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ABSTRACT

In order to utilize the shock tube for quantitative investigations
of some aerodynamic problems a thin platinum film resistance thermometer
was developed for heat transfer rate measurements. The present
report describes the construction and calibration of the heat transfer
gage. Since the experimental technique presents a major problem
this investigation has been carried out in the straight section of the
shock tube where the flow conditions are well defined and readily
measured. These flow conditions were calculated utilizing the most
recent NBS data on air properties at high temperatures. The flow
conditions were also measured utilizing the heat transfer gage and |
several independent experimental techniques, and good agreement was
found with the equilibrium flow calculations after an initial period of
30 - 50/«. sec, Measurements of the heat transfer rate at the forward
stagnation point and on the circumference of a circular cylinder are
réported and compared with the theoretical calculations of L. Lees.

A method for deduction of surface pressure distribution from the

laminar boundary-layer heat transfer data is also presented.

iii



PART

TABLE OF CONTENTS

Acknowledgments

Abstract

Table of Contents'
List of Figures

L Introduction

II. Description of Experimental Apparatus

A, Shock Tube

Compression Chamber
Diaphragm Section
Low Pressure Tube
Divergent Nozzle

B. High Pressure System

C. Vacuum System

D. Instrumentation

.

W DN e

.

Shock Wave Speed Measurements
Heat Transfer Gage

Optical System

Pressure Instrumentation

I, Instrumentation for Aerodynamic Investigations in the

Shock Tube

A. Heat Transfer Measurement Technique

4,
5.

Sputtering Technique

Construction of Heat Transfer Gage
Response Characteristics of a Surface
Resistance Thermometer

Method of Calibration

~Application of Gage to Shock Tube Research

B. Piezoelectric Pressure Gage

iv

PAGE

ii
iii
iv
vi

o & vt

-3

O 0 0 ~J

10
11

13
15

15
20
23

25



Iv. Shock Tube Performance and Calibration
A. Flow Conditions in the Shock Tube

1. Thermodynamic Equilibrium Conditions
Behind a Strong Shock Wave in Air

2. Conditions Behind a Bow Wave on a Blunt-
Nosed Body in the Shock Tube

3. Accuracy of Calculation

4. Viscosity of Air Behind a Shock Wave

B. Experimental Determination of Shock Tube
Performance

1. Relation Between Shock Strength and Shock
Tube Initial Conditions

Z. Duration and Uniformity of Flow in the
Shock Tube

a. Heat Transfer Gage
b. Schlieren Studies

V. Heat Transfer Studies on a Circular Cylinder in the
Shock Tube

A. Heat Transfer Rate at the Stagnation Region of a
Circular Cylinder

1. Theory and Calculations
2. Experimental Results

B. Heat Transfer Rate Distribution over the Surface
of a Circular Cylinder

1. Theory and Calculations
2. Experimental Results
3. Determination of Loocal Pressure Distribution
from the Measured Heat Transfer Rate Distri-
: bution over the Surface of the Model
4. Schlieren Study of Flow History on a
Circular Cylinder

VI. Summary and Conclusions
References

Appendix A -- Effects of Certain Approximations on the
Calculated Local Heat Transfer Rate

Figures

27

28

28
31

33
33

34

34

37

37
38

<43

43
43
46
49
49
53
54
56
58
60

63
68



14.

15,

16.

17.

8.

LIST OF FIGURES

2 7/8" x 2 7/8'" GALCIT shock tube.

View of the 2 7/8" x 2 7/8" GALCIT shock tube.
Instrumentation block diagram.,

View of the electronic apparatus.

Apparatus for sputtering transient temperature
gages.

Resistance thermometer gages at various stages
of preparation.

Calibration circuit.

Characteristics of the calibration circuit.
Response of gage at ''stagnation line'' of a cylinder,
Gage response of the stagnation point of a cylinder,
Gage response on the shock tube wall,
Piezoelectric pressure gage response.

Density Ic')atio across a normal shock wave in air
Tl = 298"K.

Temperature r%tio across a normal shock wave
in air Tl = 2987K.

Pressure ragio across a normal shock wave in
air T1 = 298 K.

Molecular weight ratio across a normal shock
wave andoacross the detached shock wave in air
’.[‘1 = 2987K.

Ratio of the density behind a detached normalo
shock wave to the initial air density ‘I’1 = 2987K.

Ratio of the temperature behind a detached
normal shock wave to the initial air temperature

T = 298°K.

vi

Page
68
69
70
71

72
73

74
75
76
77
78
79
80

81
82

83

84

85



Figure

19.

20,

21.

22.

23.

24.

25.

26.

27,

28.

29.

30.

31.

32.

33.

34.

LIST OF FIGURES (cont'd)

Ratio of pressure behind a detached normal
shock waye to the initial air pressure
T1 = 298 7K.

Flow Mach number behind moc\)ring shock wave
in the uniform tube, Tl = 2987K.

Viscosit% of air behind a strong shock wave,
T1 = 2987K.

Reynolds number in flow behind the movi%g shock
wave in the uniform shock tube, T1 = 2987K.

P4/P vs, Ms in the uniform 2 7/8" x 2 7/8" shock

1
fube.
Measured duration of ""hot'! flow in the uniform
shock tube.

Cone models for schlieren studies.

Schlieren studies of flow over 450 cones in the
shock tube.

Time history of "hot-flow' in the uniform shock
tube M_ = 4,75,

Time history of '"hot-flow'' in the uniform shock
tube M_ = 6. 2.

Comparison of experimentally measured flow
Mach number with theory.

Heat transfer rate Cal/ sz/ sec. at theosta.gna.tion
region of a circular cylinder, Tl = 2987K.

D . dU

T- ~a-—§-— vs. Mm.
oo
Circular cylinder models for heat transfer
studies.

Measured heat transfer rate at the stagnation
region of a circular cylinder. '

Pressure distribution on a circular cylinder
measured in wind tunnel and shock tube.
(Ref.. 31 and 32).

vii

Page
86
87
88
89
90
91

92
93

94
95
96
97

98

99

100

101



Figure
35,
36.
37.
38.
a, b

39.

40,

41.
42,

43,

LIST OF FIGURES (cont'd)

Page
Calculated heat transfer distribution based on 102
measured pressure distribution on a circular
cylinder at M, = 1.85, T, = 298°K.
Variation of the pressure gradient parameter 103
over a circular cylinder.
Corrections to the theory in the calculation of the 104

heat transfer distribution on a circular cylinder.

function of local enthalpy ratio (Ref. enthalpy 105-106

at T. = 298°K).

1
Measured heat transfer distribt%ion on a circular 107
cylinder at M, = 1.85, T, = 298K.

Comparison of calculated pressure distribution 108
on a circular cylinder based on heat transfer data
with pressure distribution measured in wind tunnel

at M2 = 1,85.

Flow establishment on a circular cylinder. 109
Flow on a circular cylinder in the shock tube. 110
Comparison of shock wave detachment distance 111

in front of a circular cylinder measured in the
shock tube and in wind tunnel.

viii



I. INTRODUCTION

Even a very crude estimate of the stagnation temperature at high
flight Mach numbers gives values well above the melting points of known
structural materials. Thus a need exists for detailed theoretical and
experimeﬁtal investigations of the heat transfer and flow problems en-
countered in high speed flight. High Mach number flows have been suc-
cessfully achieved in many hypersonic wind tunnels. However, >these
tunnels have so far been limited to comparatively low stagnation tem-
peratures, with the maximum value of the order of 2500°F. The search
- for methods bf simulating hypersonic flight conditions led to the de-
velopment of a number of facilities producing a high temperature flow
for a very short time, such as the ballistic range, shock tube, shock
tunnel, etc. But the short flow time, in some cases as low as 50 - 100
/Vbsec, means that new experimental techniques must be developed for
measuring flow quantities before quantitative studies of the phenomena
are possible. For this reason a considerable part of the present work
was devoted to the development of a thin platinum film resistance
thermometer for accurate heat transfer measurements. Some work was
done also on fast-response pressure pickups. Section III contains a
detailed discussion of the heat transfer gage and associated electronic
equipment, and the second part of this section gives a short account
of the development of a piezoelectric pressure gage.

Since the experimental tecghnique presents a major obstacle it
was felt that the .:'mitial stages of research should be done in a section
of a shock tube where the flow conditions are well defined and readily

measured. For this reason the flow studies were carried out in the



straight section of the shock tube at flow Mach numbers of 1.8 - 2. 0.
Although this flow Mach number is low the stagnation enthalpy conditions
experienced correspond to free flight Mach numbers of 8 to 10, so that
some of the features of hypersonic flight are reproduced. The shock
tube and accompanying experimental apparatus is described in Section IL

In order to interpret the experimental results properly the flow
conditions must be accurately known or measured. The first part of
Section IV presents the calculation of the equilibrium conditions behind
a normal shock wave traveling into stationary air. These calculations
are based on the most recent NBS data on air properties at high tem-
peratures. Conditions behind a bow wave at the stagnation region of
a blunt-nosed body are also calculated for later use in the heat transfer
studies.

Bart B of Seétion IV presents the actual performance of the shock
tube as determined by schlieren studies of the flow history over 45°
cones and by measurements of the shock detachment distance for a
drcular cylinder. Measurements of the heat transfer rate at the
stagnation region of a circular cylinder and on the shock tube wall are
also used to determine the shock tube performance. The boundary
layer thickness on the shock tube wall is determined by schlieren
studies of boundary layer-shock wave interaction. . All of these various
independent measurements taken together present a complete picture
of the environment produced in the shock tube.

The heat transfer measurement technique is best evaluated on a
body of simple geometry, whére a theoretical analysis is also available.

In this study heat transfer rates were measured at the stagnation point



and over the circumference of a circular cylinder, as a function of
shock velocity and initial pressure. This study is discussed in
Section V. The measurements were compared with the results of
laminar boundary layer calculations based on the approximation of
local similarity as developed by L. Lees (Ref. 28).

The main results and conclusions of this investigation are
summarized in Section VI, which also contains a discussion of possible

extensions of this work and various problems for future development,



II. DESCRIPTION OF EXPERIMENTAL APPARATUS

A. Shock Tube

The design and construction of shock tubes is described in many
reports (for example References 1 to 7, particularly Reference 4).
Accordingly this section is limited to the description of the GAI;,CIT
shock tube, without including detailed design considerations which
can be found in the references cited.

The present shock tube (figs. 1 and 2) is a conventional one
utilizing a compressed gas driver, Itis essentially a modification
of the shock tube built by Y. Yoler (Ref. 5). The shock tube can be
operated by high pressure helium or nitrogen gas. Air has been used
exclusively in the low pressure section. Driver gas pressure up to
‘800 psi is used, and the low pressure tube can be evacuated to less
than 1 mm Hg. Thus, the maximum diaphragm pressure re;,tio is about
20, 000, which gives a maximum shock Mach number of about 7.5 when
operating with the He - Air combination initially at room temperature.
This shock tube has an additional feature in the 2-dimensional nozzle,
which permits the flow Mach number to be increased from the limiting
value of about 2 in the straight section to approximately 6 in the nozzle
test section. At the present time this nozzle is a wedge type with
facilities for bleeding off the boundary layer on top and bottom walls.
However, the present work was confined to the straight section to
facilitate the interpretation of data obtained by the new techniques.

The shock tube structure is divided into four parts: (1) com-~
pression chamber; (2) diaphragm section; (3) low pressure uniform

tube; (4) divergent nozzle.



(1) The compression chamber consists of a 3" I. D. and 4-1/2" O. D.

sté‘el cylinder which is 6 ft. long, The chamber is sealed on one end
by a blank flange and on the other by the diaphragm section. Ports are
provided in the blank flange for the driver gas inlet and for the com-
press:.ion chamber pressure indicator.

(2) The diaphragm section has the following features: two 1-1/2"

diameter bolts extend from the downstream compression chamber
flange through mating holes in the flanges at the end of the low pressure
tube, so that the diaphragm is clamped between these two sections.

The flange on the compression chamber also has a smooth transition
from the 3" I. D. of the compression chamber to the 2-7/8" square of
the low pressure tube. The end faces of both the compression chamber
flange and the low pressure tube are smoothly machined to facilitate
good sealing. The diapl;ragms generally used were made of copper.
The copper plate is scribed to a specific depth with a pre~set scriber
so that a certain control of breakage pressure is obtained. The dia-
phragms were generally broken by pressure, although at first a plunger
was used.

(3) The low pressure tube has a 2-7/8" x 2-7/8" square cross sec-

tion, and the 20 ft. length is divided into two 10 ft. sections. At the
junction a 1'' neoprene gasket isolates the instrumented 10 {t. section
from the vibrations in the rest of the tube caused by the diaphragm
breakage. These sections are assembled from cold-rolled steel plates,
and their inside éurfaces are smoothly ground. The side plates are
2-7/8" high and 1" thick and an "0' ring grové is machined into them.,
The top and bottom plates are 5" wide by 1/2'" thick., The tube is

bolted together after the sections have been aligned and doweled. The



second 10 ft. section is provided with instrumentation facilities and
testing area. Five ports 1-1/2" in diameter are spaced 2 feet apart
on one side wall. These ports are used for the positioning of the
different wall gages for pressure and heat transfer measurements. In
addition two observation windows 4-1/2" in diameter are located 15'
and 19' from the diaphragm section; the 19' station was used for most

of the experiments,

(4) The divergent nozzle section provides for a two-dimensional
expansion in the vertical direction to a 45" height. It is the same
section designed and built by Y. Yoler and described in Ref. 5.

The on13\r modifications in this section are the addition of three more
windows along the nozzle axis, enabling tests at different area ratios
with the same nozzle setting, and the insertion of 1-1/2" ports along
two rays 15° from the nozzle axis, With these modifications a com-

plete survey of the flow in the nozzle can be made.

B. High Pressure System

Helium and nitrogen are used as driver gases in the shock tube,
These gases are obtained commercially in high pressure bottles at
about 2200 psi, The bottle pressure is measured on a 3000 psi full
scale gage, and a 800 psi laboratory gage is used for measuring the

. + \
compression chamber pressure to an accuracy of ~ 10 psi,

C. Vacuum System

A high vacuum, Welch Duo-~Seal No. 1428B pump is used for reaching

pressure as low as 0.8 mm Hg in the low pressure tube. The pressure is



measured by a 50 mm Hg full-scale Wallace-Tiernan vacuum gage.
This gage is calibrated against a Macleod gage, with a resolution of
1 0.05 mm Hg, thus permitting about 1 per cent accuracy.
An oil diffusion pump is connected to the system for use in pro-
viding a much lower vacuum in the hypersonic nozzle section to facili~

tate the starting of flow in the nozzle. This pump will be used when

the nozzle investigation is underway.

D. Instrumentation

Instrumentation was developed for making the following measure-
ments in the shock tube: (1) the shock wave speed; (2) heat transfer
rates on shock tube wall and on model surface; (3) static pressure
behind shock wave on shock tube wall., In addition a schlieren system
was built for flow studies. Since a detailed discussion of instrumenta-
tion techniques applicable to shock tube work is pre ser{ted in Section
III, only a brief description of the apparatus used is given here. A
block diagram of the instrumentation is shown in fig. 3; the arrangement

of the electronic instruments is shown in fig. 4.

1. Shock Wave Speed Measurement

The shock wave speed is determined by measuring the time for
the shock to travel between two monitoring stations spacéd 2t % 0,005
apart, For detection devices, thin film gages mounted flush on the tube
wall are used (Section III). The gage output is fed through pulse ampli-
fiers to the "start!' and "stop' channels of a 7'36,0 Berkeley counter.

This counter has a resolution time of 1/4 sec., Thus the wave speed is



measured within at least 1/2 per cent accuracy.

2, Heat Transfer Gage

The initial resistance of the thin platinum film is measured on a
Wheatstone bridge, and the initial current is measured by a milli~
ammeter, both to an accuracy of 1 per cent. The gage output is fed
through a Tektronix-121 wide-band amplifier to a 535 Tektronix
oscilloscope. This combination of amplifier-oscilloscope has a sensi-
tivity of 0.5 x 10-3 volts/cm. with a noise level of about 0.1 x 10—3

volts. The oscilloscope trace is recorded with a Du-Mont oscilloscope

Polaroid Land camera type 297.

3. Optical System

A schlieren system utilizing a capacitor-thyraton discharge
spark unit of about 2 /t sec spark duration is used for flow visualization.
The 'spark is triggered by the platinum film gage outpilt through an
electronic time delay. The spark is focussed by a condenser lens sys=
tem to a slit which is situated at the focal point of a 3'' diameter lens.
The parallel beam is then passed through the test section, and focused
on the knife edge by a 75! focal length spherical mirror. The records.
are obtained on a polaroid type 44 {film (Polapan 400), With this sys.-
tem satisfactory pictures are obtained with densities behind the
starting shock waves of the order of 3 x 10-'2 of an atmosphere, The
schlieren system is seen in fig, 2, except for the spherical mirror

which is further upstream.



4, Pressure Instrumentation

A piezoelectric pressure transducer utilizing barium-titanate
disks was successfully developed for static pressure measurements
with weak shock waves. (This gage is discussed in Section IIl.) The
gage output is fed through a cathode follower to the oscilloscope and

is again recorded with a polaroid camera.
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III. INSTRUMENTATION FOR AERODYNAMIC INVESTIGATIONS

IN A SHOCK TUBE

A few years ago very little was known about the physico-chemical
processes occurring in the hot gas behind a bow shock wave at hyper-
sonic flight speeds. For this reason the shock tube became an invalu-
able source of controlled high temperature gas flow for studies of
relaxation phenomena, radiation from the gas, electrical conductivity,
etc. In parallel to such investigations the need exists for studies at
elevated gas temperatures, of the macroscopic quantities important
in fluid mechanics, such as the shock wave shape, flow patte-rn, sur-
face heat transfer rate, temperature and pressure distribution,A lift
and drag forces and moments. In its application to such aerodynamic
studies the shock tube serves as a short duration wind tunnel, where
by short duration one means 50/‘lsec to a few milliseconds of useful
flow time. This short duration of the flow dic{:ates the instruments
which can be used, and also the problems which can be investigated
experimentally in the shock tube. Just as in a more conventional wind
tunnel, before experimental data can be interpreted, one has to know
the characteristics of the shock tube flow such as Mach number, Reynolds
number, pressure, temperature, composition, chemical processes and
their rates, and of course flow uniformity, effect of disturbances, etc.
One purpose of prepafing this rather formidable list is to indicate
the goals for development of new techniques, and particularly to help
evaluate current techniques, Available experimental results must then
be examined critically for the assumptions employed in interpreting

the actual measurements.
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This section is divided into two subsections: The first sub-section
describes in detail the technique developed during the course of this
work for measuring heat transfer rates and surface. temperatures.

The second part presents a short account of the development of

piezoelectric pressure gages.

A. Heat Transfer Measurement Technique

It is certainly not surprising that the first shock tube investi-
gations were carried out almost exclusively by utilizing optical tech-
niques such as schlieren, shadowgraph, and interferometry, These
optical techniques have extremely fast response time and thus are
particularily suited for shock tube application. The optical methods
are applicable to two dimensional or axially-symmetric model geometries.
However, they do not yield local measurements for bodies of arbitrary
geometry. Thus a need exists for techniques for measuring local quan-
tities such as pressures and heat transfer rates. Now, pressure transi-
ducers and other force measuring devices are extremely sensitive to
tube vibrations which are rather strong because of the sudden loading
when the diaphragm is ruptured. Much work has been done on the pres-
sure measurement problem including some studies here at GALCIT, but
to the best of our knowledge this problem is still unsolved for strong
shocks. So the only local quantities which can be measured in the shock
tube with an acceptable degree of accuracy are the heat transfer rate
and surface temperature., These quantities are measured by utilizing
the fast response of a thin metallic {ilm acting as a resistance thermometer,

The idea of utilizing this technique was pursued at a number of labora-~



12

tories and reported in Refs. 8, 9, 10, 11, 12, 13, 22, and 30. Since
this'technique is still quite 2 new one, a detailed discussion will be
included h;ere.

The idea of using a small mass to obtain fast response has been
used for a long time in the hot-wire technique, and in fast-response
thermocouples. Actually the hot wire has been used successfully in
the shock tube for weak shock waves M, <3 (Refs. 14, 15, and 16). For
strong shock waves the closely related problems of mechanical strength
and suitable response characteristics make the hot~wire applications
questionable. The next step is to use a thin metallic film bounded to a
strong base as a sensing element, This idea was employed for obtaining
resistance thermometers and thermocouples of low thermal-inértia, A
film thermocouple developed at the Midwest Research Institute {(Ref. 17)
is constructed by evaporating a thin nickel film (~ 10"'6 cm thick) on a
steel housing, thus obtaining a Ni-Fe junction. This thermocouple
shows an extremely fast rise time (N l/«sec). However the output is
low (~ 18 % 10—6 volts/o,'E‘), and it is also non~linear., This thermocouple
was used for measuring surface temperatures in gun barrels.

For shock tube research the use of thin films as resistance ther-
mometers appears more promising. The various shock tube research
groups which investigated this technique use different methods of appli~
cation of the metallic film, such as painting, evaporation, and
sputtering. Of course the simplest technique is to apply a thin film
by using a special metallic paint, e.g., the platinum base paint known
as '"Hanovia Paste''. The film is painted on aﬁ electrical insulating

material such as glass, and then baked in order to evaporaté the sol-
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vent and insure better adherence to the backing material (Ref. 22).
Another method used is the evaporation of metal to produce a film on
some insulating backing material (Refs. 8 and 9). Films of gold were
obtained this way. The sputtering technique used at GALCIT (Refs. 10
and 11) provides a controllable method for applying a thin metallic film.
The {ilm thickness (and therefore its electrical resistance) is controlled
by the sputtering time. The sputtering process produces an extremely
strong and rugged film which, after baking, shows excellent resistaﬁce
to erosion, at least up to shock Mach ‘numbers of 7 -~ 8. However, the
sputtering technique is still an art and requires a considerable amount
of trial and error before satisfactory results are obtained. For this
reason the sputtering procedure which is used at GALCIT will be

described in some detail.

1. Sputtering Technique

The sputtering phenomenon at the cathode of a glow discharge was
discovered in 1852 by W. R. Grove, and has been used for some time for
coating mirrors. After the perfection of modern vaporizing techniques
the sputtering method did not find much application. The exact mech=
anism of the process is not fully understood (Ref. 18). I—Iowevei‘, the
apparatus and general procedure are well known, although the exact
geometry and best sputtering conditions have to be determined empiri~-
cally. A typical set-up for the sputtering process following Strong's
method (Ref. 18) is shown in fig., 5. A standard 5" x 9" bell jar is
used. In its top a hole is drilled for the cathode connection. The bell

jar stands on a smocdhly ground steel base, and a vacuum seal is
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va.cuum
provided by a layer of high/silicone grease. An aluminum tube of

adjustable height is screwed into the base to serve as the anode and a
seat for the element to be sputtered. The cathode is a 0, 065'" x 0. 25"
platinum bar 2" long, which is suspended over the table from the top
of the bell jar. On the table a 3" glass cylinder encloses the cathode
and the sputtered element so as to prevent the sputtered metal from
spreading all over the bell j\ar. Quartz tube is used to cover the rod
on which the platinum cathode is suspended.

The importance of eliminating contaminating materials from the
sputtering system cannot be over~emphasized. A small rubber or plastic
gasket that can outgas when heated, or other impurities introduced into
the system, will cause many frustrating hours of unsuccessful trials.

The important parameters for setting up the sputtering apparatus
are: (l) sputtering metal, (2) ‘.,;ga's environment, (3) vacuum level and
gas circulation, (4) current and voltage applied, and (5) distance between
cathode and model. A list of possible sputtering metals is given by
Strong, who also mentions the various gases which can be used in the
apparatus:. For simplicity air is used exclusively in the present
apparatus although faster sputtering occurs in an argon atmosphere.

The conditions found to be best with the GALCIT apparatus for sputtering
of platinum are: (1) pressure level of 2 to 3 mm Hg. abs. (a small air
leak, balanced by the vacuum pump, is maintained), (2) a voltage of

800 - 1100 volts and a current of 50 ma, (3) the distance between the
platinum cathode and the sputtered surface is between 1~1/2" ~ 2!,
During the sputtering process the platinum glows with a reddish-blue

halo, and a glow also appears around the sputtered element. A dark
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zone of about 3/4" is maintained between the two glowing parts.

2. Construction of Heat Transfer Gage

The film is sputtered on an electrical insulator element, which
is generally glass or quartz, although other similar materials can be
used. Two methods of gage construction have been employed. In one
method a sputtered element is inserted directly into fhe model. The
other method is to build the model out of glass or similar material
and sputter the film directly on the model. In both cases the film is
baked at 1100°F for about 1/2 hour. Electrical leads are then soft-
soldered to the edges of the film, or for the case of the model insert,
the unexposed edges are sputtered and the leads are soldered there,
The gage is then flush-mounted in a groove in the model, A strip of
blotting paper is inserted behind the element to absorb the shock and
reduce the danger of breakage of the glass. Gages at various stages

of assembly are shown in fig, 6.

3. Response Characteristics of a Surface Resistance Thermometer

The time required for heat to diffuse from the outer surface of
the film to the interface between the metallic film and the backing
material provides a measure of the response time of the film itself.
Roughly, this diffusion time, td, is given by

U%(Fik—cf)f'fg (1)

where 6 is the film thickness, and the subscript 'f'' denotes the pro-
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perties of the film material. For platinum (pCP)/k = 4,04 (cgs.), and

if 6~ 10" cm, or 100 & , then tyvdx 10712 sec. Thus under almost
all transient conditions thé temperature of such a thin film is uniform

across its thickness and is equal to the instantaneous surface tempera-
ture of the backing material itself,

So far as the backing material is concerned, the metallic film
act as a thermal capacitance of extremely small ”therma;l»-linertia”.
The surface temperature of the backing material approaches within a
few per cent of the ideal response for zero film thickness in a ''lag-
time' t, , of the order of 100 {[(C'Pp)f] 2 / (kpcp)b} . 52. (Here 'Y
refers to the backing material.) If the backing material is quartz,
and a platinum film of 10“6 cm is used, then t,~ 6 x 1()”9 sec. For
glass backing material t;~ 6 x 1.0“8 sec., Experimental evidence,
although not capable yet of showing the exactness of this calculation
shows that indeed the response time is less than 0. 10/4 sec (fig. 9).

When the thin metallic film is utilized as a resistance thermo-
meter its temperature rise appears as a voltage variation. If this
temperature rise is not very large, experimental calibration shows
that the relation between film temperature and its electrical resistance

is linear. 8o the instantaneous film resistance Rf can be calculated

from the relation

= R [1+ A (G- T0)]

7 (2)

where a is the coefficient of resistivity, the subscript "o" refers to

initial conditions, and "'f' refers to the instantaneous film conditions.

With a constant current flow through the film, the instantaneous voltage
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riseis AE = Io(Rf - Ro) so that

_AF
7;~7:_I.,R..o< (3)

For a typical gage, R = 50 ohms, I = 20 x lO-3 amp. and a = 0,002 -
0: 003/OC so that an output of 2 - 3 mv per degree centrigrade is re-
corded. Surface temperature variations of less than O, 2°c - 0.3%
can be resolved with the present electronic equipment.

For the testing times available in the shock tube (less than
1 x 10”3 sec. ) the heat pulse penetrates only a very shallow layer
near the surface of the glass element. The depth of this layer can
be roughly estimated as &, ~ 3f F%;’)i"t. . Now for t= 107> sec,
Sb/v 0.004 cm., for glass, and 61,V 0.010 cm. for quartz. Since the
backing element is usually at least 0. 25 cm. thick and the scale of
the temperature variation along the surface of the model is at least
10 times larger than ﬁb, the backing element acts practically like a
semi-infinite, one—dirﬁensional heat sink, Thus the reéuired relation
between the surface heat transfer rate and the known film (= surface)
temperature change is obtained by solving the classical, one-dimensional

heat conduction equation

2

o7, 2. T
,a'x'“x')x" (4)

for the region x > 0, subject to the boundary conditions
T(X0) =0, 7(x,a)=0 , Tlet) = £ () (5)

_and
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7()(,1‘)-—ao T, — 0 as Y—> <o .

Here T = Tf

function in surface temperature, i.e., T(0,t) = 0 for t £ 0 and T(0,t) =

K .
- To and X “('IB‘E;JL . For the case of unit step

for t > 0, we know that

K kpSply L
sz-"“—:—-ﬁ—t""
A /e’

(see for example, Ref. 19). Therefore, the heat transfer rate for
an arbitrary surface temperature time history T(0,7") is given by the

relation:

t) = (i )_t.
70,%) ]/ féz_ g Az @

where f(72°) = T(0, 7°), or by introducing
o
Q= s [T awnd ;(r)':z[/ Zf
+ T A5

equation 7 can be written as

T
C 2> :
§@t) j/gf}*f—)f 0/ 04492/9 (8)

The inverse relation connecting the surface temperature and the
applied heat transfer rate is also useful. According to Carslaw and

Jaeger (Ref. 19, page 59, equation 9)



19

o

7
T(aa.t.) : l Ca’ 'r) ™
VTP S KOs / Vg;::r: A <

The explicit solution of equation 9 for several heat rate input

functions is useful for future reference and will be written out.

a. Step Function Heat Transfer Rate

In this case q(0,t) = 0 for t £ 0 and q(0,t) = q, = constant for

t > 0. The solution is then

oty = 2o /2
s e /Z B

b. Heat Transfer Rate Decreasing like 1/ )t

Méé C; k), |

=

t>0

=0 ()

Here q(0, t) fort >0, Then

1l
fo—

O, t)

il
o

t

c. Periodic Heat Transfer Rate

Here q(0, t} = d, sin (Wt 4 &), and the "steady-state'’ periodic

part is then

(12)

Tob 24?%7/37" [t wtee -]
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4, Method of Calibration

The quantitative measurement of the heat transfer rate from the
output of the surfaée resistance thermometer depends on accurate deter-
mination of the quantities ( pCPk)b and o, the coefficient of resistivity.

For the short duration of flow in the shock tube the surface tem-
perature of a model is not increased to more than 100°C provided

M, ¥ 7 - 8, so that determination of the coefficient of resistivity
max

between the ice point (OOC) and the water boiling point (1OOOC) is
sufficient., For these thin films a is dependent on the film thickness
and lies below the value for the bulk metal, which is 0. 0038/0C for
platinum, The experimentally measured values range between 0.0018
and 0.0025/°C.

The determination of (pcpk)b of the backing material presented a
more difficult problem. Because of the interpenetratibn of metal and
glass that occurs at the interface between the thin film and the glass
element, and the very shallow layer affected by the heat pulse, the
physical quantities k, p, and CP cannot be considered to be that of the
bulk material. In addition the properties of glass may vary over a wide
range between various specimens, so that one is forced to devise a
method for calibration of every gage under actual transient conditions.
The simplest solution is to use a known transient heat rate input, measure
the gage output, and thereby determine directly the parameter Z;’E—T().L

A step function heat rate input was chosen. This input was 01‘3’«
tained by the discharge of a large capacitor into the film. The capacitor
was selected so that the time constant of its discharge through the
gage would be much larger than the required test time. The gage was

placed on one leg of a balanced bridge circuit (fig. 7), so that only
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the output generated by the increase of the gage resistance is recorded,
The characteristics of this calibration circuit are shown in fig. 8.
First a stable 57 - 2 watt resistor was substituted for the gage and thé
output is shown in fig. 8a. For the first 200 4 sec the discharge
current is very well described by a step function. (Note that in the
traces for fast sweeps all initial transients decay in about l/.sec. )
.Fig. 8b shows the output when the gage is connected in the bridge.
The output is very well described by a parabolic time variation for
the first few hundred microseconds. This surface temperature variation
is predicted by the solution of the heat conduction equation (equation
10). Now, the numerical value of 1/ (/o Cpk)b is determined by the
following procedure:
The heat input 4, in cal/cmz/sec. is given by
= L R

| Cyrar) (13)
where Io is t'he current in the gage in amperes, Ro is the intial gage
resistance in ohms, and A is the film area in cmz. Note that for q,
to be a true step function we require that the film strip be of uniform
thickness and width, and that the per cent change in film resistance
and current be very small, so that throughout the test 9, is uniform and
constant. The film uniformity is insured by the sputtering process.
Films are tested on an optical comparator for uniformity of width, and
if they are excessively irregular they are rejected. Another source of
error is the end effects. Particularily at the corners of the element
the film may be thinner é.nd this results in a '"hot spot'" which distorts

the gage response. This difficulty is eliminated by covering the edges
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with a layer of conducting silver paint which is covered on installation
in the test section so that only the film is exposed to the gas flow. Now
AR/R;) and AI/Io' are generally of the order of 1 per cent or less, so
that their effect on the heat rate input is practically negligible. In
cases where this abssumption is violated this effect can be accounted
for in the calculations. Although such calculation will require much
more labor, the calibration procedure will still be valid.

By analyzing the bridge circuit one finds that the voltage output

AE caused by the heating of the film is related to the resistance change

AR by
- AE (R+R)
where R2 ié the second resistance in the bridge (fig. 7), and I0 is
given by
4
I,= (15)
R, + R

Now T, - T _= AR/aRO, and by equation 10

o bi9fa - A AR

v?cr")A B 2. K:. I,,I /;,’7

When a gage is calibrated only for heat transfer rate measurement the

(16)

separate determination of ¢ is not required, since this method actually

ol
determines the quantity F=——— which appears in this relation
VP e Ka
between AE and q(0,t). Resistances and voltages can be measured to
o«

relatively high accuracy, and this coefficient can be
G Ky
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determined within a few per cent. For heat transfer calculations it is
convenient to use the parameter %‘a—[ﬁé— . The experimental
values for this parameter for piatinum film on glass range between

11 and 17 in c. g. s. units. Comparing these results to the handbook
values of (pCPk) for glass shows that these are in the same range. The
differences in values are explainable by the variation of a and the use

of different glasses.

5. . Application of Gage to Shock Tube Research

The film resistance thermometer described in the previous sec-
tions can be utilized in the shock tube either as a heat transfer rate gage
or as a shock wave detection device for shock wave speed measurement,
or for other timing or triggering applications.

When used as a heat transfer rate measuring device the gage is
operated in a circuit similar to that used for hot wire anemometer
opera’cionét constant current. The accuracy of the heat transfer data
depends on the accuracy of the calibration procedure and the accuracy
of measuring of the current, initial resistance, and output voltage.

With ordinary laboratory techniques overall accuracy of about 5 per
cent can be achieved and with special care particu.larily. in'the calibra-
tion, this accuracy can probably be improved. |

When the gage is employed for shock detection device, the require-
ments an the film are much relaxed. There is no need for gage calibra~
tion and the only requirement on gage size is that its width be small
enough so that the shock wave will traverse it .in a short enough time.

Films of width of 0. 010" were obtained so this traversing time is. .
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as short as 0. 5/¢sec even at shock Mach numhber of 2; of course this
transit time decreases linearily with shock speed. Fig. 3 shows an
arrangement for using the gages as shock speed detectors. Here the
initial jump caused by the hot gas behind the shock is amplified and
fed to the electronic counter, Similarily this pulse can be utilized
for triggering associated equipment such as oscilloscopes, time
delays, spark for schlieren system, etc.

The response of the resistance film gage in the shock tube flow
is represented in figs. 9, 10, and 11. Fig. 9 shows the response time
of a gage at the stagnation line of a cylinder utilizing a fast sweep.

The fast response time is evident, Figs. 10 and 11 show typical
traces of gages at the stagnation region of a cylinder and on the shock
tube wall, respectively.

The stagnation point traces show the shock arrival, the '""hot"
flow for about ZOO/Qsec and then the arrival of the '"contact region"
and the '"cold" non-uniform flow behind it.

The gage response on the shock tube wall shows the temperature
jump when the shock arrives, and the almost uniform temperature
thereafter, which indicates that the boundary layer just behind the shock
is laminar. After 100 - 200/14. sec the temperature again rises because
of laminar-turbulent transition and turbulent flow in the boundary layer.

A detailed discussion of the application of this gage will be
given in the discussion of the actual experiments conducted in the

shock tube (Sections IV and V).
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B. Piezoelectric Pressure Gage

The direct measurement of local pressures either on model
surfaces or on the shock tube wall presents a very difficult problem.
Some work on pressure transducers for shock tube application is re-
ported in Refs. 5, 20, 21, and 22, The present very brief account
is included to illustrate various problems encountered in the develop-
ment of pressure transducers suitable for extremely short flow times
(of about 100 /usec).

The fast response time required can be achieved by the utilization
of piezoelectric materials such as quartz or barium-titanate. However,
the sudden loading of the gage by the pressure jump across the shock
wave excites resonance vibrations in the gage housing and/or the
piezoelectric material itself, so that the ''noise'" is a large fraction
of the signal. An additional difficulty is caused by waves travelling in
the shock tube wall generated by the 'diaphragm breakage. These waves
are largely eliminated by proper gage mounting, or by a rubber
isolating section such as the one used in the GALCIT shock tube (see
fig., 1).

The pressure transducer utilized in the present work employs
two barium-titanate discs 1/2" in diameter and 0. 10" thick. These
discs are connected in parallel and inserted into a housing behind a
thin (0. 050") diaphragm. Fig. 12 presents the response of this gage
mounted on the shock tube wall as a function of shock strength and
initial préssure. For weak shock waves (Ms < 3) the noise caused by
vibration is comparatively small, and the gage output is very satisfac-
tory. Thus this gage can be utilized for shock wave detection and for

quantitative pressure measurements up to this range of shock strength,
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As the shock wave speed increases the noise also increases, and
for relatively strong shocks (MSN 6) the vibration signal is about 50
per cent of the total output, These disturbances cannot be connected
with waves in the shock tube wall, because no signal is received before
the arrival of the shock. Also, the high noise frequency of 50 - 100 KC
excludes the possibility of structural vibrations other than vibrations
of the gage housing and diaphragm and/or the piezoelectric elements
themselves. No satisfactory solution of these problems has been found
for flow times of the order of 100/“ sec. It should be pointed out that
the signal to noise ratio becomes acceptable in about 500/‘?-sec, so that
the barium-~titanate gage should be satisfactory for uniform flow times
longer than 500/4_ sec,

The measurement of pressures on model surfaces in the shock

tube is even more difficult than the problem of measuring static

pressures on the shock tube wall. Considering the difficulties encountered

with this problem the task of measuring pressures on model surfaces

is left for future development of new techniques.
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IV. SHOCK TUBE PERFORMANCE AND CALIBRATION

Idealized shock tube theory has been discussed and described in .
many reports (Refs. 1, 4, and others). On the basis of this theory
the shock wave speed and flow history are uniquely determined once
the following initial conditions are given: (l) gas combination, i.e.,
driver gas and test gas in the low pressure section; (2) ratio of initial
driver gas pressure to initial test gas pressure, p4/p1; (3) ratio of
initial driver gas temperature to initial test gas temperature, T4/T1.
Some of the most important (and most questionable) assumptions of
this theory are:

l. Instantaneous diaphragm breakage and shock formation.

2. Distinct "contact surface'’ separating the "hot'" and ''cold"

gas,

3, No effects of viscosity and heat conduction at the tube walls.
Experimental evidence shows that these assumptions are seriously
violated in the shock tube, and this fact has a strong effect on the actual
flow produced. To include these effects properly in a theoretical
calculation of shock tube performance is an extremely difficult task.
For example the breakage of the diaphragm may depend on such non-
accountable factors as material uniformity, tearing properties, etc.,
and in general is a rather random variable. Thus, to be able to use
the shock tube as an experimental aerodynamic tool the tube must be
calibrated experimentally so that its actual performance can be estab-
lished. Calibration of the GALCIT shock tube and studies of the flow
produced in the straight section will be the subject of part B of this
section,

Once the shock wave speed is determined experimentally the flow
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conditions to be ex_pecfed far! behind the shock can be calculated with
the aid of the existing data on the properties of air in thermodynamic
eqfuilibrium, including dissociation and ionization., Until recently the
available calculations were based on the older incorrect value for the
dissociation energy for nitrogen. Correct results that have since
become available are suitable mainly for a particular application. Thus
it was decided to perform these calculations for the initial conditions
of the GALCIT shock tube. Conditions behind a normal shock wave
were computed for shock Mach nurﬁbers. from 3 to 20, and for initial
pressures of 1, 5, and 10 mm Hg in the low pressure section, with
Tl = 2980K. Flow quantities behind a detached bow wave in the "hot"
flow and at the forward stagnation point of a blunt body were also
obtained for the same range of parameters. These results are directly
applicable to the heat transfer rate calculations of Section V.
Equilibrium thermodynamic properties of air as a function of
temperature and density were obtained from tables in Refs. 23 and 24,
which are based on recent National Bureau of Standards data (Ref. 25).

A brief outline of the method of computation employed and a discussion

of the results obtained is given in part A of this section:

A, TFlow Conditions in Shock Tube

1, Thermodynamic Equilibrium Conditions Behind a Strong Shock

Wave in Air

In "shock coordinates' the continuity, momentum and energy
equations and the equation of state across a normal shock wave are

as follo'ws_:
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continuity: ﬂ v, = /0,‘1 v, L _l/u (17)
. 5 o | @
momentum: P, + 2 V = A 4/1/ v, (18)
energy: .‘f’.%_;. HilpT) = ,"f‘:m_,_.// (o, %) (19)
2 r/rpz ! 2 v/"z *
state: P = / £ T (20)
w

where the subscript 1 refers to conditions upstream of the shock wave

and 2 refers to equilibrium conditions behind the shock wave. Here

H(p, T) is the enthalpy per unit mass inqluding the chemical enthalpy.
Now the starting shock wave in the shock tube is moving with

velocity US into a stationary gas so that

U
V= Us ~
| ) @
and

sz Us_ U‘Z ] U_’

For this case, equations 17, 18, 19, and 20 can be combined and

re-written in the following form:

_ U > |
Ho- = 2 L= () ] (21)
-ﬁ‘: I} ke
P }+,§uj[/—,£f] 22)

-ﬁi:.ﬁml: (23)
(- w, T
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Once the enthalpy, H, and the molecular weight, m, are known as
functions of the temperature and density these equations can be solved
for the conditions behind the shock wave. Starting with the known
. m

initial conditions, namely, PyPps T of the undisturbed air, and a

1Pl
particular value of the shock velocity Us’ select a trial value

pl/pz = (pl/pz)o (for example, the perfect gas value). From equation
21 obtain HZO. Now from the known properties of air obtain ’I‘ZQ using
the values of HZO and pzo, and also obtain (ml/mz)o. From equation 22,
compute (pZ/pl)o. These values of (plfpz)o, »(TZ/TI)»O’ and (ml/mz)O
are now substituted into equation 23 to obtain a new value of pl/p2 =
(p.l/pz)l. This procedure is now repeated with the new (pl/pz)l

until (pl/[:.z)i-‘_}':(pl/pz)i to the required accuracy. This procedure
converges very fast and generally 2 to 3 iterations were sufficient for

1 per cent accuracy. This fast convergence arises from the fact that

Vs~ i
the enthalpy H, for strong shock waves is equal to Ei [1- (/é;) 1

2
while pl/PZ <<1, so that H, is fairly independent of the density ratio,
and so T, is also almost independent of pl/pz. However, the pressure
ratio ;pz/p1 is much more sensitive to the density ratio PI/PZ’ and is
adjusted sufficiently fast to enable fast convergence of the entire
procedure,

The results of these calculations are shown in figs. 12 - 20,
The speed of sound and Mach number in region 2 are also shown based
on the data of Refs.. 23a,b, c. One can easily see the large effects
produced by the inclusion of the real gas properties, particularly on
the density, temperature and Mach number behind the shock wave.

However the effect on the pressure behind the shock wave is not so

appreciable.
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2. Conditions Behind a Bow Wave on a Blunt Nosed Body in

the Shock Tube

A strong shock wave generates a supersonic flow behind it, and
if a blunt body is placed in this stream a detached bow wave will be
established in front of the body. In the stagnation region this bow
wave is nearly normal and the conditions behind this wave will be deter=~
mined by the normal shock relations. However, the initial conditions
in this case are those which were calculated previously for the hot
flow produced behind the moving shock wave (Section IV. A. l).

The shock equations in this case are

Hr,—Hf-Zf[/-(é_z:j’j

(24)
Pt " 1 y
é;=/+0’% Ua«[/"/’f_—,)] | (25)

Lo P T

- 26
e e Mo T2 (26)

U =U, [ /- ,ﬁ'] (27)
where state 2 corresponds to the hot flow ahead of the body and state
5! refers to conditions just behind the bow shock on the axis of
symmetry. By the same procedure described in Section III, one can
solve for the conditions at the stagnation region,
By assuming adiabatic compression between the shock wave and

the forward stagnation point one obtains
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where po' is the stagnation pressure behind the bow shock, 'M5' = U5,/a5,,

2
ag, =

(V51P51)/pg1s and Y is some mean value of ¥ at the conditions
of the "'shocked" air. For strong shock waves (P]_/Pg) << 1 and also
(pz/ps,) < < 1, so that by neglecting terms of order (p‘l/p2)3 and

(pZ/PS')B one obtains

by L LR N
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3. Accuracy of Galculations

Although the iteration procedure described in Section A.1 can be
carried out to any degree of accuracy required the absolute accuracy
of the caiculations is obviously determined by the accuracy of the tabu-
lated properties of air., The data available to the author at this time
is given in temperature steps of lOOOOK, which requires some imagina-
tive interpolation, particularly in the regions where the properties
of air are changing rapidly with increase in temperature (e. g., 3000° -
4000°K and 8000° - 9000°K). This fact accounts for some scatter in
the calculations which can be avoided when more detailed data becomes
available with smaller temperature intervals. However, even with this
handicap the calculated values are probably accurate to within a few

per cent.

4, Viscosity of Air Behind a Shock Wave

For temperatures below 2000°K in air the viscosity coefficient

can be obtained by the semi-empirical Sutherland formula

34

—

!

uxio = 1458 e T (34)

where/k is in gr/cm-sec. Available experimental data up to 1900°K
agrees very well with equation 34, For higher temperatures a more
refined calculation is required and a good approximation can be obtained
by using the Lennard-Jones potential for the intermolecular force

field. For this case, from Ref. 26,

yw 7 Jez)

R Y(2,27T) (35)

/am?:m;@.%
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where

J(7) = correction factor~1
Y (2,2,7) = the second collision integral

T =kT/e

The functions J(7 ) and Y (2, 2,7) are tabulated in Ref. 26.
For air
€/k = 97.0

r = 3,617 A
o

The results of this calculation are shown in fig. 21, which also
shows the viscosity values obtained from an extrapolation of the
Sutherland formula. It is interesting to note that the difference between
the two curves is not more than 10 per cent at most.

By using equation 35 the Reynolds number of the flow behind the
shock wave of strength M can be calculated. The results are plotted
in fig., 22, where Re/cm = (pZUZ)’//LZ is calculated for various initial

pressures.

B. Experimental Determination of Shock Tube Performance

1. Relation Between Shock Strength and Shock Tube Initial

Conditions

As discussed in the Introduction to part A of this section, the
simplified shock tube theory relates all conditions in the shock tube
to the initial conditions. The relation for the strength of the shock

generated in the tube is as follows (Ref. 4):
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where subscript 1" refers to conditions ahead of the shock wave, '"2"
to conditions behind the shock, and ""4" to the conditions of the driver
gas in the compression chamber. E, and E4 are the internal energies
of the gases.across the diaphragm. Since the pressure ratio across the
shock PZ/Pl is uniquely related to the shock Mach number (fig. 15),
equation 36 also determines the shock Mach number MS in terms of the
initial conditions. A direct test of this theory is to try to verify this
relation e-x.perimentally.

The results of numerous runs with helium as the driver gas and
air in the low pressure tube are shown in fig. 23, The shock velocity
was measured by using the film resistance thermometer for shock
detection. Two gages were placed 2 feet apart and the outputs were fed
through pulse amplifiers to the start and stop channels respectively,
of a 1 mc Berkeley counter. The errors in this measurement are
estimated to be within the resolving time of the counter, which is about
1/0. sec, so that the error in shock velocity is not more than 1/2 per
cent, Also the error in 1}4/131 is not expected to exceed a few per cent,
Fig. 23 shows scatter much in excess of the experimental inaccuracy,
and one suspects a more fundamental reason.

Examination of the diaphragm opening process shows that it is
definitely not instantaneous; actually the diaphragm opens in a time

of about 200 - 300/._ sec. Examination of drum camera schlieren pictures
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taken near the diaphragm (Ref. 4) indicates that vortices and other
disturbances are generated at the diaphragm. These pictures were
taken for plastic diaphragms which tend to shatter. In Ref. 4 the authors
note that the same initial condition, p 4:/ Py results in different shock
strengths, depending on the thickness of the diaphragm, the number
.of layers of plastic diaphragm used, and the amount of stressing that
the diaphragm material was subjected to before its breakage. One is
led to suspect that metallic diaphragms, which do not shatter, consume
much more tirﬁe for opening, and therefore affect the shock strength
to a much larger extent.

In the present experiments soft copper diaphragms 0. 010" and
0. 020" thick were used. They were scribed to a depth of 1/3 to 2/3~
of their thickness. The experiments represented in fig. 23 were con~
ducted ‘over a period of about 2 years, so the scribing is more or less
random, and so are the corresponding shock speeds. Fig. 23 shows
some concentration of points near an average curve with runs occurring
less frequently away from the average, which is a characteristic of a
random process. The theoretical line (equation 36) is included in
fig. 23. Our conclusion, which is confirmed by many shock tube
investigators, is that P4/Pl cannot be used for shock speed prediction,
and that shock speed must be measured for each run. For this reason
the shock speed measurement is the basic datum from which all
quantities can be predicted theoretically (part IV, A), and which is
used for checking and reducing the experimental data. However, before
one can proceed to use the shock tube for actual studies two questions
sfill have to be cl_arified: (1) Duration and uniformity of flow in the

shock tube; (2) Possibility of making two or more independent experimental
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measurements of the gas properties behind the shock.

2. Duration and Uniformity of Flow in the Shock Tube

The duration of the "hot" flow, defined as the transit time of
the slug of air between the shock front and the contact surface, can
be easily calculated from the wave system in an ideal shock tube, If
th’e tube is properly designed and no reflected wave appears at the test
area before the contact surface arrives, the hot flow time is
ty = (L/U,) - (L/U_), where U_is the shock velocity and U, is the flow
velocity behind the shock. But U, = U_ [1 - (pl/p’z)J so that
_Pp) L
h Us["“ ﬂ/ﬁj s

the test section. Now for M ~ 6, p‘?‘/p1 = 6.0 (fig. 13), so that t, ~ 750

where L is the distance from the diaphragm to

/-usec: when L, = 20 ft. Actually the observed flow times are one-half to
one~third of this value. The flow duration was determined by two

independent techniques:

a. Heat Transfer Gage

An accurate determination of uniform flow duration was obtained

from the heat transfer records on circular cylinders 12.5 mm and 5 mm
in diameter. The heat transfer records using helium driver gas show a
distinct change from a smooth curve to a rugged curve with a certain
Ujump" at the point of transition (fig. 10). To confirm the statement
that this transition occurs when the cold flow arrives, test runs were
also conducted using nitrogen as the driver gas. A distinct jump in

heat transfer-rate was again observed, and the flow duration checked

-very well with the results obtained with the helium driver gas.
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b. Schlieren Studies

The second determination of hot flow duration is obtained from a
schlieren study of the flow over a rake of three 45° cones (figs. 25 and
26). Both shock arrival and contact region were detected by the change
in shock wave angle and by the sudden thickening of the wall boundary
layer. Although the flow durations determined by this method are not
as accurate as the results obtained from the heat transfer records,
they serve as an independent check on those results, as seen in fig. 24.

The explanation of this reduction of test time so far below the
theoretical values must lie in the deviation from the simple shock tube
theory, particularly the imperfect diaphragm removal. One suspects
that the shock wave growth process generated by the gradual diaphragm
opening actually reduces the "effective' length of the shock tube.
However, it is hard to expect this effect alone to be so big that it is
responsible for the reductién of the test time by 60 to 70 per cent. An
additional phenomenon may be jet formation which produces a transition
region exténding deep into the hot flow region. Such effects have been
noticed in heat transfer studies where a typical flow history at
MS = 5.5 seems to be as follows: about 250/«1 sec of hot flow, followed
by 250/4 sec of "mixing!, followed by smoothing out of the gage output
curve and a later' decay of the flow. In addition the Mach number in the
fcold" region as observed in cone-schlieren studies seems to lie much
below the theoretically predicted value. At M = 6. 2 the predicted
Mach number in the cold flow is about 4. 4, while the measured value

is only 2, 6.
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The question of the uniformity of the actual hot flow was investi-
gated to determine if this flow is suitable for aerodynamic investiga-
tions. For these tests both the schlieren technique and the heat
transfer rate measurements are used.

In the schlieren studies the history of the flow Mach number is
determined by measuring the shock wave angles on a 45° cone rake.
The cone rake (fig. 25) consists of three 45° cones placed 3/4" apart
on a double-wedge support. The center cone is placed at the center of
the test section, and the outside cones are about 3/4' from the shock
tube walls, In successive runs the schlieren spark is triggered at
various times after the shock wave passage. Time intervals increasing
iby 20/4 sec steps are obtained by the use of an electronic time delay
capable of resolution of 1/4— sec steps. The. triggering pulse is obtained
from a wall temperature gage used for shock speed measurements,
which is placed two feet forward of the test section. The shock speed
is recorded for every shot., The information obtained from this test
is: (1) Flow Mach number uniformity at various times (distances)

" behind the shock wave; (2) Flow uniformity across the test section;
(3) Boundary layer growth on shock tube wall obtained from shock
wave boundary layer interaction.

The flow Mach number is determined from the shock wave angle
using Kopal's cone tables (Ref. 35) for Y= 4/3 and {= l.4. In this
range of flow Mach numbers (1.3 - 2.0) the effect of § on shock angle
is very small, Typical schlieren pictures before and after contact
region arrival are shown in fig. 26. The resuits of runs at two shock

strengths M = 4.75% 0.1 and M, = 6.2% 0.1 are shown in figs. 27
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and 28. Actually the repeatability of the shock, M g is within about
% 0.1 of a Mach number, but the flow Mach number is not very sensi-
tive to MS; in fact the corresponding uncertainty in MZ is t 0.01 - 0,02,
If the non-uniformity in M, were larger than & 0.01 - 0. 02 the data
presented in figs. 27 and 28 would show it. Actually the results show a
very small scatter and a constant flow Mach number both across the
tube cross section and at various times after the shock wave passage.

The only direct and simple characteristic of the flow behind the
shock is the flow Mach number, M,, which is ob.ta,ined from the wave
angle on the cones. The measured values of l\A/I2 as a function of shock
Mach number are shown in fig. 29. The results of calculations of M,
for an ideal gas, for a gas with variable specific heats including ro-
tation and vibration, and for air including dissociation are also shown
in fig. 29. The experimental results follow the equilibrium-air
calculations, although they are slightly lower, Although no direct
measurement of temperature, pressure, or density was attempted,
this Ma‘chb number measurement indicates that the equilibrium conditions
are realized in the shock tube flow, and that the calculations of
equilibrium flow conditions (part A) represent a good appfoximation.

A much more sensitive test for uniformit.y of flow is the heat
transfer rate at the stagnation region of a blunt body. The heat transfer
calculations show that the heat transfer rate at the stagnation point,

and to the

3

qo, is proportional to the total stagnation enthalpy, hs
e
square root of the product of external velocity and density, \’ (PeUe)'
For a strong shock wave, pe/pl >> 1 and the enthalpy hs ~/ USZ, S0
e

that qu UsZ PeUpe I the shock tube flow is uniform then U, U,,

and pp are constant and so g should be constant. Now the response of
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the heat transfer gage to such a heat rate input is obtained from equation
10 of Section III. The instantaneous surface temperature should in-
crease parabolically as l/? This response characteristic is actually '
observed in the shock tube and is discussed in more detail in Section V.
Now the heat transfer rate depends strongly on the shock velocity, so

that it is extremely sensitive to non-uniformities of the shock wave

n

speed for such effects as shock attenuation, etc. (7:10"\" US , where

3 s n s 3. 5).

To summarize: the various experiments* which were made to
determine the uniformity and duration of the "hot" flow in the shock
tube definitely indicate that a uniform high temperature flow is estab-
lished in this shock tube in a very short time ( < SO/Q,sec). The shock
strength and flow duration are not very well predicted by the simple
shock tube theory.

Upon examination of the schlieren photographs one can easily
observe the interaction between the shock wave generated by the
models with the boundary layer on the shock tube wall (figs. 26 and 42). .
These pictures of shock-wave boundary layer interaction can serve
for an estimation of the boundary layer thickness and show if the
boundary layer is laminar or turbulent. Both of these observations
are of interest for discussion of shock wave attenuation. In this
particular tube the wall boundary layer is very thin up to the time of
‘arrival of the contact region. Within the contact region the boundary
layer thickens extremely fast., Moreover, until the contact region

arrives the interaction of the shock wave with the boundary layer is

% For M_ < 3, static pressure measurements on the shock tube wall
also confirmed the results obtained by all the other methods.
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typical of a laminar boundary layer. Beyond the contact region there
seems to be a transition to a turbulent boundary layer. The boundary
layer growth and its effect on the shock tube flow has received consider-
able theoretical and experimental attention. The theoretical calcula-
tions of shock wave attenuation (Refs. 36 and 37) indicate a very small
attenuation (less than 4 per cent) in the case of a laminar boundary
layer for a 20' tube, and a rather large attenuation (15 per cent) for
turbulent boundary layers. The experimental studies of Refs. 37 and 38
indicate that the wall bo'undary layer is turbulent in those cases. The
direct boundary layer observations in the GALCIT tube indicate a
laminar boundary layer, and no measurable effects of attenuation as
measured by the stagnation region heat transfer rate are observed.

The GALCIT shock tube walls are smoothly ground while most a‘sho-ck
tubes are cold~rolled steel surfaces. It would be interesting if the
difference between laminar and turbulent boundary layers (Refs. 37

and 38) can be attributed to wall roughness.
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V. HEAT TRANSFER STUDIES ON A CIRCULAR CYLINDER IN
SHOCK TUBE

The development of the fast-response resistance thermometer,
which is described in Section III. A, enables one to investigate
experimentally the heat transfer problem in the high temperature
flow in the shock tube. The present section will describe the
measurements of heat transfer rates on a circular cylinder at
enthalpies in the range of 400 to 1300 cal./gr. of air, which corres-
pond to enthalpies encountered in free flight Mach number of
approximately 4 to 10. The experimental results are compared to
the heat transfer rate calculations based on the theoretical analysis
of L. Lees (Ref. 28), using air properties at these conditions
calculated in Section IV. A.

Part A of this section presents the experimental heat transfer
results at the stagnation point of a circular cylinder and compares
these results with the theoretical calculations.

Part B presents the heat transfer rate distribution measured
over the circumference of a circular cylinder and these are compared

with the theory.

A. Heat Transfer Rate at the Stagnation Region of a Circular

Cylinder

1. Theory and Calculations

When the boundary layer in the stagnation region of a blunt body

‘at hypersonic speeds is laminar, the heat transfer problem can be
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treated analytically. At a high enthalpy level where the gas is disso-
ciated and ionized, one has to make various assumptions as to the
mechanism of heat transfer at the Wall. In Reference 28, L. Lees
examines two opposite limiting cases: (l) thermodynamic equili-
brium; (2) diffusion as a rate-governing for heat transfer. It is also
shown that under various assumptions the difference between the:; heat
rate in the two limiting cases will be proportional to [ﬁéﬁ& X : R
which is of the order of 1. 3. v

For the case of complete thermodynamic equilibrium, the

stagnation point heat ransfer rate, , is (equation 12a of Reference
g p 9 q

28): | Yo
& ()

2 ) i ) B o

where k = 0 for two-dimensional bodies and k = 1 for axially-symmet-
ric bodies. The analysis assumes that Prandtl number is constant
across the boundary layer and is represented by an average Pr.

Here Pr is taken to be 0. 70.

The velocity gradient at the stagnation point [ [ /J
obtained in terms of Moo’ X 00 and an average )7 » by assuming a
modified Newtonian pressure distribution (equation 13, Reference 28).
It is convenient to express this velocity gradient in terms of gas
densities which are obtained directly in the calculation. For a
circular cylinder ds = R _d@. Let P =cost, and from Bernoalli's

equation e
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/ﬁ, Ao
T = Sl T (38)

so that (TAI-; (”%)L = \ﬁz/ﬂ*/ﬂ%u@ (;_5:/- )

T

s
Now, one expresses il and L= in terms of K‘—'- (Part
. P Fa

IV.A). (Note that state ''2'' in the shock tube corresponds to state

"oo'" in Reference 28). The expression is then simplified to

[neglecting terms of g’) ]:
»

] - FET BT

Since f’—-”« ,Z— is a small correction, so that an average
P ) Q-T

e

value of Y will be a good approximation. Using J = 1.3

[i- @) (2 fel-oses ] w

Values of the stagnation point velocity gradient calculated from
equation 40 compare vey well with the measured values on a hemi- .
sphere-cylindér body of Reference 29 even at MZ as low as 1.7 (fig.
31)., However, for lower M2 the results of Reference 29 are used
directly in the heat transfer calculations.

If -I'l:’-f r & the product/ﬂ/ﬁ is almost constant over the

W .

boundary layer and can be equated to the value of (/0/\ )e at the outer

edge of the boundary layer. Actually, one can improve on the value
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of /9/\ to be used in equation 37, by computing /7- at the average

temperaturel: = TwtTe
ey

and local pressure, or at temperatures
corresponding to the average enthalpy ._f.;-—e' » and local pressure#*.
Figure 30 shows the results of the stagnation point heat transfer
calculations obtained by inserting in equation 37 values of Vi

(1) At the surface (wall); (2) at 7,,,= 71-'-:—;; (3) at 7;1‘,._/:(.‘3;':11('2 and

(4) at the outer edge of the boundary layer Q/“)e . Here Ro is the

radius of the cylinder in cm, and f, is the initial pressure in the

test section in mm Hg (In all cases the initial temperature is 298°K. ).

2.  Experimental Results

The heat transfer rate at the stagnation point of a circuiar
cylinder spanning the shock tube test section is measured by utilizing
the film resistance thermometer described in Section III. A. Two
brass cylinders 12.5 mm and 5 mm in diameter were investigated to
determine the scale effect (if any). The sputtered film, which is

12. 5 mm
. 020" wide and 1" long for the / - cylinder and . 010" x 1/2" for the
5 mm cylinder, is positioned at the ''stagnation line" of the cylinder,
as shown in fig. 32.

The heat transfer rate at the stagnation region of a blunt body
in the hot flow of the shock tube is well described by a step function
in heat rate; i. e., d, is initially zero, then jumps to a constant

value of 4y when the shock arrives, and remains at that value until

* The exact solution will involve step by step integration of the
boundary layer equations which can be done with modern camputing

apparatus.
Such a solution is given by Rose and Riddell (Ref. 30) who show that

/ ;;/“)e_ in equation 37 is replaced by /ﬂ/‘)‘o,l{y/‘):./
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the hot flow terminates. For such a heat rate input the surface
temperature increases like \(T' By using equations 3 and 10 of
Section III one can easily show that the heat rate 4, is related to gage

response AE by the expression

(T(f M 4E

Z’ = 2o I R,/Z'—’ (41)

NP Ry
The quantity o is the gage constant determined by calibra-

tion (Section III). It is assumed that Io’ R’o’ and this calibration
constant do not change during the test. Io is kept constant by the heat-
ing panel circuit, while R, is measured before and after each run. Its
value increases by 2 - 3 per cent of the initial value at most, Because
of damage to the film and the glass backing produced by pitting caused
by small particles in the air. However, most of this pitting occurs
after the arrival of the conta.ét region, because this flow is particular-
ly turbulent and probably carries small diaphragm chips, and dirt
particles scoured from the tube wall. The proof that the calibration
constant actually remains constant during the "useful life of the gage
is obtained by repeated experiments at the same flow conditions.
These tests did not show any significant variation in gage constant
even for gages that lasted for 30 to 40 runs.

The experimental heat transfer rates are plotted as Z; ' /%-:7
ve. M in fig. 33. These results are compared with the heat transfer
rates calculated from equation 37.with various (ﬁ/v) values. The
experimental results fall generally between the values of the heat

transfer rates based on the external (p/4 )e and those based on
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(ﬁ )average. (Note that at this range of Ms,(/p//. )average based on
average temperature and average anthalpy are almost identical). At
the lower Mach numbers, (4<M;<é), the heat transfer rate tends to
be closer to values obtained using (f/« )average; but as M, increases
a shift towards the rates predicted by using !,O/Q)e is apparent. The
scatter of the experimental results is rather small and actually falls
within the expected accuracy of about + 5 per cent.

The theoretical prediction based on the analysis of Reference
28 agrees very well with the experimental results. The fact that at
high Mach numbers the heat rates approach the values based on (/49/()e
may be caused by inaccuracies in our knowledge of the transport
properties such as Pr an‘d/< . It would be very interesting to .obs erve
how this trend developes at higher Mach numbers.

Although the stagnation enthalpy experienced in these tests
corresponds to free flight Mach numbers up to 10, the flow Mach
number in these tests ranges from about 1.6 to 2. 0. Even at these
low Mach numbers, however, the pres subre distribution on a cylinder
obtained in wind tunnel tests follows the modified Newtonian
approximation very closely over the first 40° - 500, i.e,, C /C

2 . . P Pmax
= cos 6. This fact will be discussed in more detail when the heat
transfer rate distribution over the cylinder is described. It is suffi-
cient to note now that although only the high enthalpy is exactly
simulated, the flow Mach number is still high enough to enable useful
data. It will be of interest to repeat these experiments in an expand-

ing nozzle where both the enthalpy and the Mach number may be

simulated.
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B. Heat Transfer Rate Distribution over the Surface of a Circular

Cylinder

1. Theory and Calculations

The calculation of the heat transfer rate on a body with a known
pressure distribution and a laminar boundary layer at a very high
stagnation enthalpyzlso discussed in Reference 28. The existence of a
laminar boundary layer over the forward portion of a circular cylin-
der in the shock tube flow can be justified mainly by the low Reynolds
numbers experienced (fig. 22). This a priori assumption can be
checked later by comparing the experimental data with the predicted
laminar values. |

The heat transfer rate distribution is given in equations 12 and

12a of Reference 28, as follows:

-Zﬁ - )g ) (ui)/u)e, 1/&: 2
/1’ ° e (42)
Y //*v/ ok M N
where Elo, is the heat transfer rate at the forward stagnation point, and

w m/u /RT.

The additional approximations involved in the derivation of this

- %

relation are as follows: (1) The effect of the local pressure gradient
parameter,/’&' » on the local heat transfer rate is negligible for

_E__S_E >2 1. (2) The local recovery enthalpy is identical with the
W

Mg,
stagnation point enthalpy h_.. (3) (_,(_)3: is a constant over the body
<

surface. In Appendix A the effect of each of these approximations is
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examined in some deta;.il, and the individual corrections to the heat
transfer rate are found to be small. Moreover the effect of the
variable /@_ and W%e, over the cylinder surface tend to increase ¢
by about 2 to 3 per cent, while the effect of the corrected recovery
enthalpy is to reduce ¢q by about 5 per cent. Thus these corrections
tend to cancel each other, at least for Tl_ss_g >z 1.

The local pressure and velocity ar?av related by the momentum

equation. Since the expansion around the body surface is isentropic

this relation can be written as:

' =4
(&u") 7—14.£ LI @7),] o (43)

\.,,

\

Therefore, equation 42 can be rewritten as

Lo % [ - ﬁ""
R R

e [ & ()]

By utilizing this equation one can calculate the local heat transfer rate

from the known flow properties and local pressure distribution.
For the case of the circular cylinder k = 0, ds = Ro de and

the relation for the heat rate distribution is then



b g}ﬁ/?/—(ﬁ)%J}/;ﬁ] "~ (45)
X r
The experimentally-measured pressure distribution on a circular
cylinder at various Mach numbers in wind tunnel and a shock tube is
shown in fig., 34. These measurements are obtained in & wind tunnel

(Ref. 31) and in a shock tube (Ref. 32). When these measurements

are reduced to the form of C_/C s
P Pmax
in this range of Mach numbers, 1.8 to 6.0, C_/C is very well
P Prmax

approximated by the v::c:s2 0 relation predicted by the modified Newtonian

one immediately notes that

theory, at least for 0 S 0= 40° - 50°. Therefore for this range, one

can solve for the heat transfer rate distribution explicitly:

Now,

< S - o

£ = E—/—f~ = cos’® _ DBz SO°

%.. F-R (46)
then E:Cosv@+ﬁ s 0 S .Ei'i f—",.__'__,v

A @ ' Von Moy
and _L,(..‘ 2 - &

Un

The heat transfer rate distribution is then calculated to be (for 8

0° < 9 <50°
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fo ST e+'.:M=- ") ©
Zo [@ (/_,_ —'— 0- 1,)/9 Sm2&— Sin 9):, Yo (47)

The measured heat transfer rates on a cylinder indicated a
smooth distribution up to 0 = 1200, so that a more exact calculation
of predicted heat rate distribution seems to be in order. According
to equation 45, the heat transfer rate can be calculated for any
arbitrary pressure distribution .by the following method:

At a fixed flow Mach number the relation

E:;a
Ga
FWPP - SO

is known (in this case from fig., 34) so that

= 9B) = (5)(/'“-&;")*&1 and J’i’—i is a known function
p 7’ X |

of Mach number and [ . Now the function

Vo

| L
G© = [i’(@)[/ - [; @)] ’ }] (48)

is plotted vs. 6, and the quantity

Her =G

[f G® Ja] (49)

is evaluated by numerical integration,
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From equation 45, f"’{/’ is then given by:
Yy

o |
=l dap - HB)

foo -

This calculation was carried out for the flow conditions in the
shock tube at M_ = M, = 1.85 and for 0°<’ 6 < 120°. The results

of this calculation are shown in fig., 35,

2., Experimental Results

The heat transfer rate distribution on the surface of a circu-
lar cylinder is measured by using the same technique and models
that are used for the stagnation heat rate measurements described
in Part A. 2 of this section. The model seen in fig. 32) is rotated
to position the gage at differer.n: angles from the horizontal axis,
This procedure was repeated in steps of 10° up to 1200, and then a
few tests were run at 150° and 180° measured from the forward
stagnation point. The shock speed is measured for each run
Because of the extremely small scatter of the stagnation heat
transfer rate data, the stagnation heat transfer rate is very well
defined. Consequently the ratio of local to stagnation heat transfer
rate can be obtained with about 5 - 6 per cent accuracy, as shown
in fig. 39, The shock strength for these tests was kept between
M, of 5.5 to 6.0, so that the average M, is about 1.85. Although
MS changes slightly between runs, the effect on the flow Mach
number M, is very small, and this effect is even smaller on the

pressure distribution and hence also on the heat rate distribution.
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In fig. 39, this data is compared with the results of the calculations
(equation 50) described in the preceding section, and the agreement

seems to be rather good.

3. Determination of l.ocal Pressure Distribution from the

Measured Heat Transfer Rate Distribution over the

Surface of the Model

The pressure measurements in the continuous wind tunnel are
probably the most accurate measurements available in wind tunnel
experimental technique. Therefore, it is customary to express the
calculated quantities in aerodynamical analysis as a function of
‘pressures. This statement is particularly true for the heat trénsfer
analysis, where the local heat transfer rate is expressed in terms
of local pressures and pressure gradients.

The measurement of pressures in the shock tube is very diffi-
cult. However, the heat transfer rate can be measured to a fairly
good accuracy, as is evident from the present data. In many cases
one would like to know the local pressure on models in the shock tube
flow. The heat transfer rate distribution is related to the local

pressure by equation 42 of V.B. If W, = We, , then

ﬂ:ﬁ&’gf_ K;« m

b [f@; ds ) 1" s > 2 ahe)

(51)
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Let Q = qw/qo and P = (p/péJ ) (-ué/ue), now by squaring and differen-

tiating with respect fo s, equation 51 becomes

Kk Io/l)_? AQ kf(/Vu }/{G‘@z =
o [z 75 %" As EZ?FTJ ¢

or

By integrating this last equation one obtains
S
o @ K
Z TR ds
o .

This equation can be solved for some special cases
(1) Circular Cylinder

Herek =0, ds = Ro do, and equation 52 becomes
v
?-08 [ ade -
4]

(2) Sphere
k=1 ds = Ro de, Ty R‘o sin 6, and the relation

becomes

e

o

and P can be expressed in terms of p/pé by the relation
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f

Y- /‘\/

P & () -]

The heat transfer distribution over the circular cylinder is
measured as shown in fig, 39. So, combining equations 53 and 55

one can compute the local pressure on the cylinder. This result is

shown in fig. 40 where cfé = ﬁ/ﬁ'"’ f;’%ﬂ-’

with the pressure distribution measured in the wind tunnel tests at

is compared
the same flow Mach number (Ref. 31). The agreement of these
results is remarkable and adds to our confidence in the experimental

results and in the theoretical analysis of Reference 28.

4. Schlieren Study of Flow History on a Circular Cylinder

The application of data obtained in the quasi-~steady shock tube
flow to problems of steady flow depends o,n‘the possibility of establish-
ing equilibrium conditions in the flow around the model. Therefore a
study of the process of formation of the pattern on a circular cylinder
was made. Schlieren pictures taken at various times after the shock
wave passage were obtained (fig. 41). From a series of such photo-
graphs one can observe an equilibrium shock position which is
reached in about 50 M sec. Figure 42 shows a typical flow pattern on
a 1/4" circular cylinder in the shock tube. This time delay for the
e}stablis‘hment of the equilibrium flow checks with the observed
behavior of the stagnation point heat transfer .ra,te, which starts almost

with a jump, and takes up the parabolic rise only after about 25« 30/,sec.
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The equilibrium detachment distance is plotted as a function
of the flow Mach number in fig. 43, and compared with wind tunnel
data (Ref. 33). In the shock tube flow the shock wave is cloger to
the body, and this result is expected because of real gas effects, i.e.,
the inérease in density ratioc across the shock wave compared with

wind tunnel conditions.
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Vi. SUMMARY AND CONCLUSIONS

This report presents a systematic investigation of various
applications of the shock tube to aerodynamic research. Because
of the extremely short duration of uniform flow the experimental
technique presents a major obstacle, Therefore the thin platinum
film resistance thermometer was developed as an instrument for
measurement of local heat transfer rate, By utilizing this heat
transfer gage and a schlieren optical system the shock tube flow
can be accurately calibrated, thus providing a known environment
for experimental studies.

The thin platinum film gage, properly calibrated, provides
an accurate measurement of heat transfer rate distribution on the
surface of the model. This technique was evaluated on a body of
simple geometry, where a theoretical analysis is also available -~
i.e. a circular cylinder. The theory also makes possible the inverse
process, namely, the evaluation of the surface pressure distribution
from the experimental heat transfer data. This technique for heat
transfer measurements can be extended to models of other geometries
and to heat transfer studies in various interesting flow fields such as
wakes, nozzles, etc.

The direct pressure measurements in the shock tube present
a very difficult problem. Inherently the shock tube flow is transient
for any mechanical system, exciting resonance vibrations and de-
manding extreme response time. Further work on the development
of pressure gages and other techniques for transient measurements

is required,
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However even with the present available instrumentation
techniques the shock tube can be very useful for the following
applications:

l. Heat transfer and aerodynamic studies at high stag-

nation temperatures.

2. Low Reynolds number investigations.

3. Physical-Chemical investigations at high temperatures.

4, Magneto-hydrodynamic investigations.

The extremely short duration of the shock tube flow, although
presenting a very difficult experimental problem, enables one to ob-
tain very high temperatures and velocities contained within ordinary

laboratory structures.
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APPENDIX A
EFFECT OF CERTAIN APPROXIMATIONS ON THE CALCULATED
LOCAL HEAT TRANSFER RATE
In deriving equation42(Part V.B.,1) for the heat transfer rate
distribution over an arbitrary body, the following approximations are
introduced: (1) The effect of the local pressure gradient on the heat
transfer rate is negligible for hse/hw >> 1; (2) the local recovery
enthalpy is given by the stagnation enthalpy; (3) the quantity
W = /YRT is a constant over the body surface equal to u)ec .
Each of these approximatior;.s is now examined to determine the overall

error involved in the predicted local heat transfer rate.

1. Effect of l.ocal Pressure Gradient on Heat T’ransfer‘Rate

As an example of the effect of the local pressure gradient on
local heat transfer, we may refer to the calculation of Cohen and

Reshotko (Ref., 34) for the ''similar solutions' with constant specific

heats, T =1, and /ﬂ/“ = const, The heat transfer rate function
g! 5! _
-1—?7—- S -S-‘-V-— is calculated in Reference 34 as a function of for
Bw w hw .
various initial enthalpy ratios g(o) = Bw = T{_ . I—Iere /4-3 is a
3 AHMe

ressure gradient parameter given by where

P,V g P g Y /3 M: 7%

€ is a distorted distance along the surface defined by the relation
S lK
[ pupatia 5 d s
[~4

- (Refs. 28 and 34.) At the forward stagnation point of a circular

-~ gwg

cylinder ﬂ =1and y— = 0.50 for hw/hs'e Z< 1. Now /;'
W t

varies over the cylinder, but the function 1—_%— is not very sensitive
- Cw
to the value of /5 when g_ << 1; therefore the variation in this
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function can be estimated by using the local similarity approximation,

By the definition of (’5 and s for a two-dimensional body

( k=0
s
ﬂ/oﬁe/ﬂe”e/S _%Me
He o fre e d s A-1
?/7);-'1
RO (- M) - P
But _;Pg__z( 7 e , and /—Rf , s0 that

o Ue . £/,
By substituting the value of T in terms of ¢’ from

o -4
equation43of Section V.B. into equation 2 above, noting that

0(5 =R, d@ for the circular cylinder, and taking %ff‘_% [+ ome
ey
obtains finally

BB e
P f_ [ «‘%’-] [ j

Now, given the experimental pressure distribution ‘%, (@) at

the required Mach number, g can be evaluated. The result of
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such a calculation for the shock tube flow at M, = 1,85 is shown in
fig. 36. This calculation shows that for the values of 8 between 0

'
and 90°, /§ varies between 1 to 1.5, so that T—% actually increases
only by 2 to 3 per cent, For 6 from 90 to 120° th:,value of /:-3— drops
sharply almost to zero because of the flattening of the curv? of p/p;
vs., 8, but even at 8 = 120° where /'5’ = .1 the parameter _ig_;v_vg_ is
decreased by only 10 per cent as compared to the value at ﬁv"’:

(6 = 09 (fig. 37).

2. Effect of the Recovery Factor

For simplicity the local recovery factor was assumed to be 1,
so that the recovery enthalpy along the surface is constant and equal
to thé stagnation enthalpy. Actually the recovery factor for a laminar
boundary layer is about .85, and the recovery enthalpy is slightly
lower than the stagnation enthalpy. We shall proceed to show that
this effect is also very small.

The recovery enthalpy hr is defined in the following expression:

e’

e
= J— (- -
h=hs, [ 1= ( 2o A4
where r is the recovery factor and has the value of about .85 for
laminar boundary layer., This relation can be expressed in terms

of the local pressure as

}‘ av R Un
hs. = -0y U pr [/_(”?) ]zhs,, A-5
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The calculated values of hr/hse are shown in fig, 37 for the
circular cylinder. This calculation shows that hr/hse decreases by
about 5 per cent at most over the body.

W
3. Variation of ¢ we,

The function

gu—f'—: "’~(K7’)€o = e.me T;o

Pr——

We, }(eo [Rﬁe ’/ue‘, Weod Te

depends mainly on the local enthalpy and is virtually independent of

w)
pressure, In fig. 38a,b this function T/Ji plotted against h/h%?‘f

o .
where W, is evaluated at 0°C and h298 =T71.3 ;VL for air at

298°K. For small enthalpy differences the value of the change in

h

w/
is rather small, At large enthalpies— > 50 , 775 becomes less
198 ° |

sensitive to the value of the enthalpy so that the assumption that the

variation in -(-/—Jf over the body surface is small is a good approxi-
€y

mation, For the case of the cylinder, the local enthalpy, he’ is

he Ul 2T g 5

h
Now, the value of W., is obtained from fig. 38 at hse
h 298
is evaluated at < . The value of --u—i'-= is about 1,15 at 8 = 120°.
h298 e,

However _&—j appears both in the numerator and the denominator
€e

3 and (Ue

of the heat transfer rate expression, (equation 1, Part V.B.1), so
that the effect of this change will be even smaller than the 15 per
cent indicated,

Now, let us summarize the results of these estimations of the

corrections to the heat transfer rate calculations. It is evident that
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these corrections are indeed small. This fact justifies the a priori
assumption in the a.;xalysis. Another important fact is that these
small corrections;opposite sign tend to cancel each other almost

everywhere on the body and the agreement of the calculated results

with the experimental values can be expected to be good.
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- E

Al

R6§ ‘l'l':

| LG

Lo
Micro Mercury Switch

Oscilioscope
Connection

©)

Switch -
|

Nutl )/‘\
Indicator \)

R¢= Calibrated Film
Ro=R3=R4=57 Ohm
Rg= 270 Chm

Rg= 1000 Ohm

P, .= 10G0O Ohm Pot.
C=600uF

FIG. 7 — CALIBRATION CIRCUIT
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ZOO/use'c

2 msec

20 msec

{a} Stable Resistance

200 /u.sec ZO/LLsec
2 msec lO}Lse‘c
20 msec 4,Msec

{(b) Resistance Gage

FIiG. 8

CHARACTERISTICS OF CALIBRATION CIRCUIT
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FIiG. 9

RESPONSE OF GAGE AT "STAGNATION LINE'" OF A CYLINDER
M = 6. 44; P, = 2.4 mm Hg;

Sweep = I)L sec. /div.; Sensitivity = .05 V/div.
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FIG. 10

GAGE RESPONSE AT THE STAGNATION POINT OF A CYLINDER

Sweep = 50 U sec. /div.; Sensitivity = .05 V/div.

Top: Mg =7.10 P =2.5mmHg R_=48.90 I =20 ma
Center: M =7.03 P =2.6mmHg R =5l50 I =20 ma
Bottom: M =6.53 P, =57mmHg R_=5230 I =20 ma



(k]

FI1G. 11

GAGE RESPONSE ON THE SHOCK TUBE WALL
Sweep = 50 i sec. /div.; Sensitivity = , 005 V/div,
Top: M= 6.41 P, = 5.4 mm Hg I

45.31)

45,30

o 15 ma Ro

Bottom: M = 6.08 P, = 4.6 mm Hg I

1 15 ma Ro

o



P




80

Mo862= L “MiV NI IAYM MOOHS TVWHON V SSOHOV OIlLVH ALISNIC -¢1°914

S

0z 8l 9l b N O 6 8 L 9 S v £,
BH WW QO] ———— |
PHWW G —-—
bH ww | —ur | 4+
]
v / 4 B o \ o
P
)74
P
- \\“\\\ 8
\\\\\Q *Q
\\\w\ %d
e O
\“\\\\\H‘\\
\\\\\\\\\\\\
— \\\\ - - e — 2l
L~ \\\Mf\\\

\ b
. L1 9l




81

S
W
0¢ 8! 9l ! 2l oL 6 8 L 9 6 v ¢ 5
B bH ww ol ———— b
i bH wwg —— » 9
by ww | —— \\
S ’ 8
A
Zdub o]
/ 2
P!
S 9l
o’ 8l
\\\\“ 0<Z
\ P
LT F 22
" -7
e
Sl o ve
\\

9¢

MoB862 =1 ° HI¥ NI ¥OOHS TVWHON VY SSOHOV Ollvd 3HNLVHIdW3ILl-tl 9l



82

Mo862 =11 ‘YIV NI dAVM MOOHS TYWHON V SSOHOV OlLvd 3I¥NSS3¥d-Gl 9l

02 81

9l

S
pr W g

Ol

6 8 L 9 g

vt €

V.

P

/

\

\

Ol



83

o862 = 'L “MIV NI IAVYM ¥DOHS .QIHOVLIA IHL SSOMIV
GNY 3AVM MOOHS TVWHON V SSOMOV OILVH 1H9I3IM HVIND3TOW-91'914d

S
02 . 8l 9l ! 2 ol 6

dmI EE_O_I||| A
b wwg -

o't

\

\

- ¢l

vl

9l

8l

0¢

E"IE



84

o862 = '1 “ALISN3Q HIV IVILINI FHL
OL JAYM MO0OHS TVWHON (Q3HOVLI3Q V aONIH3E ALISN3IAQ 3IHL 40 OllVH¥ ~Z219l4

S
02 8l ol b W o5 o0 6 8 . 9 8 v &
N T A
. /g
b
m /
4 Ol
BH wwQ| ———— o \
bH wWwWwg —-— | |
B Ww | —— “. 4 i
n e | \\\ L
v
LA
B R R :\....,.-.%:1:11I:%A,A.:::\\M_\ |
. d
\\AHN \ 2 T m..ll
=T ; d
\\\\\\\\\u“\
\\\\\\\\\\
A== L x
\\.HH\\\\.\ R
O0I
002



85

02e

S
“ ol vt N g o 6 8 4

i 1 i 1

Mo862 ='1 ‘IHNLIVHIAWIL ¥IV TVILINI

3HL OL 3AVM MOOHS TTVWYON (3HOV13d

vV ANIH38 J4NLvH3IdW3L 3HL 40 Ollvd-81'014

]

.

7

/
\x\
/2
7
\\\\
2
BH WwWQ]———— S
bH Wwg —-— _ \\\\
bH wu| —— Vs
i
T 4 B
" .z
\\\\\\\\\\
\ .\‘\\\\u\

\

\

Ol

02

01

ot



86

Mo862 = 'L ‘IYNSSINL HIV

TVILING 3HL OL 3AVM MOOHS TVWHON G3HOVL3Q Vv ONIHIE JHNSS3¥d 40 OlLvH-61°91d

s
02 8l ol p Wz o0 6 8 . 9 & v ¢
02
bH wWwWQ| ————| Vi
bH wwg —-—
B wuw | - I
= e e W)
\ N
] - 7 _
/ _d_
S
m.O_

Ol



Mo862="L ‘38N1 WHOLINN 3IHL NI 3AVM NOOHS ONIAOW GNIHIE H3I8WNN HOVIN MOTd4 — 02 '9ld

02 8| 91 Y1 W 21 It 0ol & 8 . 9 S b ¢

T

S ot i

; 71091

i
m \
- .. e i — —mn e e s PRSI — .

e og'|

by WWQ} — - — — — — 7 00¢

0cc¢

o
T
£
£
AN
N
\\\\

ot
oI
- 092

87
, \\\\
; N

08¢

00¢

oc'e

nie Oot'e




88

16 '
|5 - :_ //'
14 . //
4 j/
Ay svad
13 T
/////
.|‘2 | :/7 I
'uéll’o / V///
cmsc! | 74
| 1/
| , |
9 ///
v E
8 | /// i
|
. 5 /// SUTHERLAND EQ. | mmHg.
// —--—-—iOmmHg.
/
6 .
/ HIRSCHFELDER EQ” | mm Hg.
/ —— ——10OmmHg.
5 !
/ N
/ | -

2 4 6 8pm. 10 12 14 16 18 20
S :

FI1G. 21

VISCOSITY OF AIR BEHIND A STRONG SHOCK WAVE,
T,=298°K
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FIG. 22 ~ REYNOLDS NUMBER IN FLOW BEHIND THE
MOVING SHOCK WAVE IN THE UNIFORM SHOCK TUBE,
T,=298°K
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FIG.24-MEASURED DURATION OF "HOT" FLOW IN
THE UNIFORM SHOCK TUBE
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FIG. 30~ HEAT TRANSFER RATE (CAL./CM%SEC)AT
THE STAGNATION REGION OF A CIRCULAR CYLINDER

T, = 298°K
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FIG.36-VARIATION OF THE PRESSURE GRADIENT
PARAMETER B OVER A GCIRCULAR CYLINDER
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From Heat Transfer Data
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A From Wind —)\
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FIG.40-COMPARISON OF CALCULATED PRESSURE DISTRIBUTION
ON A GCIRCULAR CYLINDER BASED ON HEAT TRANSFER

DATA WITH PRESSURE DISTRIBUTION MEASURED IN
WIND TUNNEL AT My=1.85
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FIG. 42

FLOW ON A CIRCULAR CYLINDER IN THE SHOCX TU=RT
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FIG.43-

COMPARISON OF SHOCK WAVE DETACHMENT
DISTANCE IN FRONT OF A CIRCULAR CYLINDER

MEASURED IN THE SHOCK TUBE AND IN THE
WIND TUNNEL




