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PREFACE

The primary purpose of this study was to develop, test
and build an electrical circuit to be used for heat transfer
measurement in a transient test facility. The method cur-
rently used to calculate heat transfer involves performing a
numerical differentiation of recorded surface temperature.
This procedure is cumbersome and has not yielded satisfac-
tory results when used with the shock tube at AFIT. The
numerical procedure is inherently noisy since, as with many
numerical schemes where a derivative is approximated using a
finite difference, errors are magnified as the numerical
procedure marches forward. With the analog, heat transfer
measurements are recorded directly, allowing for time sav-
ings and drastically simplifying the data reduction.

Writing this thesis and performing the experimentation,
although much work, has been quite enjoyable. There have
been struggles, as is to be expected when any work of this
magnitude is performed under a time constraint. Many times
the data would not come out as expected. However, upon
further examination, certain parameters would appear which
would tie everything together. This is what makes experi-
mentation so satisfying. One can take unexpected results
and, with a little theory and insight, explain the results
then perform another experiment and verify and understand
the phenomena.

I have had a great deal of help from others in perform-
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ing the experimentation and in writing this thesis. I am
deeply indebted to my thesis committee, Lt Col Paul King,
Dr. William Elrod, and Capt Daniel Fant, for their hours of
patience and consultation. I also wish to thank Jay
Anderson, Orville Wright, Tim Major and Jack Tiffany for
their help in building the necessary test equipment.
Finally, I wish to thank my wife, Lil, for her love and
understanding on those occasions when I was tied to my desk

with work.

Richard K. Rockwell
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ABSTRACT

In this study an electrical analog, for heat flux meas-
urement from surface mounted thin film temperature gauges,
was built and tested. Typically, the determination of heat
transfer from thin film gauges requires the numerical eval-
uation of an integral. The electrical analog enables the
heat transfer to be recorded directly without incorporating
numerical error.

Oonce built and tested, the analog is used to measure
transient flat plate heat flux with free-stream turbulence.
The time varying flow is produced using a low pressure shock
tube, with free stream turbulence generated by flow injec-
tiBon upstream of the flat plate. The '"steady flow" portion
of the test data is compared to the theoretical flat plate
solution for constant free stream and constant plate temper-
atures.

A constant temperature hot-wire technique is used to
determine free stream turbulence. The hot-wire procedure
requires performing several experiments with the same flow con-
ditions, but different hot-wire operating temperatures. A
quadratic least squares curve fit is performed using the
data from the hot-wire experiments to determine the turbu-

lence level.

XV
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TRANSIENT HEAT TRANSFER MEASUREMENTS ON A FLAT PLATE

IN TURBULENT FLOW USING AN ELECTRICAL ANALOG

INTRODUCTION

Thin film heat flux gauges have been used with consid-
erable success in measuring heat transfer in shock tubes and
other short duration test facilities by 0ldfield, 1978 and
1984, Schultz, 1973, Schmitz, 1963 and others. A thin
film heat flux gauge (also known as a thin film surface
thermometer) consists of a thin metallic film, usually gold,
platinum or rhodium, deposited on an insulating material
(substrate). Commonly used insulating materials are quartz,
pyrex and soda glass [Meyer, 1963: 1]. The metal films are
typically 0.1 um thick [Schultz, 1973: 19]). Since the thin
films are small and have negligible heat capacity they offer
little resistance to heat flow. Hence, the thin film is
assumed to be at the same temperature as the substrate sur-
face. If the test duration is sufficiently small (on the

order of 10~ °

seconds), then the heat flow into the insula-
ting material may be taken as one-dimension heat flow into a
semi-infinite slab. For this situation, the relation
between heat flux and surface temperature is given by

[Skinner, 1960: 4)

t T
q(ty = / ¥eS, T(0") - T(0) . J’ st v oo (1.1)
o vt vt

0

1.1




For all but simplified solutions, this integral must eval-
uated numerically. Several theses at AFIT have used this
numerical procedure to obtain heat flux from recorded sur-
face temperature data (Gochenaur, 1984, Fillingham, 1985,
Smith, 1986 and Novak, 1987). The results obtained in these
studies do not agree with the constant free stream velocity,
constant free stream temperature, iso-thermal flat plate sol-
ution. Perhaps part of the explanation for the disagreement
is the error inherent in the numerical procedure, since the
discrete time derivative of temperature must be evaluated in
order to evaluate (1.1).

A method for measuring heat transfer directly would be
much preferred. Such a method exists and is referred to as
the electrical analog for heat transfer. The thin film vol-
tage signal can be used as the input to an electrical cir-
cuit for which there exists an analogy between temperature
and heat flux to voltage and current. The voltage output of
this circuit is related to heat flux and can be recorded at
the time of the experiment. The goal of this thesis was to
build an electrical analog for heat transfer measurements,
then use the analog to measure transient heat flux in a
shock tube. The major benefit of using the heat transfer
analog is that no numerical differentiation is required.
Heat flux is recorded directly, which also saves time in

data reduction since multiplying the analog signal by a cal-




ibration constant is much less cumbersome than performing

numerical integration/differentiation.

Background of the Electrical Analog

The earliest research on the electrical analog for heat
transfer measurements were performed by Lawson and McGuire
in 1953. They used the analog to measure heat flow through
an insulated wall separating two rooms. 1In one room a fire
was ignited while the other room remained at ambient condi-
tions. Later, Meyer [1960] proposed using the analog in
conjunction with thin film heat flux gauges to measure heat
flow in shock tubes and other transient test facilities.
The analog used by both Lawson and Meyer consisted of a
series of constant value resistor-capacitor elements. These
R-C elements were introduced in three configurations, the
"T" configuration, the "L" configuration and the "PI" con-
figuration. An example of each configuration is given in
figure 1.1. The number of elements needed depends on the
application, as the test duration increases, more R-C ele-
ments that are required. Typically, 30 to 40 elements are
required when using the Meyer circuit to measure heat flux
in a shock tube.

Skinner [1960] examined the electrical analog about the
same time as Meyer. Both the Meyer and Skinner circuits
consisted of constant value R-C elements. The "infinite

medium" was approximated by using more elements. Later,




Skinner and Meyer ([1963] considered using values of R-C
elements in an arithmetic progression, increasing the resis-
tance and capacitance values in a predetermined way, to bet-
ter approximate the infinite medium.

Oldfield [1984] has designed the most practical elec-
trical analog for heat transfer measurement to daPe. The
0Oldfield analog uses R-C components which increase in a
logarithmic progression, allowing for an analog design of
only 9 sections (as opposed to 20 or 30 for the Meyer
analog), with a working frequency range of 0.02 Hz to 100
kHz [Oldfield, 1984: 253]. The 0Oldfield analog was used as
the model for the analog developed in this study.

Objectives

The primary objective of this research was to develop
and test an electrical circuit for direct measurement of
heat transfer in a transient test facility (the shock tube).
Once the analog (circuit) is built and tested, it was used
to measure heat transfer to a flat plate in turbulent flow.
A turbulence injector just upstream of the flat plate was
used to generate free stream turbulence. An algorithm was
developed which uses a constant temperature hot-wire data to
determine the turbulence level. In summary, the objectives
were:

1. Build and test an electrical analog for heat
transfer measurement.
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Develop the tools required (computer software) to
perform the constant temperature hot-wire procedure
to determine turbulence levels.

Measure the shock tube turbulence levels with and
without turbulence injection.

Perform shock tube experiments with and without
turbulence injection, then compare heat transfer
rates with those for no free stream turbulence and
with free stream turbulence present.

1.5




THEORY

Shock Tube Principles

A shock tube is a device in which a plane shock wave is
formed by the rupturing of a diaphragm which separates a
higher pressure gas from a lower pressure gas. The high
pressure section is called the driver section, the low pres-
sure section is called the driven section. The shock wave
strength is a function of the driver to driven pressure
ratio (PMQZ). Higher pressure ratios produce higher
strength shock waves. The equations for shock tube perfor-
mance are given in Appendix A. A simple shock tube is
depicted in Figure 2.1.

When the diaphragm is burst compression waves move in
the direction of low pressure and quickly coalesce to form a
normal shock wave. At the same moment, expansion waves move
in the opposite direction, into the high pressure gas. The
flow properties behind the normal shock, which constitute
the test conditions of interest for this study, can be com-

puted using the equations of Appendix A.

Boundary Laver Theory

Passage of a shock wave though still air imparts a for-
ward velocity to the air behind the shock (forward being the
direction of shock travel). If a flat plate is placed in
the shock tube, a boundary layer is formed on the plate be-

hind the normal shock. Flow is started along the plate as




the shock moves down the passage. Since the shock has fi-
nite velocity, flow along the plate at each streamwise loca-
tion is started at different moments in time [Schlichting,
1979: 439-443]. For the ratio of flow speed to shock speed
equal to zero (Uz/Us = 0), this boundary layer problen is
the same as Stokes first problem, the suddenly accelerated

flat plate [Schlichting, 1979: 90-91, 440-441).

Flat Plate Heat Transfer

Heat transfer to a flat plate is governed by the temper-
ature difference, between the plate and flow, and the effec-
tiveness at which the temperature difference is imposed on
the plate (or fluid). This heat flow effectiveness is
determined by properties of the fluid-plate interface,
namely the boundary layer. Four flat plate heat transfer
solutions are considered in this study, namely steady lam-
inar, steady turbulent, unsteady laminar and unsteady turbu-
lent. Laminar/turbulent refers to the state of the boundary
layer and steady/unsteady refers to the state of the free
stream. The underlying assumptions for these simplified
solutions are that the plate remains at constant temperature
and the heat transfer is one-dimensional.

The equation for heat flux is:
g=h (T -T) (2.1)

For high velocity flows, the adiabatic wall temperature is

used in place of the free-stream temperature.
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q=h (T, ~-T) (2.2)

The adiabatic wall temperature is given by Schlichting

[1979: 442)

= -1 2
Ta" —-Tm {l+—2—Mmr } (2.3)

The adiabatic wall temperature reduces to the stagnation
temperature for r=1. The recovery factor, r, is also given
by Schlichting [1979: 442] as

o

r = Pr (2.4)

Where
0.02
1 -0 2.5
1-0_, /o (2.5)

a=0.39 -

Two important parameters used to study heat transfer are the
local Nusselt number (Nux) and the Stanton number (St).

These parameters are defined as:

Nu_ = EEE (2.6)
st !iﬁ]l‘—c' (2.7)
® p

Fluid Propertjes. All fluid properties are evaluated at the
reference (or film) temperature unless otherwise noted.
Kays and Crawford [1980: 304) give the reference temperature

as:

T, =T, +0.5 (T =-T) +0.22 (T ~-T) (2.8)

re

Kinematic viscosity is defined as:

v s (2.9)




According to Schlichting [1979: 9], dynamic viscosity can be
taken to be independent of pressure (to a first approxi-

mation). Density, on the other hand, is a strong function of
both temperature and pressure. Therefore, whenever kinematic

viscosity is used, it is calculated using

R(T_, )

V = —m—— , (2.10)
P (Tr ef’ PZ)

unlass otherwise noted.

Steady Laminar Solution. Kays and Crawford [1980: 134-137)
give the heat transfer solution for the case of constant
free-stream velocity flow along a constant-temperature semi-
infinite plate with a laminar boundary layer. The solution

is:

172

Nu_ = 0.332 pr'/3 Re_ (2.11)

This equation is good for moderate Prandtl numbers,

0.5 s Pr s 15.

Unsteady Laminar Solution. The heat transfer solution for
unsteady free-stream velocity, laminar boundary layer, con-
stant free-stream temperature semi-infinite plate is given

by Schlichting [1979: 439-443]. -

Nux Local Nusselt number

Re = Local Reynolds number

x

C; = Skin Friction coefficient
Pr = Prandtl number
U = Flow velocity behind the shock

2‘4




v,oo= kinematic viscosity at the wall

]

t time since shock passed reference point

B

3 } Emperical parameters

_ 1 .’ A
Nu = 5 C_ Re Pr (2.12)
x £ X
Where
U2
- had - x
Rex = v ( t i ) (2.13)
w 8
(T )
Note: v

U
’ = - had
c! /Re_ 1.128¢//1 65 (2.14)

B = 0.346 (2.15)
0.15
A =0.35 + g (2.16)
1 - on/U

Steady Turbulent Solution. Kays and Crawford [1980: 134-
137] give the heat transfer solution for the case of con-
stant free-stream velocity flow along a constant-temperature
semi-infinite plate with a turbulent boundary layer. The
solution is:

4 -0.2

st Pr’ ' = 0.0287 Re (2.17)

This equation is good for gases, where 0.5 s Pr s1 and

distance from reference point (i.e., leading edge)




5x 10° s Re_ s 5 x 107 Recall,
Nux = St Pr Rex (2.18)
Substitute Stanton number from equation (2.17) to get,

Nu_ = 0.0287 pr’-°® Rei'8 (2.19)

Unsteady Turbulent Solution. The solution for unsteady
free-stream velocity, turbulent boundary layer, constant
free-stream temperature, constant temperature semi-infinite
plate is given by using the unsteady Reynolds number from

equation (2.13) in equation (2.19).

Electrical Analog for Heat Transfer
The governing equations for one-dimensional heat trans-

fer to a semi-infinite medium are:

8T

%% = -pC_ 3 (2.20)
3

q = "k-a—§ (2.21)

These are reduced to the diffusion equation by substitution,

to get:

= (2.22)

Equations (2.20), (2.21) and (2.22) may be solved for the
heat flux at the surface of the semi~infinite medium in
terms of the surface temperature T (see Appendix A) to give

(0ldfield, 1978]:
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Q= /p Cp k V/;? T (2.23)

The governing equations for one-dimensional diffusion of
electrical charge through a medium with a distributed capac-
itance per unit volume (c) and resistance per unit length

(r) is given by Oldfield [1978]:

ai _ __ av
% c 3T (2.24)
[ - -1V
i=-3z3 (2.25)
Which can be combined to give:
8V 1 8°v
= = == — (2.26)
at rc ax?

Equations (2.24), (2.25) and (2.26) can be solved to get:

i=/°%/. V/;1 v (2.27)

Equations (2.22) and (2.26) have identical form so that
analogous thermal and electrical systems may be constructed.
The respective analogies are given in Table 2.1. Combining

(2.23) and (2.27) yields:

T, = 3 (2.28)
pC k

<4Pi

V is related to T, the change in surface temperature (T=0 at
t=0), by the thermal coefficient of resistivity of the thin

film heat flux gauge [Oldfield, 1984]. We know,

= 2.29
Rq RqoaT ( )
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Table 2.1: Thermal-Electrical Ahalogies [Meyer, 1960: 4)

Thermal Electrical
Property Symbol Unit Property Symbol Unit
Temperature T °c Voltage \% Volts
Time t sec Time t sec
Heat Flux q Joule Current i Amp
sec m°
Heat p Cp Joule Capacitance e Farad
Capacity nd °c m3
A oo 1 m
Conductivity k . Joule Conductivity T ohm
secm °C
Length b 4 m Length x m
Define V =R i
0 [+{0)

where 1 is the current in the thin film gauge. Therefore, a
change in voltage (V=0 at t=0) across the thin film due to a

change in surface temperature is

v =V aT
in 0

and

L=V at (2.30)
The current, i, is found by taking the analog output voltage
across resistor R1 (see Figure 2.2, or Figures 3.3 to 3.5

for more detailed circuit diagrams)

L
i vout/Rl (2.31)

If the analog output is passed through an amplifier, then




v =GV’ (2.32)

out out

where G is the amplifier gain, and

i = Vout.
GR1
or
- vout
I=g% (2.33)

_out 1 r, ' = Q 1
R1 Voat G c T
/ pCPk

The Laplace variable for temperature, T, is canceled from
both sides, after which the Inverse Laplace Transform can be
performed (s does not appear on either side of the equation)

to give:

v
t 1 1 r 1
R vacy /c =9 —F—— (2.34)
0

1
/ pcpk

Finally, reducing and solving for heat flux yields:

1 r vout.
9= /PCk 5/ /c ®Va (2.35)
10

The Vba term is the slope of the heat flux calibration

curves given in Appendix E, the product pcpk is a property

of the gauge substrate and E%' V/%? is determined from
1

calibration.
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Turbulence Measurement

The method used to measure free-stream turbulénce is
taken from Oldfield [1978]. The turbulence injector to be
used injects cold air (at room temperature, = 293 K) into a
hot gas (T2 = 369 K for M = 1.4) which could give rise to
temperature fluctuations in the flow [Oldfield, 1978: 746].
Since hot wire measurements are extremely sensitive to tem-
perature fluctuations, a technique for separating the tem-
perature fluctuations from the velocity (Re) fluctuations is
needed. The electrical power supplied to a hot wire can be

written as [Oldfield, 1978: 747]
P = C(R - Ro)Reo's (2.36)

where R is the resistance of the constant temperature hot
wire, R.o is the hot wire resistance at the flow stagnation
temperature ‘I't and C is a constant. Differentiate (2.36)

logarithmically and keeping R constant for a constant tem-

perature hot wire gives:

thP=t C+t (R-R) + 0.5« Re (2.37)

d(R-Rb) _ -dRo

d(lﬂ-(R - RO)) = —R-—_'To- = —R-—-_R; (2.38)

dRe/ (2.39)

X B — (2.40)




Re-write (2.37) to get

drR dRe
dP/p = =x _o + 0.5 /Re (2.41)
[s)
Square both sides and average,
2 2
ar)? _ 1 dRe _ dR
R
o)
P 2 dR_dRe E
dfF - 2dRe Ly 2 4 x® 2 (2.43)
P Re® R, Re R
Let
dR’
c = — (2.44)
2
RO
de dRe
b=-— (2.45)
Ro Re
a =1 dre®
T T— (2.46)
Re

Substitute (2.44), (2.45) and (2.46) into (2.43) to get

2
4P _ a + bx + cx? (2.47)

-2
P
The power can be related to the hot wire bridge voltage,

since

P=v/p

dP = 2vdv/p




ap’® _
2 4
P V/Rz
— —
so, aE _ , av (2.48)
P v
and
4dTV_2_=a+bx+cx2 (2.49)
v2

Equation (2.49) is quadratic in x, the hot wire overheat
parameter. The turbulence level can be obtained by fitting
a least squares second order curve fit to the hot wire
bridge voltage as a function of the overheat parameter. The
turbulence level is related to the curve fit coefficients as
follows [Oldfield, 1978: 747]:

Reynolds turbulence level (the same as velocity turbulence
level at low Mach numbers

dre?/ Re? = 23 (2.50)

Flow temperature variation

—_ R R
2 2 — 0 o
ar’, — = dR 2 = Ve —rr (2.51)
‘./ Tf ° Ro o‘zoR:eo'I't c‘z~oR:4:oTt
Correlation coefficient
Ro Re _ b
= = Py (2.52)
de dRe
2.12




Fast Fourier Transform

The Fourier Transform (FT) is a method for determining
the frequency components of a signal. The Fast Fourier
Transform (FFT) is an algorithm which performs the FT
quickly. Such an algorithm is given in Chapter 12 of the
Numerical Recipes text [Press, 1986]. The algorithms
described in Chapter 12, REALFT and FOURl, were adapted from
FORTRAN source code to QuickBASIC and were used extensively
in this study to examine signal frequency components and for

digital filtering.




EXPERIMENTAL APPARATUS

Shock Tube

All experiments were performed in the AFIT low pressure
shock tube. This shock tube has four main parts, the driver
section, the driven section, the test section and the dump
tank chamber. A schematic of the shock tube used is given
in Figure 3.1. Mylar diaphragms were used to separate the
driver and driven sections. Three diaphragm thicknesses
were used, 2 mil (0.002") diaphragms for weak shocks, 5 and
7 mil diaphragms for stronger shocks. The laboratory air
supply was used to pressurize the driver section, with a
maximum pressure of 120" Hg gauge. Ambient pressure was
used in the driven section, Pl, for each experiment. The

diaphragm was ruptured using a pneumatic plunger.

Pressure Transducers. Two Endevco model 8530A-100 pressure

transducers were flush mounted in the top wall of the shock
tube. These transducers measure absolute pressure and pro-
duce approximately 3 mV per PSI. The forward transducer was
located 46.5 inches upstream of the plate leading edge, the
rear transducer was located 18.5 inches upstream of the
plate leading edge (see Figure 3.2). The forward transducer

was used to trigger the transient recorders and the

Schlieren spark source. Neff Type 119 amplifiers were used to in-

crease both the forward and rear pressure transducer sig-




nals. The ten volt transducer excitation voltage was pro-
duced using a Power Mate Corporation DC power supply. The
pressure transducers were calibrated using the AMETEK Model
HK-500 pneumatic dead weight tester, with the Neff amplifi-
ers set for a gain of 10. The calibration results are given

in Appendix E.

Instrumented Flat Plate

An instrumented flat plate installed on the test sec-
tion center line was used for the heat transfer study. The
plate was thirty inches long, four inches wide and three-
quarters inch thick. The flat plate had a cylindrical lead-
ing edge with a row of cooling holes located two inches
downstream. Each cooling hole was one milli-meter in
diameter. Forty-one cooling holes formed a line parallel
with the plate leading edge. The cooling air injection
angle is 90° (perpendicular to the flow).

Seven thin film heat flux gauges were mounted in the
plate, proportionally spaced downstream of the cooling
holes. See Figure 3.2 for the flat plate instrumentation
spacing. The thin film gauges made of a platinum film 0.5
mm wide, 0.1 um thick, deposited on a pyrex 7740 substrate.

For 7740 pyrex,

p C k = 1388.84 -+“,
P sec ' “m°K

taken from the Thermo-physical Properties of Matter refer-




ence text. The thin film gauges were calibrated for ampli-
fier output voltage as a function of temperature. The slope
of the calibration curves give the V,a term used in Equation
2.35. The calibration procedure and results are given in
Appendix D.

Each heat flux gauge was placed in a Wheatstone bridge
configuration using the PSC 8115 Bridge Supply Module. The
heat flux signals were amplified, with a gain of 1000, and
filtered with a 10 kHz Low Pass Filter to improve the signal
to noise ratio. The filter and amplification were provided

by the PSC 8015-1 Programmable DC amplifiers.

Heat Transfer 7 :alog

The overall circuit design is depicted in Figure 2.2.
The civcuit consists of constant current source, an ADS524
Instrumentation amplifier and the R-C analog. The PSC 8015~
1 output voltage provides the analog input. The analog out-
put is taken across resistor R1 (see Figure 3.3), then amp-
lified using the AD524. The AD524 output is then fed into

the transient recorder (DL1200).

Constructing the Heat Transfer Analog. The heat flux analog
was modeled after that developed by Oldfield [1984: 252].

The design operating range of the Oldfield analog is 0.02 Hz
to 100 kHz. The analog built here does not incorporate all

of the Oldfield components. The current to voltage conver-
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ter and 100 kHz low pass filter are not incorporated into
the analog designed here. These differences will reduce the
bandwidth, or working range, of the heat flux gauge. How-
ever, an AD524 Instrumentation Amplifier is used in place of
the LF357 operational amplifier. The AD524 has a much bet-
ter frequency response than the LF357 and has built-in gain
settings of 1, 10, 100 and 1000. This will offset, some-
what, the omission of the current to voltage converter in

terms of working frequency range.

Resistor and Capacitor Selection. Oldfield [1984: 247]
gives a method where low tolerance capacitors may be used in
conjunction with higher tolerance resistors to build the R-C
network. Standard size (22, 47, 100 etc) low tolerance (5%)
polyester film capacitors are used. These capacitors are
relatively inexpensive and readily available. Once the
capacitors are purchased, the value of each capacitor is
measured. The resistor values are then chosen using

(0ldfield, 1984: 250)

v, =c/c | i=1...9 (3.1)

R, == ———— (3.2)

i=2...9 (3.3)

Given R, is made up of two resistors. The first resistor is
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chosen as the largest standard size smaller than the desired
value. The value of the first resistor is measured (to
within 0.5%) and a smaller resistor is chosen so that the
combination is within 1% of the desired value. The value
r/c is determined by the working frequency range [Oldfield,
1984: 249-250]. For the analog designed here,

< =1.9x10"°
The capacitor and corresponding resistor values used for the
seven circuits built in this study are given in Tables 3.1
to 3.7.

All components were purchased from local vendors using
Impress funds. Two types of capacitors were purchased, pol-
yester film and electrolytic. The electrolytic capacitors
were used because polyester film capacitors were not avail-
able in the required sizes. All capacitors were purchased
from

MCM Electronics

2582 East River Rd

Moraine, Ohio 45439

(513) 434-0031

The resistors used were precision (0.1%) wire wound resistors
and carbon film resistors (5%). The wire wound resistors
were purchased at

Rixan Associates

5062 Wadsworth

Dayton, Ohio 45424

The wire wound resistors were counter-wound on two spools to

reduce inductance problems. It was felt that the wire wound




resistors may have too much inductance, creating noise prob-
lems, but this has not been observed. The precision wire
wound resistors were very expensive (about $3.00 each), com-
pared to the carbon film resistors ($0.35 for a package of
ten). Many of the carbon film resistors were within 2% tol-
erance. Looking back, it would have much cheaper, and just
as easy, to have used all carbon film resistors, since two
resistors were used in series to form a non-standard resis-
tor size for each resistor-capacitor lump.

The AD524 Instrumentation Amplifiers were available in-
house and did not have to be purchased. The AD524 ampli-
fiers had pre-set gain settings of 1, 10, 100 and 1000.
Other gain settings could be achieved using an external
resistor across two of the AD524. Using this procedure (see
Figure 3.5 and AD524 documentation), the amplifier was con-
figured for a gain of 300 using an external 200 Ohm resis-
tor.

Having selected the components and circuit design, the
next stage was to build a printed circuit (PC) board on
which to assemble the components. The PC board design was
first laid out on a mylar grid in 2 to 1 proportions (the
artwork was twice the size of the actual circuit). This was
accomplished using colored black tape specifically designed
for circuit artwork. Orville Wright, of the Electrical

Engineering department, was good enough to pre-view the art-




work to check for technical errors. Once the artwork was
completed, it was taken to building 5, along with a work
order from Jack Tiffany of the AFIT shop, so that the PC
boards could be made. Building 5 personnel reduced the art-
work and deposited a copper circuit (where the black tape
had been) on a ceramic (composite) board. Eight of these PC
boards were produced, seven of which were used. Once the
boards were obtained from building 5, component mounting
holes were drilled using Orville Wright’s miniature drill
press. The components were then soldered to the PC board by
Tim Major, an technician for the department, and the analog
complete.

Since a separate analog was used for each heat flux
channel (seven in all), a box was designed to contain the
seven circuits, providing a common power supply and BNC
input and output connections. The analog container was
built out of g'thick plexy glass and designed so that each
board could be removed separately. The analog container and

connections are shown in Figure 4.1.




Table 3.1: Resistor-Capacitor Values for Circuit 31-105

Circuit Number: 31-105
Capacitance (uf) Resistance (Ohm)
0.02184 100 + 70 = 170
0.04659 600 + 10 = 610
0.1012 1k + 300 = 1.3k
0.2276 2k + 900 = 2.9k
0.4571 3k + 3.3k = 6.3k
1.083 . 10k + 3.6k = 13.6k
2.272 20k + 9k = 2.9k
4.720 60k + 3k = 63k
10.54 100k + 36k = 136k

Table 3.2: Resistor-Capacitor Values for Circuit 31-790
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Circuit Number: 31-790
Capacitance (uf) Resistance (Ohm)
0.02186 100 + 70 = 170
0.04671 600 + 10 = 610
0.1021 1k + 300 = 1.3k
0.2265 2k + 900 = 2.9k
0.4901 6k + 100 = 6.1k
1.024 10 + 3.3k = 13.3k
2.301 30k
4.682 60 + 2k = 62k
11.12 100 + 33k = 133k
Table 3.3: Resistor-Capacitor Values for Circuit 31-820
Circuit Number: 31-820
Capacitance (uf) Resistance (Ohm)
0.02175 100 + 70 = 170
0.04625 510 + 90 = 600
0.1005 1.3k
0.2241 2.5k + 350 = 2.85k
0.4700 6k + 200 = 6.2k
1.092 10k + 3.6k = 13.6k
2.325 30k + 200 = 30.2k
4.865 60k + 4k = 64k
10.57 100k + 36k = 136k




Sl U I N B D B B B e

Table 3.4: Resistor-Capacitor Values for Circuit 31-850

Circuit Number: 31-850
Capacitance (uf) Resistance (Ohm)
0.02195 100 + 70 = 170
0.04764 400
0.1044 1k + 300 = ..3k
0.2211 2k + 900 = 2.9k
0.4851 6k + 200 = 6.2k
1.040 10k + 3.6k = 13.6k
2.299 20k + 9.1k = 29.1k
4 782 60k + 3k = 63k
10.21 100k + 33k = 133k

Table 3.5: Resistor-Capacitor Values for Circuit 31-870

Circuit Number:

31-870

Capacitance (uf)
0.02180
0.0463
0.1010
0.2290
0.4563
1.019
2.295
4.778

11.13

Resistance (Ohm)

100

1k
2k
6k
10k
20k
60k
100k

<+

+4++4+++ 4+

70

300
900
120
3k
9k
3k
40k

o wn N

170
600
1.3k
2.9k
6.12k
13k
29k
63k
140k




Table 3.6: Resistor-Capacitor Values for Circuit 32-100

Circuit Number: 32-100

Capacitance (uf) Resistance (Ohm)
0.02187 100 + 70 = 170
0.04596 600
0.1017 ik + 300 = 1.3k
0.2312 2k + 900 = 2.9k
0.4931 6k + 400 = 6.4k
1.006 10k + 3.3k = 13.3k
2.272 20k + 9K = 29k
4.640 60k + 2k = 62K
10.56 100k + 33k = 133k

Table 3.7: Resistor-Capacitor Values for Circuit 32-200

Circuit Number: 32-200
Capacitance (uf) Resistance (Ohm)
0.02162 100 + 70 = 170
0.04636 511 + 90 = 601
0.1049 1.3k + 10 = 1.31k
0.2335 2.01k + 920 = 2.93k
0.4767 3k + 3.29k = 6.33k
1.080 13k + 509 =13.51k
2.333 30k + 100 = 30.1lk
4.740 60k + 3.28k =63.28k
10.61 98.6Kk + 36.4k = 135k

Calibrating the Heat Transfer Analodg.

heat flux measurement was calibrated.

cedure is to determine

Q

RG / =
1 r

Each circuit used for

The calibration pro-

which is used in equation (2.35) to obtain the heat flux.

Re-writing equation (2.27) yields




=/< vi
r
or, in the frequency domain

i =/_§—¢6 (3.4)

where w is the frequency (radians/sec) and V=V1n’ the analog

<l Ir4

< e

input voltage. Recall (2.33)

So,

Vout C
v— — CR, / T Vo (3.5)

in
The goal of the calibration procedure is to find
c

GR1 T
The calibration is performed by connecting a frequency gen-
erator to the input of the analog. The RMS voltage input
and output values are recorded for various frequencies and
the ratio Vmw/les plotted as a function of the square
root of frequency. This curve will be linear for the work-

ing range of the analog. A least squares linear curve fit

is performed, where the slope is taken to be

m=20_G R1

RO

(3.6)

Hence, Equation (2.35) becomes




v
a=/pCk -—n{,% (3.7)
o .

since Vv _ _ /V  versus vw is linear in the working
range for the analog, points are chosen so that the curve
fit yields a correlation of 0.999. Points of increasing
frequency are included in the calibration until the correla-

tion falls below 0.999., The calibration results for each

circuit are given in Table 3.8 and Figures 3.6 to 3.12.

Standard
Circuit Slope Deviation Correlation
31-105 0.74371 1.928 0.99945
31~-790 0.78699 1.957 0.99942
31-820 0.73212 1.670 0.99958
31-850 0.73852 2.000 0.99941
31-870 0.79757 1.248 0.99955
32-100 0.73695 2.018 0.99939
32-200 0.70370 2.149 0.99927

Table 3.8: Calibration of the Heat Flux Circuits

Free-Stream Turbulerice Generator

Free-stream turbulence is generated with flow injection
2.5 inches upstream of the flat plate leading edge. High
pressure air is injected perpendicular to the flow at twelve
locations (4 on each side wall, 2 each top and bottom). A

diagram of the turbulence injector is given in Figure 3.13.

Hot Wire Anemometer
A TSI model 1054A constant temperature hot wire ane-

mometer provided the hot wire bridge output voltage. The




hot wire sensor used was the TSI 1214-10 thin film hot wire.
Other hot wire sensors were explored, including the TSI
1214-TI.5 thin wire and the TSI 1214-20 thin film, but
neither were as suitable as the TSI 1214-10. The 1214-TI.S
had poor vibration characteristics (when hit with a shock
wave) and the 1214-20 was slower to respond (did not reach
full voltage in a short enough time) than the 1214-10.

The hot-wire was placed in the shock tube using two
configurations (See Figure 3.14). Configuration 1 proved to
be inappropriate because the hot wire supports would vibrate
after shock passage, destroying the data integrity. These
vibrations were reduced by using configuration 2, so config-

uration 2 was used for all hot wire measurements.

Thermocouple
A K~type (Chromel-Alumel) thin foil thermocouple was

used in conjunction with a battery powered ice point (OMEGA,
Model MCP) to measure the flow temperature behind the normal
shock. The thermocouple signal was amplified using an AD524
Instrumentation amplifier with a gain setting of 100. The

thermocouple probe was at the same location as the hot-wire

probe (see Figure 3.14).

Flow Visualization

Schlieren flow visualization was used to obtain photo-

graphs of the shock patterns and boundary layer behind the
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normal shock. The spark source was triggered using a de-
layed pressure signal from the forward pressure transducer.
The delay was produced using the Cordin model 453 Time Delay
Generator. The images were captured on two types of film,
Polaroid Type 47 (ASA 3000) and Polaroid Type 42 (ASA 200).
The Type 47 film gave better contrast, however the lower
speed film had a smaller grain size and produced slightly
cleaner pictures. The spark lamp and mirror configuration

are depicted in Figure 3.15.

DatalLab Transient Recorder

The DataLab DL1200 transient recorder was used to
acquire all test data. The DL1200 has 8 channels, each
channel with its own analog to digital (AD) converter. The
recorder was used in the 8 channel mode, allowing for 4096
samples to be collected for each channel. The sample inter-
val, time between samples, can be varied from 2 usec to 20
msec. Each channel has its own gain settings, which were
normally set to different levels depending on which para-
meter was being measured on a given channel. The recorder

can be triggered using one of the eight data channels (an

internal trigger) or from an external trigger.




DATA COLLECTION AND REDUCTION

All transient experimental data was recorded using the
Datalab DL1200 recorder. A Zenith Z-248, which had been
modified using the 386 upgrade kit, was connected to the
DL1200 via an IEEE-488 parallel interface card. The data
was recorded on the DL1200 then transferred to the Z-248 for
analysis. The DL1200 was normally set for a 2 usec sample
interval, using the forward pressure transducer as the trig-
ger source. A 5% pre-delay (5%, or 204, of the 4096 samples
were acquired prior to the trigger) was used so that an
accurate measurement of shock speed could be obtained. Two
software programs were developed during the course of the
study, NEWDL and POST, both written using QuickBasic 4.5.
The NEWDL software package was used to interface between the
Z-248 and the DL1200. Post processing and data analysis
were performed using the POST software package. The instru-

mentation/hardware interface is depicted in Figure 4.1.

Shock Mach Number. The shock Mach number was measured on
each heat transfer run. The time of shock passage at each
sensor location (2 pressure and 4 heat flux gauges) was
determined by close examination of the respective voltage
signals. Since the distance between transducers is known,
the shock speed is given by

_  Ax
U, = 3t




where Ax is the distance between sensors and At is the time
for the shock to travel Ax. A shock speed was calculated
between the forward and rear pressure transducers and
between the forward pressure sensor and each of the heat
flux gauges. These five shock speeds were averaged and the

shock Mach number computed using the ambient air temperature

by
u
M =_._.—'__...
s VPR T}
atr 1
where Ralr = 287 —%—. The five Mach numbers did not differ
g’c
by much, typically only in the third or fourth significant
digit.
Heat Transfer

The heat transfer analog output voltages were recorded
directly at the time of the experiment using the heat trans-
fer analog. A different analog circuit was used for each
heat flux channel recorded. Figure 4.1 depicts how the ana-
logs were connected during testing. After testing, the ana-
log output voltages were multiplied by the calibration con-
stant (see equation 3.6) for the respective heat flux cir-

cuit to obtain heat flux.

Turbulence Intensity
The turbulence level, or intensity, was determined by

making several tests at the same driver pressure but with

4.2
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different values of the hot wire overheat parameter. For
each of these runs, the mean and RMS values of the hot wire
bridge voltage were calculated. The RMS voltage level
divided by the mean voltage level (4me¥4iﬁm) was then
plotted as a function of the hot wire overheat parameter, x.
A least squares quadratic curve fit was performed, giving
the turbulence intensity by equation (2.50). A problem was
encountered when the hot wire measurements were performed
using configuration 1 (See Figure 3.4). The hot wire prongs
would vibrate after being hit by the initial shock wave,
producing an erroneous hot wire signal. This phenomenon has
been seen on other theses as well. McQueen [1984] performed
a hot wire study in the AFIT high pressure shock tube.
McQueen concluded that the natural frequency of the hot wire
support for the TSI 1214-10 thin film probe was 22.134 kHz.
The hot wire bridge output voltage for a typical run using
configuration 1 is shown in Figure 4.3. An FFT was
performed on this data, the results of which are shown in
Figure 4.4. There is a pronounced spike in the FFT at 20
kHz, which would presumably be due to the vibration of the
hot wire probe supports. A similar run was performed using
hot wire configuration 2 (see Figure 3.4). The probe vibra-
tions were reduced, but there were still significant spikes
above 10 kHz (see Figures 4.4 and 4.5). Also, these fre-

guency spikes were more pronounced when the TSI 1214-10 thin
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film hot-wire probe was used (compared to the 1214-20), and
more pronounced at higher shock speeds. To diminish the
amplitude of the frequency components above 10 kHz, all hot
wire data used for turbulence measurement was digitally fil-
tered using an algorithm in the POST software package. This
algorithm performs an FFT on the given data then displays
the FFT so the user may select a band of frequency compon-
ents. The magnitude of all frequency components outside
this window is set equal to 0. An inverse FFT is then per-
formed on the remaining frequency components to re-create
the original signal, minus the discarded frequencies.
Figures 4.7 and 4.9 show time domain data before and after
the filtering process, Figures 4.8 and 4.10 show frequency
data before and after filtering.

Overheat Parameter. Recall the definition of the hot-wire
overheat parameter (2.40)

R

X = —ﬁ_:Tg
Where R, is the hot-wire resistance at the gas stagnation
temperature and R is the wire resistance set by the
constant-temperature anemometer. When the probe is con-
nected to the hot-wire anemometer, the wire resistance is
set by dialing in the decade box resistance. The decade

resistance, R is related to the hot-wire resistance

decade ’

by




=R _+R (4.1)

decade int

Where R““is the internal resistance of the probe configura

tion due to the probe internal resistance, the probe support

resistance and the elbow resistance (see Figure 3.5). R .

0.38 Ohm for the hot-wire probe and supports used in these

experiments (R = 0.09 Ohm, R = 0.14 Ohm and
elbow probe

= 0.15 Ohm).
support




RESULTS AND DISCUSSION

Shock Mach Number

A theoretical shock Mach number, based on PN/PL, was
used to calculate the theoretical heat transfer early in the
data analysis. Upon further examination it became apparent
that this procedure was not accurate enough. The shock Mach
number can very as much as ten percent from the theoretical

value. Table 5.1 gives the results of the shock

Table 5.1: Measured and Theoretical Shock Mach Numbers

Diaghram Measured Theoretical
Run Number P, Thickness (mil) M_ M_
ro40 50 2 1.2096 1.2370
ro41l 100 7 1.2926 1.3688
ro43 115 7 1.3343 1.4007
ro44 115 7 1.3262 1.4007
ro54 100 7 1.3023 1.3697
ro57 90 7 1.2730 1.3477
r059 70 7 1.1829 1.2975
ro60 60 2 1.2377 1.2691
roeél 90 7 1.2766 1.3477
roe63 70 7 1.1999 1.2975
ro64 60 2 1.2366 1.2691
ros8o 100 5 1.3196 1.3675
rloz 70 3 1.2562 1.2958
rio3 80 4 1.2762 1.3218
rlo4 115 5 1.3448 1.3990
rl05 120 7 1.3407 1.4087
Average Error: 4.9%
Standard Deviation: 2.0%

speed calculations. The largest error occurred when the
thick (7 mil) diaphragm was used at the low (70" Hg gauge)
driver pressures. However, the average deviation from the

theoretical value is five percent, with a standard deviation
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of two percent. Since all fluid properties are determined by
the shock speed, the shock Mach number was measured on all
heat transfer runs. The shock speed was not measured on the
runs taken to measure turbulence intensity. Table 5.2 gives
an example of the effect of Mach number error on Stanton

number.

Table 5.2: Effect of shock Mach number error on
Heat Transfer Solution

P, = 29.00" Hg, T = 20 °c
P, ("Hg) T2(°C) U, (m/sec) St (gauge 1)
M_ = 1.2500 48.03 66.7 128.7 0.00232
M= 1.3125 53.45 78.24 157.4 0.00221

Flow Characteristics

Diaphragm Burst Characteristics. The mylar diaphragm

burst characteristics are not well understood when thick dia-
phragms (7 mil) are used at low driver pressures (50" Hg
gauge). On the runs performed using these conditions, the
pressure and hot-wire sensors exhibited an isentropic rise in
pressure and velocity (or temperature) prior to shock pas-
sage. These pressure and velocity gradients could affect the
gas properties, shock Mach number and turbulence intensity.
These conditions, low driver pressure with thick diaphragms,

were not examined during this study.

Flow Characteristics: Schlieren Photography. Flow char-
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acteristics were measured qualitatively with the use of
Schlieren photography. The shock pattern over the flat plate
is quite complicated as shown by Figure 5.1. The pictures in
Figure 5.1 place the shock in different locations along the
plate. Photographs were taken with and without turbulence
injection (10% and 12% turbulence intensity, respectively)
and with and without the film cooling holes covered. These
different configurations, for the most part, did not notice-
ably change the shock structure over the plate. However on
some runs where turbulence injection was used the shock below
the plate appears to be ahead of the shock on top of the

plate (see Figure 5.1(a) and 5.1(b).

Flow Properties: Temperature and Pressure. The flow
properties (temperature, pressure and velocity) behind the
normal shock determine the heat transfer solution. If there
are errors in these fluid properties, then a certain amount
of error will be present in the heat transfer. The normal
shock relationships for temperature and pressure can be ver-
ified by measuring the flow temperature and pressure behind
the shock wave. If the measured temperature and pressure
agree favorably with the theoretical values then this will
lend some confidence in the temperature difference to the
flat plate and the fluid velocity (via the static pressure).

All theoretical properties (temperature, pressure and
velocity) were determined using the normal shock. relations

for a normal shock having the measured shock speed, and the
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measured ambient conditions prior to shock passage. The
equations for these relationships are given in Appendix A.

The measured and theoretical (equation A.1 multiplied by
the measured P1) pressures behind the normal shock are plot-
ted in Figure 5.2. As indicated, the theoretical and meas-
ured pressure agree quite well for the first 4 milliseconds
after shock passage. This indicates the useful test time to
be approximately 4 milliseconds. After 4 msec, the pressure
begins to drop dramatically, signaling the passage of an
expansion wave.

The temperature behind the shock could not be so easily
measured. The rise time of the K~type thermocouple used is
on the order of milliseconds. The thermocouple could not
reach the temperature of the flow before the flow temperature
changed. To circumvent this problem, the thermocouple trace
was curve fit to match the response of a first order system
to a step input. The equation to be solved for the curve fit
is

Vq _ Vj(t) - e-t/r

- (5.1)
v, -V, (0)

Where,

v
g

thermocouple output voltage at the
gas temperature

thermocouple output as a function of

V. (t)
) time

T = thermocouple time constant

A least squares method is used to perform the curve fit.




Define

e, = (Vg - Vj(ti)) - (Vg - Vj(O)) e_ti/r (5.2)

The "best" curve that fits the given data is the one given by

the Vq and t which minimize

2 2
R g et , (5.3)

i=1

where N is the number of data points and €, is computed
using the i*" data point for a given Vg and Tt. The minimum
curve fit error as a function of t is plotted in Figure 5.3.
Each point on the curve represents the optimum t for a given
Vq. The minimum of the curve represents the optimum tT-Vg
combination. This optimum combination is:

T = 9.9 msec

v 325 mV

g
The gas temperature corresponding to a thermocouple voltage

of 325 mV 1is determined by using the reference table for a K
type thermocouple (pg T-42 of the OMEGA reference catalog)
and recalling that the thermocouple amplifier was set for a
gain of 100. The measured gas temperature is 80 °C which

agrees with the theoretical temperature of 76 °C, determined

using:
M =1.30
S
P = 29.0" Hg
T = 20 °C

1

and equation (A.2). The first order curve fit, measured

thermocouple voltages and thermocouple voltage corresponding




to the theoretical temperature behind the shock are plotted

on Figure 5.4.

Turbulence Intensity

The turbulence levels encountered in the shock tube were
measured. The background turbulence level was found to be
10%. The turbulence level increased only slightly, to 12%,
when the turbulence injector was used. Both turbulence
measurements were performed using a driver pressure of 100"

Hg gauge. Table 5.3 gives the run numbers and hot-wire

Table 5.3: Run numbers and Hot-wire resistance
values for turbulence level calulations

Background Turbulence Turbulence Injection
Run Number R (Ohm) Run Number R (Ohm)

decade decade
ro4s 8.25 r085 8.25
roa4e 8.10 ro8e 8.15
ro47 7.95 ro87 8.05
r048 7.80 r088 7.95
ro4o 7.65 ro8so 7.85
ro50 7.50 r090 7.75
ros1 7.35 ro9l 7.65
ro52 7.20 ro93 7.45
ro53 7.05 ro94 7.35
r054 6.90 r095 7.20
ro55 6.75 r096 7.05

resistance values for both the background turbulence and tur-
bulence injection experiments. The TSI 1214-10 thin film
hot-wire probe was used for both measurements. The hot-wire

data was digitally filtered, using the POST computer progranm,
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to remove the 20 KHz frequency spike from each run.

Table 5.4 gives the curve fit parameters for both the
no turbulence and turbulence injection measurements. The
turbulence levels are given in Table 5.5. The curve fit for
the case of no turbulence injection is plotted on Figure 5.5,
the curve fit for the case with turbulence injection is plot-

ted on Figure 5.7. The accompanying plots, Figures 5.6 and

Table 5.4: Turbulence Curve Fit Coefficients

a b c
Background -2| _ -3 -
Turbulence | ©0-2304 x 10 -9991 x 10 0.1334 x 10
Turbulence | , 3569 x 1072| -.9477 x 107° | 0.9756 x 107*
Injection

Table 5.5: Measured Turbulence Intensities

Reynolds Temperature Correlation
Background
Turbulence 9.60 % 5.54 % 0.90
Turbulence
Injection 11.95 % 4.65 % 0.80

5.8, gives the mean hot-wire power output as a function of
decade resistance. The linearity of Figures 5.6 and 5.8
lends confidence to the turbulence calculations, since the
hot-wire power output was assumed to be a linear function of
hot-wire resistance (equation 2.36). The results of the

least squares analysis for Figures 5.6 and 5.8 are given in




Table 5.6.

Table 5.6: Least Squares Curve Fit for Hot-Wire
Power Output as a Function of Decade

Resistance
Standard
Slope Deviation Correlation
Background
Turbulence 10.87 0.0367 0.99293
Turbulence 12.87 0.0561 0.99179
Injection

Heat Transfer

Heat Flux Measurements. Typical temperature and the
corresponding heat flux as a function of time are shown in
Figures 5.9 to 5.12. Figures 5.9 and 5.10 were from runs
with only background turbulence, Figures 5.11 and 5.12 were
taken from runs where turbulence injection was used. Cross
plots were made of heat flux as a function of thin film gauge
temperature to confirm that the heat flux was relatively con-
stant over the test duration. The cross plots are presented
in Figures 5.13 and 5.14. These plots indicate that the heat
flux is fairly constant with thin film temperature. If the
cross plots did not show constant heat flux, then the heat
flux for an isothermal flat plate would have to be extrapola-
ted to the heat flux corresponding to t=0, since that would
be the only time for which the plate could be considered iso-

thermal.




To reduce the data from the heat flux time histories to
something more manageable, the average heat flux was computed
over the usable test time. The usable test time was typical-
ly taken as 4 to 8 milliseconds, depending on the gauge loca-
tion and the heat transfer characteristics (spikes were
avoided). The usable test time for run r043 was 4 to 5 msec
(gauge #4, Figure 5.9) and 4 to 6 msec (gauge #4, Figure
5.11) for run r044. Once mean heat flux was determined,

the Stanton number could be calculated using

st = __ e (5.5)
th (pCpUm)th
st = T (5.6)
(PCPU‘,‘,)th
Combining (5.5) and (5.6) yields
st = st q/q (5.7)

th

Where Stth and q,, are theoretical values (based on the fluid
properties obtained using the measured shock Mach number and
equations 2.2 and 2.17) and q is the measured (mean) heat
flux (equation 3.6). Nusselt number and convective heat
transfer coefficient were computed in a similar manner. Data
summaries for each run are given in Appendix E.

When the first heat transfer measurements were per-
formed, the measured heat flux was much higher than what
theory predicted, much higher even than the theoretical

values for 10% free-stream turbulence. After much delibera-
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tion it was realized that the film cooling holes were just
upstream of the heat transfer gauges and ingesting air during
the run. The heat flux discrepancy was most noticeable on
the first heat flux gauge, the one closest to the film
cooling holes.

For this study, film cooling was not being investigated
and hence the film cooling holes and supply lines were not
pressurized during testing. This would cause a pressure
gradient between the air behind the shock and that in the
film cooling network. This pressure gradient would tend to
bleed off the boundary layer just upstream of the first heat
flux gauge. The warmer boundary layer would then generate
high heat flux, with the cooler boundary layer having been
sucked away.

On a following run the cooling holes were covered with
black electrical tape (the electrical tape being stronger and
easier to apply and remove than cellophane tape). The mea-
sured heat flux with the holes covered was greatly reduced
and fell more in line with the predicted values.

The theoretical Stanton numbers, with no turbulence
injection, were plotted as a function of Reynolds number on
Figure 5.16. The theoretical curves corresponding to zero
free-stream turbulence and 10% free-stream turbulence are
plotted for comparison. A Prandtl number of 0.7 was used for
theoretical calculations. The measured Stanton numbers group

about the line corresponding to 10% free-stream turbulence.




This agrees with the calculated free-stream turbulence of
9.60%. The 10% turbulence line was calculated using the cor-
relation to Simonich and Bradshaw [1978: 676].

St
St
o

=1+5T (5.6)
Where Sto is the zero turbulence Stanton number (equation
2.17) and Tu is the turbulence intensity (in %/100).

There is some scatter in the data, both in Reynolds num-
ber and gauge location. The Reynolds number scatter may be
due to the shock Mach number variations (which determine the
flow properties and possibly the turbulence level). The
scatter due to gauge location (relative to the 10% turbulence
line) may be due to the variance among heat flux gauge sub-
strate properties. Close examination of Figure 5.15 reveals
that there is a correlation between heat flux gauges. Each

symbol set on these two figures correspond to a different

run. The first symbol (corresponding to the lowest Rex for

each run) corresponds to the first heat flux gauge, the
second symbol (of a given set) to the second operative heat
flux gauge (gauge 4), and so on. Data from the first heat
flux gauges tend to group together as does data the fourth,
sixth and seventh gauges. This phenomena suggests that there
is some difference between the heat flux gauges, possibly
different substrate pcpk values, or different turbulence
levels at different locations along the plate.

The temperature uncertainty (=3%) will move the heat

5.11
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flux curve up or down but will not reduce the scatter, unless
there is an axial temperature gradient.

The measured Stanton numbers, with turbulence injec-
tion, are plotted on Figure 5.17. The theoretical curves cor-
responding to zero free-stream turbulence (Equation 2.17) and 12%
free-stream turbulence (Equations 2.17 and 5.6) are plotted for
comparison. A Prandtl number of 0.7 was used for the theor-
etical calculations. The measured Stanton numbers group
about the line corresponding to 12% free-stream turbulence.
This agrees with the calculated free-stream turbulence of
11.95%. The 12% turbulence line was calculated using the
Simonich-Bradshaw correlation.

Blair [1983] performed a study to measure the effect of
free-stream turbulence on heat transfer through a turbulent

boundary layer. Blair considered St/St (Stanton number
[+

Ree
ratio for constant Reynolds number based on momentum thick-
ness) to be a function of turbulence intensity. Figure 5.18

shows St/ as a function of Tu, with Blair’s data, the
Sto Ree

Simonich~Bradshaw correlation (Equation 5.6) and the present
data. Blair’s investigation was performed with much lower
turbulence levels than this study. Blair’s data indicates a
non-linear heat transfer-turbulence correlation at the higher
turbulence levels, as opposed to the linear Simonich-Bradshaw
correlation (Equation 5.6). The present data, however, does
correspond well to (5.6).

From Schlichting [1979: 638)] the momentum Reynolds

5.12




number is related to Re by

2

e/x = 0.036 Re” (5.7)

So,

.8

Re. = 0.036 Reg (5.8)

e

Hence, constant Re implies constant Ree, assuming the
turbulence intensity does not affect Re,.
Heat Flux Analog. The heat flux analog appears to have
work as designed. The linear Vout/Vin versus vw calibra-
tion curves indicate the working range of the analog to be
the designed bandwidth of 0.1 Hz to 100 kHz. The heat flux
measurements are consistent with what has been done in the
past (as far as magnitude) in this shock tube (the AFIT low
pressure shock tube). Also, the heat flux measurements cor-
relate with the turbulence levels according to the correla-

tions of Blair [1983] and Simonich [1978], although only mar-

ginally so with Blair’s results.




CONCLUSIONS AND RECOMMENDATIONS

Conclusions

= o Rl =2 A== ==

1. The heat flux analog designed for this study
performed as predicted. The calibration curves match the

theoretical relation
v

out

Vv

in

= (constant) Vo

2. The measured heat flux matches the theoretical
values (Egn. 2.17) when adjusted for the free-stream
turbulence levels using the Simonich-Bradshaw correlation

(Eqn. 5.6).

Turbulence Level.

1. The background free-stream turbulence in the shock
tube is high, on the order of 10%.

2. The turbulence injection does increase the free-
stream turbulence level, although only marginally (by 2%)

3. The reason for using the constant temperature hot-
wire method, to separate velocity and temperature fluctua-
tions, is justified since significant temperature fluctua-
tions (5%) were measured.

4. The constant temperature hot-wire procedure for
calculating turbulence level works, although care must be
taken in reducing the data due to the vibrations of the hot-

wire support prongs and possibly the hot-wire itself. This




claim is supported by the fact that the turbulence calcula-
tions and the heat flux measurements, obtained by indepen-
dent means, compliment one another. The turbulence-heat
flux correlation agrees with those of Blair [1983] and

Simonich [1978].

Recommendations

1. A calibration was not performed to measure heat
flux gauge substrate properties. Some of the scatter in the
heat transfer data may be reduced if the substrate proper-
ties were known. Such a calibration should be performed if
accurate heat flux measurements are desired.

2. A new method for determining heat transfer is now
in place (the heat flux analogs). Shock tube heat transfer
studies should be performed with more complex flow geome-
tries (turbine blades or cascades) to study the effects in
configurations more representative of turbo-machinery.

3. There is some interesting phenomena occurring as
the shock passes the flat plate leading edge and as the
shock passes the film cooling holes. A new test section
should be developed so that the flow around these critical
areas can be photographed. The current test section is too
far aft of the flat plate leading edge. Also, a high speed
camera would aid in the shock pattern determination.

4. The diaphragm burst characteristics are not well
understood when thick diaph: :gms (7 mil) are used at low

driver pressures (50" Hg gauye). On the runs performed

6.2




using these conditions, the pressure and hot-wire traces
exhibited an isentropic rise in pressure and velocity (tem-
perature) prior to shock passage. A study should be per-
formed to characterize the flow around the diaphragm as the
diaphragm is ruptured. A high speed camera would aid in

this study.




S N G ) n & & e i e

REFERENCES

Ayra, S.P.S. and Plate, E.J. (1969), Hot-wire Measurements
in Non-isothermal Flow, Instruments and Control Sys-
tems, March 1969, pg 87.

Blair, M.F., Influence of Free-Stream Tu:bulence on
Turbulent Boundary Layer Heat Transfer and Mean Profile
Development, Part I - Experimental Data, ASME Journal
of Heat Transfer, Vol 105, No. 1, February 1983.

Blair, M.F., Influence of Free-Stream Turbulence on
Turbulent Boundary Layer Heat Transfer and Mean Profile
Development, Part II - Analysis of Results, ASME Journal
of Heat Transfer, Vol 105, No. 1, February 1983.

urement, Pergammon Press, 1971.

Burden, R.L. and Faires, J.D., Numerical Analysis, ;m Ed.,

PWS Publishers, 1985.

Carlson, A.B. and Gisser, D.G., Electrical Engineering Con-
cepts and Applications, Addison-Wesley Publishing Com-
pany, 1981.

Doebelin, E.O., Measurement Systems Application and Design,
McGraw-Hill Book Company, Inc., 1966.

Echert, E.P.G. and Goldstein, B.J., Measurements in Heat

Transfer, 2nd Ed., McGraw-Hill Book Company, New York,
1976.

Fillingham, Patrick K., Flat Plate and Turbine Vane Cascade
Heat Transfer Investigation Using a Shock Tube, Masters
Thesis, School of Engineering, Air Force Institute of
Technology (AU), Wright-Patterson AFB OH, December 1985.

Frost, W. and Moulden, T., Handbook of Turbulence, Volume 1,
Plenum Press, 1977.

Fu-Kang Tsou, S.J. Chen, Measurement of Heat Transfer rates
using a Transient Technology, ASME, January 1989.

Gaydon, A.G. and Hurle, I.R., The Shock Tube in High Temper-

ature Chemical Physics, Reinhold Publishing Corporation,
1963.

REF.1




Glass, I.I., Shock Tubes, Part I: Theory and Performance
of Simple Shock Tubes. Utia Review No. 12, Toronto,
Canada: Institute of Aerophysics, University of Toronto,
1959.

Gochenaur, John E., Investigation of Heat Transfer to a Tur-
bine Cascade using a Shock Tube, Masters Thesis, School
of Engineering, Air Force Institute of Technology (AU),
Wright-Patterson AFB OH, December 1984.

Hinze, J.0., Turbulence: An Introduction to its Mechanism

McGraw-Hill Book Company, 1959.

Kays, W.H. and Crawford, M.E., Convective Heat and Mass
Transfer, McGraw-Hill Book Company, 1980.

Lawson, D.I. and McGruire, J.H., The Solution of Transient
Heat-flow Problems by Analogous Electrical Networks,
Institute of Mechanical Engineers (Great Britian), Vol
167, No. 3, pg. 275-287, 1953.

McQueen, Stephen M., Velocity and Transient Measurements in
a Shock Tube using a Hot-Wire Anemometer, Masters
Thesis, School of Engineering, Air Force Institute of
Technology (AU), Wright-Patterson AFB OH, December 1984.

Meyer, R.F., A Heat Flux Meter for use with Thin Film Sur-
face Thermometers, NRC Canada, Aero. Rep. LR-279, 1960.

Meyer, R.F., Further Comments on Analogue Networks to
Obtain Heat Flux from Surface Temperature Measurements,
NRC Canada, Aero. Rep. LR-375, 1963.

Mirels, H. Boundary Layer Behine Shock or Thin Expansion Wave
Moving into a Stationary Fluid, NACA TN 37 12, 1956.

Morkovin, Mark V., Fluctuations and Hot-wire Anemometry in
Compressible Flows,"” AGARDograph 24, November 1956.

Novak, Joseph T., Investigation of Heat Transfer to a Flat
Plate in a Shock Tube, Masters Thesis, School of
Engineering, Air Force Institute of Technology (AU),
Wright-Patterson AFB OH, December 1987.

REF.2




G GIk b G O 2D & N e =

Oldfield, M.L.G., Jones, T.V. and Schultz, D.L., On Line
Computer for Transient Turbine Cascade Instrumentation,
IEEE Transactions on Aerospace and Electronic Systems,
Vol AES-14, Number 5, September, 1978. '

Oldfield, M.L.G., Burd, H.J. and Doe, N.G., Design of
Wide Bandwidth Analogue Circuits for Heat Transfer
Instrumentation in Transient Wind Tunnels, 1lé6th
Symposium of the International Centre for Heat and Mass
Transfer (Heat and Mass Transfer in Rotating Machinery)
Dubrovnik, D.E. Metzger, Ed., Hemisphere Publishing
Corp., New York, 1984.

Press, W.H., Flannery; B.P. Tuekolsky, S.A. and Vetterling,
W.T., Numerical Recipies, The Art of Scientific
Computing, Cambridge University Press, 1986.

Schlichting, Hermann, Boundary Layer Theory (Seventh
Edition), McGraw-Hill Book Company, Inc., New York, NY,

1979.

Schmitz, L.S., Nonlinear Analog Network to Convert Surface

Temperature to Heat Flux, Cornell Aeronautical Labortory,

Inc., CAL Report No. 130, 1963.

Schultz, D.L. and Jones, T.V., Heat-Transfer Measurements
in Short-Duration Hypersonic Facilities, AGARDograph
No. 165, February 1973.

Skinner, George T., Analogue Network to Convert Surface
Temperature to Heat Flux, Report No. CAL-100, Cornell
Aeronautical Laboratory, Inc., Buffalo, New York,
February, 1960.

Simonich, J.C. and Bradshaw, P., Effect of Free Stream
Turbulence on Heat Transfer through a Turbulent
Boundary Layer, ASME Journal of Heat Transfer, Vol 100,
No. 4, November 1978.

smith, Bret J., Investigation of Heat Transfer to a Sharp
Edged Flat Plate Using a Shock Tube, Masters Thesis,
School of Engineering, Air Force Institute of
Technology (AU), Wright-Patterson AFB OH, December
1986. ‘

REF.3




Wise,

B. and Schultz, D.L., Turbulence measurements in
supersonic flow with the hot-wire anemometer, Aero. Res.
Council, C.P. 366, 1955.

REF.4




couy m et G s e Gafes  Cm==

Resistor-Capacitor Section
Configurations (Meyer, 1960)

3
g
g
2

P1-SECTION

MEAT.
e)
Figure 1l.1:

— w— b onme =l ae—

B




(Q) HIGH PRESSURE i, LOW PRESSURE
l " DIAPHRAGM
REFLECTED ' 5
RAREFACTION REFLECTED
. SHOCK
*
RAREFACTION
) oI FAN f aZ et
s - '
l - 4 i
| 2
Q \
W P3 = P.
' (c) & 2
[, ]
[72]
& P
| ) '
)
[
[7V]
g
(d) #
HE
a 4 U
3 73 '
w
o

Figure 2.1: (a) Conventional Shock Tube (b) An x-t diagram
showing progress of the shock wave (c) The pressure
distribution along the tube at time t) (d) The
temperature distribution at time t1 (Gaydon: 1)
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Figure 3.6: Calibration of Heat Flux Circuit 31-105
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Figure 3.9: Calibration of Heat Flux Circuit 31-850
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Figure 3.10: Calibration of Heat Flux Circuit 31-87
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Figure 4.2: Hot—Wire Bridge Output
using Configuration 1
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Figure 5.1 (a) Schileran photograph, spark lamp triggered
3 msec after shock passage (of the forward
pressure transducer). No turbulence injection

Figure 5.1 (b) Spark lamp triggered 3.06 msec after shock
passage. Turbulence injection present.




Figure 5.1 (c) 4 msec after shock passage, No turbulence
injection

Figure 5.1 (d) 6 msec after shock passage, No turbulence
injection
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Appendix A: Shock Tube Performance

Equations relating to shock tube operation and performance

from Gaydon [1963: 16-25].

Variable Definitions

Pressure

Temperature

speed of sound

gas speed

Mach number

ratio of specific heats

RRBCY AN

Driven section, prior to shock passage

-

= Driven section, after shock passage

N

— o~ o~
N Nt
|

-

Driver section

2
EE _ 2 v M1 -7 + 1
P1 ¥ +1
2 ¥ -1 ¥ -1 .2
E=(1Ml- >— ) ( ——=— M| + 1)
T 2
1 y — 1 2
(2)M1

2a
= 1 -1
U, = 7.+l [M1 M1]
A.l

(A.1)

(A.2)

(A.3)

(A.4)




APPENDIX B: HEAT TRANSFER DERIVATION

The purpose of this derivation is to show that the relation-
ship between heat flux and surface temperature is similar to

a one-half derivative, eg

Where Q and T are the Laplace transforms of heat flux and

temperature, respectively. Refer to Schultz [1973], and Figure

B.1.
3
8 [ aT
- = p C ] 1
ox Py 3t 82T Cc._, aT
< 1 _ [ pp] 1 (B.1)
— g =Xk ifl ax* k 1 9
q 1 94X
J
)
- _ag = p C aTz
ox P 2 4t 2
8T p C_, T
f 2 = P 2 (B.2)
aT 2 k at '
- g =%k —2 ox 2
q 2 86X J

In general,

So, we have




é: ( st, = T, (0) )

é; ( st, = T,(0) )

From boundary conditions we have

So, we get

Re-writing,

T1(0) = TZ(O) = 0
a’t ST
= 1
ax2 o‘1
2
a tz _ s1:2
ax2 az
2
a‘c
L - -
ax 1
2
T
: - -E} T, =0
ax 2
B.2

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)

(B.9)

(B.10)




The above equations are
the solution of which is well

Boundary Conditions:

In the time domain:

aT
1
At the surface, --k1 =% = 9 x=0 (B.11)
Gauge/substrate aT1 aT2
interface, -k1 % - -szx ’ T1 = TZ, x =8¢ (B.12)
Far field conditions, Tz-—+ 0 as X ™D w (B.13)
In the Laplace domain:
at
1
At the surface, -k1 - Q; P x =20 (B.14)
Gauge/substrate at at2
interface, -k1 ax - Kaxr T,T Ty X = 2 (B.15)
Far field conditions, T, — 0 as X — o (B.16)
The general solution is:
s 172 s 12
xX|=— -x|=
%) %)
T, = Ae + Be (B.17)
172 172
s s
(% =G
T, = Ce + De (B.18)
Since T,— 0 as x — =, we get
cC=0

From the surface boundary con

recognized as Laplace’s equation,
known.

dition we get




Q = -kl\/—g[A—B] (B.19)
1

From the interface boundary condition we get

s 172 172 s 1/2
L CA I 7 I

% % %
D e = A e + B e (B.20)
and
s V12 /2 s 172
172 =¢|=— 172 ¢|— 12 =0|—
s «, s . s A
Dk _(« e = -Ak |« e + Bk (« e (B.21)
2VT2 1V 1

Solve for D from (A.20) to get

AR I B U X B

Recall
a = k
p Cp
So
e 172
c) - (e
K o -
2 1 (p k Cp)2
For convenience, let
172 1/2
b= [5‘—] [S—] (B.23)
al aZ
and let
B.4




) G = G & S B B O .

172

a={.(pkcp)1}
(p k Cp)2

(B.24)

Re-writing (B.21) and combining with (B.23) and (B.24) yields

D=a{—Aeeb+Be—2b}

Now, re-write (B.22)

p=aelPipeth

Combining (B.25) and (B.26) yields
a{-Aeeb+Be-£b} = aetPys

Re-writing, get

a e Priva) + B et P(1-a) -

Solving for A, get
- - -2 b 1-a
A=-Be 1+a
Substituting (B.29) into (B.19)
172
_ s -2¢ b 1l-a
o, =5 x, (8] [P 12+

Solving for B, get

0

(B.25)

(B.26)

(B.27)

(B.28)

(B.29)

(B.30)




B = Qs//s (p cp k)ji

2¢ b 1 (B-31)
- -a
e #a © 1
Substitute into (B.29) and solve for A
Q J/ i
+a *
-2¢ b 1-a
e Iva © !

Substitute (B.31) and (B.32) into (B.22), get

Q L
D = i//s G k)1{e-e bl-a , g-2tb } (B.33)

o2t b l-a 1+a
ita

Substitute (B.29) into (B.17) and get the film temperature
172 1/2

T =B {_e-zz bla ex[%] + e~x[2—x] } (B.34)
Set x=0 to get the surface temperature
t =B {-e-u b2 4+ ] (B.35)
Substitute (B.31) into (B.35) and get

T = Q'/\/g (e S, k)l{_e—ubl.:a_

s 1+a
e 2t b

+1 } (B.36)
1-a
Tra T 1

Neglecting the effects of the film is essentially setting ¢=0.
So, get




-
% (e, 0 14
ts = < iTa + 1 (B.37)
1=a ,
l1+a
Reducing, get
-l +a+ 1+ a
Qs 1l + a
T = /2 (B.38)
(s pC k)1 l-a+1+a
P 1+ a
T = ___QE_.. _2a (B.39)
(s p Ck)l/z 2 :
p 1

Finally, recalling the definition of a,

Q =T, /s—‘ / (p ck), (B.40)
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ArPPENDIX C: FLUID PROPERTIES CURVE FITS

A second order polynomial curve fit was performed for
the dynamic viscosity and thermal conductivity of air as
functions of temperature from 300 K to 400 K. The data was
taken from Kays and Crawford [1980: 388]. The curve fits and
original data are plotted in Figures C.1 and C.2. The

equations for the curve fits are:

1

-2.82188 x 107" 7% + 6.39988 x 10°° T + 1.84214 x 10°°

=
I

4

k = -3.21349 x 20 7% + 1.02501 x 10°* T - 4.77789 x 10°°

Where,
T is in K
K is in Pa sec
k is in Watt/(m K)
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Figure C.1: Dynamic Viscosity as a Function of Temperature
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APPENDIX D: THIN FiLM GAUGE CALIBRATION

The seven thin film gauges used for this heat transfer
study were calibrated for output voltage as a function of
temperature. The heat flux gauges were connected to the PSC
amplifiers, just as the gauges would be used for the heat
flux measurements, and the amplifier output was plotted as a
function of gauge temperature. The calibration was accom-
plished by placing each thin film gauge in a plastic bag.
The bag was then placed in a water bath, for which the tem-
perature could be easily regulated. The water was con-
stantly stirred, using a magnetic stirring device, to keep
the water at uniform temperature. The calibration results

are presented in Figures D.1 to D.4.
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Figure D.1: Heat Flux Gauge 1 Calibration
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Figure D.2: Heat Flux Gauge 4 Calibration
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Figure D.3: Heat Flux Gauge 6 Calibration
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APPENDIX E: PRESSURE TRANSDUCER CALIBRATION RESULTS

The pressure transducers were calibrated for output
voltage as a function of pressure using the AMETEK Model
HK-500 pneumatic dead weight tester. The Neff amplifiers
were set for a gain of 10. The transducers were calibrated
for pressures ranging form -0.4 psig (14.3 psia) to 60 psig
(74.3 psia). The calibration results are shown in Figures

E.1 and E.2.

Forward Pressure Transducer
p = 37.5272 V + 2.20402

Rear Pressure Transducer

p = 27.6524 V + 0.87726
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Figure E.1: Cclibration Results for the
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APPENDIX F: DATA SUMMARY BY RUN NUMBER

The following pages give a summary of the data used for heat trans-
fer measurement. The fluid properties based on a measure shock Mach
nunber and the normal shock relations as well as the measured heat f.ux

are displayed.

F.1




Results based

[eNeNeNeoNoNoNaol

(22 322X 222 22X 2

»

ro4o *

s 2222222 22 2 2 4

Driven Pressure:
Driver Pressure:
Pressure behind shock:
Driven Temperature:

Temperature behind shock:
Stagnation Temperature:

Driver Temperature:

Measured Shock Mach Number:

1.2096

29. 1000 inches Hg
50.0000 inches Hg, gauge
44.8221 inches Hg
22.0000 deg C

61.5320 deg C
67.5175 deg C

22.0000 deg C

Theoretical:

Shock speed: 443.4942 m/sec

Flow velocity behind shock:

Adibatic wall temperature:
Reference temperature:

Recovery Factor:
Dynamic viscosity:
Specific heat:
Thermal conductivity:
Air density:

Prandtl Number:

Re x (m) St
. 480E+06 0. 568E-01 0.241E-02
.517E+06 0.611E-01 0.237E-02
. 557E+06 0. 659E-01 0.234E-02
.601E+06 0.710E-01 0.230E-02
. 688E+06 0.814E-01 0. 224E-02
. T72E+06 0.913E-01 0.219E-02
. 109E+07 0. 129E+00 0. 204E-02

on Theoretical Heat

109. 8489 m/sec

66.8090 deg C
65.6860 deg C

. 8816
. 2028E-04
. 1008E+04
.2891E-01
.5613
. T070E+00

O O0O00O0

Flux and Measured Mach Number

Nu h q (
0.818E+03 0. 417E+03 0.1
0.867E+03 0. 410E+03 0.1
0.921E+03 0. 404E+03 0.1
0.978E+03 0. 398E+03 0.1
0. 109E+04 0. 388E+03 0.1
0. 120E+04 0.379E+03 0.1
0.158E+04 0.353E+03 0.1

Results based on Measured Heat Flux and Mach Number

0.
0.
0.

x (m) St Nu
S68E-01 0. 362E-02 0.123E+04
710E-01 0.292E-02 0. 124E+04
913E-01 0.317E-02 0.173E+04

h q (kW/m"2)
0.627E+03 0. 281E+02 0.

0.505E+03  0.226E+02 0.
0.548E+03 0. 245E+02 0.
F.2

1.2370

kW/m~2)
87E+02
84E+02
81E+02
78E+02
T4E+02
70E+02
S58E+02

Qm/Qth

150E+01
127E+01
14SE+01




(22222222222 2 X )

. ro4l b

HREBERBERRBREEN

Driven Pressure: 29.1000 inches Hg
Driver Pressure: 100.0000 inches Hg, gauge
Pressure behind shock: S51.8760 inches Hg
Driven Temperature: 22.0000 deg C

Temperature behind shock: 76.9324 deg C
Stagnation Temperature: 87.9317 deg C

Driver Temperature: 22.0000 deg C

Measured Shock Mach Number: 1.2926 Theoretical:
Shock speed: 484.7258 m/sec

Flow velocity behind shock: 148.9116 m/sec

Adibatic wall temperature: 86.6181 deg C
Reference temperature: 84.5654 deg C

Recovery Factor: 0.8814
Dynamic viscosity: 0.2112E-04
Specific heat: 0. 1009E+04
Thermal conductivity: 0. 3022E-01
Alr density: 1.7116
Prandtl Number: 0.70S1E+00

1

. 3688

Results based on Theoretical Heat Flux and Measured Mach Number

Re x (m) St Nu h
0. 685E+06 0. 568E-01 0. 225E-02 0. 108E+04 0. 578E+03
0. 738E+06 0.611E-01 0.221E-02 0.11SE+04 0.569E+03
0. 795E+06 0. 659E-01 0. 218E-02 0. 122E+04 0.561E+03
0. 857E+06 0. 710E-01 0.215E-02 0. 130E+04 0.552E+03
0. 982E+06 0.814E-01 0. 209E-02 0. 145E+04 0.S538E+03
0.110E+07 0.913E-01 0. 204E-02 0. 159E+04 0. 525E+03

Results based on Measured Heat Flux and Mach Number

x (m) St Nu h q (kW/m"2)
0.568E-01 0. 356E-02 0.172E+04 0.916E+03 0. 592E+02
0. 710E-01 0. 287E-02 0.174E+04 0. 739E+03 0. 477E+02
0.913E-01 0. 309E~-02 0. 240E+04 0. 796E+03 0.514E+02

F.3

[oNeoNeoNeoNoNe e

(kW/m~2)
. 373E+02
. 368E+02
. 362E+02
. 357E+02
. 347E+02
. 339E+02

Qm/Qth
0. 159E+01
0. 134E+01
0. 152E+01
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. ro43 .

2222222222 2 2 )

Driven Pressure: 28.9800 inches Hg
Driver Pressure: 115.0000 inches Hg, gauge
Pressure behind shock: 55.3649 inches Hg
Driven Temperature: 21.0000 deg C

Temperature behind shock: 83.5105 deg C
Stagnation Temperature: 97.4313 deg C

Driver Temperature: 21.0000 deg C

Measured Shock Mach Number: 1.3343 Theoretical:
Shock speed: 505.0409 m/sec

Flow velocity behind shock: 167.5246 m/sec

Adibatic wall temperature: 95.7664 deg C
Reference temperature: 93.1706 deg C

Recovery Factor: 0.8813
Dynamic viscosity: 0.2149E-04
Specific heat: 0. 1009E+04
Thermal conductivity: 0. 3081E-01
Air density: 1.7838
Prandtl Number: 0. 7040E+00

1

. 4007

Results based on Theoretical Heat Flux and Measured Mach Number

Re x (m) St Nu h
0. 789E+06 0. 568E-01 0.218E-02 0.121E+04 0.659E+03
0. 850E+06 0.611E-01 0. 215E-02 0. 129E+04 0. 649E+03
0.916E+06 0. 659E-01 0.212E-02 0. 137E+04 0.639E+03
0. 988E+06 0.710E-01 0.209E-02 0. 145E+04 0. 630E+03
0.113E+07 0.814E-01 0.203E-02 0.162E+04 0.613E+03
0. 127E+07 0.913E~-01 0. 199E-02 0. 178E+04 0. 599E+03

Results based on Measured Heat Flux and Mach Number

x (m) St Nu h q (kW/m*2)
0.568E-01 0.331E-02 0.184E+04 0.998E+03 0.746E+02
0.710E-01 0.277E-02 0.192E+04 0.834E+03 0. 624E+02
0.913E-01  0.248E-02 0.222E+04 0.748E+03 0.S560E+02

F.4

[eNeNeoNeNoNeNe]

(kW/m~2)
. 493E+02
. 485E+02
. 478E+02
.471E+02
. 458E+02
. 448E+02

Qm/Qth
0. 151E+01
0. 132E+01
0. 125E+01
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Driven Pressure:
Driver Pressure:
Pressure behind shock:

Driven Temperature:

Temperature behind shock:
Stagnation Temperature:

Driver Temperature:

Measured Shock Mach Number:

Shock

speed:

Flow velocity behind shock:

Adibatic wall temperature:
Reference temperature:

Results based

Re
. T69E+06
. 828E+06
. 892E+06
. 962E+06
. 110E+07
. 124E+07

[cNeNeNoNeoNel
[eNeNeoNeoNoNo)

Results based

x (m)
0. 568E-01
0. 710E-01
0.913E-01

[oReNol

. 368E-01
.611E-01
. 659E-01
. 710E-01
. 814E-01
. 913E-01

. 376E-02
. 314E-02
. 293E-02

Recovery Factor:
Dynamic viscosity:
Specific heat:
Thermal conductivity:
Air density:
Prandtl Number:

28

54

21.

81.
95s.

21.

O 0000

.9800 inches Hg
11S.

0000 inches Hg, gauge

0000 deg C

9929 deg C
3150 deg C

0000 deg C

. 3262
. 8962 m/sec

. 8823 m/sec

. 7223 deg C
.2377 deg C

. 8813
.2141E-04
. 1009E+04
. 3067E-01
. 7696
. T042E+00

. 6341 inches Hg

Theoretical:

1.4007

on Theoretical Heat Flux and Measured Mach Number

x (m)

OO000O0O0

on Measured

St

(o NoNe]

St

. 220E-02
.216E-02
. 213E-02
. 210E-02
. 204E-02
. 200E-02

[oNeNoNoNeNel

Nu
.119E+04
. 126E+04
. 134E+04
.142E+04
.159E+04
. 174E+04

h
0. 643E+03
0. 633E+03
0. 624E+03
0.614E+03
0. 598E+03
0. 584E+03

Heat Flux and Mach Number

Nu

. 203E+04
. 213E+04
. 255E+04

h

0. 110E+04
0. 920E+03
0.8S7E+03

F.S

q (kW/m*2)
0. 799E+02
0. 669E+02
0. 623E+02

[oNeNoNeoNoNolNe]

(kW/m"2)
. 46 TE+02
. 460E+02
. 454E+02
. 447E+02
. 435E+02
. 425E+02

Qm/Qth
0.171E+01
0. 150E+01
0. 147E+01
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Driven Pressure: 2
Driver Pressure: 10
Pressure behind shock: 5

Driven Temperature: 1

Temperature behind shock: 7
Stagnation Temperature: 8

Driver Temperature: 1

Measured Shock Mach Number:

Shock

speed: 48

Flow velocity behind shock: 15

Adibatic wall temperature: 8
Reference temperature: 8

Results based

Re
. 715E+06
. 7T70E+Q6
. 830E+06
. 895E+06
. 103E+0Q7
. 115E+Q7

[eNeNeolNeNoNol
[eNeNoNeoNoNe]

Results based

x (m)
0. S68E-01 0
0. 710E-01 0
0.913E-01 0
0. 129E+00 0]

. 568E-01
.611E-01
. 659E-01
. T10E-01
. 814E-01
. 913E-01

. 377E-02
. 310E-02
. 333E-02
. 654E-02

Recovery Factor:
Dynamic viscosity:
Specific heat:
Thermal conductivity:
Alr density:
Prandtl Number:

L2222 2222

054 .

HEBBEREN

8. 9800
0. 0000
2.5149

inches Hg
inches Hg, gauge
inches Hg
9.0000 deg C

5.1669
6.7142

deg C
deg C
9.0000 deg C

1.3023
7.1373

Theoretical:
m/sec

2.5755 m/sec

5.3434
3. 1806

deg C
deg C

. 8813
. 2106E-04
. 1008E+04
. 3013E-01
. 7394
. T046E+00

O~ 0000

1.3697

on Theoretical Heat Flux and Measured Mach Number

x (m)

CO0OO0O0O0OO0

on Measured

St

[eNeNeoNe

St

. 223E-02
. 219E-02
. 216E-02
. 213E-02
. 207E-02
. 203E-02

Heat Flux

Nu

. 190E+04
. 196E+04
. 270E+04
. S06E+04

Nu h
0.112E+04 0.596E+03
0.119E+04 0.S87E+03
0.126E+04 0.578E+03
0.134E+04 0.S70E+03
0.150E+04  0.554E+03
0.164E+04 0.542E+03
and Mach Number

h q (kW/m~2)
0.101E+04 0. 669E+02
0.829E+03 0. S550E+02
0.890E+03 0. 590E+02
0.113E+04 0.507E+02

F.6

[oNeNeNeoNoNojNe]

(kW/m~2)
. 395E+02
. 390E+02
. 384E+02
. 378E+02
. 368E+02
. 359E+02

Qm/Qth
0. 169E+01
0. 146E+01
0. 164E+01
0. 320E+01
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Driven Pressure:
Driver Pressure:
Pressure behind shock:

Driven Temperature:

Temperature behind shock:
Stagnation Temperature:

Driver Temperature:
Measured Shock Mach Number:
Shock speed:

Flow velocity behind shock:

Adibatic wall temperature:
Reference temperature:

28.

90

49,

18.

68.
78.

18.

1.

471

138.

77.
75.

Results based

Re
. 643E+06
. 693E+06
. T4TE+06
. 80SE+06
. 922E+06
. 103E+07
. 147E+07

[eNeoReoNoNeNoNel
[oNeNeNoNoNeNeo

Results based

. 568E-01
.611E-01
. 659E~01
. 7T10E-01
.814E-01
. 913E-01
. 129E+00

x (m)
0. 568E-01
0.710E-01
0.913E-01
0. 129E+00

[eNeNeoNeo]

. 356E-02
. 291E-02
. 321E-02
. 255E-02

Recovery Factor:
Dynamic viscosity:
Specific heat:
Thermal conductivity:
Alr density:
Prandt]l Number:

O O0O00O0

9300
. 0000
8768

inches Hg
inches Hg, gauge
inches Hg

0000 deg C

5941 deg C
1676 deg C

0000 deg C
2730

.6590 m/sec
9251 m/sec

Theoretical:

0335 deg C
2384 deg C

. 8815
.2071E-04
. 1008E+04
. 2958E-01
. 6897
. TOS6E+00

1.3477

on Theoretical Heat Flux and Measured Mach Number

x (m)

[oNeNeoNoNeNoNe

on Measured

St

[eNeoNeNal

St

. 227E-02
. 224E-02
. 221E-02
. 217E-02
. 212E-02
. 207E-02
. 193E-02

Heat Flux

Nu h
0.103E+04 0.538E+03
0.110E+04  0.530E+03
0.116E+04 0.522E+03
0.124E+04 0.514E+03
0.138E+04 0.501E+03
0.1S1E+04 0.489E+03
0.200E+04 0. 456E+03

and Mach Number

Nu

. 162E+04
. 165E+04
.234E+04
. 264E+04

F.

h q (kW/m*2)
0.843E+03  0.498E+02
0.688E+03  0.406E+02
0.7S9E+03 0. 448E+02
0.603E+03 0. 356E+02

7

[=NeNoNeNoNeNolNe]

(kW/m~2)
. 318E+02
. 313E+02
. 308E+02
. 304E+02
. 296E+02
. 289E+02
. 269E+02

Qm/Qth
0. 157E+01
0. 134E+01
0. 155E+01
0. 132E+01
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Driven Pressure:
Driver Pressure:
Pressure behind shock:
Driven Temperature:

Temperature behind shock:
Stagnation Temperature:

Driver Temperafure:
Measured Shock Mach Number:
Shock speed:

Flow velocity behind shock:

Adibatic wall temperature:

28.
70.
42
18.

52.
56.

18.
1.
427.
96.

56.

9300
0000

. 4046

0000

1213
7188

0000
1829
5627
1777

1688

»

inches Hg

inches Hg, gauge
inches Hg

deg C

deg C
deg C

deg C
Theoretical:

m/sec

m/sec

deg C

Reference temperature: S

Results based

Re
. 420E+06
. 452E+06
. 48TE+06
. 526E+06
. 602E+06
.675E+06
. 957E+06

[eNeoNoNeNeoNeNe
QOO0 00O0O

Results based

. 568E-01
.611E-01
. 659E-01
. 710E-01
. 814E-01
.913E-01
. 129E+00

x (m)
0.568E-01
0.710E-01
0.913E-01
0. 129E+00

[eNeNeoNa]

. 499E-02
. 407E-02
. 400E-02
. 436E-02

Recovery Factor:
Dynamic viscosity:
Specific heat:
Thermal conductivity:
Alir density:
Prandtl Number:

5.3119 deg C

. 8821
. 1981E-04
. 1008E+04
. 2818E-01
. 5238
. TO8TE+Q0

O O0OO00O0

1.2975

on Theoretical Heat Flux and Measured Mach Number

x (m)

[eNoRoNeoNoNeNo)

on Measured

St

[eNeoNeNe]

St

. 24TE-02
. 244E-02
. 240E-02
. 236E-02
. 230E-02
. 225E-02
. 210E-02

Heat Flux

Nu

. 148E+04
. 152E+04
. 192E+04
. 296E+04

Nu h
0.736E+03 0. 365E+03
0.780E+03 0. 360E+03
0.829E+03 0. 354E+03
0.880E+03 0. 349E+03
0.981E+03 0. 340E+03
0.108E+04 0. 332E+03
0.142E+04 0. 310E+03
and Mach Number

h q (kW/m~2)
0.737E+03 0.281E+02
0.601E+03 0. 230E+02
0.591E+03 0. 226E+02
0.645E+03 0. 246E+02

F.8

OO0 O00O00An

(kW/m~2)
. 139E+02
. 137E+02
. 135E+02
. 133E+02
. 130E+02
. 127E+02
.118E+02

Qm/Qth
0. 202E+01
0. 172E+01
0. 178E+01
0. 208E+01




Driven Temperature: 18.

Temperature behind shock: 62.
Stagnation Temperature: 69.

Driver Temperature: 18.

Measured Shock Mach Number: 1.
454.
Flow velocity behind shock: 122.
Adibatic wall temperature: 68.

Reference temperature: 67.

Results based

Re
. SS5E+06
. 598E+06
. 644E+06
. 695E+06
. T96E+06
. 893E+06
. 127E+07

[eNeNoNeoNoNeNeo)
[oReNe o ReNoNe)

Results based

. 568E-01
.611E-01
. 659E-01
. 710E-01
. 814E-01
. 913E-01
. 129E+00

x (m)
0. 568E-01
0.710E-01
0.913E-01
0. 129E+00

[oNeNeNe

. 351E-02
. 293E-02
. 322E-02
. 303E-02

Driven Pressure: 28.
Driver Pressure: 60.
Pressure behind shock: 46.

Shock

Recovery Factor:
Dynamic viscosity:
Specific heat:
Thermal conductivity:
Air density:
Prandtl Number:

L2222 E2 ]

. ro
REERREE

speed:

O O0O00O0

LA 22222

60 hd

SERERES

9300
0000
8849

inches Hg
inches Hg, gauge
inches Hg

0000 deg C

1353 deg C
5763 deg C

0000 deg C
2377

2223 m/sec
4789 m/sec

Theoretical:

696S deg C
2998 deg C

.8818
. 2035E-04
. 1008E+04
. 2903E-01
.6254
. 7T068E+00

1.2691

on Theoretical Heat Flux and Measured Mach Number

x (m)

[oNeNoNeNo oo

on Measured

St

OO0O0OO0

St

. 234E-02
. 231E-02
. 227E-02
. 224E-02
. 218E-02
. 213E-02
. 198E-02

Heat Flux

Nu h
0.918E+03  0.470E+03
0.974E+03  0.463E+03
0.103E+04 0. 456E+03
0.110E+04 0. 449E+03
0.122E+04 0. 437E+03
0.134E+04 0. 427E+03
0.178E+04 0. 398E+03

and Mach Number

Nu

. 138E+04
. 144E+04
. 203E+04
. 271E+04

F.

h q (kW/m~2)
0. 704E+03 0. 357E+02
0.587E+03  0.298E+02
0.64SE+03  0.327E+02
0.607E+03 0. 308E+02

9

[eNeRoNeNolo R Ne]

(kW/m~2)
. 238E+02
. 235E+02
. 231E+02
. 228E+02
. 222E+02
. 217E+02
. 202E+02

Qm/Qth
0. 1S0E+01
0.131E+01
0. 151E+01
0. 152E+01
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Driven Pressure: 2
Driver Pressure: 9
Pressure behind shock: 5

Driven Temperature: 1

Temperature behind shock: 6
Stagnation Temperature: 7

Driver Temperature: 1

Measured Shock Mach Number:

Shock

speed: 47

Flow velocity behind shock: 14

Adibatic wall temperature: 7
Reference temperature: 7

Results based

Re
. 652E+06
. 703E+06
. TSTE+06
. 817E+06
. 935E+06
. 10SE+07
. 149E+07

[eNeNeNoNeNoNol
[eNeoNeNoNoNoNol

Results based

. 568E-01
.611E-01
. 659E-01
. 7T10E-01
. 814E-01
. 913E-01
. 129E+00

x (m)
0. 568E-01
0.710E-01
0.913E-01
0. 129E+00

[eNeNoNo]

. 419E-02
. 321E-02
. 361E-02
. 318E-02

Recovery Factor:
Dynamic viscosity:
Specific heat:
Thermal conductivity:
Alr denslity:
Prandtl Number:

8.
0.
0.

8.

9.
9.

8.
1.
3.
0.

7.
6.

o 0000

9300
0000
1861

inches Hg
inches Hg, gauge
inches Hg
0000 deg C

2529
0558

deg C
deg C
0000 deg C
2766

4467
5797

Theoretical:
m/sec
m/sec

8943
0564

deg C
deg C

. 8815
. 2074E-04
. 1008E+04
. 2964E-01
. 6962
. TOSS5E+00

1.3477

on Theoretical Heat Flux and Measured Mach Number

x (m)

[eNeNoNeNoNoNo]

on Measured

St

00O

St

. 227E-02
. 223E-02
. 220E-02
. 217E-02
.211E-02
. 206E-02
. 192E-02

Heat Flux

Nu h
0.104E+04 0. 545E+03
0.111E+04  0.537E+03
0.118E+04  0.529E+03
0.125E+04 0.521E+03
0.139E+04 0. 507E+03
0.153E+04 0. 496E+03
0.202E+04 0. 462E+03

and Mach Number

Nu

. 193E+04
. 185E+04
. 267E+04
. 333E+04

F.

h q (kW/m*2)
0.101E+04  0.603E+02
0.773E+03 0. 463E+02
0.868E+03  0.520E+02
0.764E+03 0. 457E+02

10

[eNeNoNoNeoNaeNoNo]

(kW/m~2)
. 326E+02
. 322E+02
.317E+02
. 312E+02
. 304E+02
. 297E+02
. 2TTE+02

Qm/Qth
0. 185E+01
0. 148E+01
0. 175E+01
0. 165E+01
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Driven Pressure: 28.9300 inches Hg
Driver Pressure: 70.0000 inches Hg, gauge
Pressure behind shock: 43.7712 inches Hg
Driven Temperature: 18.0000 deg C

Temperature behind shock: 55.2247 deg C
Stagnation Temperature: 60.6344 deg C

Driver Temperature: 18.0000 deg C

Measured Shock Mach Number: 1.1999 Theoretical: 1.2975
Shock speed: 435.7699 m/sec
Flow velocity behind shock: 104.4319 m/sec
Adibatic wall temperature: 59.9961 deg C
Reference temperature: S8.9796 deg C
Recovery Factor: 0. 8820
Dynamic viscosity: 0. 1998E-04
Specific heat: 0. 1008E+04
Thermal conductivity: 0. 2844E-01
Alir density: 1.5555
Prandtl Number: 0. 7081E+00

Results based on Theoretical Heat Flux and Measured Mach Number

Re x (m) St Nu h q (kW/m~2)
0.461E+06 0.568E-01 0.243E-02 0. 793E+03 0. 397E+03 0. 167E+02
0.497E+06 0.611E-01 0.239E-02 0.841E+03 0.392E+03 0. 164E+02
0. S36E+06 0. 659E-01 0. 236E-02 0.893E+03 0. 386E+03 0.162E+02
0.578E+06 0.710E-01 0.232E-02 0.949E+03 0. 380E+03 0. 160E+02
0. 662E+J6 0.814E-01 0.226E-02 0. 106E+04 0. 370E+03 0. 155E+02
0.742E+06 0.913E-01 0.221E-02 0.116E+04 0.361E+03 0. 152E+02
0. 105E+07 0. 129E+00 0.206E-02 0.153E+04 0. 337E+03 0.142E+02
Results based on Measured Heat Flux and Mach Number

x (m) St Nu h q (kW/m~2) Qm/Qth
0.568E-01 0. 452E-02 0.148E+04 0. 739E+03 0. 310E+02 0. 186E+01
0. 710E-01 0.372E-02 0.152E+04 0.608E+03 0.25S5E+02 0. 160E+01
0.913E-01 0. 394E-02 0.207E+04 0.646E+03 0.271E+02 0.179E+01
0. 129E+00 0. 380E-02 0.283E+04 0.622E+03 0.261E+02 0. 185E+01

F.11
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Driven Pressure:
Driver Pressure:
Pressure behind shock:

Driven Temperature:

Temperature behind shock:
Stagnation Temperature:

Driver Temperature:
Measured Shock Mach Number:
Sh 'ck speed:

Flow velocity behind shock:

Adibatic wall temperature:
Reference temperature:

Results based

Re
. 552E+06
. 595E+06
. 641E+06
. 691E+06
. T92E+06
. 888E+06
. 126E+07

[eNeoNeoNoNeNoNe)

[=NeNeoNeoNoRoNe

Results based

x (m)
0. S68E-01
0.710E-01
0.913E-01
0. 129E+00

[oNoNeNe]

. 568E-01
.611E-01
. 659E-01
. 710E-01
.814E-01
. 913E-01
. 129E+00 L)

. 37T9E-02
. 320E-02
. 352E-02
. 302E-02

Recovery Factor:
Dynamic viscosity:
Specific heat:

Thermal conductivity:

Alr density:
Prandtl Number:

28.
60.
46.
18.

61.
69.

18.
1.
453.
121.

68.

O~ 0000

9300
0000
7927

inches Hg
inches Hg, gauge
inches Hg

0000 deg C

9335 deg C
3114 deg C

0000 deg C
2366

6804 m/sec
9586 m/sec

Theoretical:

4391 deg C
.0543 deg C

. 8818
. 2034E-04
. 1008E+04
. 2901E-01
.6234
. 7T068E+00

1.2691

on Theoretical Heat Flux and Measured Mach Number

x {m)

[eNeNeNeNoNol

(o]

on Measured

St

[ NoNeNeo]

St

. 234E-02
. 231E-02
. 227E-02
. 224E-02
.218E-02
. 213E-02

199E-02

Heat F1

Nu
148E+04

. 156E+04
. 221E+04
. 268E+04

ux

F.

Nu
.91SE .3
.97132+03
. 1U3E+04
.109E+..¢
. 122E~'

[eNeNeNeNeNoNo]

.177E+04

. 134E+04 -

h
. 468E+03
. 461E+:3
. 454E+03
. 447E+03
. 435E+03
. 42SE+03
. 396E+03

[eNeNeoNoNoNoNe)

and Mach Number

h
0. 756E+03
0. 638E+03
0.702E+03
0.602E+03

12

q (kW/m~2)
0. 381E+02
0. 322E+02
0. 3S4E+02
0. 304E+02

[eNeoNeoNeNeNoNolie]

{(kW/m~2)
. 236E+02
.232E+02
. 229E+02
. 225E+02
. 219E+02
. 214E+02
. 200E+02

Qm/Qth
0. 162E+01
0. 143E+01
0. 165E+01
0. 152E+01
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Driven Pressure:
Driver Pressure:
Pressure behind shock:

Driven Temperature:

Temperature behind shock:
Stagnation Temperature:

Driver Temperature:
Measured Shock Mach Number:
Shock speed:

Flow velocity behind shock:

Adibatic wall temperature:
Reference temperature:

Results based

Re
. 760E+06
. 819E+06
. 882E+06
. 951E+06
. 109E+07
. 122E+07
. 173E+07

[oNeNeNoNoNeNe]

[eNeNeNeoNeoNeNo

Results based

x (m)
0.568E-01
0.710E-01
0.913E-01
0. 129E+00

[eNeoNeNe)

. 568E-01
.611E-01
. 659E-01
. 710E-01
.814E-01
. 913E-01
. 129E+00

. 372E-02
. 278E-02
. 310E-02
. 257E-02

Recovery Factor:
Dynamic viscosity:
Specific heat:

Thermal conductivity:

Air density:
Prandtl Number:

29.
100.
54.
21.

80.
93.

21.

Om—000O

2800
0000
6034

0000

7623
6060

0000
. 3196
.5398
. 9128

.0710
. 6752

inches Hg
inches Hg, gauge
inches Hg

deg C

deg C
deg C

deg C

Theoretical:
m/sec
m/sec

deg C
deg C

.8814
.2134E-04
. 1009E+04
. 30S7E-01
. 7762
. 7044E+00

1.3675

on Theoretical Heat Flux and Measured Mach Number

x (m)

(el eNeNoNeoNoNeo

on Measured

St

[eNoNoNe

St

. 220E-02
.217E-02
. 214E-02
. 210E-02
. 205E-02
. 200E-02
. 187E-02

Heat F1l

Nu

. 199E+04
. 186E+04
. 267E+04
. 314E+04

ux

Nu
.118E+04
. 125E+04
. 133E+04
.141E+04
. 157E+04
.172E+04
. 228E+04

[eNeoNeoNeoNeNoNel

h
.635E+03
. 625E+03
.616E+03
. 607E+03
. 591E+03
. ST7TE+03
. 538E+03

[ NeNoNaeNoNeNo)

and Mach Number

h .
0.107E+04
0.801E+03
0.895E+03
0.741E+03

.13

q (kW/m~2)
0.762E+02
0. 570E+02
0. 636E+02
0.527E+02

[eNeNoNeoNoeNoNe el

(kW/m~2)
. 451E+02
. 444E+02
. 438E+02
.431E+02
. 420E+02
.410E+02
. 383E+02

Qm/Qth
0. 169E+01
0. 132E+01
0. 1S5E+01
0. 138E+01
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Driven Pressure:
Driver Pressure:
Pressure behind shock:
Driven Temperature:

Temperature behind shock:
Stagnation Temperature:

Driver Temperature:
Measured Shock Mach Number:
Shock speed:

Flow velocity behind shock:

Adibatic wall temperature:

Reference temperature:

Results based

Re
. 602E+06
. 648E+06
. 698E+06
. 753E+06
. 862E+06
. 967E+06
. 137E+07

[eNeoNeNoNoNoNol
[eNeNeNoNoNoNe]

Results based

x (m)

0.568E-01 0.
0.913E-01 0.
0.129E+00 0.

. S68E-01
.611E-01
. 659E-01
. T10E-01
. 814E-01
. 913E-01
. 129E+00

Recovery Factor:
Dynamic viscosity:
Specific heat:
Thermal conductivity:
Air density:
Prandtl Number:

29.
70.
48,
20.

67.
76.

20.
1.
464.
131.

7S.

O O0OO0O0O0

1900 inches Hg

0000 inches Hg, gauge
8772 inches Hg

0000 deg C

8431 deg C
4323 deg C

0000 deg C
2562 Theoretical:
9193 m/sec
5895 m/sec

4144 deg C

.8041 deg C

. 8815
. 2064E-04
. 1008E+04
. 2948E-01
. 6627
. 7T058E+00

1.2958

on Theoretical Heat Flux and Measured Mach Number

X (m)

[eNeNoNeNoNeNol

on Measured

St

41SE-02 0.
346E-02 O.
289E-02 0.

St

. 230E-02
. 227E-02
. 224E-02
. 220E-02
. 214E-02
. 210E-02
. 195E-02

Nu
. 978E+03
. 104E+04
.110E+04
.117E+04
.131E+04
. 143E+04
. 189E+04

COO0OO000O0

h
. SO8E+03
.S01E+03
. 493E+03
. 486E+03
. 473E+03
. 462E+03
.431E+03

[eNeoNeNeNoNeNo

Heat Flux and Mach Number

Nu
176E+04
236E+04
280E+04

h
0.915E+03
0.762E+03
0.637E+03

q (kW/m~2)
0.S07E+02
0. 422E+02
0. 353E+02

[oNeNoNoNeNolNoNo]

(kW/m~2)
. 282E+02
. 2TTE+02
. 2T3E+02
. 269E+Q2
. 262E+02
. 256E+02
.239E+02

Qm/Qth
0. 180E+01
0. 165E+01
0. 148E+01
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Driven Pressure:
Driver Pressure:
Pressure behind shock:

Driven Temperature:

Temperature behind shock:
Stagnation Temperature:

Driver Temperature:
Measured Shock Mach Number:
Shock speed:

Flow velocity behind shock:

Adibatic wall temperature:
Reference temperature:

Results based

Re
. 652E+06
. T02E+06
. TS6E+06
. 816E+06
. 934E+06
. 10SE+07
. 149E+07

[=NeNeoRoNoNeoNe

[eNeNeNeoNoNo ol

Results based

x (m)
0. 568E-01
0. 710E-01
0.913E-01
0. 129E+00

[oNeRoNe

. 568E-01
.611E-01
. 659E-01
. 710E-01
. 814E-01
. 913E-01
. 129E+00

. 387E-02
. 291E-02
. 314E-02
. 273E-02

Recovery Factor:
Dynamic viscosity:
Specific heat:

Thermal conductivity:

Alr density:
Prandtl Number:

29.
80.
50.
20.

71.
81.

20.
1.
474.
140.

80.

O 0000

1900
0000
5983

0000

5226
3640

0000
2762
8475
8556

1965
. 3525

inches Hg
inches Hg, gauge
inches Hg

deg C

deg C
deg C

deg C
Theoretical:
m/sec

m/sec

deg C
deg C

.8814
. 2084E-04
. 1008E+04
. 2979E-01
. 6990
. TOS2E+00

1.3218

on Theoretical Heat Flux and Measured Mach Number

x (m)

[eNeNeNeoNoNeNo]l

on Measured

St

OO0O0O0

St

. 227E-02
. 224E-02
. 220E-02
. 217E-02
.211E-02
. 206E-02
. 192E-02

Heat Flux

Nu

. 178E+04
. 168E+04
.232E+04
.286E+04

F.

Nu
. 104E+04
.111E+04
. 117E+04
. 125E+04
.139E+04
. 152E+04
. 202E+04

[eNeNeoNeoNeoNoNol

h
. S47E+03
. S39E+03
. 531E+03
. 523E+03
. S09E+03
. 498E+03
. 464E+03

[eNeNeNoNoNeoNa

and Mach Number

h
0. 933E+03
0. 703E+03
0. 7S8E+03
0. 658E+03

15

q (kW/m*2)
0.562E+02
0. 423E+02
0. 456E+02
0. 396E+02

[eNeNeNoNoNe el

(kW/m~2)
. 329E+02
. 325E+02
. 320E+02
. 315E+02
. 307E+02
. 300E+02
. 279E+02

Qm/Qth
0. 170E+01
0. 134E+01
0. 152E+01
0. 142E+01
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Driven Pressure: 2
Driver Pressure: 11
Pressure behind shock: 5

Driven Temperature: 2

Temperature behind shock: 8
Stagnation Temperature: 9

Driver Temperature: 2

Measured Shock Mach Number:

Shock

speed:

Flow velocity behind shock: 17

Adibatic wall temperature: 9
Reference temperature: 9

Results based

Re
. 825E+06
. 888E+06
. 957E+06
. 103E+07
. 118E+07
. 133E+07
. 188E+07

[eNeoNeoNeoNeoNoNo]
[oNeolNeNoNoNe e

Results based

x (m)
0.568E-01 0
0.710E-01 0
0.913E-01 0
0. 129E+00 0]

. S68E-01
.611E-01
. 659E-01
. T10E-01
. 814E-01
. 913E-01
. 129E+00

. 37SE-02
. 298E-02
. 341E-02
. 276E-02

Recovery Factor:
Dynamic viscosity:
Specific heat:
Thermal conductivity:
Alr denslty:
Prandtl Number:

9.
5.
6.

0.

4

8.

0.

Q= 0000

1900
0000
7254

inches Hg
inches Hg, gauge
inches Hg
0000 deg C
. 2586
9052

deg C
deg C
0000 deg C
. 3448

.5541
.9212

Theoretical:
m/sec
m/sec

.1583
. 4235

deg C
deg C

. 8816
. 2155E-04
. 1010E+04
. 3089E-01
.8214
. 7T043SE+00

1.3990

on Theoretical Heat Flux and Measured Mach Number

x {m)

[+NeReNoNoNoNeo)

on Measured

St

[eNeNeoNel

St

. 216E-02
. 213E-02
. 210E-02
. 207E-02
. 201E-02
. 197E-02
. 184E-02

Heat Flux

Nu

. 218E+04
. 217E+04
. 319E+04
. 365E+04

Nu h
0.126E+04 0. 685E+03
0.133E+04 0.675E+03
0.142E+04 0.665E+03
0.151E+04 0. 655E+03
0.168E+04 0.637E+03
0.184E+04 0.623E+03
0.243E+04 0.581E+03

and Mach Number

h q (kW/m*2)
0.119E+04  0.916E+02
0.943E+03  0.728E+02
0.108E+04  0.833E+02
0.872E+03  0.673E+02

F.16

[oNelNeoNoNoNeNe o]

(kW/m"~2)
. 528E+02
.521E+02
. S13E+02
. SOSE+02
. 492E+02
. 480E+02
. 448E+02

Qm/Qth
0. 173E+01
0. 144E+01
0. 173E+01
0. 150E+01




2222 X2 22222224

* r10s .

(2222222222 2

Driven Pressure: 29.1900 inches Hg
Driver Pressure: 120.0000 inches Hg, gauge
Pressure behind shock: 56.3514 inches Hg
Driven Temperature: 20.0000 deg C

Temperature behind shock: 83.4955 deg C
Stagnation Temperature: 97.8483 deg C

Driver Temperature: 20.0000 deg C

Measured Shock Mach Number: 1. 3407 Theoretical: 1.4087
Shock speed: 507.4619 m/sec
Flow velocity behind shock: 170.1035 m/sec
Adibatic wall temperature: 96.1322 deg C
Reference temperature: 93.4555 deg C
Recovery Factor: 0.8813
Dynamic viscosity: 0.2151E-04
Specific heat: 0. 1009E+04
Thermal conductivity: 0. 3082E-01
Alir density: 1.8142
Prandtl Number: 0. 7040E+00

Results based

Re
. 814E+06
.877E+06
. 945E+06
. 102E+07
. 117E+07
. 131E+07
. 186E+07

joNeReNoNeNeoNe

[eNoNeoNeNalNoNe

Results based

x (m)
0.568E-01
0.710E-01
0.913E-01
0. 129E+00

[=NoNoNa

. 568E-01
.611E-01
.659E-01
. T10E-01
.814E-01
. 913E-01
. 129E+00

. 378E-02
. 298E-02
. 345E-02
. 265E-02

on Theoretical Heat Flux and Measured Mach Number

x (m)

[sNoNeNeoNeNoNo

on Measured

St

[eNeNeoNeo]

St

.217E-02
. 214E-02
.211E-02
. 208E-02
. 202E-02
. 197E-02
. 184E-02

Heat F1

Nu

.217E+04
. 214E+04
. 318E+04
. 347TE+04

ux

F.

Nu
.124E+04
.132E+04
. 140E+04
. 149E+04
. 166E+04
. 182E+04
. 241E+04

[eNeoRoNeNeNeNel

h
.676E+03
.666E+03
. 656E+03
. 646E+03
. 629E+03
.615E+03
.S73E+03

[oNeNeoNoNeNoNo]

and Mach Number

h
0.118E+04
0.926E+03
0.107E+04
0.826E+03

17

q (kW/m~2)
0. 896E+02
0. 70SE+02
0. 817E+02
0. 629E+02

[eNoNeNeNoNoloiNel

(kW/m~2)
.S15E+02
.S07E+02
. SO0E+02
. 492E+02
. 479E+02
. 468E+02
. 436E+02

Qm/Qth
0. 174E+01
0. 143E+01
0. 175E+01
0. 144E+01
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ABSTRACT

" In this study an electrical analog, for heat flux meas-
urement from surface mounted thin film temperature gauges,
was built and tested. Typically, the determination of heat
transfer from thin film gauges requires the numerical eval-
uation of an integral. The electrical analog enables the
heat transfer to be recorded directly without incorporating
numerical error.

Once built and tested, the analog is used to measure
transient flat plate heat flux with free-stream turbulence.
The time varying flow is produced using a low pressure shock
tube, with free stream turbulence generated by flow injec-
tiBon upstream of the flat plate. The "steady flow" portion
of the te=+ data is compared to the theoretical flat plate
solution for constant free stream and constant plate temper-
atures.

A constant temperature hot-wire technique is used to

determine free stream turbulence. The hot-wire procedure

requires performing several experiments with the same flow con-

ditions, but different hot-wire operating temperatures. A

—

quadratic least squares curve fit is performed using the N

data from the hot-wire experiments to determine the turbu-

lence level.
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