systems Inc. was used along with a pre-
cision manometer and a thermometer. The sensor and recording system includes
all cables and connections as it is used during the test. The probes are fastened
on the calibrating device in front of a small nozzle which is fed by two quieting
chambers in series. The calibrator is part of a flow system in which the delivery
pressure is regulated and the pressure difference across the calibrator nozzle is
measured. During the calibration procedure, the flow in the system was con~
trolled in such a way that certain pressure differences across the nozzle were
generating known velocities in this nozzle. The pressure difference was measured
by a precision manometer while, at the same time, the oscillograph recorded the
deflection produced by the voltage output of the combined sensor-anemometer and
recording system. It should be noted that all deflections were measured in units of
length (not in units of voltage). The flow velocity was calculated by a computer
program. Input data were the pressbre difference, the temperature in the stilling

chamber and the ambient pressure.

2. Conducting the Test

The driver and piston sections were subject to careful inspection before every
test. In particular, the piston system was checked for its smooth movement within
the test pipe and its initial position. After the positioning of the sensors was also

inspected, the driver section with a mylar diaphragm was then pressurized to a
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desired preSéure (20, 40, 60, 80, or 100 psi). As the exact pressure measured by
a precision pressure gage was reached in the driver section, the sensor-anemometer
system was turned to "run"= position, and the operation of the oscillograph was
started. The record drive system of the recorder needed approximately two seconds
for acceleration, until the diaphragm was bursted by electrically heating a circled
wire attached to the diophragm. Recording of the voltage outputs from the ane-
mometers was then accomplished. :

Pertinent data collected from the tests are tabulated and presented in Appen-

dix B.



PRESENTATION AND DISCUSSION OF EXPERIMENTAL DATA

1. Test Conditions

The test medium in the test pipe was air at atmospheric conditions. Average
temperature and pressure of the test medium were 75° F and 29.56 in Hg absolute
under the static condition throughout the test.

The piston system was accelerated over a distance of 11 inches in all cases. ‘
In each test, the piston system came completely to rest after it underwent a re-
tardation process for a é6-inch distance. The driver medium of the piston system
was compressed air, |

The total number of tests conducted was over one hundred. The tests were per-
formed at five burst pressures, 20, 40, 60, 80, ond.v]OO psig, employing five dif-
ferent sensor positions across each of the five pivpe sections. Figure 6 shows Sen-
sor Positions A, B, C, D, and E across a pipe section. The experimental data are
presented in graphical form with a limited analysis of the data. The results pre~

sented were taken from approximately 35 selected tests.

2. Oscillograph Recording

Figure 7 shows a typical oscillograph recording from the five sensors located
at five sections along the test pipe. Each single record presents flow velocity in
‘terms of voltage output versus time. The time base is 10 milliseconds per division,
moving horizontally from right to left.

Figure 7 clearly demonstrates two basic phenomena which are associated with
each other: | |
| 1. A pressure wave is generated by the piston system. This pressure wave

travels through the test medium with approximately the speed of sound.

2. The pressure wave causes a motion of the air particles which are origi-

nally at rest.

The starting point of the deflection for each section indicates that the pres~
sure wave has reached the corresponding sensor in the test pipe. - Consequently,
the time difference between the starting point of two neighboring sections can be

used to calculate the mean velocity of the wave propagation between these sections.
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For instance, the time difference between the initial recording points of Sections 1

and 2 (Figure 7) is t]'2‘= 6.8 milliseconds. Since all sensors are spaced at in-
tervals of 8 ft., the mean velocity of the pressure wave between Section T and
Section 2 is 1176 ft/sec.

The recorded deflection of every section shows qualitatively that the flow
generated by the pressure wave undergoes an acceleration during the time %G(see
Section 3 in Figure 7). The maximum deflection is reached at the end of the ac~
celeration phase. Thereafter, irregular deflections are recorded, but they are not
of interest for this study; In the case of Section 3 (Figure 7), the acceleration
phase took 17.2 milliseconds. Since the calibration curves are different for each
sensor system, the absolute value of the deflection for the different sections can~
not be compared with each other on the oscillograph recording.

3. Data Analysis

Results are presented and discussed in the following aspects:
a. Temporal velocity profiles
b. Spacial velocity profiles
c. Acceleration of the fluid flow
d. Propagation speed of the pressure wave
e. Comparison of numerical calculations with experimental data
f. Blockage effect

a. Tempor&l Velocity Profiles

Temporal velocity profiles in five pipe sections are presented in Figures 8
through 14. In these figures the flow velocity in ft/sec is plotted against the test
time in milliseconds. The evaluation has been done step by step at intervals of
one millisecond. Each curve starts with the initial point of the deflection and is
terminated by the end of the acceleration phase. Therefore, the end of each
plotted curve is the maximum recorded deflection which represents the maximum
measured flow velocity (see Section 3 in Figure 7). The time scales of Figures 8
through 14 are set relative to the time of wave arrival at Section 1.

Figure 8 shows temporal velocity profiles at.Sensor Position A for burst pres-

sures at 100 and 40 psi. Sufficient number of repetitions, say more than three,
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was made on each test to ensure the repeatability and consistency of the data.
Comparison of the two sets of profiles indicates that decay of the pressure wave is
more notable for the case of 40 psi after Section 3. The case of 100 psi seems to
indicate that the wave propagation in this length of pipe yields less decay. The
curves presented in Figure 8 are almost linear after a very shbrf period of increasing
‘acceleration. This is true for both cases, 100 and 40 psi, and for Sections 1 through
4. Following the short period of increasing acceleration, the measured fluid flow
was noted in all cases to be fciriy constant in acceleration before the piston is
stopped. The maximum velocity measured in the different pipe sections seems to
depend very little upon the pipe length. A slight irregularity of the profile at
Section 3 has been determined to be strictly instrumental by comparative tests with
other sensors installed at the same section. '

The velocity 'prcfile at Section 5 was found to be nonlinear. The increasing
acceleration of the propagated wave recorded at Section 5 for both pressures was
caused by the expansion wave reflected negatively from the pipe exit. With the
propagation speed of approximately 1100 ft/sec, the pressure wave took about 10
milliseconds to reflect back from the pipe exit to Section 5, causing the flow fo
accelerate at a greater rate.

The steep bends occurred on the velocity profile at Section 5 is considered to
be primarily caused by the wave reflection at the pipe exit. In order fo ascerfain
this, several identical tests were performed for a 21-ft. pipe of the same diameter.
Test results of velocity profiles from the 21-fi. pipe are presented in Figure 9 for
comparison with data from the 42 ft. pipe under the same test conditions. The
velocity profile at Section 3,which is closest to the exit of the 21-ft. pipe, is
shown to be characteristically similar to the velocity profile of Section 5 near
the exit of the 42-ft, pipe. It must be considered, however, that the distance
between Section 3 and the pipe exit of the 21-ft. pipe is only 2 ft. in length; in
comparison with i, the distance ketween Section 5 and the pipe exit of the 42~
ft. pipe is 7 ft. 3' in. in length. For this reasén, the effect of wave reflection is
recorded to be more intense at Section 3 (and also affecting Section 2) of the 21~

ft. pipe as it is the case at Section 5 of the 42-ft. pipe. This comparison of dato



from two different pipe lengths evidently illustrates the cause of peculiarity of the
velocity profile at the section near the pipe exit.

Figures 10, 11, 12, 13, and 14 depict temporal velocity profiles for Sensor
Positions A, D, and E at each of five sections respectively, for burst pressures of
100, 80, 60, 40, and 20 psi. These figures show that velocity distributions are
not uniform across the pipe section in all cases. It is significant to note that the
velocity near the pipe wall has been measured to be slightly higher than the one
near the center. The existence of these phenomena was ascertained by repeated
measurements under the same test vconditions. |

Figures 8 through 14 also reveal a clear trend with respect to the duration of
the acceleration ﬁeriod which is markedly different for cases with different burst
pressures. Because the piston was accelerated over the same'distance of 11 inches
in all cases, the time needed for the acceleration process is longer for the case of
a smaller acceleration due to a lower burst pressure. The duration of the accelera-
tion process depends little upon the sensor location in the test pipe, even though
a slightly decreasing trend can be observed in the direction of the propagating
pressure wave.

b. Spacial Velocity Profiles

Spacial velocity profiles are presented in Figure 16 which also demonstrates
in a different form these peculiar phénomena of velocity distributions across Sec-
tion 1 and 2 for two time frames respectively, at 100 and 20 psi burst pressures.
Having determined through sensor calibrations that all hot-film sensors were
functioning with a reasonable accuracy, say less than 15% in error, the investi-
gators have determined that the peculiar phenomena may be due to the energy
dissipation caused by frictional resistance along the wall, or perhaps due partly
to the space gap existing between the piston and the test pipe. The effect of
friction has been considered predominant to the phenomena. However, further
investigations and data analysis based on the consideration of energy balance and
pressure distribution are required before making conclusive statements on these

phenomena.



c. Acceleration of the Fluid Flow

The accelerations of the fluid flow caused by the wave propagation in the
pipe were calculated for various burst pressures at Section T with Sensor Position
A as a typical example. The resulting accelerations are plofted against time in
milliseconds in Figure 15. In a very short time, say less than 5 milliseconds, the
acceleration seems to rise from rest to a high value which increases as the burst
pressure increases. After the short rise time, the acceleration appears to remain
constant in the duration of piston acceleration for all pressures. High rates have
been found for the acceleration of the gas particles due to the pressure wave. For
the case of 100 psi burst pressure, e.g., the acceleration is opproximately 4500
ft/sec? this is 140 times the gravitational acceleration.

d. Propagation Speed of the Pressure Wave

Figure 17 presents propogation speeds of the pressure waves varying clong the
pipe for five burst pressures. The time difference between the starting points of
" fwo neighboring sections was used to determine the mean speed of the propagating
pressure wave between these sections. The propagation speed was noted to remain
constant for most cases with the statistical mean of 1100 ft/sec and the variance

1

of less than 25 fi/sec®. For comparison with it, the speed of sound ranges from
1130 to 1136 fi/sec for slightly varying loboratory temperatures between 72 and
78° F.

No correlotion among the axial pipe distonce, the burst pressure and the propa-
gation speed was obviously noted. [t must be mentioned, however, that it is neces~
sary to employ different instrumentation and recording methods in order to get more
accurate results with respect to the propagation speed.

e. Comparison of Numerical Caleulations with Experimental Data

cuipe

Temporal veloci ted using the method of

characteristics, (Egs ad boundary conditions from the piston

movement. These results are e experimental data for burst pres-

sures of 80, 60, 40, and -

ough 21. The calculations were

carried out with the

ectronic computer. The piston move=

igh speed movie camera ot the rate
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Because the mathematical model was established based on isentropic assumptions,
‘the experiment clearly demonsirated that the flow process associated with the wave
propagation was nof isentropic, observing a significant effect of frictional resistance
against the flow which is subsonic throughout the pipe. As the energy dissipation
takes place along the pipe, the static pressure tends to decrease along the pipe while
the velocity decreases rather significantly at o fixed position comparing with the isen-
tropic case. These phenomena can be illustrated qualitatively by the following equa=-

tion modified from Equation (1) for unsteady one-dimensional flow in a pipe with

friction:

Y]
e

where T, = 7, ~f p -t shearing stress along the pipe wall. While the convec~

tive acceleration, V —2———)—( is experimentally known to be reasonably small in

this cose, and a minor positive contribution to is made by the increase in
negative pressure gradient, a predominant negative contribution to the temporcl
acceleration, %\{—- is made by the shearing stress term as demonstrated in Figures
18 through 21.

It is noteworthy that a greater deviation of the experimental velocity profile
from the calculated isentropic data was observed for the cases ot lower burst pres-
sures, agreeing with the theoretical consideration based on Equation (12). Also,
it is significant to note that the wave fronts of all cases propagated nearly isentropic=
ally as evidenced by the close agreement shown in Figures 18 through 21.

On the other hand, both Figures disclose a difference in the rate of acceleration
between the calculated and the experimental velocity profiles. The calculated pro-
files show the greatest acceleration at the beginning of the flow process. The cal-
culations are based on the experimentally determined piston motion.

Figures 22 and 23 present o comparison of numerical calculations with and with-
out friction at burst pressures of 40 and 80 psi. The colculations considering friction
were made with a friction coefficient of f=0.2. The rate of acceleration is found

to be subject to the influence of friction. This influence is small in the pipe section

near the piston; but the effect of friction is growingly pronounced in the direction

of propagation of the pressure wave.



f. Blockage Effect

Additional tests were performed in order to investigate whether or not blockage
- effect of the probes may cause or contribute to the peculiar velocity distribution a-
cross each pipe section. The probe support has a frontal area of 2.5% referred to
the pipe cross=section if the sensing element is in Position A. In contrast to this,
the frontal area of the probe support is negligible when the sensing element is in
Position E.

In order to keep the blockage effect approximately constant for different sen~
sor positions, a dummy probe was installed in Section 3 opposite to the measuring
probe. The sensing element of the dummy probe had a distance of 1/4 inch from
the sensing element of the measuring probe in all positions. No other probes were
in front of Section 3 at the time of these measurements.

Figures 24 and 25 present results of the measurements with dummy probe com-
pared with data from earlier tests without dummy probe at burst pressures of 80 and
40 psi. Both figures clearly reveal that blockage has o predominant influence on
the velocity profile, because the velocities measured without dummy probe are
greater at ar‘ayv time frame than the corresponding data with dummy probe. This is
also confirmed by the observation that the velocity difference due to blockage is
recorded to be definitely higher for Sensor Position E as it is the case for Sensor
Position A in both cuses 80 and 40 psi.

On the other hand, the results shown in Figures 24 and 25 additionally verify
our earlier findings as presented in Figures 10 to 14, that the velocities recorded
af Sensor Position E are greater than the data measured at Sensor Position A, [t
appears that some other effects are still causing the difference between the measure~
ment results at Sensor Positions A ond E, but these other effects are found to be not

as predominant as the blockage effect.
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s

Fig. 1 General View of Driver Section of Pressure Wave Generator.

Fig. 2 General View of Piston Section with Stopper Block (center),
Driver Section (right), and Test Pipe (left).



il

Fig. 3 General View of Driver Section (right), Piston Section
and Test Pipe (left) of Pressure Wave Generator.
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_ Legend:
00 Diaphragm Burst Pressure 100 psi
90k 40 psi ————
804 Section 1 . 2 3 4 5
70
0 5
e /
- /
~ 50 4
> /
© 40 //
K s
> 30
20
10
0 i i i i & 3
40 50 50 70

100
20
80
70

0
[0
260
-~ 50
=
3 40
©
>

N W
o O

10

0 10 20. 20 7 . L

Time , milliseconds, Relative to Section 1.

Fig. 8 Flow Velocity Versus Time at Sensor Position A in 5 Pipe
Sections for Diaphragm Burst Pressures at 100 and 40 psi.

Legend: :
N 42-ft Pipe with 5 Sensors in Sections 1 through 5
21~ft Pipe with 3 Sensors in Sections 1 through 3 — — — —

) I ] &

]
70
Time , milliseconds, Relative to Section 1.
Fig. 9 Flow Velocity Versus Time for 2 Different Pipe Lengths
at Diaphragm Burst Pressure of 40 psi.
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Legend:
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Fig. 10 Flow Velocity Versus Time for Various Sensor Positions at
Diaphragm Burst Pressure of 100 psi.
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Fig. 11 Flow Velocity Versus Time for Various Sensor Positions at
Diaphragm Burst Pressure of 8O psi.
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Fig. 12 Flow Velocity Versus Time for Various Sensor Positions at
Diaphragm Burst Pressure of 60 psi. "

Legend:
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Time , milliseconds, Relative to Section 1.
Fig. 13 Flow Velocity Versus Time for Various Sensor Positions at
Diaphragm Burst Pressure of 40 psi.
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Velocity , ft/sec

Flow Acceleration, ﬂ/se_c2
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Legend:
Sensor Position A
» P

E -

[0}
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1]

Section 1

o
1

1, i 4 J

} ) ]
0 10 20 30 40 50 60 70
Time , milliseconds, Relative to Section 1.
Fig. 14 Flow Velocity Versus Time for Various Sensor Positions at
Diaphragm Burst Pressure of 20 psi.
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Fig. 15 Flow Acceleration Versus Time for Section 1
and Sensor Position A,
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Propagation Speed, ft/sec

Legend: Sensor Position A ©. D O
cC © E O
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Fig. 17 Propagation Speed of Pressure Wave

Versus Axial Distance along Pipe.



Velocity, fi/sec

Velocity, ft/sec

Legend:
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Fig. 18  Comparison of Numerical Calculations with Experimental
Data. Burst Pressure 40 psi, Sensor Position A.
- o Legend:
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Fige 19 Comparison of Numerical Calculations with Experimental
Data. Burst Pressure 80 psi, Sensor Position A.
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Fig. 20 Comparison of Numerical Calculations with Experimental
Data. Burst Pressure 60 psi, Sensor Position A.
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Fig. 21 Comparison of Numerical Caleulations with Experimental
Data. Burst Pressure 20 psi, Sensor Position A.
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Fig. 22 Comparison of Numerical Calculations with and without
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Fig. 23 Comparison of Numerical Calculations with and without

Friction (f=0.2) at Burst Pressure 80 psi and Sensor Po:ition A.
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APPENDIX A

I. LISTING OF COMPUTER PROGRAM FOR BURST PRESSURE 80 PSI,
WITHOUT FRICTION

DIMENSION V(lUlolUl)oA(lOltlUl)oVP(iUl)yAP(lOl)rX(lOl)wT(iOi)
1,DTCLlUL)YTT(1010101)TP(101)

READ(Se1000)GAMMA,PO e RHOOPLs ITMAX N C1,C29eC3,Cl4,C5eD1°D2¢03oD& e Lty
C:PO/(RHOO**@AMMA)
TEMPZSORT(L 4% (RHOUX%0 o4 ) %xC)
NizZN+1 ‘
RN=N
DX=PL/RN
DT(2)=DX/TENP
X(1)=0.0 ‘
TL)=0.0 :
DO 10 K=1esITMAX
DO 10 J=1»,N}
VideK) = 060
AlJeK) = TEWMP
10 CONTINUE '
DO 15 J=1leN1l
VP(J) = 0.0
TPLJI=0.U
AP(J) = TEMP
X(J) = (J=1)=UX
15 CONTINUE
K=l
RHO = RHOU
WRITE (601005) K
WRITE (60,1010) T(1)sRHO
WRITE (601015) (JeX{d) s TP(J) e VP(J)rAP(J) v J=1rivl)
CONSTl - 100/(GAMMA‘100)
CONSTZ2 = (GAMMA=1,0)/4.0
DO 4U K=2, ITMAX
KML = K~1
DO 20 J=1eN
TTCLUL KML)=TP(101)
TTC(JeKML)ZTR (W)
VIJeKML) = VP(J)
A{JerML) = AP(J)
20 CONTINUE
TFET(K=1)+DT (2)
WSS, 8o (TF%1000,) 520,883
YO . 2%{W=V{zoeKML) ) +A (2o KM1)
DOTz(X(1)=X(2) )22 U/ {V(2sKML) tWw=A(2sKM1)=Y)
TS=TIK=1)+DUT
WW=5 865 (TS#LU006 ) %%0.883
YYZQoe2%({WWeay (2o KML) ) +A{(2sKM1)
DDU=(X{1)=X(2))%2.0/(V(2,KML1)+WW=A(2,KM1)=YY)
TR)ST(K=1)40LLD
VP(1)25,86%(T{K)*1U00a)#%0+803
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AP(1)Z0e2% (VP (1) =V{2,KML))+A(2,KM1)

DO 30 JJ=2¢N

JUM = Jd=1

JJP = JJdtl

VPUJJ) = Deo%x{V{JUMeKMLI)+V(JUPrKML1)) + CONSTl*(A(JdM.KMl)

k= A(JIP e KM1))

AP(JJ) = CONST2% (V(JJUMeKML1) =V (JJPsKM1) +

2o UXCONSTLIR (A(JJIMeKMLI)+A(JJIP e KML) ) )

QAP (JUI = (TT(JIP KML) =TT(UIMe KM1) )42 0% (X (JJP) =X (JUM) )

SEUTTUIIP e KML) =TT (UIMeKML) ) X (V(JJIP e KM1) +VP(JJ) =A (JJP s KM1 ) )

Z=2.0*AP(JJ)+V(JJM'KM1)+A(JJM'KM1)-V(JJP'KM1)+A(udPoKM}}

DT(JJ)=(Q=8) /2

TPJJ) =TT (JuMeKM1 ) +DT (JJ)

DX= DT(JJ)*(V(ddMoKMl)+VP(JJ)+A(ddMoKMl)+AP(JJ))/2 0

X{JJ) = X{(JJM) + DX

TP(1)=T(K)

30 CONTINUE

TPCLO0L)=TP(100)

WRITE(02100%) K

WRITE{(60,1010) T(K),RHO

WRITE(6,1000)

WRITE (601015) (JeX(J) o TP{J) 2 VPIJ) s AP(J) pJ=1eNL)

40 CONTINUE

1000 FORMAT(4F10.6021I5/5E15, 8/5E1a.a)
10U FORMAT(OLIFOR K =% [3/1H0s T =9 19Xs *RHO =)
1000 FORMATC(LHO e 3XotJ P soXe *X(J) "2 LOXo " TP(U) ", 10Xe *VP (U)o 10X AP (J) Y )
1010 FORMAT(LIH+ 24X ELS5.809XeE15.8)
1015 FORMAT(1H ol&4s4E15.8)

STOP

END
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APPENDIX A

II. LISTING OF COMPUTER PROGRAM FOR BURST PRESSURE 80 PSI,
' "~ WITH FRICTION (f=0.2)

DIMENSLION V(101e101)eAC101,101)eVF(L1y1),AP(101)ex{(101),TC101)
1¢DTCIULY »TTCL0L0101)TP(L01)
READ(brIUOO)bAMMAvPOORHOOrPLrITMAX:NrCloL20C3oC4'vaDlsDZ@DBvD%@u)
C=PO/ (RHOQO**GAMMA)

TEMPZSQRT (1. 4% (RHOU**0.4) %C)
N1=N+1

RN=N

DX=PL/RN

DT(2)=DX/TEMP

X(1)=0.0

T(1)1=0.0 :

DO 10 K=1leslTMAX

DO 1U J=1eNl

ViJeK}) = 0o

AldrK) = TEMP

CONTLiNUE

DO 1Y J=1¢Ni

VP{J) = 0,0

TP{JI=0.U

AP(J) = TEMP

X(J) = (J=1)=xDX

‘CONT INUE
Kzl
RHO = RHOO

WRITE (6¢100%) K

WRITE (601010) T(1)RHO

WRITE (6¢1015) (er(d)oTP(J)'VP(J)'AP(d)vJ 1eN1)
CONSTL = 1.0/ (GAMMA=1,0)

CONSTZ = {(GAMMA«1,0)/4.0

DO 40 K=2s ITMAX

"KMl = K=]

0C 20 J=1+N

TTCLOL P KML)=TP(101)

TT(JeKML)=TP(JU)

VideKMl) = vP(J)
AlGJeKNML) = AP(J)
CONT INUE

TF=T(K=1)+DT (&)

WZH. 86 (TF%Lul0.) x%x0.883

YU 2% (W=V(2eKML) ) +A(2,KML)

PDOT= (X (1) =X(2) ) %2, 0/{V{2:KM1)+W=A(2sKM1)=Y)
TS=Tik=1)4DUT

WW=5e 805 (TS*1000. ) %%0,883
YYZ0e2%(WW=V (2o KML) }J4A(2sKML)

DDODZ (X (1) =X{2) ) %2 0/{V(2eKML)+hiW=A(2,KN]1)=YY)
TR)=T(K=1)+DUD
VP{1)25.86%(T(K)*1000.)*%0.863
AP(L)IZ0e2%x(VP(1)=V{(2eKML))+A(2,KML)

00 30 JJ=2¢ N
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4y
100U
1009
10006
1010
101y
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JUM = Ju=1 ‘ [ —

JUP = JJtl

CONSTé-FRIC*DT(Jd)/#.O/DIAM

FRIC=U.2

DIAMZU.25

CONSTH=CONSTI* (GAMMA=1,0)/2.U

VP{JJ) = 0e5%(VIJIMIKMI)I+V(JUPPKM1)) + CONSTIx(A(JIMpKML)
kwpA(JJPeKM1))
*-CON5T3*(V(JJM'KM1)*ABS(V(JJM;KMI))+v(ddP'KMl)*ABS(V(ddPnKMl})
AP(JJ) = CONST2%(V(JUMeKML )=V (JJPsKML) + -

#2  0%CONSTI*(A{UIMeKML)+A(JJPrKM1) )})

¥ +CONSTYR(V(JIP KM1) %ABSIV(JUP o KML )} ) =y (JUMKML) #ABS(V (JJMe KML ) ) 3
O=AP(JJI) R (TT(UJP e KM1) =TT (JJIMrKML) )42, 0% (X (JJP) =X (JIM) )

STUTT(JIP o KMI) =TT (JIMeKML ) } % (V(JUP P KML) +VP(JJ) =A(JJIPsKM1))
Z=2. 0*AP(JJ)+V(ddMoKMl)+A(ddMoKM1)-V(ddPoKM1)+A(dJPvKMI)
DT(JUI=(@=5)/4

TPUJUI =TT (JUM KML) +DT (JJ)

DX=DT(JJ) R (VIJUIMeKML) +VP (JJ)HA(JIMIKML ) +AP(JJ) ) /2.0

X(dJd) = X(JJdM) + DX

TPILI=T(K) S

CONT INUE

TPL1OLY=TP(10U)

WRITE(6.1005) K

WRITE(601010) T(K)¢RHO

WRITE(69,1006) : ‘

WRITE (601015) (JeX (D)o TPIJ) VP IJ) e AP(J) pJ=1pN1)

CONTINUE

FORMAT(P1FOR K =9, I3/1H0»*T =9919X» *RHO =)

FORMAT(LHO e 3Xo *JtooXe "X (J) 9o LOXe "TP(U)*,10Xe *VP(J)} 7o 10X PAR(J) 72
FORMAT(1H+s4XvE15.8+s9XvE15468)

FORMAT(1H »14r4E1548)

STOP

END



APPENDIX B
TABULATED DATA

DATA ' SEC 1 SEC 2 SEC 3 SEC 4 SEC 5
SHEET TIME VEL VEL VEL VEL VEL
NO. 1 MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC

FIGO 8 100 1.1 102 1.0 09 i@@

100 PSI 2.0 4ol 540 5,1 4.6 4e3

S.P. A 3.0 7.9 8.3 9.5 8.9 9,1

JEST - 5.0  17.1 16.9 18,4 1801 18,7

81,83,85 2.0 25.3  26.4 28,4  27.2 28,6

10.0  39.3  40.7  43.5  41.3 41,4

C:Ie::fe 15,0 6246 61,0 6742  65.3  T0.3

18.1 76,2

17.5 71.8

17.0 77.7

163 | 73,0

15.8 78,5

DELTA T = 720 Te2¢ Teldr» 7.1 MILLISECONDS

FIG, 8 1.0

X 3 old ol *3 o b
40 PSl 2.0 1.0 1.2 1.3 o9 103
SoP. A 3.0 203 267 2.8 201 2e6
TEST 5.0 Sel Sett 5.6 5.1 Held
78,82,84 7.0 8.4 8.3 867 8.2 Bolh

y 1000 12.7 1203 1300 1203 iéf;@i

C:f::fe 15.0  20.4 19,3  20.8 19,8  21.9
20.0  28.0  27.4 29,1  27.3  36.4

25,0  36.4 35,3  3Bel  35.4  51.3

28,9 43,7

28,7 42.0

28.5 43,7

27.9 40.9

27.5 60.1

DELTA T = Te2¢ Te3r Te3¢ T4 MILLISECONDS



DATA SEC 1 SEC 2 SEC 3 SEC. 4 SEC 5

SHEET TIME VEL VEL VEL VEL VEL
NO, 2 MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC
FIG, 9 1.0 e S oD 03 o &
40 PSI 2.0 1.0 1.9 1.6 «9 Lol
SePe A 3.0 2.0 3¢3 2.9 2.4 2.9
TEST 86 5.0 4.6 5.9 Se4 S5¢3 5.8
7.0 8.3 9.1 9.1 B85 el

10,0 13.4 i2.9 14,3 12.9 ) 13.1

15,0 21.3 19,5 21e4 20,1 240

20.0 29.6 27.6 29.3 28.4  40.2
25.0 3845 3561 38,0 36,5 55.7
28.6 45,0 -

28.3 38,5
28.1 43,0
279 41.7
27.2 6L.5"
DELTA T = Te20 Tole 6¢9r T.7 MILLISECONDS
FIGs 9 1.0 ol 5 5
40 pPSI 2.0 1.0 1.5 . 1.5
SePs A 360 2old Je2 3ol
TEST 87 5.0 H5.1 509 ‘7-3
7.0 8.9 9.l 14,0

10,0 13.6 13.3 22.4
15.0 21.7 21.0 41.9
20.0 31.0 30.2 60.4
25.0 39.4 44,9 76,6
2803 44,0 ’

28.2 52.7

27.6 84.0

DELTA T = Tole To2¢ MILLISECONDS



DATA SEC 1 SEC 2 SEC 3 SEC 4 SEC &

SHEET TIME VEL VEL VEL VEL VEL
NO, 3 MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC
FIG, 10 1.0 1.1 1.0 l.1 . 9 Lot
100 PSI 2.0 4.5 4o7 5.6 Go1 Sel
S.Pe A 3.0 9.0 5¢8 - 10.4 8.5 9.6
TEST 81 5.0 18,0 17.3 19,5 i8.2 177
7.0 26.5 26,2 - 31,1 28,0 27:5

10.0 42,0  41.0 47.5 40.0 39,0
15.0 65.2 61.7 72,0 675 6340
18.3 80,5 ,

17.7 73.0

17.1 © B5.0 -

16.3 75.0

16.0 ' : T3:.5

DELTA T = Te3e 7630 Te7e0 6.8 MILLISECONDS

1.7 8 1.3 o7 1.3

Fi16, 10 1.0

100 PSI 2.0 6.0 . Sel 5.3 4,0 6.2

SePs D 3.0 9,7 9.0 10,1 8,2 10,1

TEST 70 5.0 19.5 17.8 19.7 18,0 17.7
7.0 277 27.0 32.0 27.2 272
i0.0 425 40,5 4705 40.0 39:5

15,0 6665  61.8 71,5  68.0  65.5
18.0 = 79.5 -

17.5 7440

17.2 83,0

1644 73.2

16.1 7305

DELTA T = 7e2¢ T.00 To4e 7.0 MILLISECONDS



‘DATA SEC 1 SEC 2 SEC 3 SEC 4 SEC §

SHEET TIME VEL VEL VEL VEL Vel
NOo 4 MS FT/SEC FTY/SEC FT/SEC FT/SEC FT/SEC
FIGs 10 1.0 1.3 1.2 1.7 1.0 l.2
100 PSI 2.0 5.5 63 7.2 4.2 5.9
S.Pe. E 3.0 10.5 i0.8 - 11,8 = 9.2 105

© TEST 75 5.0 20.2 20.2 23.2 20.0 19.3
7.0 30.5 29.5 35.0 29.8 29+5
10.0 U6.3 43.7 51.5 46.3 L42.5

15,0 71.2 66,0 78.0 T ThS 6% .8
17.2 79.5

17.3 - 79.5

16.7 ‘ " 90,0

i6.0 79.5

1507 ' ) ?ﬁ@»@

DELTA T =  7.2¢ 7.3¢ 7+3¢ 7.0 MILLISECONDS

FIG, 11 1.0 o6 o5 e6 o7 9
80 pSI 2.0 de2 29 360 206 Je9
SePeo A 3.0 6.0 6.0 6.6 5.8 6.7
TEST 80 S.0 12,5 11.0 13,3 12.3 12.5
7.0 19,0 18,5 19,7 19,7 18.3
10.0 275 275 31.8 28,0 272
15.0 - 46,0 43,0 51.0 46.3 065
20.0 6365 59,0 o0 o0 o0
2i.2 66.5
20,5 60,0
20.0 71.2
ig,2 o 62.0
1902 ' ’ ?1@5

DELTA T = Te3sr Tel0s Tebs 6.8 MILLISECONDS



DATA SEC 1 SEC 2 SEC 3  SEC 4 SEC 5

SHEET TIME VEL VEL VEL VEL VEL
NO, 5 MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC
FI16., 11 1.0 09 Y- 1.2 5 165
80 PSI 2.0 Je7 Je6 4.5 2.3 bo8
SePe D 3.0 7.0 7.2 8.0 540 7.6
TEST 69 5.0 14,5 13.1 15,0 12,5 13¢5
7.0 2000 20,0 23.5 19.5 20:0
10.0 325 30,0 333 30.0 29.5
15.0 50.0 46.3 555 49.0 88,5
20.3 70.8 :
19,7 ‘ 62.5
19,1 68.5
i8.9 63.0
ig,.2 680
DELTA T = Toele Tolbe Te2¢r 7.3 MILLISECONDS
FIG, 11 1.0 1.2 06 1otk 7 9
80 PSI 2.0 4.5 3¢5 5.0 33 4.0
- SePe E . 3,0 7.9 . 7.8 8,5 Tl Teb
TEST 74 ' S.0 15.7 ) i4.5 16,7 15.2 14.%
7.0 225 . 22.2 25.9 22.8 213

10.0 34,9 3460 3867 327 31.0
15.0 55.5 52.0 60.3 54,0 52.0

1802 ’ 6809
18.3 730

DELTA T = Telo Tolhe 7630 7.0 MILLISECONDS



DATA SEC 1 SEC 2 SEC 3 SEC 4 SEC 5§

SHEET TIME VEL VEL VEL VEL VEL

NO. 6 MS FT/SEC FT/SEC FT/SEC FY/SEC FT/SEC
FIG, 12 1.0 5 7 .3 .3 o3
60 PSI 2.0 1.5 1.9 2,2 1.0 .6
SePe A 3.0 4ol 4.6 5.6 2.8 2.1
TEST 49 540 9.9 10,7 11,3 7.7 7.2
‘ 7.0 15,1 14,9  16.1 13.0 12.8
10,0  21.5 23,0 24,8 20,3  21.0
15.0  32.5 37,0 39,0  31.7 38,7

23.6  53.5 '

23.3 59,4

22 .4 6109
. 22.2 48.7
22.3 ~ 72.5
DELTA T = 7.30 7.4¢ T7elr 6.9 MILLISECONDS

FIG, 12 1.0 o5 .6 .9 .5 .9
60 PSI 2.0 2.8 2.4 3.3 1.5 3.3
$.P. D 3.0 5.1 4.8 6.0 4.0 5.7
TEST 66 5.0 10,4 9.7  11.2 9.0 10,2
7.0 15,5  15.5  17.3 15,0 15,1
10,0  23.5 22,1 25,5 21.5  21.7

15,0 37.5 3667 42.5 3660 38.0

20.0 5265 49,0 56.5 50.0 €00
F22.8 59.0

22.7 5540,

22.1 61.5

2i.8 55.0

2i.4 : 65.6

DELTA T = 7e2¢ Tele Te2e 7.3 MILLISECONDS



DATA SEC 1 SEC 2 SEC 3 SEC 4 SEC &

SHEET TIME VEL - VEL VEL VEL VEL

NO. 7 MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC

FIG, 12 1.0 1.0 ) 1.0 Y] 9
60 PSI 2.0 Se4 3.0 3¢5 2.1 Belt

S.Po E 3.0 5¢5 566 6.2 bod Seth
T1EST 73 5.0 11.3 10.4 - 11.6 Q.4 10.2
7.0 16.4 16.0 17.6 15.5 1%.6

10.0 2403 23.5 26.1 22.8 21.7

15.0 37.8  37.1 44,0 37.0 36.8
20.0 52.0 51l.2 58+3 50.0 €00
22.7 58,7

: 56.5

21.8 537
21.7 ' €6.9

~ DELTA T = 7ele Toldo 7e¢3¢ 7.0 MILLISECONDS

FIG, 13 1.0 ol ) 2 ol 03
40 PSI 200 09' 105 1.0 100 @g
SePo A 3.0 2e¢d . 29 2¢5 21 200
TEST 82 5.0 5.2 565 565 5.8 4.9
7.0 8.5 865 8¢5 9,0 8:4

10.0 i2.8 13.0 12.5 - 12.9 120

1S.u 2046 20.2 20,7 20.8 2l.5
20,0 28.2 30.1 28,0 28.5 37.6
2500 363 38,0 36,4 37,0 5%.5

28,5 45.9
: 4l.3

27.5 4i.3

27.2 65,0

DELTA T = T¢60 Tele Teber 7.1 MILLISECONDS



DATA
SHEET
NO, 8

FIGs 13
40 PS1

S.P. D
TEST 67

DELTA T

FIG. 13
40 PSI

S.Pe E
TEST 72

DELTA T

TIME
MS

1.0
2.0
3.0
5.0
7.0

10,0

15.0
20,0
25.0
29.1
28.8
28.7
27.9
27.7

SEC 1 SEC 2
VEL VEL
FT/SEC FT/SEC

ok )
1.3 lel
29 2ol
5.4 5e2
8.4 8.2
12.7 12.0
20.0 1g.5
27.6 275
353 35.4
‘“‘.00 ’
40,9
Te30 701' 1 XY-1)
02 o2
1o 1Y)
266 2¢6
6,0 5.7
9.1 8.9
14,5 id4.2
22.5 22.1
325 31.5
42,7 3G.8
485
46.3
Tele Tols Tebe

SEC 3 SEC 4
VEL VEL
FT/SEC FT/SEC

ol 3
1.4 «9
206 2.0
5.7 4.8
9,0 8.4

14,2 12.5
23.5 20.1
32.5 28,5
41,0 35 .9
L.l

40.5

7.0 MILLISECONDS

o0 L

15.7
25.5
35,4
b4 .2

51.0

7.0 MILLISECONDS

e o 8 o o
o EFEEF

o2

2el
4.9
8.4
12.6
21.5
29,5
39.7

43.0

47

SEC §
VEL
FT/SEC

et
1.6
3el
Se7
8.5
12.0
2l.4
35.7
49,0

57.0

o ® © ® @
N eIl AU =

=B
Of D L5} €8l b=
F =

o3
2301
36,5
5245

59,9



DATA SEC 1 SEC 2 SEC 3 SEC 4 SEC &

SHEET TIME VEL VEL VEL VEL VEL
NO, © MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC
FIG, 14 1.0 3 o2 ot o3 o3
20 PSI 2.0 9 %] 9 o7 9
S.Po A 300 1.6 ' 1.0 1.5 1.4 1.8
TEST 77 500 303 : ,205 3.1 206 Jel
7.0 4ol 3.8 4.4 3.5 be3
i0.0 567 566 6,1 5.2 5.9
15.0 9.5 9.0 10.0 8.5 10.5

20,0 13.5. 12.3 14,5 12.3 16.5
25.0 17.5 16,2 = 18,1 16,5 23.0
30,0 205 19.0 22,5 @ 21l.2 2805
35.0 24,0 22.7 25.7 275 35.2
40.0 27.2 26.0 28.5 o0 o0
40.7 2745 ‘

40.8 - 26.8

39,4 . . 32,5
39.7 ‘ . | - 423

DELTA T =  667r. TeS5¢r 7¢9r 6.7 MILLISECONDS

FIG., 14 1.0 e el ol e 3 ol
20 pPSI 2.0 6 eS 8 6 o
S.Pe D »300 1.5 1.0 1.5 ‘103 1.4
TEST 68 560 3.0 205 303 2¢6 Jeld
700 “02 307 ) 406 3.7 Q@Q

10,0 5.9 566 6.7 5.5 6.0

15,0 9.3 9.0 10.5 8.7 10.3

20,0 13.2 12.6 14,5 12.6 16.2
25.0 16.7 16.3 18.5 17.0 221
30,0 20.2 19.6 22,5 21.6 29,0
35.0 245 2209 26.7 275 355
40.0 27.8 255 o0 «0 o0
40,7 28.6 '

39.6 32.7
39.9 | 43.5

DELTA T = 6490 7470 7Te8s 6.4 MILLISECONDS



DATA : SEC 1 SEC 2 SEC 3 SEC 4. GEC 5§

SHEET TIME VEL VEL VEL VEL T VEL
NO. 10 MS FT/SEC FT/SEC FT/SEC FT/SEC FT/SEC
FIGO 1“ 100 01 Qa oq 01 33
20 PSI 2.0 ‘06 ¢S 09 5 o7
SePe E 3.0 1.5 1.1 1.7 1.0 1.5
TEST 71 5.0 2.9 267 3.7 2.4 3.0
7.0 401 400 o6 JeH o2
10.0 6e1 6.0 646 Sel 5.8
15,0 9.6 9)3 10.2 9.0 9.8
20.0 14,2 12.8 14,1 1245 160

25.0 17.5 16.6 17.6 16.0 21l.2
. 30.0 20,6 19.2 21,0 21.0 275
35.0 245 2345 25.7 25.5 34,0
40.0 27 .6 26.2 29.0 3205 39.8
41.7 28.7
41,6 _ 2763 .
41,3 : 30,0
407 : 4.1
’“007 v ) : ’ ble2

DELTA T = 7.3r 7e3r 7e5r 6.9 MILLISECONDS



SECTION 11

EXPERIMENTAL INVESTIGATION OF EFFECTS OF
UNSTEADY FLOWS ON A SUBMERGED CYLINDER
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SECTION II

EXPERIMENTAL INVESTIGATION OF EFFECTS OF
UNSTEADY FLOWS ON A SUBMERGED CYLINDER

ABSTRACT

Results of investigations of the unsteady flow ph‘enomeno about a submerged
right circular cylinder are presented. This experimentation was conducted in ac-
celérating flows of from zero to 32 ft/sec® using the Unsteady Hydrodynamic Flow
Facility of the Fluid Dynamics Laboratory, The University of Alabama in Huntsville,
Huntsville, Alabama. 4

A set of dimensionless parameters consisting of quantities pertinent to the un-
steady flows is used to analyze pressure and force data which are presented in terms
of local pressure coefficients, lift and drag coefficients versus instantaneous Reynolds
number and nondimensional fluid displacement respectively. The measured drag co-
efficients were found to be comparable with the calculated ones from the pressure co-
efficients. | |

A variation of the hydrogen bubble technique was used in obtaining high speed
movies of the unsteady flow phehomena about the circular cylinder. A sequence of
photographs taken from these movies is presented which shows the development of

the flow field around the cylinder at various times.



INTRODUCTION

As rocket technology advanced with its larger and larger launch vehicles, the
influence of the unsteady ground winds on vehicle development began to draw con-
siderable interest of the fluid dynamisist. In June of 1966, a National Aeronautics
and Space Administration (NASA) sponsored symposium on ground winds® reported
that there are two items of research importance: 1) basic research into time-de-
pendent flows about a circular cylinder, and 2) better definition of time varying
atmospheric characteristics at the launch sites. )

The seriousness of the ground winds problem stems from the fact that lounch
vehicles loads induced by these winds can result in (@) heavier launch vehicles,
(b) requirement for a launch vehicle structural response damping system and (c)
launch schedule slippage. If the loads imposed by the ground winds were pre-~
dictable, their effects could be assessed early in the design phases of vehicle de~
velopment. Currently, the best engineering technique available for estimating
the unsteady wind loads requires the aeroelastic model testing of the launch ve-
hicle. In these aeroelastic tests, the structural response of elasﬁcaﬂy scaled
models is determined for steady~wind conditions with these results then being
scaled to full-scale vehicle conditions for engineering loads estimation. This
type of testing yields engineering data for many types of important physically
realizable wind conditions where the wind velocity is constant.

The flow field about a circular cylinder resulting from a steady approaching
flow has been studied by many investigators since the cylinder represents the
‘simplesf of all bluff bodies, but few studies have been conducted on the flow
field resulting from an unsteady approaching flow. Although the past three years
has seen an influx of information in this area, it is far from complete for estab-
lishing a theory of unsteady flow phenomena about submerged bodies.

This paper presents some results of two series of investigations into the com-
plex phenomena associated with the time-dependent flow about a circular cylin-
der. The eventual objective of these investigations is to determine the statistical

description of the aerodynamic forcing functions for application to elastic bodies
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submerged in unsteady flow. Since the phenomena of interest occur at low Mach
numbers where compressibility is negligibly small, the dynamic similarity between
the phenomena with air and water justifies the use of an unsteady hydrodynamic

~ flow facility for the study.
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DESCRIPTION OF THE TEST FACILITY

The test facility used in this study was developed at the Fluid Dynamics Lab-
oratory of The University of Alabama in Huntsville. Complete details of its de-
velopment can be found in Schutzenhofer's work®. The facility consists of a water
tunnel with a quick start mechanism and various instrumentation systems for the
determination of velocity, pressure, and lift and drag forces. A general view and
a schematic of the facility are shown in Figure 1.

The water tunnel is a vertically erected steel tank 21. 13 feet in length and
2.83 feet in diameter. Two chordwise flow straighteners running the entire tank
Iehgfh help to provide two dimensional flow, but at the same time reduce the use-
ful test section to 1.96 feet. Plexiglass windows set into the flow straighteners
allow the model ends to be built in to reduce the undesirable end effects. These
windows also allow high speed movies of the flow field around the model to be
taken. The test models currently in use are right circular cylinders with an outside
diameter of 3.00 inches and are installed perpendi‘cula‘r to the windows.

Quick start of the flow is achieved by fhe‘rmoﬂy rupturing @ 0.0014 inch thick
mylar diaphragm located ot the tank bottom. At the test section of the facility,
water flows with acceleration levels of up to 32 fi/sec? can be produced by varying
the opening area of the diaphragm. The instantaneous velocities of various loca-
tions in the test section have been checked using a constant temperature anemom-
eter and show maximum variations of about ten percent.

The arrangement of the water tunnel allows a unique variation of the hydro-
gen bubble technique to be applied. Electrolysis of the water contained in the
tunnel is achieved by passing a continuous dc voltage between a 0.003 inch di-
ameter steel wire and a large copper bar located at the tank bottom. When the
hydrogen bubbles first generated have risen to the surface thereby seeding the en-
tire tunnel, the flow is started. This differs from the common usage of the hydro-
gen bubble technique in that the bubbles are in the flow as it starts rather than

being swept by the flow from a wire as they are generated.
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INSTRUMENTATION AND DATA REDUCTION

~ For simplicity and economy, a cantilevered strain gage balance system was
found to best meet all the criteria of a measurement system of hydrodynamic forces;
namely, the determination of the instantaneous lift and drag forces acting on the
full cylinder length. Because of the desirabi.iry of having the natural frequency
of the cantilevered system approximately five times higher than the estimated
. frequeﬁcy of the unsteady forces, it was necessary to consider the balance/cylinder
combination as a unit. This was complicated by the addition of six pounds (at max-
imum acceleration) of virtual mass which acts with the cylinder mass because of
the accelerating flow. By performing a parametric dynamic analysis of the balance/
cylinder combination, the lengths and cross sections of the balance and cylinder
sections were defined to yield a natural frequency of about 200 Hertz while pro~
ducing a reasonably high sensitivity. This analysis revealed that a built-up cylin-
der model of stainless steel and aluminum would best meet the established cirteria.
Details of this system are given in Morrow's work?3,

The surface pressures on the cylinder model were measured with flush~mounted
Kistler pressure transducers. The pressure data were electronically low=pass filtered
with the cut-off frequency of 20 Hz. discriminating the pressure waves due ‘%"o the
water hammer created by the rapid opening of the exit area.

A digital data reduction system consisting of a wide band analog recorder, an
analog to digital converter and a third generation digitcl computer (UNIVAC 1108)
has been established to aid in the analysis of the data. Foremost in the digital
software associated with the data reduction system has been o low-pass filter con-

structed by using the Fast Fourier Transform technique.
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FLOW VISUALIZATION

A sequence of photographs taken from a movie film showing a typical unsteady
flow field is presented in Figure 2. This sequence was taken from a film shot at
400 frames/second of the case for which pressure and force data have been pre-
sented. Part (a) shows the initial pair of vortices as they break away from the
cylinder. Parts (b), (c), and (d) show the breakdown of the wake structure as

the Reynolds number increases.



PRESSURE DATA

The pressure coefficient data presented on Figure 3 are the low frequency com-
ponents of the pressure field, ranging from O to 20 Hz. These unsteady preséure data
were acquired in an unsteady velocity field that has a constant acceleration of about

32.2 ft/sec®, For unsteady flow, the pressure coefficient has been defined in [2] as

P (Pse” 1/2 p o U?

1S Sl Y P 7/ BT .
P Pggs (PSm /20 4 U%) | (M
where PBFS is the pressure at the forward stagnation point on the submerged body,

PSco is the stagnation pressure at infinity, 0g s the density and U is the velocity

at infinity. This method of nondimensionalization appears to have advantages as

2%

compared to other methods. With this form, C_ is independent of (PSOO- % P Ue),

P
remains finite, has a value of unity at the forward stagnation point, and con be ap-~
| plied to steady and unsteady flow phenomena.
The pressure coefficient at various angular coordinates is presented as a function
of nondimensional fluid displacement (Z0 - Z])/D, where (ZO - Z1 ) is the fluid
- displacement and D is the diameter of the submerged cylinder. In this figure, 6 =10
corresponds to the rear stagnation point. Shown also on Figure 3 are the values of
the steady pressure coefficient as taken from Schlichting® and values of the unsteady
pressure coefficient resulting from unsteady potential theory calculations. The un-

steady pressure coefficient data obtained with Equation (1) can be compared io the

steady pressure coefficient data since
, PBFS - (Psm— i/2 % U?)

is not significantly different in numerical value than 4, o0 U? for (ZO - ZE)/D;% 5.0.

Except for some oscillations that occur for 0 = (ZO - Zi)/D <2.5, CP is

smooth function of (ZO - Z])/D and compares favorably with the data in [4] at the

]

same Reynolds number. The exception to this comparison is the CP taken at =70

degrees as shown in Figure 3d. These data indicate that the separation points are



forward of §=70 degrees and the steady flow data of Achenbach® for

2,6 <RN x 10® < 18.0 indicate that the separation points in steady flow are lo-
cated ot 0~ 40 degrees. The pressure data presented herein indicate that in the
separated flow regime, the data are reasonably comparable to the steady flow datq;
however, the location of the separation points or the gross flow structure is signifi-
cantly different than the steady flow structure at corresponding Reynolds numbers.
The comparison with potential theory indicates that ideal fluid calculations do not

completely predict the flow fields about bluff bodies in unsteady flow.
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FORCE MEASUREMENTS

Figure 4 and 5 present the instantaneous lift and drag coefficient data obtained
for a time-dependent flow with an acceleration level of about 32 ft/sec®. Again,
these data represent the low frequency components, i.e., 0 to 20 Hz. A unique
method of nondimensionalizing force data based on the same ideas reflected in the
discussion of the pressure coefficient data was used in obtaining these results. For

this application, the appropriate coefficient equation becomes

Lift (Drag) Force/Length of Model
dU
(1209 U+ D gg 32D

C =

[, (d) (2)

where D is the diameter of the cylinder and t is time. The data in Figure 5 in-
dicate Reynolds number effects not unlike steady flow Reynolds number effects.
The same sudden decrease in value at about a Reynolds number of 5 x 10° and
the gradual increase thereafter is very apparent. Variation in the behavior of

the instantaneous lift coefficient also cccurs at about the same Reynolds number.
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RESULTS AND CONCLUSIONS

Conclusions reached as a result of this research are: -

1)  Modification of the standard pressure coefficient definition to include
Flow acceleration provides a useful tool in the understanding of time-dependent
flows. '

2) For the Reynolds number range of these tests, there are significant effects
of viscosity noticeable through the Reynolds number on the unsteady pressure, force
and flow visualization data. ' :

3) The drag coefficient determined by infegrotihg the pressure coefficient
data compares favorably with that determined by the force measurement.
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