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NOTATIONS
a:  Acoustic speed.
A’:  Arca of the exit nozzic throat.
A; Arca of the tube of the tunncl.
b: Plate length.
c: Distance hetween the plate center of gravity and axis of rotation.
C,- Normal force cocfTicicnt.
G,y Normal force cocfficient by pressure intcgration.
C,< Normal force cocfficient by strain gage.

Theoretical normal force cocfTicient.

3.

d : Maximum deflection of the cantilever.

D,: Nozze cxit diameter.

Plate thickness.

0
‘e

E: Maodulus of clasticity.
£:  Strain.

f:  Frequency. .



F,.F; Forces on the cantilever beam duc to <ctting 1, and L,
F.:  Normal force on the plate surface.

y: Gas constant.
h: Distance between nozzie lip and plaic leading edge.

[: Platc moment of incrtia about its rotating axis.
K Torsional stiffness of the cantilever about the plate rotating axis.

L: Lcngth of the cantilever

L,.L; Distancce between the axis of the Y-bearings and the cantilever

braring.

L: Lecngth of the tube tunncl.

L, Distance between the axis of the Y-bearing and the normal force

acting on the platc.
m: NMass of the plate.

M_: Moment about the plate axis of rotation.

o'

N+ Local Mach number.

M_: Mach number of the nozzle exit.
M. Mach number of the flow in the tube of the tunnel.

n:  Cycle numbcer of the jet flow.
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P:  Plate surface pressure (gage).

Py Stagnation pressure of the jet

P Static pressurc of the jet at the nozzic exit.
P_: Pito: pressure of the free jet.

P: Wind tunncl tube pressure.

PR: The ratio of jet pressure at the nozzle cxit to the surrounding

pressure (underexpansion ratie).
R:  Universal gas constant.
s:  Hcight of the cantilcver.
o: Tensile stress.
o, Yicld strength.
t: Timc.
t: Jct duration.
T Total temperature of gas inside the tuhe.

t:  Shear stress.

2 Angle between the jet axis and the plate surface.

A 0:  Angular deflection of the plate.

xii



w:  Width of the cantilever.

X:  Coordinates dimension along the flow centerline on the plate

surface referenced at jet centerline intersection.

X,: Coordinates dimension along the flow of centerline on the plate

surface referenced at the Icading edge.

Y: Coordinates dimension on the plate surfaces vertical to X-axis and

referenced on the centerline.

Z : Acxial distance from the jet nozzic.
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THESIS ABSTRACT

NAME OF STUDENT : AMRO MOHAMMAD AL-QUTLUB

TITLE OF STUDY : SUPERSONIC JET IMPINGEMENT
ON A FLAT SURFACE AT ANGLES
FROM -5 TO 30°
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The normal force and pressurc distribution acting on a flat plate
resulting from undercxpanded supersonic jet impingement at angles
lower than 20° has never been cxperimentally investigated.  The
objectives of the present investigation arc to study the normal force
cocflicient and pressure distribution on a flat-surface at angics from -5°
to 30" as well as the corrclation between the surface flow visualization
and the surface pressure distribution. This investigation also includes
Pitat response mceasurcment, jet calibration and Pitot  pressure
mcasurcment along the free jet axis. The normal force was measured
using a strain-gage. Results showed that for positive angles, the actual
force cocfficient C was larger than the onc predicted theoretically,
especially at angles 0 < 20° where the deviation was larger than 25%.
Marcover, the results of the comparative case with Lamont and Hunt
[2] at 0 = 30" were in good agreement.

MASTER OF SCIENCE
KING FAHD UNIVERSITY OF PETROLEUM & MINERALS

DHAHRAN, SAUDI ARABIA



I. INTRODUCTION

Recent developments in the technology of rocket engine enhanced
thc metivation for more cxperimental studics. These studies have many
actual applications, such as thc multi-stage rocket scparation. space
madcl attitude contraol thrusters and impingement of missiles cxhaust on
the fusclage. wing and tail scctions of fighter aircrafts. The thrusters
cxhaust on controlling fins of large rockets. for instance. can be used to

improve their mancuverability when flving at low speeds.

When an underexpanded supersonic jet impinges on a [lat surface
at different inclinations in the ncar ficld (supersonic domain of the jet),
a very complex flow structure forms on the surface. This is duc to the
intcraction between the shocks reflected from the flat surface and the

shock system of the free jet.

The first experimental study was conducted by Hinderson in 1966
[t]. Hc investigated under-cxpanded supersonic jet impingement on a
flat surface at inclinations ranging from 0 = 20" to 90°. He applicd
uniform jet with different Mach numbers ic.. 1R, 2.01 and 2.14. He
~uscd widely spaced pressure tappings to read the surface pressure and
cansequently had a lack of definition for the pressure distribution [2]
In a similar study. Coleman and Richard [3] used a sonic orifice to
praducc a jet at under-expandcd ratios from 1.1 to 3.57 with the flat
surface inclined at angles hetween 157 and 907 and at distances from the
nozzle exit of 1.96 to 38.7 nozzie diametdrs. Their main concern was to

find regions of scparation in the flow and radial velovity gradient at the
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ceaterline. Their results included the pressure distribution on the flat
surface near the point of impingement. In 1980, Lamont and Hunt [2]
in their investication of the same phenomenon. studied the under-
expanded super<enic jet impingement on a flat plate at inclinations from
307 to 90° at distances from the nozzle exit of the jet ranging from 2 to
15 nozzic diameters. From mcasurcments of pressure distribution on
the plate and shadow graph picturces. they identificd the maximum
pressure regions. stagnation bubbles and plate shock locations for
diffcrent under-cxpanded ratios of the jet. From intcgration of pressure
distribution on the plate, they found that the normal force and normal
force cocfficicnt are independent of the plate distance from the jet
nozzle. This was in good agreement with the Lockheed bloom program.
Furthermore. thev developed a simplificd theoretical cxpression for

prediction of normal force cocfTicicnt on a flat plate.

Llovd and Viendra [4] studied the pressure pulsation on a flat
platc normal to an under-cxpanded supersonic jet . They used a sonic
orifice to producc a jet with under-cxpansion ratios ranging from 1.R to
® and a spacing of the platc at 1 and 1.5 nozzle diamclers downstrcam
the nozzle cxit. Using a high response pressure transducer. (rise time of
2 p scc. and frequency response up to 40 KHz), mounted flush on the
surface, they measured the pressure on the plate.  They concluded that
for the given conditions the peak pressure fluctuation frequencics ranged

frnm .75 KHz t0 20.6 KHz.

More recently. Koppenvaliner. Rammenzweig and  Stahl [5]

studied the impingement of underexpanded supersonic jet on a flat plate



at angles less than 157, Unlike the previeus investigations. where
continuous jet was used. they used impulsive type of jet produced by 25
metcer long and 0.025 meter in diameter Ludwicg tube wind tunncl. The
duration of the jet was close to 0.14 scc with fully developed flow period
close to 0.1 scc. Their investigation included inclination angles from 207
down to -5° for the flat plate. The Ludwicg tube was operated at
different pressures. ranging from 30 bar to 100 bar and a Mach number

of 2.5 at the nozzie exit.

Using shadow-graph techniques and  oil  surface  flow
visualization. they obscrved tﬁal cven at low and negative angles of the
fiat platc to the jot axis, the jet may still have a considerable pressure
influcnce on the flat platc. To confirm this. they recommended that

pressure measurements arc needed at such inclinations.

Normal force and pressure distribution on a flat plate under the
impingement of a supersonic flow at inclinations less than 207 have not
been experimentally investigated.  Inclinations of fess than 20° have a
special application to the launching of missiles from a fighter such as
shown in Figures [.1, 1.2, and to the feasibility of using thrusters
directed to fins to control large rockets during their initial low-speed

trajectorics.

The present investigation aims at studving cexperimentally the
flow phenomenon of supersonic jet impingement on a flat plate at angles
of attack ranging between -5° and +30°. The data include surface
pressurc. and normal force measurements in addition to the surface flow

visualization. It is hoped that such additional information will enhance



the understanding of this complex flow phenomenon. The experiments

involved in this investigation are:

Free jet calibration

Surfacc flow visualization

Evaluation and sclcction of pressure measuring technique
Surfacc pressure measurcment

Normal force measurement.



2. EXPERIMENTAL PROCEDURE AND APPARATUS

2.1 Ludwieg-Tube Tunnel

The cxperimental work was conducted using the Ludwicg-tube
tunncl [6] situated in the wind tunncl Iaboratory at King Fahd
University of Pctroleum & Mincrals (KFUPM). The tunncl was
designed by Professor W. Stahl and built in the Mcechanical Engincering
Shop of the Mcchanical Engincering Department. It consists of a 24
meter long cyvlindrical tube of inside diamcter of 24 mm with onc cnd
closed and the other end connccted to a supersonic nozzle (Fig. 2.2).
The flow through the nozzle is controlled by an clectromagnctic valve

and a simplc clectric-time-dclay system.

The schematics of nozzle configuration clectromagncetic valve and
the tunnel lavout arc shown in Figs. 2.1 and 2.2. The tunncl provided

an under cxpanded supersonic jet with a Mach number of 2.57.



2.2 Pitot Response Measurement

Since all pressure measurcments had to be taken over a very
<hort duration (0.126 scc). an cxperiment was designed to measure the
pitot response to a sudden change in pressure. Three pitot-tube
configurations were designed and constructed to be fitted to a pressure
transducer. type 8206 R-100. as shown in Fig. 2.3, The pitot-assembly
was connccted to the tunncl as shown in Fig. 2.4. With diffcrent
pressures in the twbe tunmel, the flow was controlled by an
clectromagnetic valve which when switched on. a sudden opening
between the pitot assembly and the tube tunnel was provided. The
response of the pitot tube to the pressure change was monitored on an
oscilloscope type 546 B. The response signal was recorded on a FM

recorder type B&K 7005 with FM unit tvpe ZM 0053 for later

cxamination.

Onc of thc major difficultics cncountered in monitoring the
clectrical signal of the pressure transducer was the weak signal which
was of the same order of magnitude of the noise Ievel. The problem was
solved by using a special operational amplificr (Fig. 2.5) constructed by
using an instrumentation amplifier. tvpe INA 10t HP. The amplifier
when connected to the pressure transducer gave a gain of 104 times the
transducer output signal. and thus a onc-bar gage pressure signal. for
instance, is amplificd from 0.1 mV to 10.4 mV and the noisc level was
filicred down from about 20 mV to 2 mV. Fig. 2.6A <hows the

schematic for clectrical layout.
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2.3 Jet Calibration

As a result of the tube tunncl construction. the flow of the gas to
the atmosphere is accompanicd by some pressure losses. The jet
calibration was aimed at relating the stagnation pressure of the jet (P)
ta the tube pressurc (P). In order to determine P at different P, the
pitot tube was placed immediately at the exit of the nozzle (Z, = 0.0)
with the horizontal tube aligned with nozzle center line (Fig. 2.7). Due
to the relatively large curvaturc of the shock wave that forms gpstrcam
of the pitot tube, the portion of the shock wave at the centerline of the
nozzie mav be considered a normal shock. Hence. the flow felt by the
pitot tubce is a subsonic flow. The ratio of the pressure measured by the
pitot tube (P ) to the stagnation pressure of the jet upstream the shock

(P) is given by:

(—) | Yrl oy 1-y
_ -1 2. Y a7 2 1
= a+ L= up G |y 2y (M

where v is the gas constant, and M_ is the nozzie Mach number.
At M, = 2.7 and y = 2.4. cquation (I) reduces to

P =2%7Pp (2)

n r



Therefore. the esperimental calibration relates the measured tube

pressure (P) 1o the stagnation pressure of the jet as induced from the

pitot pressure measurement (P ) through cquation (2).

p
Theoretical Value for ?"

t

As given by Zucrow and Hoffman [7]. the ratio of the tube arca (A)

to the critical arca A* in terms of tube Mach number (M) is given by

<1
A 1 2(Y-1)
L S y-1 3
A% = Ht [Y+1 (1 + 2 Ht) ] (’)
From [8]. the theorcetical value of the ratio == is given by
t
v-1 (n-1)2 Y
L T T ¥
Po = Y- * - (£))
P, 2 G, 41+l'iu)'f-_1_]
t theoretical 2 Tt

where n is the cycle number of the flow, and P, is the tube pressure.
Since the experiment was conducted during the first cycle, hence the

value of n in Eq. (4) is sct at 1. Equation (4) thus reduces to



x_
y-1,2 v-1
A+ S5—¥)
PO
&) = 1,2
*t  ctheoretical a+ 2 Tt/ ya
The tube tunncl in our investigation has

A, = 9%75mm’ A" = 176.6 mm" Thercfore.
A_ s
A

with substitution in Eqn. 3,

M, = 0.1114

and from Eqn. 5.

P
[ hheesca = 0865,
t

Calculation of Theoretical Jet Duration

Since nitrogen was the gas used in this experiment and with a

temperature T, = 20°C = 293.15 K. the speed of sound is
a=JyRT, %)

So. a = 3432 m/s and the length of the wbe | is 24 m. So, the

duration of the stcady jet (t). as given by’ Ludwicg [6]

6



0126 scc.

10

{7
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2.4 Pitot Pressure Along the Free Jet Axis

For an underexpanded supersonic jel. pitot pressure distribution
along the jet axis reveals some of its main characteristics. Some of these
characternistics arc local Mach number variation. Mach disc location.

inviscid flow region, expansion and recompression regions.

In this cxperiment. the pitot tube was located along the free Jet
axis at different distances. Z . from the jet cxit (Fig. 2.7). The jet was
opcratced on both undcr-cxpansion ratios of 2.0 and 2.2. For cach casc.
the pressure distribution along the jet axis was recorded. Duc to the
large variation of pressure along Z_ in the ncar region (Z, 2 D), the
spacing between successive pitot locations was sct at 0.1 of the exit
nozzic diamcter (D). For larger D, < Z_ <4 D, the spacing between the

points was sct at 0.2 D,. The clectrical sct up is shown in Fig. 2.6B.



2.5 Surface Flow Visualization

A scrics of surface flow visualization cxpericments  were

conducted in this investigation. The reason for these cxperiments arose

from the neced to:

n

(2)
(3)
(4

check the flow svmmetry and dctcrmine the centerline of
svmmetry of the flow on the flat plate.

dctermine flow boundarics of different regions,

determinc the location of the pressurc measurcments.

corrclate the pressure distribution on the flat plate with the

surface flow visualization.

The surface flow visuvalization was madc for the plate positions

presented in Table 1. For cach position. a mixturc of light oil and

vellow powder. with a ratic of 2 to 1 by volume was sprayved on the

platc using an clectric spray gun. Then, the jet was operated sctting the

clectric timer to 0.15 scc. This was repeated while adjusting the mixture

film thickncess until the clearest trace on the plate was achicved. Then,

the trace of the jet on the plate was photegraphed for later examination.



2.6 Pressure Distribution on the Ilate

Onc of the objectives of this investigation was to mceasure the
normal force on the flat plate as a result of jet impingement at different
angles of attack. Onc mcans of obtaining the normali force is through

mcasurcment of pressure distribution over the plate.

Pressure mcasurcments on the plate surface can also be used to
provide information about locations of shock refiection and scparation

regions in the flow ficld [3}

Pressure measurements on the surface of the plate were conducted
at diffcrent plate inclinations ranging between 0 = -5" and 30°. The
mcasurcment took place at sclected positions on the plate. The choice
of pressure measurement points was guided by flow visualization
pictures. Furthcrmore, the cxperiment on  the pitot  response
measurcment was used to determine the size of the pressurce conncctor
which connccts the taps on the surface to the pressure transducers (Fig.

2.8).

Three longitudinal rows of pressure taps, cach of diameter 1.5S mm,
were drilled through the surface. The configuration of the tap on the
surface is shown in Fig. 2.9. With this type of configuration and the
flexibility in moving the plate assembly in the side-wise (v) and stream-
wisc (X) dircction. as shown in Fig. 2.10. pressure readings were

obtained in regions bounded by 0.0 <Y <04 D 05D <Y<12D,

and -1.3 D =Y <-1.9 D, (sce Figure 2.11). Spacing hetween two points

13
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could be made as small a< 0.1 D_ in side-wise and stream-wise direction.

Three pressure transducers with their pressure connectors (Fig. 2.8)
were used. Hence. three pressure data points could be recorded at onc
time. The spacing between the taps are constrained by the size of
pressure transducers. The clectrical lavout for pressurc mcasurement is

shown in Fig. 2.5.

Before taking a full map of the pressure mceasurements, the
centerline pressure distribution was first measured. The pattern of the
surface flow visualization was used as a guide to determine the distance
between successive data point on the centerline. In regions where the
surface flow visualization shows narrow and sudden changes in the flow

pattern. the distance between the data points was <ct at 0.1 D,.

After taking the pressure mcasurcments along the centerline,
symmetry in the flow over the plate was checked by taking some
pressure measurcments along the positive and ncgative Y-axis, for the

same X location.

The information provided by both centerline  pressurce
mcasurcment and surface flow visualization was uscd to determine the
lacations of pressure measurements over the rest of the plate.  Pressure
taps on line A (Fig. 2.9) were used to measure the pressure bounded in
the region 0.0 < Y <0.4 D,, while pressure taps on linc B were used to

measure the pressure bounded in the region 0.3 D <v < 1.2 D_. and for

line C, the region was bounded by -1.2 D <Y < - 1.9 D,.



The pressure signal was recorded on the FM tape recorder. in the
DC made. and was replaved later en the oscilloscope after rejecting all
the frequencics ranging from 30 Hz to 20 KHz using the univer<al filter.
The average of the minimum and maximum valucs of the pressure
signal between 60 ms and 120 ms was considered as the actual pressure.

The same pressurce measuring technique was used for all plate positions.
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2.7 Measurement of Normal Force on the Plate Using Strain-Gage
Technigue

2.7.1 Introduction

For undcrexpanded supersonic jet impingement on a flat plate,
theoretical prediction of the normal force cocfficicnt was first achieved
by the Lockhced blume program through numcrical intcgration.
Lamont and Hunt [2] devcloped a simplificd theorctical expression for
prediction of normal force cocfficient. They found the normal force
cacfficient cxperimentally by integrating the pressure distribution on the
platc. There were deviations between their experimental values and
theoretical predication of the normal force cocfficient. This was
referred. in their discussion, to crrors in pressure readings crcated by the
pressure transducer. Referring to their results, the deviation between
their experimental and theorcetical values were more than 15% in some

Cascs.

So, to limit the crrors in cvaluating the normal force cocfficient
on the plate, a strain gage was used. in this experiment. to measure the

normal force acting on the plate in 2 more dircct way.

On the other hand, when strain gage is used. the forces created
by natural frequencics of the plate assembly affect the force
measurement signal. Due to the short jet duration, the oscillating force
created by the natural frequency cannol be damped physically. So, a

suitable solution was devised to filter the force signal clectricallv. As a
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result. the first <tep in this experiment was to measure the natural

frequency of the plate assembly.
2.7.2 Mcasurcment of the Natural Frequency

As we can sce in Fig. 2.12. the experimenial favout is composed
of mcchanical and clectrical parts. For the mechanical part. an upper
flat plate was mounted on the plate assembly (Fig. 2.10). At the front.
ncar the jet exit. the plate was supported by two v-bearings aligned on
the same axis perpendicular to the jet axis. Under the downstrcam end
of the plate. a force transducer with a ball bearing supported the plate.
This is donc to climinate all side forces that might be cxcried on the
load ccll, allowing only the normal force to act on it. while the other
forces arc taken by the y-bearings. A tension spring. at the cnd of the
flat plate, was <ct at a prenormal force on the force transducer in order
to keep the plate in contact with the transducer during the vibration of

the platc assembly.

At the beginning of the experiment. the conditional amplificr was
set to frequency response of 1 Hz to 30 x 10° Hz and directly connected
to the oscilloscope. Then, a plastic hammer was used to give an impact

on the plate and the force signal was observed on the oscilloscope .

After several trials, it was found that more than once natural
frequency was present, and the frequency of 93 Hz was clearly
observed. Subsequently, the filter was used to reject only frequencics
lower than 70 Hz. Then, an impulse was applicd to the plate by the

hammer. The force signal showed an oscillation of 93 Hz with a mcan
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value of zero. This part was repeated several times and the same result

was obtained in cach trial.

In the next step. the filter was set to reject only frequencices higher
than 80 Hz. Then, the cexperiment was repeated. as before. several
times. The result was a force oscillating at a frequency of 40 Hz with

mean value of zero.

In these experiments. the time range of the oscilloscope was set to
20 ms which gave the full screen of 200 ms time range. This range is
able to contain the whole jet duration (140 ms). With this time sctting
of the oscilloscope , only the two frequencics of 93 Hz and 40 Hz were

observed during the cxperiment.
2.7.3 Normal Force Mcasurement

The mechanical layout was constructed as shown in Fig. 2.13.
The upper plate, in which the normal force was to be mceasured,
supported by two y-bearings, at two locations as shown in Fig. 2.14.
The strain gage assembly (Fig. 2.15) was fixed in the place of the force

ccll used in the natural frequency measurement.

Before taking the force measurement. the strain gage had been
calibrated. To do this. the clectrical layout of the experiment was
constructed as shown in Fig. 2.16. Then, standard weights ranging
from 9.8 N to 400 N were applicd at the rear end of the plate, at the
lacation of the pre-load spring. The force signal was recorded for cach
weight. Calibration of the strain gage wis made with the plate situated

horizontally at 0 = 07,
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To mcasurc the normal force acting on the plate by the jet, the
cxperimental sct up was used with a spring acting at a pre-load valuc of
100 N on the strain gage assembly. This prevented the plate from

rchouncing during the experiment.

The v-bearings were fixed at 80 mm in front of the plate front
cdge (Fig. 2.14) and the plate assembly was adjusted to the required
position. After that, the pressure regulator of the tube tunnel was sct to
fill the tubce tunncl to the requircd pressure. The jet was operated
several times while altering the clectric filter to reject frequencices from
the force signal caused by natural frequencics of the mechanical sct up.
In monitoring the force signal, it was found that sctting the clectric filter
to reject all frequencics higher than 19 Hz gave a steady force signal for
the last 80 ms of the jet duration. With filtering out all frequencics
higher than 19 Hz, the jet was operated scveral times for the same

condition and the values of the force F, were recorded. When the y-

bearings were positioned at 80 mm downstrecam the plate front cdge, the

jet was opcrated scveral times and the values of the force F, were
recorded. Using the same procedure as outlined hefore. the values F,
and F, were obtained for all the required positions of the plate and

conditions of the jet.

Design calculation of the strain gage cantilever and force
mecasurcment theory are shown in Appendix A and B respectively.



X. DISCUSSION
2.1 Introduction

In this chapter. results of the experiments are discussed according
to their scquential order in Chapter 2. This was done duc to the fact
that results obtained in some of the first experiments were used to carrv

out later oncs.

3.2 Pitot Response

The objective of measuring the time response of the three pitot-
tube configurations at different tube tunnel pressures was to determine
the time at which the tube rcads the pressure signal correctly. Fig. 3.1
shows the pressurc response of the first configuration of pitot tube (Fig.
3.2) to a 40-bar tunncl pressure. This casc is taken as an cxample for
thec other pitot configurations. The signal. as can be scen. is divided into
threc scgments, starting rcgion, rising region, and scttling rcgion. The
starting rcgion is belicved to be inflfucnced by flow acccleration and
valve opening action. The rising region represents the rise time from the
starting level to the tube tunncl pressure. The scttling region shows a
signal oscillation that damps out after four cycles with a frequency of
250 Hz. The first cycle can be obscrved clearly since it has a maximum
amplitude of 7% of the total signal. The sccond cxcle has a maximum
amplitude of 3*a of the total signal and Jhc third cyvele has a maximum

amplitude of less than 2%. So, the Iength of the settling region can be



defined as the time starting from the end of the rise time to the cnd of
the second cvele. Taking the reading of the signal after the sctiling time
will give an crror of less than 2%. It was found that for all pitot
configurations and various tubc tunncl pressures. features of the
response signals were similar to those of Fig. 3.1. The duration of the
scttling time was always the same for all cases tested. Figs. 3.2, 3.3 and
3.4 summarize the total time response of all the pitot-tube
configurations at different tube-tunnel pressures.  The total time
response is the sum of time-durations of starting. rising. and settling
regions. It was gencrally observed that the change in response time for
different pitot-tube configurations is mainly a function of pitot-tube
diameter for cach tubc-pressure sctting. The time response increases as
the pitot-diamcter decreases. For example. rise time for a pressure of 60
bar was incrcased by 8% when using the third pitot in place of the

second, while the decrease in the arca is 74%%.



3.3 Stagnafion Pressure Measurement

Theorctical cffective jet duration of the flow is = 0.12 scc. This
figurc is in good agreement with the time found in the experiment which
is 0.126 scc. as seen in Figure 2.5. During this time. the pitot pressure
falls lincarly by 2% to 4% over the jet duration. Hefer and
Koppenwalner [12] obtained similar values for thar cxperiments at

M, = 385 and M, = 0.093. The fall in pressure during the flow is

duc ta the develapment of the boundary laver insile the tube which. for
a fixed frame, grows with time [6] and causcs more turbulence and thus

more pressurc josses.

In Fig. 3.6, it is shown that the stagnation pressure at different
tubc pressurces is always less than its respective tube pressure with a
maximum dcviation of 5%. This is belicved to be caused by friction in
the tube. Morcover. nonlincarity of the pressure transducer and the high
turbulcnce of the jet arc expected to induce crrors in rcading the
stagnation pressure.  Fig. 3.7 illustrates the variation of the

vndcrexpansion ratio of the jet with tube pressure.



3.4 Centerline Pitot Pressure Measurement

Figurc 3.RA shows the structure of an under-cxpanded supersonic
jet when flowing into still air [13]. Fig. 3.8B describes the variation of
the pitot-pressure along the centerline of the free jet of under-cxpansions
2 and 2.2. It characterizes the shock system that cxists up to 4 nozzle
diamcters downstream nozzle cxit. Four regions arce identified. The

first region cxtends from the nozzle exit upto Zn = 6.7 D,. As we can

scc in Fig. 3.8B. the pitot pressure for both under expansions of 2 and
2.2, drops sharply as we move downstrecam the nozzle cxit along the jet
axis. This drop in the pitot-pressure in this region shows an increasc in
the local Mach number duc to the nature of the radial flow at the nozzie
cxit which causcs greater stagnation pressure loss through the shock in
front of the pitot as the Mach number increases (2). In the sccond
region, downstream, pitot pressure increases with Z_. This is duc to the
decreasing Mach number which causes a weaker shock in front of the
pitot and led to the decrease of total pressure losses. This recompression
is taking placc for both underexpansions at Z = 08D, The
recompression region is duc to the shape of the nozzie shock (2) which is
a weak shock caused by the overexpansion in the nozzle downstream of
the throat. The third region, just behind the Mach disk shows a
constant pitot pressure distribution.  This is due to the fact that the flow
is subsonic and conscquently inviscid.  For both underexpansion ratios,
this region starts at Z = 2.6 D, but ends at 7, —= 2D for PR = 2.2

and for PR = 20itendslaterat Z, = 3.6 D,
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From Fig. 2.8B. it can bc deduced that the Mach disc for bath
undercxpansion ratios is located at Z, = 2.6 D_. On the other hand. the
size of the first ccll in the shock system of the jet is very sensitive to the
pressure ratio, where for PR = 2.0 it was 2.1 D_and for PR = 2.2, the
ccll size was 3.6 D,. It was also found that large pressure fluctuation is
taking placc at the cnd of the cell. This is probably duc to the fact that
at the end of the ccll. the supersonic flow region has a sharp cnd and
any small fluctuation of this region will cause the pitot tube to be
dislacated from this region to the supersonic region which has a large

pitot pressure difference.

The location of the recompression region was indicated for both
underexpansions and matches very well with the results obtained by
Lamont and Hunt [2] where they found the location of the
recompression region at Z_ = 0.85 D, which was in good agreement

with the result predicted by the Lockheed bloom program.



3.8 Surface Flow Visualization

Fig. 3.8C dcescribes the interaction process of the jet with the
platc at 0 = 320° [2]. Figs. (3.9A to 3.1XA) show surfacc flow
visualization picturcs for the super<onic jet impingement on the flat
plate at inclinations ranging from 0 = +30° to 0 = -5°. The surface
flow fcaturcs from the visualization pictures arc compared with
repective surface pressure measurcments along the plate centerline given
in Figs. 3.9B to 3.18B. The arrangemcent of the scquence of figures was
chosen to provide a corrclatioh between the pressure measurcments and

the surface flow visualization pictures.

Caomparing the surface flow picture, Fig. 3.9A. with the pressure
along the centerline of the plate, Fig. 3.9B, onc obscrves that the two
maximum pressure regions indicated in Fig. 3.9B compare with the two
clcar rcgions on the plate (Fig. 2.9A). The location of the first spot is
upstrcam of the point of impingement with the plate. while the second
clcar spot occurs downstream of thce point of impingement. Before
cnicring the first region, the flow passes through the first shock
reflection. designated by Lamont and Hunt [2] as the upper tail shock
reficction, and still maintains most of its  Kinctic cnergy. The
combination of high pressure and velocity cause the blow out of the oil
mixture. The sccond maximum pressure region. further downstream, is
caused by a sccond shock reflection designated in [2] as intermediate
shock reflection. This region appears in -Fig. 39A as a small triangular

clear spot followed by heavy mixture accumulation. This heavy mixture



accumulation is probably causcd by both deccleration of the flow and
the demolished part of the oil mixture upstream. The small size of the
clear spot is belicved to be due to both fow local velocity. since the flow
has passed through two shock reflections, and the accumulation of the
oil mixture transferred from upstrecam. The trianguiar shape of the oil
mixture accumulation here has a narrow cnd and corresponds 10 a

compression rcgion for a supersonic flow.

For the PR = 22 and Z_'D, = 7.2 as can bc scen from Figures
2.10A, 3.11A and 3.12A, the flow patterns have a common shape for
the angles 30” through 15° and very similar to the pattern of PR = 2.0
with Z /D, = 2.1 (Fig. 3.9A). This mcans that there arc two pressure
peaks on the plate surface. The first peak is indicated by the clear spot
and the sccond pressure peak is just before the triangular shape of oil
mixture accumulation.  Also, it is obvious that morc rcgions on the
platc arc influcnced longitudinally as the plate angle decreases. This is
duc to the fact that at lower angles, the plate surface is closer to the
supersonic region of the jet (upstrcam) and, hence. larger area is exposed

to the shock svstem.

For ( = 5°, as shown in Figurc 3.14A. the flow is quite diffcrent.
At this condition. the surface at the front cdge is only 0.04 D away
from the nozzle and the clear parabolic spot shows that the higher
pressure region occurs at X = D,. Following this at X = 3.5D,, the
flow pattern shows a contraction rcgion, a sccond high pressure region.
This region coincides with the location at the end of the first cell in the

free jet where the flow has a minimum velocity and high static pressure.
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Further downstream, the flow goes through a succession of expansion
and contraction which is indicated by the clliptical patterns. which
decrcase in width as the flow progresses. This succession perhaps
represents the cffect of cxpansion and compression taking place inside

the shock celis of the jet.

When the plate surface is parallel to the jet axis, and at
h = 0.04 D,. it is obvious from Fig. 3.15A. that the fiow paticrn is very
similar to the casc when () = 5°. On the other hand. the flow fcginn is
much narrower from the sides. As the distance h is increased to 0.24

D,. (Fig. 3.16A), the samce pattern shrinks from the sides and when the
distance h is increased to 0.5 D, (Fig- 3.17A). the cffect of the pressure

fluctuation in the shack cells has alrcady disappearcd.

In Fig. 3.18A, where 0 = -5°, the flow pattern ncar the jet exit at
X, =4 D,, shows a similar flow bchavior to that at 00 = 5°, but with a
narrower sides, especially at the cnd of the region which indicates lower
pressure @ = 5° at the same spot. Downstream, the flow pattern shows
a completely different behavior where the flow is directed towards the
centerline with no <ign of shock ccll effect on the plate surface. This
mcans that the flow over the surface is subsonic and it is a suction

region.
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3.6 Surface Pressure
3.6.1 Centerline Pressure

At the start of this discussion. the centerline pressure for the case
where the conditions are set as @ = 30°. PR = 2. and Z/D, = 2.1, is
comparcd with a similar casc donc by Lamont and Hunt [2]. where they
set 0 = 30°. PR = 2, and Z D, = 2.0. Looking at thc ccnterline
pressure presented in Fig. 3.19B. one can sce the similarity between the
results. There arc two pressure peaks. The first enc is located at X =
-1.2 D, for both cxperiments, and it is duc to the upper tail shock
reflection. The sccond pressure peak caused by the intermediate tail
shack reflection for this experiment is at X = 0.9 D, while for Lamont
and Hunt [2] cxperiment, it is located at X = 0.5 D,. Furthermore, the
minimum pressure between the two maximum pressure regions, occurs
just in front of the sccond pressurc peak for both experiments. Also, the
irends in the pressure gradicnt throughout the center line of the flow are
similar in both cxperiments. The deviation in pressure values and
location of the sccond pressure peak between the two experiments is

mainly duc to the difference in Mach number of the jet nozzie used.

For PR = 22 and Z D, = 72 the centerline pressure
distribution for the plate surface was measurcd for the angles ranging
from 5° to 20°. Figures (3.10B 1o 3.14B) present the pressure
distribution in detail. Also, Figure 3.19A <shows the centerline pressure

distribution at different angles of attack. It can be scen that for all
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angles, there arc two pressurce peaks. onc in the positive and the other in

the negative X/D, axis, except for 0 = 57 where both peaks are in the

necgative XD,

The centerline pressurce distribution was mcasured for two cases
when the plate was paralicl to the free jet axis (0 = 07) and pesitioned
at two vertical distances from the jet nozziclipof h = 0.04 D, and
h = 0.24 D,. arc shown in Fig. 2.15B and Fig. 3.16B respectively. Only
the first two pressure peaks are shown for this casc since they were

much larger than the other pressure peaks down stream.
3.6.2 Maximwns Presswre Regions

For angles 30° to 107 of the plate, the two masimum pressure
rcgions as shown in the 3-dimensional Figures (3.9C - 2.12C) arc due to
the shock refiections. These pressure regions extend side ways in the ¥
directionto £ 1.2 D, for 0 = 30" and contract to £ 0.R D,
for @ = 10°. The location of maximum pressure regions and their sizes

agree well with the results obtained by the surface flow visualization.

From the 3-dimensional figures of the pressure distribution, it is
clear that the maximum valuc of pressure is always on the centerline of
the flow, Morcover, at 0 = 307, the upstream peak has a maximum
pressure of 0.075 P, while downstream peak has a maximum pressure of
0.11 P. At 0 = 20° thc peak pressure in both maximum pressure
regions has almost the same value = 0.06 P, While as the angle of the

L 3
plate is dccrecased, the second maximum pressure region has a lower
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peak than the first. Also. the peak pressure decreases when 0 s
decreased. except at 0 = 107 where the first maximum pressure region
peaked at a value of = 0.054 P_ whilc at 0 = 15" the peak pressure was
only = 0.045 P_. The bchavior at () = 10° could be duc to the plate
surface being closcr to the sccond shock celt structure of the jet which
may have created a stronger shack reflection (higher angle of reflection)

on the plate.

At 0 = 5° as shown in Fig. 3.14B and 2.14C. the first two
maximum pressure regions peaked at very close values (0.04 P for the
first and 0.035 P_ for the sccond). The first maximum rcgion. upstrcam,
is a result of the shock reflections near the nozzle cxit (upper tail shock
reflection) where the pressure peaks at the location X = -64
D, (X, =0R! D,) and cxtends side ways to y + 0.9 D, forming a bow
that is very cicar in the surface flow visualization (Fig. 3.14A). The
sccond maximum pressure region peaks at the lecation X = -2.4 D, or
(X, = 4.8) just downstrcam the first shock ccll of the free jet, which
means that it is probably caused by am intermediate tail shock

reflection.  This region extends to ¥ = X O.R D, sideways.

Comparing Fig. 3.9C at 0 = 30°. PR = 2and Z_'D, = 2.1 with
the isobar graph for the experiment done by Lamont and Hunt (2). it is
found that the first maximum pressure region created by the upper tail

shock reflection extends 0.8 D, sideways, in the Y-direction, and

occupics a similar location. On the other hand. the sccond maximum

pressure region in Fig. 3.9C is shifted downstream by 0.4 D compared
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to the cxperiment that is ebtained by | amont and Hunt (2). However,
the extension of this region in the same in Y-dircction is the same for

both cascs. In genceral. the results show a similar flow behavior.
3.6.3 Suction Region

Suction is defined here as the pressurce less than atmospheric
which mcans that it will have a ncgative value. Using this definition. a
suction region, between the two maximum pressure regions. coxists only
for angles O < 15°. It i< clcar from the figure (3.19A) that the minimum
pressure in the suction region decreases as the plate angle decreases,
starting with a value of -0.009 P, for 0 = [5" dawn to -0.01S P, for
0 = 5°. Morcover. the suction region increases in size as the angle 0
decreases. which mceans greater ncgative cffect on the normal force
acting on the plate surface. The suction region starts acting on a small
arca for (0 =15 bounded by 02 D ,<X<06D, and -0.7
D, <Y 0.7 D, and grows to an arca bounded by -44 D, <X <-3D,
and -0.4 D, < Y <0.4 D,. This suction rcgion is duc to the cxpansion

following the shock reflection.
3.6.4 Parallel and Negative Plate Angle Pressure Distribution

From surfacc flow visuafization it was dcduced that when the
plate surface was sct parallel to the jet axis. (0 = 0. the jet has pressure

influence only at h = 0.04 D, and 0.24 D, with well defined regions on

the platc surface.

The centerline pressure distribution and -dimensional graph of



the pressure distribution on the plate surface at () = 0°). and h = 0.04

D, arc presented in Fig. 2.15B and 3.15C . A< shown in these figures,
the pressure peaks at three locations. The first is Jocated at X = 0.4 D,

(10 mm from thc lcading cdge of the plate), and at this location, the

maximum pressurc was mcasurcd to be 0.024 P_. This pressurce region as

shown in the surface flow visualization starts ncar the leading cdge of

the plate (X = 0). and cends at X = 1.6 D,. From the }-dimensional
figure (Fig. 2.15C). this region extends sideways for at feast 0.5 D, in

the £ Y-dircction. Since the plate distance from the nozzlc lip is only

0.04 D,. the surfacc of the plate intercepts the nozzie shock at its

maximum anglc refative to the piate. This coukt cxplain the maximum
pressure in this region. This statcment scem to be supported by the
curved backward shape of the maximum pressure region as scen in Fig.
3.15C. The sccond maximum pressure region is  centered  at

XP = 6.0 D, with a pcak valuc of 0.04 P_. The sidc-ways cxtension of
this region is at Y = % 0.7 D,. The third high pres<urce zonc is centered
at about X = = 12.0 D,. On thc other hand. there arc two suction

regions on the plate.

In the case of O = 0° (Fig. 3.16B) and h = 024 D, the
maximum pressure is much less than the previous case (h = 0.04 D)
and the first maximum pressure starts at X, = 0.6 D_ and peaks at
X, = 1.2 D, at a valuc of 0.08 P_. This is only half the valuc of the peak

pressure in the second maximum pressure region which is located at

X, = 52D, From the 3-dimensional graph in Fig. 3.16C. it can be
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scen that the pressure regions are relatively narrow (oxtending only up
to £ 04D, in the Y-direction), which mecans that the jet shock celis
have a much smaller pressure cffect on the plate surface than for

h = 004D,

For 0 =-5° with h = 0.04 (Fig. 3.18B). thc first maximum
pressure region starts from the plate Icading edge. as shown in the
surface flow viswalization, while the pressure reading slarts  at
X, = 04 D, with a valuc of 0.01 P_. The cffect of recompression region
in the first shock ccll of the jet can be scen at X = 0.8 D_. So. from the
pressure distribution and magnitude. it fooks fike there is no sign of
refleccted shock in the first maximum pressure region.  Further
downstream, the pressure continucs to drop in the suction region till it
rcaches a minimum of 0.014 P_at X = 2.4 D, (ncar the lncation of the
Mach disc at the cnd of the first shack ccll). After that, the pressure
distribution flattens out at this minimum valuc up to X_ = 3.2 D, (ncar
the end of the first shock ccll). Then, it increases sharply to rcach a
sccond peak, at the sccond maximum pressure region. (at X, =42 D)
with a value of 0.025 P_. This pressurc distribution behaves in the same
way as the pitot pressure in the centerline of the free jet. which mcans
that cven though the flow above the plate is -dimensional. still the
surface pressure is mainly cffected by the flow in the shock cell. Finally,
the 3-dimension graph (Fig. 3.18C) of the pressure distribution shows

that the pressure regions arc bounded by -0.5 D, s Y < +0.5D,.



3.7 Normal Force
3.7.1 Normal Force by Pressure Alcasurcments

The normal force on the plate surface was first computed by
intcgrating the mcasured surface pressure. Each pressure mcasurcment
location prescnts an arca according to the space between cach other.

The cxperimental force cocfficient as given by Lamont and Hunt [2] is:
and the theoretical force cocfficient as given by (2) is:
C =Sino&(t—_'_+ym’) 25)
R P, PR "

The results are given in Table (2). and plotted in Fig. 3.20.

As we can sce, the force cocfficicnt computed by pressure
intcgration was only donc for angles 30° to 5°. This is duc to the fact
that the crror induced by pressure reading (0.025 bai) when integrated

over the surface arca, will produce an crror in their force = 100 N

which is alrcady > 100% of the total computed force for 0 = 5°. On
the other hand, for other angles the deviation between Cp and C
ranged between 27% and -8%%. Another possible source of crror, in
computing (C,,). is the large spacing between the pressure taps (0.4 D))

for some regions. .
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3.7.2 Normal Force by Strain Gage Technigue

The forces measured by strain gage technique was decreasing
lincarly by only 2 to 5% over the duration of the jet. The average
normal force (F) force cocfficient (Cp) and center of pressure location

(X,) were caiculated for all configurations and the results are presented

in Tablc 3.

Repetition of the force measurement did not show any deviation
between trials. The maximum crror in the force measurement using the

strain gage is < 5%.

The center of pressure facation was always downstream the point
of intersection between the jet centerline and the plate surface (positive
X) for all positive 0. As we can sce in Table 2. for PR = 2.2 and
Z /D, = 7.2, X, incrcascs from 2.14 D, at 0 = 30” to a maximum value
of 40 D, at 0 = 10°, which is a small variation compared to the
extension of the pressure field. This increase in X, is duc to the fact
that the location of the sccond pressurc peak. at (0 = 10°, has shifted
downstream by 2.5 D, comparcd to the casc of () = 20°, as shown in
Fig. 3.19. On the other hand. at 0 = 5%, the center of pressure is shifted
forward to X, = 2.9 D, which has resulted from the location of the first
shack reflection (at X = —7.0 D, close to the leading edge of the
plate).

3.7.3 Comparison with the Thcory

The results of computing C,,. C,,, and C, are presented in Fig.
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3.20. The maximum deviation of C,, from theoretical prediction, Cp... is

0.45.

On the other hand, the actual force cocfficient obtained by
Strain-gage technique (C) was always higher than the theoretical value
by 25% to 33%, at 5° <0 <20°, while the difference is reduced to 8%
for 0 = 30°. For the comparative case with Lamont, the actual force
cocfTicicnt was 14% higher than the theorctical value which compares
very well with the about 13% deviation figure obtained by Lamont and

Hunt |2}

The increasce in the normal force cocfTicient is probably duc to the
fact that the flow scparation is taking place on the platc surface at
locations of shock reflections which will force part of the flow to be
deflected away from the plate surface. This will result in a deflection in
the total flow which mecans that the flow will Icave the plate surface
with an anglc and not as thc thcory assumes that the flow leaves

parallel to the plate.

When the plate surface was situated at 0 = 0. only at h = 0.04
D, (1 mm). a force was recognized by the strain gage and the force
cocfficient was calculated to be 0.0282 while the center of pressure was
at X, = 19 D,. This means that the jet momentum was defiected by an
angle of = 3%, away from the plate surface. which is a result of the

radial flow ncar the nozzle cxit of the jet.

In the case where (0 = -5°, the netvesult of the pressure force was

negative (suction) and the foree cocfficient was C, = -0.0209. This
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could be due to the entrainment of fluid caused by viscous cffects in the

mixing region of the jet.
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4. CONCLUSION

The tube tunnel used in this investigation was able o sustain a
stcady flow for at least 120 ms at various tunncl pressures (30-80
bar). Maximum drop in the stagnation pressure of the tunncl
during this perind was 4%. The three pitot-tube configurations
investigated in this study gave time response valucs much smaller
than the duration of the jet. The pitot-tube with the smallest
diamcter was chosen te carry out the pressure measurements.
Smalier pitot-tube diameters were not attempted duc to pracatical
fimitations. The crror in mcasuring the pressure was fess than

2%.

Pitot pressurc measurcment along the centerline of the free jet
can reveal different regions inside the first shack cell. The
location of thc rccompression region was the same for the
pressure ratios (PR) tried in this investigation. On the other
hand, the size of the first shock ccll in the free jet increases with

pressure ratio, as was abtained by Lamont and Hunt (2).

The surface pressure mceasurements and the surface flow
visualization pictures arc used to cnhance the understanding of
jet impingement flow phenomena on the plate. A high pressure
that is duc to shock reflection on the surface is recognized by a
clecar arca in the surface flow visualization, which has a bow
shape for the first shock reflcttion upstream. The sccond

maximum pressure region caused by the intermediate shock
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reflection is recognized by a small clear spot followed by oil
mixturc accumulation that shows an inward flow towards the
centerline. This indicates that there is a compression region with
Jow velocity and a possible separation region.  Norcover. suction
in the subsonic region was indicated in the surface flow
visualization by continuous inward flow towards the centerline till
the end of the plate. for § = -5°. As a result. the surface flow
visualization is a simple and cconomical mcans of identifving
different pressure regions on the plate surface. Also. it can be
wtilized as a guidcline in dctermining the pressure reading

locations and re<olutions.

The distribution of the surface pressure for inclined positions of
the plate (0 > 0) shows that there are always two high pressure
regions which have the dominant contribution to the normal
force. On the other hand. suction regions were only observed at
angle < 15°. In gencral. suction regions increasce in arca when 0 is

decreased.

The normal force on the plate. as measured by the strain-gage
technique, was found to be always greater than that predicted by
the theory with the deviation reaching 27% in the range of 5°
<0 <20°. The deviation could be due to the assumption impliced
in the theoretical model which indicates that the jet is deflected,
after impingemoent with the plate. in a parallel direction to the
plate surface. The deflection \\'i&h an angle from the surface

comes as a result of boundary laver separation, after the shock
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reflection [}, which, in turn. causes part of the flow te be
dcflected away from the surface. There scems to be a nced for
incorporating a correction factor in the theoretical expression for
predicting the normal force. Thercfore. further investigation on
thc normal force resulting from supersonic jot impingement, is
nceded for different plate inciinations at different nozzle Mach

number. pressure ratio. and nozzle plate <pacing (Z_'D,).

At 0 = 0. the normal force cacfficient C,, was small (0.02R), for h
= 0.04 D,. and there was na sign of normal force as the distance
was incrcased to h = 0.24 D,. This force was duc mainly to the
radial flow of the jet at the nozzie cxit which caused the first
shack rcflcction on the plate te appear as< a high pressure region.
Finally, the cffect of jet mixing laver was clear at 0 = 5° and

caused a2 small ncgative normal force (suction) en the plate

surface (C, = -0.0209).
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APPENDIX - A

X



Design Calculation of the Strain Gage Cantilever

The first part of the calculation deals with the design of the strain

gage cantilever which has four aspects:

1. Forcc and stress analysis.
2. Maximum deflection.
3. Mecasuring system natural frequencics.

4. Effect of pre-load spring in rcading the force.

The cantilever shown in Fig. 2.14 was made out of cold drawn
stect (AISE 10IR) which has a vicld strength of 6, = 30 Mpa. maximum

aflowablc strain of € = 0.5 and modulus of ciasticity E = 2.07 Gpa

19

1 = 60 mm (Icagth of thc cantilcver)
w = 19 mm (width of thc cross scction)

s = 16 mm (hcight of the cross section).

On thc basis of the pressure measurements over the plate surface,
thc maximum cxpected average force on the cantilever bearing,
including the pre-load of the spring and the weight of the plate is

F. .= 500 N.

v

For checking the strength of the cantilever. the maximum tensile

stress (o)) as given in [9]is :

1
L



6F__ L
6 = ———— = 37.0 Mpa (8)
‘ ws?

and assuming uniform shear stress on the cross-section. the shear stress,
1_. is given by Shigly and Mitcheli [9]
F

= max . v Q
T, s 1.6 Mpa (9

From the above calculations. it is clcar that the stresses are very
small comparcd with the strength of the material used for the cantilever.

Thus, the cantilever can be used safely for this experiment.

The bearing used in the cantilever assembly has a designation
No. 6200-2Z which has an allowable static load of 2.240 N [10). This
figure is much higher than the expected force (F__, = 500 N) and shows

that it is safc to use.

The maximum dcflection of the cantilever (d_ ) during the jet
opcration is given in [9] as:

_4F_ LU

. 10
me = WO (10)



Substituting for the valucs in the cquation vickls

4., = 0.0268 mm.

The maximum angular deflection of the flat plate duc to the d,,
may be identificd by (A 0__). and this can be determined by the simple

form:

d
o - -1 max l
A tan” —= (1n

Substituting in this formula. we find that A0___ = 0.0028° which

mcans that it wifl have no cffect an the experiment since this error is

ncgligible compared to the angle settings of this experiment.

Since the cantilever supporting the plate is clastic with no
damping cffect, the plate will oscillate when suddenly impinged by the
jet. The frequency of this oscillation () is determined by the simple
form [11}:

g—————

t VK
r=-i?"'l—' (12)

where:

I. = is thc moment of incrtia of the plate about its rotating axis.

(-3
L]

K, = is the torsional stiffncss of the cantilever about the rotating

46



axis of the plate.

Assuming that:

¢ = Thickness of the plate.

w, = The platc width.

b = The plate length.

¢ = The distance between the axis of rotation and the plate
ccenter of gravity.

m = Mass of the plate.

Since the plate is made of aluminum which has a density of 2711

kg/m” [9]. I_ can he cxpressed in the form (13):

B B
i, 12m(b+|2c’) (13)

Substituting for the values in the cquation,
I, = (9.760c* + 0.2928) kg. m>.

Also, from the gcometry of the mechanical sct up shown in Fig. 2.13 it

can be deduced that

F . (c+0.17)
K, = =

max

(14)

Substituting:

K, = 1.R66 x 10’ (c+0.17)’ N m ‘rad.

So. the final expression for the frequencey T is



58

220 (c+0.
_ Ofc 017 4,
v e+ 003
When the plate assembly was sct to measure F . the distance between

the axis of retation and the center of mass for the plate was

c =028 m.

Subscquently. the frequency of the escillating plate was:

f, = 289 Hz

On the other hand, when mceasuring F,.

c=02m

and the oscillation frequency of the plate was

f,= 306 Hz

These frequencies are much higher than the natural frequencies of the
plate structurc. Hcenee, they would not contribute to the signal
whenever the clectric filter rejected the cffect of the natural frequencics

of the plate assembly.

The following calculation was made to sec the cffect of the pre-

load spring on the normal force measurement.

The summation of moments around the plate axis of rotation M_

\was:

M, =0 (15)

which led to
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Foxb = A0k - k). (16)

where k_ is the torsional stiffness of the pre-load spring. which has a

fincar stiffness of 2000 N/m. So.

K, = 3000 (c + 0.3)° (Nm.tad.)

but. K, = L.R66x10" (c+0.17)" (Nm rad))

We can sce that the value of K, < < K. So, the cffect of the pre-

load spring can be ncglected when calculating the normal force and the

expression of the normal force can be put in the following form:

K an
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Force Mcasurement Theory

The measuring system was designed in such a way that the plate
axis of rotation was alwavs on the planc of the plate surface. Also. the
other end of the plate was supported by the cantilever by a hall bearing
with its axis paralicl to the rotation axis of the plate. This was done in
order to have all the shear forces on the plate surface be taken by the v-
bearing and leaving the cantilever to take the moment crcated by the

normal force about the rotational axis of the plate.

When the distance between the cantilever bearing and the axis of
rotation is L, the rcaction of the cantilever F, and the expression of the

normal force on the plate F, will be:

M, =0
F L
Hence, F = L ! (I®)

Alsa, when the distance between the cantilever bearing and the axis of

rotation is L,. the reactions of the cantilever is F,. and the normal force

on the plate F, is:

F, L,
Fp= 2 &2
L+L -L,

(9

From the above cquations,



w
v

Fi Li _ FJ L2 (20)
L L +L -L

P4

d

- F Li(L - L)
LP F,L, - FL @D

Now substituting Eq. 21 into Eq. 19. we get the cxpression of F_ as

F = ¥ 1 2 2 (22

In this experiment,
L, = 0.55m and

L,= 039m.



( Desree) PR | ZyD,| h/Dy
0 22 | __ | 0.0
0 | 22 | |02
0 | 22 | — |05
5 2.2 1.2 _
10 | 22 |72 | —
15 | 22 | 72 | —
20 | 22 |72 | —
30 | 2.0 | 21 _
0 | 22 | 72 |
5 | 22 | — Joos

Table 1 : Surface flow

visualization.
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8 PR Z/D C C
n
(Degree) (Theo.)

30 2 2.1 0.264 0.257

30 2.2 7.2 0.303 0.255

20 2.2 7.2 0179 0174
15 2.2 7.2 0122 0132
10 2.2 7.2 0112 0.088

5 2.2 7.2 0.092 0.044

Table 2 : Normal force coefficient by pressure
measurement integration .
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(ng-) R |engiynl ¥ 0] oS (T?\EO)ACF
30 | 2 | 21 |1.94|0.294 |0.257 |14 %
30 | 22 7.2 | 214 |0.275]0.255| 8 %
20 | 22| 7.2 | 210 |0.226 {0174 |30%
15 | 2.2} 7.2 | 2.87 |016510132 |25%
16 | 2.2 | 7.2 | 400 |0.118 |0.088 |33 %
5 | 2.2|7.2 | 290 |0.058|0.044 |31%
0 | 220046 | — [0028] — | —
0 | 22|02t — [0000) — | —
-5 | 2.2 |0.04 | — [-0021

Table 3: Normal force coefficient by strain gage.
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Figure 11 : Launch of an AIM-20 AMRAAM
Air-To-Air Missile of an F-16 A[14].
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815 m

1~ T
/A

@ 34mm

Tube Container =
\ :{}
o
Supersonic Jet
5.60 m _
A |

Pressure

Regulator Elec. Mag. Valve

v<N2 Supply
Figure2.2 : Tube Tunnel Layout (KFUPM ).
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D1 L1 D2 L2
(mm) fmm) (mm) (mm)
Pitot 1 4.0 113 3.2 57
Pitot 2 2.0 113 2.0 57
Pitot 3 1.6 70 2.0 100
7 L2 L1
\ 5
N =
‘\\\\\\\\\\\\\L—_

Pressure Diaph. X BD2

Pressure Trans. Pitot Body

Figure 2.3 : Pitot assembly ( time response exp.) .
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Flat Plate

! @15 "
P g
- l//////A r
o
Connector l N
N f
| N\
| 1
wn
]
\
T e

Figure28 . : Surface Pressure Connector .
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Figure 210 : Flat plate assembly .



Flat plate

Figure 211 : Flat plate axis .
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Strain gage

\ 19
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16

L 60 / \
TITTTT TN 77T
Cuntilever—/ x
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Figure 2:15: Strain gage and cantilever assembly .
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Figure 3.1:Pitot assembly output signal (40 bar).
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Figure 32 : Pitot assembly (1 ) response .
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Figure 3.3 : Pitot assembly ( 2) response .
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Figure 35 : Stagnation Pressure of The Free Jet .
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Figure 3.6 : Stagnation pressure at different (R) .
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Figure 3.7 : Jet underexpantion ratio at different(Pt).
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Figure 33 A : Surface flow visualization for 8:30",
PR=2 and Z,/Dny=21
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Figure 3.9C: Surface pressure distribution (hatf) for
8=30" ,PR=2 (Zy/Dp)=21 .
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Figure 310 A : Surface flow visualization for 8=30"
PR=2.2 and Zn/Dn=7.2
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Figure310C: Surface pressure distribution (half) for
8=30° ,PR:=2.2 [(Z,/Dp)=7.2 .



Figure 3.11 A:
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Surface flow visualization for 8=20°,
PR=2.2 and Zy/Dp=7.2
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Figure311C: Surface pressure distribution (hatf) for
8'—1’ 20. ¢ PR=2.2 ((Zn/Dn) = 7. 2 .
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Figure 312 A:

Dy

Surface flow visualization for 8:=15°,
PR=22 and Zp/Dp= 7.2
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Figure3.12C: Surface pressure distribution (hatf) for
8:15° ,PR=22 (Zn/Dp)=7.2 .
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Surface flow visualization for 8=10°,
PR=2.2 gnd Zpn/Dy=7.2 .
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Figure313C: Surface pressure distribution (hatf) for
8=10" ,PR=2.2 (Zn/Dp)=7.2 .
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Figure 314 A: Surface flow visualization for 8= 5°,
PR=2.2 and Z/Dp=7.2 .
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Figure3:14C: Surface pressure distribution (hatf) for

n_ e PR_-9%9 (7./0V-772 .
0= 2 P ol AT AV AR S ¢ e LA
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Figure 3.15 A : Surface flow visualization for
PR=2.2 and h /Dn=004 .
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Figure315C: Surface pressure distribution (hatf) for
8=0° ,PR=2.2 [(h/Dp)=0.04 .
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Figure 316 A :

Surface flow visualization for 8=0° ,
PR=2.2 and h/Dn=0.2% .
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Figure 316C: Surface pressure distribution (hatf) for
8=0° ,PR=22 ,h/Dy)=0.24.
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Figure 3.17 : Surface flow visualization for 8=0" ,
PR=22 and h/D,=05 .
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Figure 3.18 A

2.2 and h/D,=004
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Figure318C: Surface pressure distribution (half) for
8--5° ,PR=2.2 [(h /Dp)=004 .
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Figure 31SA : Center line p}essure of the
plate surface at different angles.
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Figure 3.20: gorce coefficient for PR=22 £n/Dpe1.2
and Mp=2.57 . --Ce {2} —0—,Cpg s X ,C;—; ..



