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An experimental study of the effect of the injection of nitrogen
and helium coolant gases at the stagnation point of a blunt body was
carried out in the GALCIT Hypersonic Wind Tunnel at a Mach nuwmiber
of 5.8. The gases were injected straight out of the stagnation point
and alse tangential to the body surface. The model was also fitied
with flow separation %E@%ké%c

The injection of the coolant gas resulted in a marked reduction
ia the model equilibrivm temperature, and this cocling effect persisted
over the eutire length of the model. For the same mass flow, helium
was & better coolant than m&ﬁ;r@gm};

The average heat transfer near the nose of the body was reduced

sfpes

almost to zero by injeciing a mass of helivz a5 small as 3 per cent

3

of the mass flow of free~stream air contained in the ‘'capture' area
?%’Efig of the spherical noss,

Separation near the spike tip was observed up to a ratioc of spike
leagth to spherical nose diameter of 1. 78 and a frec-stream Reynolds
number based on nose diameter of 2.84 x i%ﬁg resulting in a value of
the foredrag coefficient which was one-third the value with no spike

attached,
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LIST OF 8YMBOLS

a radiueg of thermocouple wire
A ares
A rea at M= 1
b thickness of model sgkin
c specific heat
C foredrag coefficient iﬁg,j 2p U g}éﬁ'ﬁf g}
D £ g ient, {z Py Uy, Woky
-
C pressure coefficient, (p=-p }ip U}
P oo o o
< pressure coefficient at stagnation point of spherically blunted
Prnax cone model, no injection
D diameter of outer surface of spherical nose
QF pressure drag, fg;t cos Y dA
F function of time appearing in Appendix B
o~ 3 -
F Laplace transform of F
I heat transfer coefficient in equation g AT, « Th also,
length of deflector cap stand-offs (Figure &) N
s thermal conductivity
K, modified Bessel function of the second kind of order zero
¥y nodified Bessel function of the second kind of order one
L spike length; also, a representative length
N mass of coolant gas injected per unit time
M Mach number
n vector normal to bedy surface
7 distance measured along normal vector
i pressure

e
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heat transfer rate per uanit area

average heat transfer to a segment of area per unit time
conduction term in local or average heat equation
storage term in local or average eguation

total heat transferred locally per unit time, being the sum
of the local storage term and the local conduction term

heat transfer rate per unit area along thermocouple wire

radius in polar or spherical coordinaies; alsoc recovery
B s s L) % Ll

wctor (T - J T =T
= { @é/ (T - T,)

radius of outer surface of spherical nuse

radius of inney suriace of spherical nose
radius of model base

Reynolds number based oun free stream conditions ahead of

shock wave and with spherical nose dlameter as characteristic

length, i.e., Re=p U B
= L] ]

variable appearing in the Laplace transform of 2 function

distance along model surface measured from stagnation point

distance along conical skirt of model as measured from tip
z LY !
of 107 half angle cone

nondimensional distance to a measuring station
time (seconds)

@y = B
temperature { ¥ or "R}

temperature on model surface measured at /R = 0.1
eqguilibrivm temperature

temperature of cooclant as measured in plenwn chamber
Laplace transform of temperature
velocity
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free gtream velocity

distance in rectilinear coordinates; distance along body axis
vertical distance from body axis to surface of model

an of attack

nondimensional ratio (1 = AN}/{(1 + A) in Appendixz A

ratio of specific heats

e
nondimensional 3mamwm param@%:er ém / g iﬁw w B )
also, gamma function in Appendix B -

boundary layer thickness

a guantity small compared to one {Appendix B)
temperature difference (p. 34)

temperature level {p. 34)

polar angle of spherical nose

cone angle

thermal diffusivity k/pe

nondimensional ratio in Appendix A

viscosity

distance from leading edge of flat plate (Appendix C})

constant, 3.1416

density

nondimensional temperature ratio defined in Section IV. L, p. 33
reridian angle of spherical nose

angle between normal vector and horizontal

operator



{ 335 2 gquantity
{ ?m& guantity
(s guantity
{1, guantity
{y guantity
L guantity

Double Subscripts

F = 0 guantity

["é 0 quantity

evaluated at points one, two or for materials one, two
evaluated for model skin material

evaluated at si&gnmi@zé conditions

evaluated at surface of model

evaluated at conditions behind normal shock wave

evaluated at {free givearn conditions ahead of shock wave

evaluated for no-injection condition

evaluated with injection



L INTRODUCTION

The problem of aerodynamic heating for aircrail and internal
propulsion systems has become increasingly important in recent years.
Considerable thought has been given to the problem of an optimum body
shape to minimize the severe heating effects ou & body euntering the
Harith's aﬁm@sg;herei, and algo to the problem of cooling the vahﬁ@lez. %
A rmethod of cooling utilizing the injection of 2 coclant gas direcily
into the boundary layer has shown promise, and much theoretical work
and experimental work at subsonic speeds has been carvied sms"?a
Seme experimental results on transpiration cooling of {lat plates and

B
cones ° 9

in supersonic flow are also available.,

Most of the investigations to date have bsen concerned with
injection of the coolant gas over some porous suriace area on a model
such as & flat plate (see Appendix C) or & cone, where the situation is
cornparatively easy to treat theoretically. The experiment reported
here was concerned with the cffects caused by introduction of nitrogen
and helivm coolant gas through an orifice at the stagaation point of a
blunt body when the body is immersed in a hypersonic flow. The
purpose of the experiment wag to search for new or unusual effects,
both as regards the magnitude of these effects and their relative
importance, so that the work would serve 28 a gulde to theoretical
anzlyses of the problem, and as a guide to morve detailed experimental

investigations. Measurements of pressure, temperature and heat

% Buperscript numbers refer to the reference section beginning
on page 51 .



transfer were carried oul on a basic model shape with no injection.
Thenr the same measurements were made with injection straight out of
an orifice at the stagnation point, and also with the coolant stream
directed tangential to the surface of the model by means of a deflector
cap at the nose. Lastly, flow-separation spikes were mounted on the
model to see whether the equilibrium temperatures or heat transfer
rates were strongly affected in the separation region. This problem
was considered to be of interest because a previous @%ﬁg}m‘imaml@ had
shown an increased heat transfer rate in such a separated region.

The data obtained without injection are compared with theory
and with previous experiments in order to establish a confidence level
in the experimental methods; the resulis with injection are then
expressed as comparative measurements of the quantities. No atterapt
is made to reduce the heat transfer rate data fo the somewhat artificial
form of an equivalent flat plate value for uniform wall temperature.

" The experimental determination of heat transfer is not an easy
problem. In many cases, a local measure of the heat transfer rate
is required as well as an average over some portion of the model surface.
To make a local measurement in the stsady-state case requires the
construction of an internally cooled model so that there is a heat
"sink', The local value of g is determined either by measuring the
temperature gradient through the model shell or by a direct measurement
utilizing thermopile elements called heat me?emu, Recently, the
use of heat meters has shown great promise when the meters are
Yrninjaturized'', so that correciions for conduction caused by axial

12,13

temperature gradients in the model are avoided However,



the accuracy possible with these meters is obtained only after a difficult
and time-consuming calibration.

A high degree of accuracy is not of paramount importance
when one is looking for large eifecis or carrying oul a preliminary

in such

i

urvey, and the transient method offers certain advantages
cases. The model is relatively easy to build and the ounly calibrations
necessary are the siraightforward calibrations of thermocouples and
instrumentation. This simplicity is offget by the fact that the results
are not known with exaciness, because the conduction corvections may
be appreciable and, by the m@:m of the method, cannot be determined
accurately, It was decided to utilize the transient method for obtaining
the comparative heat transfer measurements desired for this exploratory
WOork.

An optimum utilization of the two technigues in wind tunnel
research would seem to consist of using the transient method for
exploratory work covering a wide range of conditions or model shapes.
The most interesting cases could then be more critically examined by
uaing a heat meter model, with the transient data acting as a guide

to the best choice of meter sensitivity and location.
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A spherically blunted cone with a 10 degree cone half-angle
constituted the basic model shape for this experiment. Combinations
of three different injection~deflector caps and four different drag

reduction devices (spikes) were added to this basic shape.

A. Pressure Distribution Model

A model previously used by Machell and @’Bry&aﬁ:lé {Model No. 6)
was utilized for the pressure distribution studies. In order to minimize
the effect of heat conduction along the surface (see Appendiz A), a ,
model with the largest possible nose radius was desired, and their
work had shown that this model was the largest spherically blunted
cone for which supersonic {low could be established in the wind tunnel,

The pressure distribution model was made of brass, and fitted
with sizteen . 016" diarmeter pressure orifices on the spherical and
conical surfaces (see Figure 1}. The pressure tap ai the stagnation
point was enlarged to . 0625" diameter to a depth of approximately . 040",
where it joined a larger passage 0.083" in diameter drilled through the

model from the rear. This hole was used as an injection orifice.

B. Heat Transfer Model

1. General Considerations

As shown in Appendixz A, the criteria for the design of a transient
heat transfer model are that the hemisphere radius should be as large

as possible, that the model should have a2 thin skin of uniform thickness
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with an air space behind it, and that the skin matervial should have a

low therrnal conductivity in order to make the ratio of the "heat storage®
term to the conduction term a5 large as possible. However, there is
the additional problem of the effsct of the thermocouple wire on the

stimate of the conduction leakage loss along the

[
P

measurements., An

bermocouple wire given in Appendix B shows that if the wire diameter

o

& one-half the shkin thickness, the error in the transient skin tem-

foda

perature measurement is less than 1 per cent at the end of five seconds
if the gkin is a good thermal conductor {e. g., metal), while it is about
20 per cent if the skin has a low thermal conductivity {e.g., glass).

Now the heat conduction correction in the heat balance ea;iumié:m
can be determined from the measured data, while the thermocoupls
conduction corvection can only be estimated. Therefore, it was
decided to base the model construction on the requirement of 2 minimum

thermocoupls error and to use 3 plating process to form a thin-skin

metal model.

Z. Electroplating of Model and Installation of Thermocouples

A wall thickness of . 020" was chosen, using Reference 15 as
a guide for anticipated conduction corrections and timme constants
{see Appendix A), and a thermocouple wire diameter of . 010" was

selected. ¥ According to Reference 16 1o 104, example 43,1, the
&< # o & & »

¥ In order to tzsi one of the conclusions from the calculations in
Appendix B, three constantan wires having different diameters (. 0107,
» W21V, (032"} were installed at 9 = 35~ and their readings compared
during the no-injection tests. A 7 per cent scatter in the femperature=
time slopes was noted, which showed no trend with wire size, hence
the theoretical prediction that there would be a small error introduced
even for wires of diameter comparable to the skin thickness would
seem to be justified.
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temperature gradieat through such a thin metal shell is negligible,
50 that the location of the thermocouple in the normal direction iz
not critical. Attachment of the thermocouples to the inside of the
skin {for example by soldering) could increase the local mass of the
thin skin by a considerable amount. Thus, the local mass undergoing
the temperature rise would not be known, A ''msero mass” method of
attachrment was achieved by f{irst making a core to the sxact model
dimensions, less . 020" to allow for the skin which would be plated on
later. Iron was chosen as the plating material. This choice simplified
the model construction by allowing the use of one ., 010 diameter cone
stantan wire at each station instead of a thermocouple palr. A cowmunon
iron wire was attached at the reay of the model, and the iron shell
provided the rest of the thermocouple circuit, #

The inside of the core was drilled out, and smmall holes about
- 808" diameter were drilled through the core wall at the designated
thermocouple measuring stations. (The location of these holes is shown
in Figure 2.) The ends of the . 010" constantan wires were dipped in
dilute nitric acid and withdrawn slowly so as to taper them. The wires
were threaded through the large passages drilled in the core, forced
up through the small holes to the surface, and pulled tight. Then they

were cul off to a height of about . 010" above the surface. When the

% Since the ead of the common iron wire and the actual thermao-
couple junctions might be at different temperatures during the transient
meagureinents, this simplification was possible only if the common wire
and the shell were made of the same material. Otherwise a spuricus
thermocouple effect would be introduced. The correction introduced
by the fact that the shell material and the common wire were perhaps
not made {rom iron of identical purity was investigated and found to be
negligible.
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iron was plated over the core, these therimocouples became fused into
the skin. 7The shell was plated to a depth of about . 040" and then
machined to the correct thickness and shape. The dimensions of the
core and of the finished shell were both checked against a template
using an optical comparaior.

The fact that the core had to be removed while leaving the
wireg intact meant that it either had to be melted out or dissolved out.
The plating solution had to be hot {(about 200°7) since iron-plating in a
roor temperature solution seis up high internal stresses in the deposited
iron and the shell tends to erack. This requirement precluded the use
of wax or plastic as a core material. The core was made {rom aluminum
and was removed by sating it away with a solution of sodium hydroxide.
Thig etching had no effect on the shell or the wires.

This method of atitaching the wires worked satisfactorily except
for the wires near the stagnation poini. Here the plating was most
difficult because of the model ghape, and when the core was removed
the first five wires broke off. When these wires were replaced another
method of attachment was tried which seamed to be egually satisfactory
and was much simpler. Holes about . 008" in diameter were drilled
through the iron shell at the designated stations. The wire then was
threaded through the holes from the inside and pulled very tight, forming
2 good force fif, after which the ends were cuf off and stoned flush with
the surface. No difference in bebavior was noted between the wires
attached by this method and by the first method described above.

The wires were led through a hole in the plastic base, then

through a hollow bakelite sting attached to the base and through a
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length of Saran tubing which came out through the tunnel wall. The model
& & &S
was checked for leaks by pressurizing it and lmmersing it in water.
Thus the whole systemn was made leak-tight, so that the inside of the
model wasg filled with still air at atmospheric pressure during the course
of the tests and there were no heat traansfer effects introduced by aiv

é‘? av A
flowing over the wires or over the inside of the sh o AL U85Y diameter
tube {. 0625 I D. ) was fitted for injeciion at the stagnation point. A
plastic plenum chamber inside the model provided space in which to
measure the coolant gas temperature and pressure just prior to injection.
The wall thickness of the injection tube between the end of the plenwmn
chamber and the stagnation point was held to . 005" in order to minbmize
heat flow along it from the skin. The heat transfer model is shown in

8

Figures 3 and 4.

3. Bpikes and Caps

In order to investigate the effect of injection tangential to the
model surface three different deflector caps were used, as shown in
Figures b and 6. They were made of brass, and were just large enough
to contain the three mounting screws, which were placed in line with
the legs to minimize their effects on the injection flow. The support
legs for cap A were made of such a length that the circumferential out-

let avea for the injected gas was one-half the cross-sectional area of

P

the injection tube., For cap D the ratio was 5:1; for cap €, 10:1,
Flow separation {drag fz‘eéumé@ﬁ) devices in the form of three
spikes of different lengths and ons 20° hali-angle cone were tested,

These were made of brasgs and were f{itted on the caps as shown in
%4

Figures 5 and 6.
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the stagnation pressure upper limnit was 61 psig at the time the test

were run. OUne run wae made at 82 peig by removing thess devices

from: the system. The minimum reservoir pressure for starting the
flow was about 25 psig. with the model installed, and the masimum

. £ O
stagnation temperature attainable was 3007 F. The quantities P, a1 d T

were maintained within . 04 pel and - 275, respectively, during th

pressure distribution and equilibrium tempers
pressure was controlled manually while in by-pass prior to
transient runs, and was held to about - | psi.

b

The tunnel piping upstrearm of the throat had to be modified in
order that a step function in the stagnation {emperature could be proe

vided for the transgient heat transfer tests. Originally, the hot air

{not shown) of about four cubic feet volure, and then through the throat.

Hoewever, this arrangement gave a very poor approximation to the

desired temperature step funciion in the test ssction because much of
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applied at 2, 5, and 10 seconds the computed femperatures as indicated
on Figure Y agreed with the throat probe temperatures within 3%,
Hence the T, readings for the transient runs were measured with the
throat probe. Since the magnitude of T, depended partly upon the tem-
perature of the pre-heated pipe, which could not be controlled accurately,
T o Was monitored for each run by recording the throat thermocouple
output on an Offner pen-type oscillograph.

Four {ine-mesh screens were mounted inside the new piping
and transition section in order to smooth out the flow. The stagnation
temperature variation across the width of the tunnel was z 1°7 measured
oue inch upsiream of the throat. The steady-state termperature distri-
bution along a vertical centerline in the test section where the model

. . R -
was installed varied about « 2 F.

B. Measurements of Injection Mass Flow

The nitrogen and belinin gases which were used for the injection
tests were taken from commercial bottles, passed through a presgsure
regulator, then through a gas {lowmeter, and then into the model, A
calibrated pressure gage just upstream of the flowmeter indicated the
metering pressure. A small needle valve was located just downstream
of the flowmeter. This valve location permitted the mass flow to be
varied without changing the metering pressure, and hence kept the
number of flowmeter calibrations to 2 minimum.

The gas flow was measured with Fisher and Porter variable-
area flowmeters. The smaller mase flows were metered with a tube

and ball-float meter which was calibrated for the two gases by runuing
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it in series with & wet-test gas meter. The larger mass flows were

measured with a flowmeter having a “tri-flat”’ tube for which calibration

Ga

|
M
]
&
84
o
¥
o
el
L

curves could be predicted for variocus gases and metering
The metering pressures were 20 and 30 psig. It is estimated

2% S Ly ke 3 ‘% & e % %

that the mass flows were measured with - 3 per cent error for the three

lowest flow rates of each gas as measured with the small flowmeter,

L * . e N .
and = 6 per cent error for the largest flow rate of each gas as measured

with the large {lowmeter.

GC. Transient Temperature Instrumentation

The measurement of heat transfer by the transient methed
requires multi-channel recording equipment to record the output of the
model thermocouples ag a function of time. This equipmnent has to
have a fast response and a relatively high sensitivity (in the microvolt
range for some applications). The sensitivity has to be variable to itake
care of widely different heat rates at different points on the model;
for example, for a blunt body the thermocouple cutpuis at the stagnation
point and on the afterboedy may differ by a factor of ten. The sensitivity
alzo has to be variable in order tc acconunodate different heat rates
at a given measuring station which may be brought about by changing
the test conditions {e. g., pﬁE or by injecting mass into the boundary
laver.

The instrumentation described here was originally intended for

i {see Appendix C) where thermocouple

use with a flat plate mor
cutputs on the order of 10U microvelts at the end of ten seconds were

expected. Therefore, high sensitivity was required in the recordiag



surements

instrument. Although sensitivity
ou & blunt body, where the heat vates were considerably higher, the high

sensitivity was useful {or some tesis with injection, and the instrumens

&

9

tation as developed had many advantages when compared with more
conventional oscillograph eguipmesnt.

The temperature-time dala were taken by sampling the cutput of
the various thermocouples with 2 stepping switch, amplifying the output,
and displaying the informaticn on an oscilloscope. ¥ Figure 10 shows a
wiring diagram of the system. Each component will be discussed in
detail.

Eighteen constantan wires and one cormznon iron wire were
brought from the model t¢ the measuring area through 2 conduit, and
were connected to terininal strips. In order to avoid ground loops,
which were found to have an effect on the measured voltages, the model
and wires were 'floating' electrically before being connected to the
terminal strips. This also reduced the noise level, which was found

5,

SV 1]

P

nadinissable when the model was grounded to the wind tunnel. %%

Foa

-

The conduit was electrically insulated, and grouanded at one end. Eight
congtantan wires and one cominon iron wire led from the terminal strips
to the stepping switch. These could be conaected to the wires frowm the

rwodel in such & way that any eight stations could be monitored duriag

5

¥  This method was suggested by Mr. Paul Baloga of the wind
tunnel staff, whose %zeip with the development of the instrumentation is
gratefully acknowledged.

B xls

#% QOnce when the model wasg m&av&rwmz; grounded to the wind
tmmel, the pulsing of the syacaraﬁ:ren magnets in the anext building was
picked up on the oscilloscope!
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the cyclic measuring period or, if desired, fewer stations could be
monitored with an increased frequency. All wiring up to levels 4 and 5
on the stepping switch was iron and constantan. A commnon cold junction
was used for all thermocouples.

A 22 point, 5 level stepping switch was used, (see Figures 10
and 11} four levels being employed for the thermocouple signals and one
{MNo. 3) for the triggering circuit for the oscilloscope. The stepping
switch came equipped with & sclenoid and ratchet to move the wipers,
but the pulsing of the solenocid disturbed the oscilloscope trace. The
solenoid wae replaced by 2 small synchronous motor and a chain drive
attached to an eccentric which moved the ratchet. This modification
had the added advantage of allowing the cyclic measuring period to be
changed simply by changing the gear ratio of the drive. The swiich
was wired so that a given thermocouple was sampled by the wipers with
all other thermocouples disconnected and then, at the next point, the
same thermocouple was sampled but with reverse polarity. The
reversing was done by levels 4 and B. This procedure kept the traces
syminetrical about the horizontal centerline on the cscilloscope face.
{Gee Figure 12{a). ) It also decreased the reading error, since the fotal
beam deflection represented twice the input, and eliminated any error
caused by drift of the amplifier.

The thermocouple gignal was {ed from the stepping switch to a
"Tektronix' type 122 low-level A. C. preamplifier which had a gain
of 1000 times. The frequency response was adjustable, the low {reguency
cutoff %@@ing set at 0. 2 eycles and the high frequency cutoff at 1 kilocycle.

From the preamplifier the signal went through the D. €. iaternal
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amplifier of a "Tekirvonix” type 512 oscllloscope and was then displaye
on & flat-face cathode ray tube. The traces were recorded by taking
&7

a picture of the tube with a Polarcid cam type 46 film. The

recording equipment, with the exception of the cscilloscope, was
enclosed in a copper screen shield. The preamplifier, stepping swiich,
etc., were all insulated from the shield. The oscilloscope case was
grounded.

L to add to or

ﬁh

A precision-resistance voltage divider wag use
subtract from the thermocouple cutput from the model just prior to
malking & run, so that the initial input to the oscilloscope was approxi-
mately zere. To provide for maximum utilization of the space available
on the oscilloscope face, it was necessary to keep the initial deflection
of the beam as small as posgsible.

The maximum sensitivity of the system was approximately 5
microveolts per centimeter of beam deflection on the vscilloscope face.
The noise level of the measuring circuit with zero input was less than
5 microvelis, as shown in Figure 12(c). The contact noise level when
the stepping swiich was run with the input "shorted" is shown in Figure
le{d). BSensitivities of approximately 150 and 500 microvolie per centi-
meter were used when taking data, giving noise to signal ratios of less
than 0, 03.

By referring now to Figures 10 and 12(a), the seguence of

st before the wipers reached the

g,

events can be followed in detail: Ju

fir st point, the cscilloscope beam: was w:ﬁéiing at the lefi-hand side of

&

the trace. At point one the beamn was triggered and began to move.

Foint two was a ''short”. Al point three the {irst thermocouple was



sampled and the beam was deilected by an amount proportional to the
thermocouple voltage. This L. C. voltage signal immediately began
to decay because of the operating characteristics of the A. C. amplifier

in the system. At point four the negative of the {irst thermocouple

garn returned by an amount sgual to the

e

output was sampled. The
original digplacement (oot back to zero because of the small displace~
ment caused by the A. C. decay) and then kept going another equal amount
in the same direction. The signal then again began to decay. ¥ At

poini five the secound thermocouple was samipled, and go on., Thus the
total amount of the beam dsilection corresponded Lo twice the input
voltage. A "short' at point 11 provided easy identification of the

traces, and three shorts at the end of the seqguence dii@a‘wﬁ& time for

the beam to return to the left side, ready for the next trigger. Thus
eight pieces of data were read in one second. Succeeding sweeps
recorded the data for succeeding times, as shown in Figure 12(b}.

r""si

The tirne base was determined

ﬁ’z

by tisning several sweeps with a stop

watch. The timing was estimated to be accurate to within 2 per cent.

This recording system: has the following advantages: high
sensitivity, versatility, low cost labout 5100, not counting the oscilloscope
wiich was already available, as opposed to several thousand dollars
for mulii-channel recorders), and the fact that the iraces can be

B

observed through & viewing hood while the run is being made. OF

% The preawmplifier low frequency cutoff setting of 0. 2 cycles
gave the slowest decay rate and hence the nearest approach to a square
wave trace on the oscilloscope. The high {requency cutoff & "igsg of
1 kilocycle gave the sharpest wave peak ém‘ the sampling raée of 1

second per sweep.
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E. Pressure Distributions

The model was adjusted to zero angle of attack with respect
to the free stream by differeantially moving the sting support rods until
the pregsures read by the two orifices located at the same value of s/R
were the same. This procedure was followed for each nose configuration
for the no-injection case. Thesge adjustments in angle of attack amounted
to less than a £° change from the initial horizontal alignment of the
maodel. Since nwmercus configurations and injection conditions
had to be tried the model was not rotated about its axis to average out
any cross-flow asymmetries. The pressures were read on vacuums
referenced manometers using silicone oil (for pressures less than
about 6.5 cm. Hg.) or mercury. The estimated reading error was
Tos per cent.

The stagnation pressure P, was measured one inch upstream of
the tunnel throat, and the quantity gz@’/ p, was determined from the
measured pressure at the stagnation point (no injection). This quantity
gave a free streamn Mach number from which the free stream static
pregsure was computed. At the stagnation point,

# -
p@ Pﬂs{i

4

C =
B feat:nd

%

Bl

The pressure data is represented in the form ai‘iiﬁ/é:i vs. §/K, with
Proax
the same value of C being used to nondimensionalize the pressure
max ‘
readings measured with injection and with the spikes and caps,
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. Rguilibrium Temperatures

The equilibrium temperatures for the various test configurations
and conditions were read by measuring the culput of the thermocouples

3 4,

in the heat transfer model while the tunnel was rununing in a steady-state

£3.
T
Ll
£
7
[
™)
By
g‘—é
K]

condition. The temperatures were read on a Leeds and |
"opeed.O-MMax' self-balancing potentiometer, and are estimated to be
accurate within = 1°F, The stagnation temperature T was meagured

by the thermocouple throat probe.

For these tests, and for the heat transfer testy, the model was
aligned horizontally and was not moved therealter,

The temperature of the coolant gas was measured in the plenum
chamber &' upstream of the injection orifice. It is conservatively
estiznated that the gas may have increased in temperature at most 5%
because of heat being transferred from the tube to the gas as it traversed

this short distance to the orifice,

G. Heat Transfer Test Procedure

The plant was started with valve & (see Figure 7) in the "by-pass®
position and valve B throitled, and the plant was allowed to reach some
eguilibrinm femperature and pressure condition dependent upon the test
section conditions desired. Before a test run the piping {rom valve
to the throat was haated to approzimately the stagnation temperature
by varying the current to the anichrome heating wire with the aid of a
"variac’ voltage regulator, while the pipe temperature was monitored
by means of several thermocouples soldered along its length. After

about one hour of operation in by-pass, the test section was evacuated



ecessary, the coclant gas then was turned

{ z«i
Lad

by opening valve
on. Next the voltage input to the oscilloscope was adjusted to approxi-
mately zero by using the precision voltage divider, and a picture of the
“tare' sweep on the oscilloscope face was taken. Lastly, the recording

oscillograph which monitored the stagnation temperature as measured
by the throat probe was started.

The command to change valve { to the "run' position was given

when the beam was in the middle of a sweep. This peint constituted
time zero. At the start of the next sweep, the camera shutter was opened
and left open for the remainder of the measuring periocd. When the
transient measurement was concluded, normally in about 15 seconds,
the air was directed back through the by-pass line., The model was
allowed to cool down to some iscthermal surface temperature condition

{typically near room temperature), in about 10 - 15 minutes, and the

g equence was then repeated.

. Heat Transfer Data Reduction

The voltage~displacement relation for the oscilloscope was
determined by "shorting" the eight inputs to the stepping switch and
then sampling precise, known voliages which were applied to the circuit
by means of the voltage divider. (This voltage source had been calibrated
previcusly with 2 Leeds and Norvthrup K-2 potentioineter). The resuliing
oscilloscope traces were photographed. The polarocid type 46 film
produced a transgparency of the trace which was projected on the ground
glass screen of an optical comparator. A magnification factor of 10

times was used, which corresponded to a net magnification of 4. 1 times



compared to the true size of the trace on the oscilloscope. The lengths

L (Pigure 12(a) ) were measured on the ground glass to within ~ 1 ram.,

{6}

then divided by two to give the actual beam defiection corresponding to
the input veoltage. The resulting voltage-displacement curve was linear,

and the slope was repsatable within 1 per cent over a period of months.

A pample iron-constanian thermocouple was made up and cali-

brated by suspending it in an oil bath of known temperature., The
regulting temperature-voltage curve was linear within the temperature
range used in the experiments. The slope of the curve dﬁfﬁ’er@& by only
0. 5 per cent from that iﬁremcm& inn the thermocouple *aniew

By multiplying the calibration conztants
& ]

%

{microvolts per cm.} x igg per microvolt)

a constant calibration factor was determined for cach sensitivity setting
of the oscilloscope,

The cscilloscope traces from the heat transfer runs were read
by measuring the peaketo~peak lengths L on the optical comparator
as described above. These lengths, when ded by two and multiplied
by the appropriate constant, indicated the rise in temperature {GF}
above the initial wall temperature as a function of time. These data
were then plotied, a curve faired through the points, and the slope

measured by using a straight-edge with & prism attached to aid in

determining the tangent. Sumple curves for the no-injection condition

o

are shown in Figure 13. For thermocouple 3, four thermocouples were
each sampled twice during the cyclic measuring period; for thermocouple
14 eight thermocouples were each sampled once during the cyclic

rneasuring period.

=
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S AND DISCUESIO

A. Schlieren Studiss

Schlieren photographs of the flow over each model configuration
were taken for sach injection rate at a shutter speed of 1/25 of a
second, using a steady BHe-6 light source. The slit and knife edge
were set horizontal for all of the expogures. Some of the more intereat-
ing pictures are included in Figures 14 through 29. All of the flow
conditions described here appeared steady when viewed with the
schlieren.

A photograph of the detached shock wave for the conventional
no-injection case {(Figure 14) is included for purposes of comparison.
Figures 15 through 18 show the changes in the flow brought about by
injection straight out of the stagnation point. The injection velocity
in Figures 16 and 18 is estimated to be sonic at the exit of the injection
tube. In Figure 15 the injection velocity is estimated at 400 feet per
second; in Figure 17 it is about 2, 000 feet per second. The shock wave
bulges out around the point of injection in & manner similar to that
cbserved when a thin blunt probe is extended & short distance in front
of a hemispherical bocﬁyggu Injection moves the centerline stagnation
point somewhere upstream of the body, just as in the case of the short
probe. The distorted shock wave has an inflection point as it approaches
the body and then begins {o asswme its conventional shape. The in-
flection point and the shock wave continuing downstream from this
point both lie closer to the body than the detached shock for the no-

injection case because the air passing through the deformed shock is
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not slowed down ag much as through the a@;s.&l detached shock. Thus
the mass {lux per unit area in the flow behind the shock ig higher, and
the shock lies closer to the body.

Figures 19 and 20, showing the flow field with a deflector cap
installed and with injection, are representative of all of the deflector
cap pictures both with and without injection. Here the shock shape is
similar to that for injection straight out of the stagnation point, that is,
the effect is that of a2 protruding short blunt probe. Howsver, for the
cap positioned closest to the acse {Cap A), the shock shape is altered
only slightly.

Figuresg 21 through 24 show the effects of spikes on the flow
around the model. Again, the schlieren pictures with and without
injection are identical. The four spikes give rise to a conical separation
region in {ront of the actual model, and the effective model shape changed
from a blunt body to @ conical body. The reasons for this flow separation
are as follows: when a cylindrical spike is extended in {ront of a blunt
body, the high pressure at the base of the spike is fed upstream through
the gubsonic poriion of the boundary layer on the gspike. The boundary
layer cannot support this pressure gradient. It separates from the spike
and forms a conical "dead air” region with & resulting conical shock
wave. The separated region is conical because the cavily is a region
of consiant pressure, and a conical surface is a constant pressure
surface in the three-dimensional case. 7The separation point moves
forward along the spike until an egquilibrium peoint is reached where the

5 2

cross the conical

&

boundary layer can just support the pressure rise

shock wave. Since it has been shown experimentally that a turbulent
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boundary layer can support a larger pressure rise without separation
than can a laminar layer, two regimes are possible. In one, the boundary
layer on the spike is laminar and the separation point occurs near the
tip; in the other the layer 1::; turbulent, the separation point occurs
somewhere downstream of the tip, and the conical shock is stronger.
The boundary layers on the spikes for this experiment are almost
certainly laminar and thick.® For the 3/4'" long spike and the 40°
cone-spike the boundary layer appears to separate at the tip (Figures
21 and 24); for the other two spikes it appears to separate near the cone
shoulder {Figures 22 and 23). This behavior is in agreement with
results noted at lower Mach aumber for the laminaxr mng’ 23,24, 25.. %
The basic mode of separation (i, e., separation near the splke tip, with
no abrupt movement of the separation point) appears unchanged throughout
a variation of {ree streamn Reynolds number based on spherical nose diameter
i.li = ‘.éii‘% to 2.84 = 1@5, This is in contrast {o the resulis in Reierence 10
at M= 2,67, when separation was observed far downstream of the cone
shoulder for L/D » 1.5 at comparable values of free stream Reynolds
aumber. Such a moverment of the separation point indicates transitional
or turbulent boundary layers on the spike, and the {act that this large
movement is not observed here points up the increased émﬁzﬂié‘;y of the
laminar boundary layer at higher Mach numbers., For all four spikes

the conical shock wave angle as measured {rom the photographs agrees

#  PRecent experiments in the Leg ! tuannel by Mr. M. Matthews
have shown laminar boundary layers of . 10" thickness to exist 40
diameters back {rom the conical tip of a . 083" diameter probe at a
Reyuolds number of 181, 000 per inch.

.21 . . . R
#% Mair™  noted separation downstream of the probe shoulder
for L/D > 1. 65 with both a laminar and a turbulent probe boundary
layer, but the separation phencmenon in the laminar case was unsteady.



with the angle predicted {rom tables for a flow deflection equal to the

s emi=veriex angle of the separated region. The agreement is within

+ L0 < . , s 3 ) .

= 17 of angle, and the small scalter is caused by the slight uncertainty
4,

in determining the line defining the separated region. No change in

the flow {ield for model HM + CA 4+ 3 II could be distinguished from the

K?

pictures taken over a wide range of Heynolds numbers (see also

,,a.

igure 38).

F
all four cases, thers iz a second shock wave originating near
the body, which indicates that the separated region is not tangent to
the body and hence the flow still has to be turned. This shock wave
oves around the nose of the body as the spike length iz increased,

3 - 5

until with the longest spike it was almost back to the aphere-con

f‘é

i £

£
hS

P
1

tangency point. Also visible iz the vortex line smanating from
intersection of this shock wave and the conical shock., (Figure 21)

Figures 25 through 29 show the EE’E&V? about the vawed model

Ry,
by

Figure 25 ie a comparison photograph of th@ no-injection case. )
Figures 26 and 27 show the changes in the flow when a large guantity
&

of helium iz injected out of the stagnation point along the axis of the

- Q % L. = » a -
model. At o = 4 the detached shock wave has a hemispherical bulge

injection distoris the shock wave into somewhat of an ogive shape. At

o = & the shock wave shape around the lower suriace appears to be
almost independent of the injeetion. Thus it would seem doubtful that

the injection had much of a blanketing effect over the lowsr surface at
bigh angle of attack. No rmeasurements were made with the model yawed.

Figures 28 and 29 show the effect of angle of attack on the spikes
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induced separation. Around the lower surface the separated region and
the resulting conical shock wave intersect the body close to the stagnation
point so that the flow still has to be turned in almost the same manner

as without the spike. Around the upper surface, the separated region
envelopes the body and there is no shock wave emanating from the body.
The separated region and the shock wave from the tip of the spike are
both conical for a short distance downstream: of the tip. Then, because
of cross-{low caused by the high pregsure on the lower surface, the
separated reglon becomes concave in shape with a resulting change in

the shock wave shape.

B. Pressure Distributions and Forebody Drag

1. Model with No Injection

s

The pressure distribution on the model with no injection (Figure
30) is used a8 a basis of comparison for the other conditions and con-
figurations. For this case, the Reynolds number effect is small over a
range of {ree stream Reynolds numbers from 0.79 - 2,03 » 1@5/:&%@@,

-

as was also demonstrated in Reference 14,

Z. Injeciion Straight Out Stagnation Point

The pressure distributions on the model with varying nitrogen
and helium injection are shown in Figures 30, 31, and 32. Here the
gases were injected straight out of the orifice, i.e., injected opposite
to the free stream direction.

The pressures show a severe disturbance of the flow field for

the larger flow rates. A local pressure masximum appears at 5/ = 0.2
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with nitrogen injection at e =

Py

st

.50 x 1G° (Figure 30). In all cases
steep pressure gradients are get up in the vicinity of the injection
arifice. The local flow along the model is toward the orifice, and then
thig flow must be entrained in the jet, thus setilng up 2 vortex flow
patitern between the model and the distorted shock wave. The pressure
distributions with this method of injection are similar to those noted in
Reference 21, Figure 5, fov very short spikes protruding in {ront of

a hemisphere model. On the basis of these results, it was thought

that injection out of the stagnation point would not be satisfactory as a
heat transfer reduction device because of the very large disturbance
introduced by the injection itself. ¥ In order to minimize this disturbance,
deflector caps were mounted over the end of the injection tube in an

atterpt to force the injected gas to flow in a direction parallel to the

body suriace.

3. Injection with Deflector Caps

The pressure distributions with the three different deflector
caps mounted on the model are shown in Figure 33. As would be expected,
the cap projecting farthest from the model produces the greatest change
in the pressure distribution. The effect of nitrogen injection on the
pressure distribution is slight, regardless of the spacing between the
cap and the nose. A representative result for injection with Cap A
installed is shown in Figure 34. The pressures rmeasured by orifice

No. 2 located behind the caps at 3/ = 0. 1 have been omitted in plotting .

* Later it was found that this mode of injection actually produced
& more efficient "blanketing® of the body! (Secticen IV. ()



pd
4

the data with caps and with injection, because they reflect the varving
outlet pressure under the cap, and hence are not meaningful for this

dizscugsion.

<,

The pressure peak in all of the pressure distributions occurred

upstream of the location of the inflection point of the distorted shock
wave. The same observation applies for the cases with injection

£

straight out the nose.
Since none of the configurations with caps displayed any
appreciable pressure effect with injection, cap A, which caused the

least no-injection disturbance in the flow field, was chosen to be used

on the heat transfer model.

4, Model with Sgik@ﬁ

The pressure distribuiion on the model was measured for the
no~injection casge with the four different spikes atiached to each of the
three caps in turn. The resulis were gualitatively the same for each
cap. The pressures on the model with the spikes attached to cap A are
shown in Figure 35. These results show a significant reduction in
pressure over the spherical nose when the long spikes were attached.
In particular, spike III reduces the pressure on the nose to 10 per cent
of the value with no spike attached. The peaks in the pressure occur
because there isa ''zero'  streamline defining the separated region,

‘and its reattachment on the model results in a maximum pressure being
measured at that point.

The cone angles of the separated regions were measured from

the schlieren photographs and the corresponding cone surface pressures
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determined from the TaviorelMcCall theory. These pressures agree
& &
& 3o

with the pressures measured on the nose inside the separated region

5 per cent, which is consistent with the accuracy of the

shown z%’z Figure 36. The changs in the basic pressure digtribution with
increasing injection rate is small.
The Feynolds number effect on the model pressure distribution
with the spikes was checked by testing cap A with three of the ‘méﬁl
over a range of Py from 36.4 - 96.4 psia. The results are shown in
Figures 37, 38, and 39. The Reynolds number effect on the pressure
peaks is pronounced for spikes I and II, but not large for spike IIL
The reattachment in the case of spike II is thought to be laminar,{rom
the resulis of 2 local heatl transfer measurement on the conical afterbody.
The combination of cap A and spike Il (L. = 14"} was ¢
be used on the heat transier model.

&

The pressure drag on 2 body of revolution ig determined by

r " ke s
D= Jg peoswdd = 5 P . Zuy dy /r\ \fls

Yo v 2 |1 F

dA = 27vydS

ds cos Y = dy ‘4\




31

&

A foredrag coefficient referred to the base area may be formsd

as®
ol e
Cp_ ® y 2
T & 7 4 pa el
Foo(ip, U )t Ry")

i)

A foredrag coefiicient thus can be determined from: the measured
pressure distributious.

The foredrag coefficient {or the case of maximure helium or
aitrogen injection straight out of the stagnation poiat was 15 per cent
less than for the no-injection case, ignoring the drag penalty chargeable
to the forward momentum of the injscted gas.

The foredrag coefficientis for the model alone and for the model
with cap A& and each of the three probe-apikes are shown in Figure 40.
These are all for zero injection. Note that with the longest spike the
drag was reduced by a factor of about three. This plot does not take
into account the skin friction on the splke. Since the pressure in the
separated region is constant, the same pressure should exist in {ront
of and behind cap A, and né correction is made for the presence of

the cap, ¥%

% This definition of the coefficient neglecte skin {riction drag.
g g

*% The pressure drag on the coue tip is only 0. 2 per cent of
he longest spike attached; hence this incremental drag
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C. Eguilibrium Temperature Studies

1. Model with No Injection

Equilibrium temperature measurements on the mmodel without
caps or spikes for the no-injection condition are plotted for reference
in Figure 46. None of these data are corrected for conduction or
radiation effects, nor are the data with injection. The radiation loss
from the model to the cooler wind tunnel walls is small; making a
correction for it would raise the measured no-injection model temper«
atures less than %G;%”*, and the correction with injection would be less.
However, on a model such as this there is considerable heat conduction
through the skin, so that the measured temperature is lower than the
adiabatic wall temperature near the front of the model and higher
near the base. Although the net integrated heat transfer over the entire
model surface should be zero {ignoring any heat loss to the sting), this
internal conduction will have some effect on the history of the boundary

layer growth.

2, Injection with Cap A

The equilibrium surface temperatures measured on the model
‘when various rates of nitrogen and helium were injected using the
deflector cap are plotted in Figures 41 and 42.% At station 5/R = 0
re plotted the injection gas temperatures as measured in the plenwn

charmber. (See Figure 3.) The actual injection temperature as

* The temperature meagured by the four thermocouples at
S5/R=0. 61 differed by at most 5°F over the ranges of injection.
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experienced by the model is rather difficult to define for this con-
figuration. Firgt, some heat is taken up by the coolant as it impinges
on the hot cap prior to flowing into the boundary layer. Second, the
temperatures at /% = 0. 1 for the largest helium rate indicate a lower
ternperature than the plenurn chamber temperature. This {act is
attributed to exg&ﬁsiaa of the coolant gas after it passes through the
minimum section "throat" between the cap and the model. The injection
termnperature varied about 60°F over the range of injection rates because
of varying amounts of heat picked up by the gas as it traversed the
tubing between the wind tunnel wall and the base of the model. However,
the variation in the ratio of the injection temperature to the tunnel
stagnation temperature is about 10 per cent, while the injection mass flows
varied by a factor of 10 for nltrogen and é. 4 for heliurm, Since the

eguilibrium model temperature would be expected to be dominated

by the large changes in mass injected, and only weakly dependent upon

1]

the injection gas temperature varviations, this small change in th
injection temperature was not congidered serious. In any event, the
variation has been taken into account by non-dimensionalizing the data,
and the results are shown in Figures 43 and 44.

The nondimensional parameter

T,
T -, L :yf't ] j
I VR
T = e
w
T [=0
Tw T timj {7 )
=0 tpeo

bas been formed, where



T, = measursd wall texnperature with injection
['# 6
Tim 5 = injection gas temperature as measured in plenum chamber

= measured wall temperature {or no-injection condition

T
M= O

4y = measured wall temperature at 3/% = 0. 1 {or no-injection
M= @ condition

The significance of this parameter can best be understood with

the 2id of 2 sketch:

T—:r__: el ! T
: WF:'::O
nz //‘—-—"“""ﬁ —
TioR) R, g E L2 TWI"#O
e
™~ T v’"i“‘%«..
inj !
: S/R

o

The injection temperature is plotted at §/R = 0 and is then

computed for each &/ R by multiplying it by the ratic i n,/n 2 The ratic
51/ IZ, is then formed, whmh is the temperature ratio parameter. X

the injection process is of no value and the wall temperature with

injection rises quickly to the no-injection value, the ratio approaches

one. If the injection process is so effective that it keeps the model

[70)

at an eguilibrium temperature corresponding to a stagnation point
temmperature equal to the temperature of the injected gas, the ratio
is mero, Thus the parameter ranges betwesn zero and one, with the
lower values indicating better cooling according to the criterion that

the injected gas should keep the model equilibrium temperature equal

tc that expected for the corresponding "stagnation point” injection
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o

ié@ﬁggéb A major difference between the two models is that in the {lat
plate case the gas is injected normal fo the surface at a relatively low
velocity, whereas here the gas is injected parallel to the surface at
a very high velocity., Work is in progress at GALCIT on the theoretical
aspects of this blunt body injection problem.

Figure 45 indicates the cooling efficiency of aitrogen and helium

for the same mass injected. Heliwm is seen to be much the better

coolant choice for this particular method of injection.

3. Injection straight out Stagnation Point

The eguilibrium temperatures measured on the model when
various rates of nitrogen and hellum were injected straight out of the
stagnation point are shown in Figures 46 and 47. The scatter in the
four thermocouple readings at 5/R = 0, 61 caused by asymmmetry was
about 4°F. For all but the smallest injection rates for both gases, the
injection velocity at the exit of the injection tube is estimated to be
gsonic velocity «- about 1200 feet per second for nitrogen and 3500 {eet
per second for helium. ¥ This estimate is based on the fact that the
pressure drop between the pleoun chamber and the pressure as measured
by the first pressure oriiice is very large, indicating "choking” at the
tube exit. Hence the injection flow is expanding supersonically into
the velatively low pressure region surrounding the nose of the model.
Figure 46 shows that, beyond a certain rate, increasing the nitrogen

injection rate {and incidentally decreasing the injeciion temperature)

¥ The {ree stream velocity behind the undisturbed bow shock
wave is 520 feet per second at this Mach nwmber,
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does not result in a decrease in model surface texmperature. In contrast,

£

the heliwm results in Figure 47 show a continued dependence of model
surface temperature on injection rate.

For both gases, the model surface temperaiures, once established
near the injection region, decrease with increasing 8/R at about the
same rate as do the no-injection surface temperatures, in some Cases
falling below the measured plenum temperatures. This fact is illustrated
in Figures 48 and 49 where the wall temperatures are nondimensionalized
by the temperature measured at §/R = 0, 1. The curves for all injection
rates of both gases are supervimposed upon the basic curve with no
injection, whereas if the model temperatures with injection increased
with increasing /R the ratic would become greater than one and be in
the neighborhood of the value listed in the box. This method of non-
dirnensional plofting seemed more appropriate in bringing out this
important point than plotting the data in the nondimensionalized ratio 7.

One curve for helinum plotted in terms of 7 is shown for comparison

For this method of injection, as in the previous case with the
cap, the degree of cooling and the persistence of the cooling is uneupectedly
good. The mechanism by which the coocling is brought about by this
injection straight out of the stagnation point is complex, invelving a
mdsing process which is difficult to analyse. However, some ideas are
presented which may help to explain these two effects.
Ag regards the cooling effect, it would seem that the cool

injected gas mixes with the hot {ree stream upon emerging {yom the

tube and that this cool mixture of gases then flows along the body and



forrae a protective blanket arcund it. In order to get some estimate of
the relative masses involved in this mixing, a theoretical model has
been assumed for the larger injection rates where the exit velocity is
soniec. This model is admitiedly over~simplified, and does not predict
trends, but it does indicate the low-enthalpy blanketing effect described

above. Consider a sonic jet emerging from the tube exit and over=

expanding into the relatively low pressure region around the nose

A

This jet is decelerated through a normal shock and brought to rest at
a stagnation pressure equal to the stagnation pressure on the centerline
behind the detached bow shock wave. Assuming the plenum pressure to

be the reservoir pressure for this isentropic jet expansion prior to



the normal shock, the ratio ;@g*/ P, is known and hence A/A% may be
determined, The free siream mass entering through this “capture
area' is assumed to mnix completely with the mass of cool injection gas.
A mass balance of the stagnation enthalpies was carried out by this
method for the injection conditions of the experiment. The resulting
stagnation temperature of the mixture was 206%F - 195°F for the
anitrogen rates and 1759F - 160°F for the helium vates. Thus the effective
stagnation temperature which the body perceives {s substantially lower
than that with no injection. The defects of this model are apparent
when these results are compared with the meagurements. The predicted
temperatures for the blanket are higher than the values measured on
the model, and there is not enocugh temperature variation with changes
in /_1 o |
Regarding the persistence of the cooling, the injected mass is
greater than the mass that would be centained in the undisturbed boundary
layer up to @ = 9°.30% for the nitrogen and @ = 6% « 17° for the helium.
The schlieren photographs (Figures 16 and 18) show that the inflection
point in the distorted shock wave occurs at about 6 = 40%. Within this
"reattachment” region most of the {ree-stream air that would normally
enter the undisturbed boundary layer has been mixed with the cool
injected gas, and beyond this point the additional amount of hot free-
stream air entrained in this cooling blanket ig small. This may be

seen {rom the following table:



Mass Flux in Undisturbed
Boundary Layer at
9 Angle 8/MMass Flux in
Undisturbed E%g@mﬁafy
layer at 8= &
{References 26 and 27)
o
i1 3.13
35° 21.5
@ .
50 24. 5
o
80 B5. 7
Thus a cool "sub laver! i set up within the boundary layer and the

4. Injection with Cap A Plus Spike IT

)

The measured temperatures and nondimmensional temperatures
for this case are ghown in Figures 51 through 54. The fact that some
of the points in Figure 53 lie above T'= I is not considered to be

significant, since the numerator and denominator in the T ratio aze
nearly equal and hence the experimental error of L 1% is reflected
as a large change in T,

The model surface temperatures with the gpike in place and
without injection are slightly lower than without the spikeé. 28 has been
noted by other investigatorsa.

The temperatures with injection show the same general trend
as those with Cap A, because the spike iz mounted on the front of the

cap. However, the temperature peak occurs at a larger value of 8/1

with the gpike in place.



aN
frat

. Heat Transfer Studies

1. Local and Average Measurements; Accuracy

Measurementis of local heat trvansfer rate with the model alone

{Model HM) and with no injection yielded values of heat transfer which
agreed with the values in Reference 15 within about 15 per cent. The

rmagnitudes of the coefficients in the heat equation for the hemisphere

%

{Eguation A-3) used in the datae reduction ave

- ~ 6.04x10 T + 3.94x10° [Caﬁfﬁ' EIrEs 5273;% )
? T at de  JeT |
BTU / in* sec

The degree of accuracy possible with this measurement was felt to be
marginal, because the conduction term was 20 - 70 per cent of the total
heat transferred at stations near the stagnation polnt and was repeatable
only to 40 per cent because of the graphical double differentiation involved.
For the larger injection rates the storage terma became very simall and
the temperature gradients became very large. Thus, the accuracy
and repeatability obitainable with this size of model by the transient
technigue precluded the determination of reliable local heat transfer
values for the runs with injection. However, reliable average values of
theheat rate over certain segments of the model surface can be obtained
from the transient data. By assuming axial symmetry and integrating

the basic equation for the hemisphere one obtains
PN [ r 7%=
= - (R= dTwsine d R— ine o ;
= -2 o ¢ (R-R j____WSIH“B' o -+ 27T R-K,, 1| sine 2T ‘
gAv 3 (m m\ 'N) 3¢ m\ w) o {2}

% 2
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or
.
Sz e
—3 d - -.'
g— = ~/.86x/0 féﬁsinade + lzixiot sine- Qv BTY
A o O do| sec 3
, - N

Thus the second graphical differentiation is eliminated by the integration,
and the magnitude of the storage terin is increased compared to the
conduction term because it is the sum of the heat transferred over an
area.

The above equation was used to reduce the daila over three
segments of model surface: 8=0 - 306% ¢=0-60"% and 8= 0 - 80°%
Not all of the thermocouples on the model could be read in a single run,
but overlapping readings were %;afécen in each segquence of runs. In
general, a set of three "blow-down'' runs was necessary to get all of
the data for one test condition. 7The slopes of the temperature histories
in the first run of the set were read at 4 seconds, with a repeatability
in the slope reading of any curve of Iz per cent, and the slopes of the
repeated readings in the other two runs were taken at a point in time

4 8

so that they matched the value in the first run. This procedure meant
a shift in the absolute time scale of up to < % second to account for
uncertainties in the absolute timme zero location. The wall temperatures
were estimated to be accurate within & % F, which corresponds to an

+ s .1 p .
error of about - 5 per cent in the abeolute accuracy of the conduction

8-+

term. The measurement of any 87/80 was repeatable within - 4 per
cent. The resulis of four runse for the no-injection case, two with model
Hl and two with medel HM + CA were averaged and compared with

theory and the experimental results reported in Reference 15 to

establish the validity of the preseant heat transisr method. The resgulis



were as follows:

Segment %y (BTU/sec.) No Injection o /q Maxdirum
8 = Present Aheory Previous C e ;W El}igf;@z@?;i
Experiment | (References| Experiment® éci at) Qay? © =
12 and 29) [{Reference 15) {per cent}
0 - 300 3. 25 3.64 3.89 43 14
g hd ég@ go a% %r E% g- ég Bé’ i}s
0 - 80 10.5 10.9 11.7 10 17

A considerable portion of the difference between runs noted in the
last column above can be attributed to the fact that the stagnation temper=
ature and the model temperature were not ideantical for each run. The
stagnation temperature established at 4 seconds varied about 8 per cent
from one run to the next, and the initial wall temperature varied about 10
per cent. The data are plotted as they were obtained, and are not correct-
ed for this variation in test conditions. In view of these test conditions,
agreement with theory and previous experiment {(about T o per cent) is
thought to be satisfactory, and encouraging enough to warrant employing

the same technigue for determining the effect of mass injection.

Z. Injection Results with and without Cap

The average heat transfer over the three segments for the con-
figurations Model HM and Model HM + CA is plotted in Figures 55, 50,
and 57 as 2 fuaction of the injection parameter. The repeatabilily is

thought to be sufficient to illustrate the large effects under investigation.

* g v obtained by integrating local values of g determinsd from
given m&p@r‘%mental values of Nusselt number.
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As expected, the no-injection results with and without the cap are the
same within the accuracy of the experircent and the results obtained
with injection are nondimensionalized by the arithmetical average of
four no-injection runs {two with cap A and two without).

For all of the transient runs the inlet tubing to the model was
at approzimately room temperature, so that the injection gas teraperature
also was at about room temperature and remained constant during the
transient measuring period.

Referring to Figure 55, the negative values of the ordinate mean
that for this segment, at the larger helium flow rates, heat is given
up by the model to the air, i.e., the storage term was extremely small
and the conduction term showed more heat entering the segment by
conduction than could be accounted for by the storage term increase.
Heat {lows into the segment 0 = 6 = 30° from further aft where the heat
transfer rate is higher and thence out into the coolani surrounding
the skin. Thus the interpretation of these negative values is simply
that the heat transfer rate from the boundary laver is extremely small,

The results for all three model segments show a marked
advantage in using helium rather than nitrogen as a coolant. The one
exception is helium injection with Model HM + CA for the segment
8=0-280° Between 60° Ses 30° the heat transfer rate sxceeds the
value for no imﬁ@é&éﬁa, 5c that the over-all average is above the no
injection value. No explanation can be given for this effect, though
it is unlikely that it is caused by laminar-turbulent transition, since the
equilibrium temperatures do not indicate any increase in this neighborhood.

According to Figure 55, the average heat transfer rate over the



segment O =65 30° is veduced practically to zero by injecting & mass
flow of helium as small as £ per cent of the mass flow of air intercepted
by the body eross-gectional avea f:ng, with or without the deflector cap.

_— s < & .
For the entire segiment U= 8 = 80 the average heatl transfer rate is

reduced appreciably only when helium is injecied directly out of the
forward stagnation point, i.e., without the deflector cap.

The resgults are not quoted in terms of a heat transier coefficient.
However, a {eeling for the magnitude of the coefficient is obtained by
finding an &iﬁ?’f‘@}ﬁﬁw&u& gguilibrium temperature from the nondimensional
temperature ratio T with "E‘i nj of about room temperature. Then using

h{T = T )it is found that the primary reasgon for the reduction
equil  “w
in the heat transfier rate is the reduction in the equilibriuwm temperature,

and that the heat transfer coefficient in most cases increases with
injection. With nitrogen, the heal rate remains aboul the same and the
eguilibrium wall temperatures decrease, so that the net effect upon h is
an increase of about 50 per cent over the no-injection value, With
helium, the heat rate decreases, but not as fast as the equilibrium
temperature, and the net effect upon b is an increase of about 70 per cent
over the region §= 0 » 80° and of about a factor of 5 in the segrnent
8= 0-30°% This increase is probably due to jet action. With the cap
on, a very large tangential velocity is introduced ai the surface, and
&u/8n increases. With straight injection, the air near the wall in the
ion 8 = 0 » 30° is enirained in the jet
Although no nondimensional parameter could be found from this

experiment to correlate the different effects of nitrogen and helium,

two factors must play an essential role; (1) the larger specific heat of



heliwm, about 5 times that of nitrogen, and (2) the higher velocity of

injection of helium compared with nitrogen, for the same mass flow.

3. Injection Results with Spike II

The average heat transfer measured with Spike II in position

was lower than with no spike, even with no injection. Specifically:

. %av é@@ik&% 7
Model Segment T {55 5pike) q9./9,
G .
B=0e 30 ~0. 163 100
{heat leaving
model)
=0« 606 0. 767 40
6= 0. 80° 1.9027 30

The result for the {irst segment {0 - 306% is probably not
reliable guantitatively, since both the conduction and storage terms
were very small. But in no case were the average heat rates appreciably
higher than without the spike. This would seem to be correct physically,
since the pressure decrease caused by the spike would lower the heat
transfer coefficient by about 1/3, and near the nose the coefficient in
the separated region is about one~-half that for a laminar boundary
iagfmﬁg. This result is in disagreement with the data obizined in
Reference 10 wherein the average heat transfer rate with a spike
mounted on a blunt body was reported to be approximately double that
for the laminar boundary layer on the body alone.  In this case almost the
entire increase oceurred over the forward half of the surface area of the

hemisphere. These data were obtained at M = 2.67, and at comparable
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free stream Reynolds numbers and values of L/L; the results were in
fact independant of spike length. The key to the situation may lie in the
remark made by @Ezapm&ﬂw to the eifect that the separated flow induced
by the spikes in the experiment of Reference 10 was apparently of the
"transitional” type, i.e., with transition occurring between separation
and reattachment, whereas the comparison was made with the attached
flow of a completely laminar boundary laver.

In the present experiment the separated flow for the spike of
L/D = 1.07 was almost ceriainly of the "pure laminar' type, i.e., no
transition before reattachment. This statement ig based on the fact
that & local measurement of heat transfer was made on the cone skirt
at thermocouple No. 14 for the case of model alone, no injection, and
for model HM + CA, no injection. ¥ This local value changed only 3 per
cent for the two cages, which is within the experimental accuracy, and
the average heat transfer results up to the shoulder agree with the
laminayr theory, for model HM.

It would appear, then, that the heat rates to the forward part of
the model with a spike attached are very much dependent upon the type
of separation involved,

The results with model HM + CA + 5 I and with injection ars
shown in Figures 58 and 59, nondimensionalized by the no-injection heat
rate values for the same model. The accuracy was not as good here as
in the previoug cases, because the storage term remained relatively

small while the conduction term: got very large, so that only a qualitative

# On the cone skirt the temperature gradients are flat, and the
value of %s/%a was only 0. 05,



discusegion should be made, The dirvection of heat transfier over the
g - 30° egment was {rom the model to the coclant in 21l cases, and

hence is not plotted. The vesulis for the other segments do not show the
large decrease in heat transfer predicied in Reference 30, but the
mechanisn is probably not the same. In the theory the mass is injected
into the {ront of the recirculation reglon; in the present experiment the

MABSs 1%

i’sa

injected against cap A and thence along the model aurface at

the rear of the recirculation region.



V., CONCLUSIONS AND RECOMMENDATIONE

The most important results of the various studies are:

{1} The schlieren studies show that {low separation devices
{apikes) result in separation at @ix* near the spike tip over a range of
Reynolde numbers based on gpherical nose radius from 1.11 - 2. 84 = 1%’%
and values of L/D up to 1. 78 at a Mach number of 5.8. This value of
/D for laminar separation is greater than that achieved at a Lower Mach
number and comparable Reynolds number, thus demonstrating the increased
stability of the Laminar boundary layer at a higher Mach number.

(2) The separation caused by the spike with L/D = 1. 78 results
in a foredrag coefficient of one~third the value with no spike attached.

{3) The injectiion of cool nitrogen or helium gas at the stagnation
point furnishes a powerful method of reducing the equilibrium wall
temperature. The downstream persistence of this cooling effect is
gurprigingly good. Injection straight out of the stagnation point seems
to blanket the whole body with a low enthalpy gas, and the equilibrium
surface temperatures are substantially reduced over the whole model
surface. Injection of the coclant gas tangential to the susiace resulis in
eguilibrium surface temperature distributions gualitatively like those
expected for injection into a boundary layer, bui the boundary layer
profile iz severely distorted by the high tengential injection velocity and
the cooling effect persists further downstreamn than would be anticipated
from flat plate injection theory.

{4) With either method of injection, for the same mass flow,

heliwn iz a better choice of cooclant than nitrogen.
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{5) The average heai transier over a segment near the nose of
the body is decreased almost to zero by injecting & mass of helium as
small as & per cent of the mass flow of free-stream air intercepted by
the spherical cross-sectional area ‘Efakf:a

{6} The primary reason for the reduction in the heat transfer
rate would seer to be the reduction in the equilibrium wall temperature.
Both methods of injection {straight out the stagnation point and tangential
to the body surface) tend to increase the value of the heat transfer
coeificient.

The results of this experiment indicate that it would be valuable

io the following:

(i) Repeat the sxperiment at much higher values of ‘E"‘@.,

{ii) Obtain local values of heat transier with injection,
particularly at angle of aitack.

{iii) Measure surface shear with injection.

{iv) Determine the role played in the cooling process by
the different gas properties.

{v) Determine velocity, temperature, and concentration
profiles near the model surface with different methods of injection.

{(vi) Determine local values of heat transfer with spikes

and the change in this heat transfer with transition prior to reattachment

of the separated region.
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APPENDIX &

THE MEASUREMENT OF HEAT TRANEFER
BY THE TRANSIENT TECHNIQUE

The transient techuigue as applied in wind tunnel testing (see
Reference 31 for a discussion of the transient technique as applied in
the shock tube) consists of measuring the local heat transfer rate
indirectly by measuring the time rate of change of temperature at
selected points on a body when the body is suddenly exposed to a heated
air flow. The local heat irvansfer rate is then determined by balancing
the rate at which heat enters a unit volume of the skin with the rate at
which it is stored and leaves the volume. The general heat conduction
equation in a homogeneous material ig given by

2

Oy = km V°T, A=l
ot Om Cim WAs

In spherical coordinates this equation becomes

. 7
67;1 = i(m e _ﬁé_ (r‘?a}’;‘ ~ me‘é)_ sin-e QRE “+ 1 527; Ae?
It Pulm | FEOF\ OF i *sin e 5@( oel  riine o3¢ | ta-2)

This equation could be simplified if the model could be made in the

form of & shell which is thin compared to the other dimensions, and

[N

if the heat loss from the inside surface of the ghell could be considere

¢ be negligible. Then it would be safe to asswme that the first and

b

second derivatives of T with respect to 8 and CP , a3 well as the quantity

87/8t, would all be independent of the radius and that 8T/8r = 0 at the



inner surface of the shell. Thus by asswumn mff ??é‘% T/ £ e §, integrating

equation A-Z once with respect to », and using the boundary conditions

T

B8T/8r = 0 at the inner surface of the shell where r = R

Qp = = b i&‘%‘/&z‘} where q.. is the total heat iransferred from

R E
the boundary layer, one would obtain

fr = - (T RRm) OnOm 3T + (R-Rm 1O (sine 3% ) |
k (ér)f,_;{ <3R2) k. ot (R? s,ne;@@(sme%} (A=3)

Now, what resirictions do these assumptions impose upon the
model construction? If the skin were thin enough, the independence of
the above-named derivatives with respect to the radius would be assured
even if the skin were a poor thermal conductor; it would certainly be
true if the skin were thin and made of metal. The asswnption of sero
heat leakage from the inside suriace reguires more careful examination.
For structural reasons, it might be desirable to back up the thin skin
with a layer of reinforcing material. The magnitude of the heat leakage
to the reinforcing material must be estimated. An approximate method
for making this estimate is given in Reference 32 for the case of
variable heat input. An exact solution of the heat conduction equation
for the tase of a constant heat input to a slab is given here.

Consider the following one-dimensional heat transfer problem.
Given a thin metal skin mounted on a low-conductivity backing material,
with a constant heat input step function at the surface of the skin at
time gero. I the skin is thin and a good conducior compared {o the
backing, the latter may be considered to be semi-infinite. The question

arises as to how much heat leaks out of the metal skin through the
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interface in some given time interval, as measured by the ratio O/g

{see sketch).

g = const,

X
Bquations: ATr(xt) = 1 T
H(x,t) = ¢, T, o< X <b
fol ! dx%
Alalxt) = r, T b< X< oo (A=4)
ot Ix&
Initial Conditions;
7}_ (X,Q) =)
=5
TZCX,Q) == 0 (4=-3)
Boundary Conditions:
{ %
K 57:— (‘Bgt == - g
X , A%

Ti(bt)= T (82)
T, (x¢t) —» 0 as X-—»co
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By applylng the Laplace transiorm to equatione A-4 with zero initial
conditions, and applying the transformed boundary conditions, the

solution of the transformed equation is

E
| i

s H @ (] @ :

T (x,8) = % § S OKKLD {A=T)
|

2ls'b
If:uf—éeg :+§e

— 18y (ﬁb )()“—!

-~

whevre -
= .\ i IRy s £ ’—gt J o
Txs) = @C'{T{x,z‘)j mofTix,ﬁ,*@ dt
k|s! :
@_—i:z\; A= _Ne i Ki ¢ C
IEEPN = =\
AN \j kz&ﬁa
\ oz
Hence
. -~ - [ (2b=) |
oMt — %1 _ &V _ ge m E -

) o -2 p ~2E'b
* kis i+ge V4 I+ge E _}

~ - G N N
ofiun — o | §Ol0E W Seie W

X B k; L_m—i S n=o S J

Then inverting, evalualing the expression at z=s b, and usin

definition that ~ Q =k, dT (b2}
X

- (A=Y opf | BEA+D ]
&= “ﬁ% 21 A+ erf [a{"’t J!

n=o




where

Por completeness, equation A-7 may also be inverted to obfain the

expression for the temperature distribution in the metal skin. The result

is
__é(_:j-?ni)zz
T e 4ot f}‘(+2n52er‘{"c [ x#2nb ;
e E\!r@,f
fA-11)
_ (2nb-x)* 3
= t
_l\}" “[F 4 16, (Enb ~X) @r’ﬁ; ﬁﬂb X J
’f“;;’ <
where S — .
e Ty Kefece LA

Eguation A~10 is evaluated for two casesn: steel of thickness
. 030" with a laminated plastic backing, and steel of thickness . 030"
with a balsa wood backing., At the end of five seconds, /g a U. 35,
{io 5 terms), that is, 35 per cent of the heat thai has entered the skin
surface has leaked through into the plasiic reinforeing material. The
value of 0/q for balsa wood backing is 7. 6 per cent. Thus the heat
leakage efiect is appreciable even for these materials. The efiect

must either be made negligible or be accounied for in the heat balance.
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For a small wind tunnel model, where there are ne particular structurgl
problems, the simplest thing to do is to make the model a thin hollow
dhell, With air as material {(2) the heat leakage iz 0. 40 per cent after
five seconds, and the assumption §T/8r = 0 at the inner surface which
was used in sirnplifying equation A-2 to A-3 is & good one.

Some {urther conclusions regarding the model design are apparent
from exarnination of Equation A-3. The first term on the right is the
local net heat storage, while the second termn represents the local net
heat conduction along the model shell. (Corrections should be made for
radiation if necessary. No radiation corrvection was made in the heat
transfer data of this ﬁy;g:}@rimw;%a since the model and the wind tunnel
walls were both initially near room temperature and the radiation
effect during the first few seconds was judged to be small. ) The value
of 8T/t for a particular point on the model is determined by measuring
the temperature rise at that point as a function of time (after the hot
air flow has started) and finding the slope of the resulting curve for
some particular time. For this same instant of time, the model
temperatures are pw*a'é:@d versus ® and 8/80 {sin ¢ gg } is found by
talking slopes of the faired curves. The double graphical differentiation

s difficult to do with accuracy, so it is desirable to keep the coefficient

fo

in the second term simall, that is, make the model shell of low con-
ductivity material and use as large a sphere radius as possible. Of
course the shell dimensions should be accurately known and, for sime
plicity, the thickness should be constant. The decigion as to the most
degirable shell thickness is not as clear-cut. [See also Reference 15.)

For a fixed material and sphere radius, the thinner the shell the
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But there is & time constant which also must be kept in mind, The

sagnitude of the storage term is approaching zero as time progresses,
while the magnitude of the conduction term is approaching sorme maxi-
mum with time., Thus if the wodel shell is extremely thin, the conduction

term will be some satisfaciorily small percentage of the storage term

only for times that may be so smmall as to prohibit recording the data
with the available instrumentation. If the model shell is very thick,

the instrumentation time scale ie expanded but now the correction term
ig large for all times. Therefore there must be an optirnum skin
thickness for a given material, sphere radius, and instrument respounse
thme.

The whole problem of the conduction correction ¢can be aveided
in certain cases. Usually the initial wall temperature before the air
flow starts is constant over the entive meodel. Thus if the quantity
27/ 8% could be measured at exactly tizne gero the conduction correction
would be zero. BSince this slope is difficull to determine because of
the regponse of the inslrumeniation, the slope may be read at several
different time intervals and plotted against time. The resulting curve
of vaw data measured in the presence of conduction should intersect
the orainate atl time zero at the same point that the true curve (i, e.,
ao conduction in the model) would intersect. Thus & frue 87/8t with
zero conduction correction may be inferre This method is applicable
only if the slope-time curve is well behaved so that it may be extrapolated

5

with certainty. Siance the siagnation temperature in this sxuperiment

=

ds after the flow

;;ﬂ

had not reached a constant value until aluost two seco
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iy
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had started, such an extrapolation was desmed too uncertain and was
not used,
The temperature gradients on the conical afferboay would be

expected to be small, hence that portion of the mod

febe

8

problems, The eguation for the afterbody

— b= éTw Am OTw .
%T chm S @g b J {A~12)

where b is the siin thickness and 5 is the distance along the suriace

- . [+ =
from the tip of @ 10 half angle cone.
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APPENDIX B

EFFECT OF A THERMOCOUPLE WIRE

ON TRANBIENT MEASUREMENTS®

Consider a thin sheet {1) to which is attached 2 small thermo-
couple wire {2). There is a constant heat input step function applied
to the upper surface at tirne zero. The problem is to determine the
effect of the heat conduction along the wire on the guantitiee T and §7/8t.
The region (3} is considered separately since this simplifies the writing

of the boundary conditions for the other two regions.

¢ = constant

HEEEER

7

* The help of Dr. 7. Kubota in the formulation and solution of
this problem is gratefully acknowledged.
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Assumae:

(i) TIiR=a, &)= T {x= 0, t), that ig, region {3) has an infinite
caaéumﬁviﬁy but a finite heat capacity, so that the heat storage term
for this region will be included.

{ii} There are no temperature gradients through sheet (1)
normal to the surface.

{iii} There is no beat loss from the underside of the sheet
nor from the surface of the wire.

For simplicity, also assume that P1 €1 = Py €3 The heat

equation in polar coordinates for reglon (1) ia:

57'—: % i(' .é_ .;a;fl_\‘ -
e ST 5 T ar(r 5r ) (B-1)

The initial and boundary conditions are:

T, {x, G} = ©

i
'E“E {r wedm op, t) = f{inite {B-2}

T, {a, t) = ¥t}
where F(t) is to be determined later from the heat balance for region (3).
For region {2):

2% _ k T B-

with initial and boundary coanditions:
T}i {sz, 8)= 0

T (5 =¥z, t) = finite {(B=4)

T, (0, ) = ()
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where F{t) is the same function as appeared in Equation Be2. Writing

the heat balance for region (3) and lefting ’3?3 = F(t):

5F_ !Z' + Eki (})T(a,t) + i‘<2 57—&(0;‘5} §§%-’§

= 5
Applying the Laplace transform to Equation B-1,
25 == o~
R L (B-6)
or dr 5, o116, sb
where

Tws) = L{TGE) = [Teeye Tat
= _Ki_

' 1€
The scolution of this eguation, satisfying the boundary conditions iz

. ol 2,
o= FO = #/ocbs K}{r =) + _ % (B-7)

S I, / 2
KQ {a j;' } ¢ c bs
where ~
Fe = L{F@®)Y
K a = . T , , L
and o 6, iz the modified Bessel function of 2Znd kind
of order zero. Applying the Laplace transform to Equation B=3;
e 2 g 4 h
s, (xs) == |6 2 Taéx'§> {B-8}
AX
where
;F_ O e I ol "& }"é — k?;
2(x,8) =z (X,E)T 2= o
G’a 2

The solution of this equation is



+ = ~[§E>< B-9
T, (xs)= Fee ' (-9

Applying the Laplace transform to Equation B-5,

For= ¢ 4 zh @3 | ke %69

€3 Cgbs ?3 53 a a‘f ?3 C3b ax

AP
Thus F(s} is determined by forming §§§f§3’ from Eguation B-7 and

{(B-10)

fad
&’ffz/ 8% from Equation B-9 and evaluating at the appropriate r and =

Substituting and simplifying:

l“{“ 2%1 fr:%: KI (a!%>
E(s‘):: ¥ a8 KO(Q{%\}

5;33 %b

(Ey (Bell)
;e Ke[S | zoo 3 Kil4iR)

B b ity 0383 210 Ko{a’j%\)

/ey
! 2 2 Aty o o2 E 5 ® o
whare KI Qa J’% } ig the modified Bessel funciion of 2nd kind of
i

orier one.

This expression represents the transform of T,{a,t) and

"J@?g{@, t}.

Equation B-11 will now be inverted by using approximations

for the Bessel functions 5r< (ag) and K (ia E?;} .
e t f Gy

For <{1 @j small, i.e., a@: <&
‘b N 15,
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ubstituting these expressions in Equaticon B-11 would yield a

o

solution for “small' s, that is, for ‘large’ time. Tal

%

2 e e e S ]
ing material (1}

to be pure iron, and the wire radiusg to be . 005", then at t = 1 second,

(a Fg\) = ,03 aund ite value at 10 seconds is . 0l. Evaluating the
]

complete series expansions for %%@ and E%é;i (see page 375 of Reference 16}
for this material and wire radius and for the largest “amall” s of

s= 1==3>t= |l second, the ervor involved in the approzimation B-14

of discarding all but the {irst term in the expansions is about 3 per cent
for K and 0. 2 per cent for K;. Thus the “long" time approxirmation

] . Vo e
is considered valid for ¢t =

i second and is of primary concern for a
transient experiment in a wind tunnel.

Substituting the asymptoiic expressions for 1298 and Ey into
Eguation B-11 would yield a solution for "large’ s or "small” time. But
this would yield solutions valid for time considerably less than one
second, and this epproximation is not of interest here.

MNow subsatituting Equations B=12 into Eguation Be-ll, simplifying,

and factoring the denominator:

Flo=—F 2 . :
€363b§ *.2%‘5 j - aé‘ %03 aa 5}{3»{— Cz2C2 \“‘625

In the denoninator there is {s log s} and ( \3‘%’7 log s). For small

g, 6 and “f?ﬂ? -z § faster than log s —s=w, hence the square bracket
in the denominator of Equation B-13 is @ - ‘E] and may be expanded by

the binomial theorerm. Then



N (4 ; 2 i L
(s) = & [, a iz Qz2Ce /3/2 /03 (0%31) +@/{/’032j g

A ) [
QBCsb S 45, D {73 €3 8 (B=14)

. : . 23
This transform may be inverted by using tables of inverse transformsz” .

Then F(t) is

% &k 0262 ____C_/_@__ m‘}
=7 [‘*m,; écﬁ ORI

whiech iz in the form

% :
F&)= ?gggg [’ﬁ'r E]

where F(‘f\“:.:”f%::.: %g £
?SC‘%D

a8t
is what would be expected without the wire, i.e., Py C3 b - = 4 -
Thus evaluation of the square bracket in Equation B«15 for the
particular materials and dimensions in question will give the error
involved in measuring the temperature of the sheet caused by the
pregsence of the thermocouple wire,
To illugtrate, for materials (1) and {3) pure ivon and material

{2} constantan, with b= . 020" and a = . 005",

Fit) = (const) [ 1= 7.14x107°] fort= 1 second
= (const) [1-2.88 2107] for t= 10 seconds
Thus the error in the temperature measurement which is
introduced by the wire is less than 1 per cent.

The next question to be investigated is the error in the measures
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wire and the skin were of comparable dimensions, the error introduced
by the presence of the wire would be very large. Some insight into the
physical reason for this small error is obtained by solviag for the heat
flux per unit area along the wire.

The heat flux along the wire isg given by

__ T
Qu= Kz $& (B-18)
X=0
Mow from Equation B-9,
NS
¥
67% — r Fele 2" {(B=19)

Then @V&imﬁng Equation B-19 at x = 0 and then substituting the

Mlarge" time expression for ¥is) from Equation Be14,

——E T ~ + - o .
éx X=( G§C3EJ%2 3/ 4‘%/&’ 63 C3 S ﬁ( %l> {B-20}

X=Q
Inveriing from tables, and using the definition of O from
Eqguation (B-18):
Q- 2 (2[E4 £ 00 [i)_itg]] .
3(;3& {@ 4160 0553 {B=21)
Evaluvating for the same materials, and for bs . 020", a = . 008",

2/a

£.9 for t = 1 second

18 for t= 18 geconds,

i

Thus the heat flow per unit ares along the wire is large compared to
the heat flow per unit area into the slab. But this heat lost down the
wire is replaced almost completely by heat flowing in from the radial

direction through the sheet. The net effect of the wire is then small
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compared to the overall level of the temperature. An analogy may be
made, as suggested by L. Lees, by considering water flowing into a
large tank at 2 consgtant rate, the level of the water corresponding to
the temperature of the sheet. I a small hole is made in the botitom of
the tank, some water will flow through it and be lost, but water will
move from the rest of the tank to make up this local deficit, and the
net effect on the water level in the tauk is small.

To illustrate the fact that heat flows along the sheet to make up
the local temperature deficit, consider the case where b= . 020" and
a =, 005" but now material {1} iz plate glass, which has a thermal
conductivity about 1 per cent that of pure ivon. The srror invelved in
making the "large" time approximation B-12 is now about 10 per cent
for Es’i@ and 5 per cent fov hyati= 1 second, and 5 per cent and 1. ¢ per
cent, respectively, for t = 5 seconds.

By evaluating Equations B-15 and B-17 at & secouds, the error
is found to be 18 per cent in the temperature measurement and 12 per
cent in 8T/8t.

The flow analogy here would correspond to the tank being filled
with sand. The sand cannot flow toward the hole guickly enough to make
up the local deficit, and the level of the sand near the hole iz substantially
lowered.

In order to keep the thermocouple conduction ervor small, it
iz therefore necessary that the skin be made of material with a come

paratively high thermal conductivity. To keep the error less than 1 per

o]

cent at § seconds while using 2 glass skin would require a wire diameter

of about . 001,



TRANSIENT HEAT TRANSFIEZR WITH FLAT PLATE MODEL

The investigation discussed in this report was originally
planned as a study of pressures, temperatures, and heat transfer rates
on a flat plate with injection into a laminar boundary layer. For this

purpose a wind tunnel flat plate model was constructed as follows:

3

8BA

3%: golid nose

#BA

@A
Ba

5%: woven stainless steel wires porous strip

423
HA

187 {ilm coocled portion lnstruwmented with
thermocouples

5
§

The film~cooled portion of the plate was to be used for heat

{1 2N

transfer studies with and without injection. The fop surface was

made of a sheet of stainless steel 1/64" thick which was mounted on a
base made of thin plasgtic ribs. The resulting thin skin with an air
space behind it was to be used as the mass for a local heat transfer
determination by the transient technique. However, no satisfactory
mero=injection values of heat transfer could be obiained for use as a
basis of comparison for the efficiency of the injection. The local heat
transier coefficients at § = 67 isﬁ;%ega 1.6 = 3@%3 with no injection were
about the correct laminar value, but aft of this region the coefficient
increaszed rapidly as if 2 trangition region existed there. But the resulls
of Reference 34 showed laminar boundary lavers to exist at much higher
Reynolds numbers than were involved here, and steady-siate velocity
profiles measured at various stations on the heat trangfer portion

of the plate substantiated the fact that the boundary layer was laminazr
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was then fixed at this value of n/§ at diffevent § stations along the
centerline, and the root-mean-square output of the hot-wire was

read as a function of time., The results are shown fn Figure 61.
Cualitatively, a large IS value corresponds to a turbulent boundary
layer and a small RMS value indicates a laminay boundary layer. Thus,
the hotewire signal indicated that the boundary layer was initially
turbulent or transitional and then, as time progressed, the boundary
layer became less turbulent, eventually reaching some steady-stale
laminayr configuration. The time duration of this varying RME signal

was found to depend upon Reynolds number and upon the plate or tunnel

3!.“;;

wall temperature. I the flow were started with the plate and tunnel
walls at room temperature, the effect persisted for some minutes;
if the plate and walls were near eguilibrium temperature when the
"hlowsdown'! was made, the effect lasted only a few seconds.
On the premise that perhaps this effect was caused by the

surface roughness of the porous section the same hot-wire measurements
were carried out on a smooth {lat plate. The results as regards the
presence of transition and the temmperature dependence were the same,
although the duration of the phenomenon was shorter than for the
filmwcooling plate for the same wind tunnel conditions. The surface
temperature history of the two plates was quite different, because the
slid plate had a high heat capacity while the cooling plate had a thin

kin and & low heat capacity. One other check was made, and that was
to mount the hot-wire in the empty tunnel and see if any large disturbances

were present in the {low during the period just affer the flow was

agtablished. None were ohserved,



v explanation of this curious transition effect has not yet
t

been found. It is possible that this effect is relate

contamination' {rom the turbulent boundary layers on the tunnsl side-

walls. The presence of this offect, and the fact that it was not repeatable,
made it ireposgible to oblain reliable serc-injection heat transfer resulis.
The effects of injection as regards the severe spanwise differences

in the steady-state boundary layer thickness were not kanown, and it

v

wag uncertain whether reliable steady-state boundary layver measurements

eould be made. &o the declsion was made to retain the sarme insiy

- ol

mentation and technigues but to perform the injection experiment on a

in thisg inve a&z'fa‘ézmm



MNotation Description
{See Figures 5 and &)
HM Besic hemisphere-cone model
CA ' Deflector Cap A (b= .013Y)
B Deflector Cap B (b= .088")
Ce Deflector Cap C{h=.167")
81 Spike 1 {L/D = . 536)
s Spike II (L/D = 1, 07)
S 111 Spike 111 (L/D = 1. 78}
8 IV Spike IV {20° half angle cone)
Sample Configuration Description
HM+ CA+ 81 Spike I attached to Cap A and both mounted
on front of basic model
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TABLE II

COOLANT GAS PROPERTIES
Property Nitrogen | Helium Units

Density {(32°F, 1 atm.) . 07807 L0114 | I, /6.3
Specific Heat at @@zﬁ@t&zzﬁ: .

Pressure { - 310°F 0. 256 I.25 BTU. /ib,
Ratio of Specific Heats 1,40 1,66 -
’.é“l%wzvsjjé% Conductivity - . L 20

(32°F) L0127 . 082 BTU/hr. it.° “F /1.
Viscosity (50°F) 1.15%10" 0] 1.32%10" slug/ft. sec.
Molecular Weight 28 4 slug/mole
Gas Constant 1, 78¢ 12, 460 f‘e‘:,g;’ms’:,z °r
Velocizy of Sound |

{907F) 1,169 3, 370 ft. /sec.
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PRESSURE DISTRIBUTION MODEL



~< .63 ">
Station S (inches) S/R 8 (degrees)
1 0.07 0. 10 6
2 0.10 0.14 8
3 0.15 0,21 1z
4 0,18 0.26 i5
5 0.31 0. 44 25
6 0. 43 0. 61 35
7 0.55 0. 79 45
8 0.73 1. 04 60
9 0. 86 1.23 70
10 0. 98 1. 40 80
1l 1.03 1. 47 -
12 1.08 1. 54 -
13 1.18 1. 69 -
14 1.38 1.97 -
15 1.58 2. 26 .-
16 0,43 0. 61 35 {0.010% & wire)
17 0.43 0.61 35 {0.021" 1 wire)
18 0. 43 0. 61 35 {0. 032" O wire)
FIG. 2

HEAT TRANSFER MODEL
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61
STAND-OFFS

/ /32" SQUARE
h

7 CAP A 0.013 "
0.240"'t" CAP B 0.088"
) e h CAP C 0.167"
/).' _______
-  =<-0.040"
DEFLECTOR CAPS
L
10° 0.10"
/EL-»— v SPIKE I 0.75
e - - =3 — - SPIKEIL 150"
1 SPIKEIL 250"
L >

20° ___J’_
_ A‘Aé - 0.240" SPIKE IV
T

SPIKES

N
7 paunool ~
I s LT

SPIKE I, CAP B8, MOUNTED ON
NOSE OF PRESSURE MODEL

FIG. 6 — DEFLEGTOR CAPS AND SPIKES



&2

%

R

s

[ —

FIG. 7



153}

(oas)owi]

(oes)dwi

14l

gl

1Nd1iNC 3808d NOILO3S 1S31 40 SIOVYHL HJYHO0INOSO
el

3TdAVS-6 914

/

Ol 6 8 Z 9 S v € 2 ! O
R \ / A oo T
\ \ \ \ ,, : \ \
/,_, ,/,,,, AA,, V/ / | /,, \ /
\ \ \ \ \ , | \ \
R R W T R ,,/ /=
I D B | __, =
, | J w | , M =
, i | w H i | | w <
! ,w ” ,. . ! ! M _ 2
A A A o \ \ | =
SR N S N h A ®
T ,,._ ,,ﬁ I \ ! .\ \.‘
| ] ./

fdelt2/

T

i

1NdinO 3804d
gl vl €l

1VO¥HL JO0 S30VYHL HJVYH90TTI0SO 31dAVYS—8 914

2l 1

ol 6 2 9 g v ¢
I 1 / —
/ / \ / ! / / \ / /,,, /,, / | \
A / . ‘,/w SR — A \ \ ,, \ | ; | ,,
/ ,_ / / l,.. /w | ; ' / ,,,4,,
| 4 } | i : i
N O T L / L
| ! ! : i , ! ; :
,P I . L d# M
L L |
,, w, U | | ! , p ,w
T o
| | j | : i V
M ,_ )i ' | ] . L +
—— — i
| / ‘\ \ / \.\M \ \\
\ \ ‘\ \., . p \ ! /
\ / \ / ; FoSb 3/
/

SIIOATITIIA



Constantan

e

fron 2345678 Point
) No.
O O O Oo—0 22
O O O o0 2l
O O ) o—0 20
—O ——O 0 Oo— —0 19
—O -O o —O o— 18
—0 —O O O O |7
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Level
No. ! 3 4 5
Cold
1.5v T G >
Hg
GCell To Pre-Amp
ohm Input
it
> -
To 1 Ground To
Synchronous™< T * Screen Wire Shield
Motor . To Oscilloscope
Cover ___éte. Trigger Input

FIG. 10 — INSTRUMENTATION WIRING DIAGRAM
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FIG. 11
STEPPING SWITCH
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G

FIG. 12(a)

OSCILLOSCOPE TRACE -- SINGLE SWEEP

 TIME —>

|
27U m;_.,,,ﬂ,//%//
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\\\\\\ /111 1

| 4 ,”wm_ B
\\\\\\\\: N
o)) ) sﬁ/ AAN NN
) ) :U.: /».///ﬂ/f
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IG. 12(b)

=
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FIG. 12(c)
NOISE LEVEL OF MEASURING CIRCUIT

FIG. 12(d)
NOISE CAUSED BY SWITCHING
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OGRAPH OF MODEL HM
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FIG. 16
SCHLIEREN PHOTOGRAPH OF MODEL HM
NITROGEN INJECTION; T =.019

FIG. 17

SCHLIEREN PHOTOGRAPH OF MODEL HM
HELIUM INJECTION; I' = .0010



FIG. 18
SCHLIEREN PHOTOGRAPH OF MODEL HM
HELIUM INJECTION; T = .0064

: FIG. 19
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA
NITROGEN INJECTION; T = .013



FI1G. 20
SCHLIEREN PHOTOGRAPH OF MODEL HM + CC
NITROGEN INJECTION; I' =.013

FIG. 21
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA+ S 1
r =0
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FIG. 22
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA+ S II
r =0

FIG. 23
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA + S III
r=0
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FIG. 24
SCHLIEREN PHOTOGRAPH OF MODEL HM + CA+ S IV
r=0

FIG. 25 -
SCHLIEREN PHOTOGRAPH OF MODEL HM
o
I' =0;a=28



FIG. 26
SCHLIEREN PHOTOGRAPH OF MODEL HM
HELIUM INJECTION; T = .0064; q = 4°

FIG. 27
SCHLIEREN PHOTOGRAPH OF MODEL HM

HELIUM INJECTION; T = .0064; a = 8°
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.2
r
‘ ® 0]
VAN 0.0019
[.O - & 0.0059
o 0.013
— ‘é\ +  0.019
0.8 \\/0\\ Re=1.50 x 105
C 7}\\
_Cp N

SN

N
0.2 \‘é

WL$ ----- ==

O 0.4 0.8 S/r 1.2 1.6 2.0

FIG.30-SURFACE PRESSURE DISTRIBUTION ON MODEL
HM WITH VARIOUS RATES OF NITROGEN INJECTION



L2
&

r
® 0
A 0.00I0
" o 0.0020
' \ O 0.0039
+ 0.0064
NI - 5
0.8 ;x’/ \A\ KRe=1.50 x IO
Cp l,” ; \\\
C 14 i
pmGX a

FIG.3I-SURFACE PRESSURE DISTRIBUTION ON MODEL HM
WITH VARIOUS RATES OF HELIUM INJEGCTION
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[.2
r
® 0]
A 0.0026
O 0.0073
[ 0.0I7
Re= 1.lI % 109
02 \
0 0.4 0.8 .2 |.6 2.0

S/R

FIG.32-SURFACE PRESSURE DISTRIBUTION ON MODEL HM
WITH VARIOUS RATES OF NITROGEN INJEGTION
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1.2
Model
® HM
o HM + CA
A HM+ CB
BN Re =1.50 x 10°
°d N\
08 X)K
/ R
Pmax /A m\ \
Bty n) | \\ A\
06 % J' X\
[ %:;7"‘ - \@\
0.4 ‘\@X\
\
0.2
0 0.4 08 S/ 1.2 1.6 2.0

FIG.33-SURFACE PRESSURE DISTRIBUTION ON MODEL HM
WITH VARIOUS DEFLECTOR CAPS.NO INJECTION.



Model r
® HM O
© HM+CA 0
1.0 & A X § 0.0026
A ® 0.0073
,‘;: A ] ] "
G“\é// \\ 0.017
08 . Re = .11 x10°

06

\
\

/ [}

0 0.4 0.8 [.2 1.6 2.0
S/R

FI1G.34-SURFACE PRESSURE DISTRIBUTION ON MODEL
HM + CA WITH VARIOUS RATES OF NITROGEN

INJECTION
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1.2
| Mode]
7 | ® HM
/\ o HM + CA
" R A HM+CA +SI
o IR &  HM+CA+ST
&xal\\ \ ) HM+CA + ST
\/ A\ \ +  HM4+CA+SIY
g \\nf '
0.8 e Re= I.1l x10°
c A\ +
Cpmox / | |
0.6 —\ \
+ \ \
s A
+ -+ 7 ," \\
% NN
0.4 . \ \
4 %\\X
OB Lot \ \\ |
0.2 /,XF”’ %
o S v TN
m—%—d—--a——cg/”’/a TS Gy - S e
1 e e
0 0.4 0.8 |2 1.6 2.0

FIG.35-SURFACE PRESSURE DISTRIBUTION ON MODEL
HM + CA WITH VARIOUS SPIKES.NO INJECTION
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.2 Model r
® HM O
o) HM+CA+STI O
‘O A H 1 1] 00026
) *‘\\ 0 i 0" " 00073
\ B it 1] i OO‘?
\ Re=1.11 x 109
08 ~
. \
Pmax \
0.6 \
\
04 \
\
o=+
02 i :
P 8 \
O 0.4 0.8 1.2 .6 2.0

FIG.36-SURFACE PRESSURE DISTRIBUTION ON MODEL
HM+ CA +SII WITH VARIOUS RATES OF NITROGEN

INJECTION



Model Re 5
® HM il %10
© HM+CA+SI .1t xli09
"O A il 13 # Li’;o XIOS
o " " 223x109
/\ + " 284x09
0.8 A T
Cp \/,{L_ \\
Cprn‘ox ]\R\
0.6 /': \ \1\
T A
0.4 /{ ’;‘-»L”// \\\‘\3\
i
L L os
0.2 b = fr--pe ] _ |
DN S —
=
0 0.4 0.8 1.2 1.6 20
S/p

FIG.37-SURFACE PRESSURE DISTRIBUTION AT VARIOUS
REYNOLDS NUMBERS. MODEL HM + CA + SI.

NO INJEGTION.



|.2 Model Re
® HM 11 x 109
© HM+CA+ST 1.1l x105
A : " 1.50 x 105
I.O
O n i " 2.23 X 105
+ n 1 " 284 X IO5
0.8 A
Cp \
Cpmc:x \
+
06 \ éa\
0.4 K \
IR
0.2 //// - /@——E\%R - |
/II'I/// ‘\\
_{Q‘Téfﬁ—?——:@:u I~ ——®
= -_%—_:-:: T e—
0 0.4 08 S 1.2 .6 20
/R

FIG.38- SURFACE PRESSURE DISTRIBUTION AT VARIOUS
REYNOLDS NUMBERS. MODEL HM + CA +S1II.

NO INJECTION.
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Model Re

° HM LIl x 105
© HM+CA +SII I.1l xI05

. g“ " " 150x10%
-ttt 2.23x10°
+ 1] i 1 284)(!05

0.8

Cp

Pmax

0.6

0.4

0.2

=
0

FIG.39-SURFACE PRESSURE DISTRIBUTION AT VARIOUS
REYNOLDS NUMBERS.MODEL HM + CA+SII.

NO INJEGTION.
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Re
© LIl x 10°
A .50 x 10°
0 2.23x 105
+ 2.84 x 105
———  Model HM
['= 0.0064 , He
|
| i
® !
0.4 N - L _J ) ]
&
¢
| L |
| ~ | |
A |
| o | | |
? | ‘ | !
| | | |
| i i !
i e ‘ 0 ~_ _+ ;
0.2 i ! <3 |
| ;
0 0.4 0.8 1.2 1.6 2.0

Spike Length
Body Diameter

FIG.40-PRESSURE FOREDRAG ON HEMISPHERE-CONE
MODEL WITH SPIKES
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