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ABSTRACT

Ucasurements of heat transfer rates on cone-cylinder models and in
the separated regions behind an axially symmetric backward facing step
are reported  The measurements were obtained in the shock tube at flow
Mach numbers between 1.7 to 2.5, Re/cm of 8 x 103 to 2 x 105 and stagna-
tion to wall enthalpy ratios of 10 to 30, and in the shock tunnel at flow
Mach number 5 5 and Re/cm of 2.3 x 10° and 3.6 x 10°. It is found that
the heat transfer in the separated region is practically unaffected by
the variation of the flow Mach number from the above supersonic values
obrained 1n the shock tube to the hypersonic value obtained in the shock
tunnel While the unit Reynolds number, Re/cm, is found to be an important
pirmmeter 1n derermining the heat transfer rates, particularly the peak
variues found in the reattachment zones  The position of the maximum heating
vate 1< gntluenced by the step height and by the forebody length. It is
tound that the point of maximum heating moves downstream with increasing

step height while increasing forebody length causes an upstream movement of

this point
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. INTRODUCTION

Heat transfer rates to a body in a flowing gas have been studied for
many years both experimentally and analytically. In general these studies
have concerned themselves with fairly regular geometries such as flat plates,
cones, etc. and the theoretical results are well substantiated by experimental
results. Heat transfer rates in separated flows, i.e., flow generated by
proturberances, steps, sharp edges, etc., lack in general both a well defined
theoretical basis and experimental data upon which to establish or substantiate
a theory Interest in separated flows results from the fact that whereas flow
separation at subsonic velocity is an unstable phenomena, in the super and
hypersonic regime the separated flow 1s quite stable, remaining laminar even
at relatively high Reynolds numbers (similar to the attached flcws, Ref. 1).
As one might expect, 1in a separated flow region the heat transfer rates to a
surface are lower than those found under comparable attached flow conditions,
however, at reattachment the heat transfer rates may be many times higher
than those found for the attached flow Therefore the average heat transfer
rate may be higher or lower than that found in attached flow depending upon

the "thermal severity'" of the reattachment

The importance of this is immediately obvious. Aircraft and missiles
which travel at hypersonic velor ties have numerous protuberances of various
shapes and sizes, the locally high heating rates resulting from flow re-

attachment may have damging effects 1if not provided for or prevented.



The key of course to solving problems of this type 1s a knowledge and under-

standing of the separated flow heat transfer phenomenon.

The heat transfer phenomena occuring in separated flows was first
studied by Chapman (Ref. 2) who, by means of a theoretical calculation,
compared the heat transfer rates in a separated laminar region with those
of a corresponding attached laminar boundary layer. Although the conditions
which Chapman investigated were somewhat restrictive, the results of this
work showed a marked reduction of the heat transfer rate in the separated
region when compared with similar attached flow conditions. Subsequent
experimental work (Ref. 3) verified the conclusions arrived at by Chapman,
but in addition, as mentioned previously, showed that a marked increase
(several times that of the equivalent attached flow heat transfer rate) was

experienced upon reattachment of the flow.

A theoretical approach to the problem of heat transfer in the reattach-
ment region of separated boundary layers was later given by Chung and Viegas
(Ref. 4) in which the fluid was considered to be flowing normal to the wall at
reattachment, such as flow over a cavity Chung and Viegas ccmpared their
theoretically calculated heat transfer rates in the reétta:hment zone with
the experimental results of Larson (Ref. 3) and, although Larson's results
were for a separated laminar boundary layer reattaching angle of about 450,

the calculation was within 10% of the measured values.



The results of Chapman and of Chung and Viegas are limited by the fact
that zero initial boundary layer thickness and uniform external flow is
assumed. In addition, these methods determine only average heat transfer
rates whereas a knowledge of the local heat transfer rate distribution is

of practical importance.

In an attempt to overcome these difficulties, Seginer and Rom [5] used
the Crocco-Lees mixing theory modified to include the case of non-adiabatic
flows. The results obtained agreed quaiitatively with experiments, namely,
low heat transfer rates in the separated region and high heat transfer rates
in the reattachment region, however, this type of analysis is limited to
cases for which the mixing functions and correlation relations are available

or may be estimated.

From the preceding discussion 1t is seen that a theoretical solution
to the separated flow heat transfer problem is not available and the
theories that precently exist are quite limited in their application
providing at best only a qualitative approximation to the problem. It would
be expected then that an experimental approach would at least provide guide-
lines for eliminating the deficiencies in the theory, however, to date this
has not been the case. Although many experimental studies have been per-
formed, relatively few local heat transfer rate measurements have been made
and, in general, the studies concerned a wide variety of flow models limited
to a small numbers of flow conditions. References 6 to 15 present separated

flow heat transfer measurements for a number of mcdel geometrics and flow
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conditions. Systematic comparison of these results is difficult however,
in general, regardless of model geometry, peaks in the heat transfer rate
were observed in the reattachment region for completely laminar flows and
for flows in which transition occurred prior to reattachment, the shorter
the distance from the flow separation point to the reattachment point the
higher the reattachment heat transfer rates and a dependence of heat transfer

rate predominantly on Reynolds number is suggested.

The purpose of the present work is to provide separated flow heat transfer
rate data for a wide range of flow conditions and for models, the dimensions of
which are systematically varijed so as to isolate the effects of the various
dimensions on the heat transfer rates. Local heat transfer rates were measured
in the '"dead water" and reattachment regions by the use of thin platinum film
resistance thermometers as described in [16] and the work was performed in a
shock tube and a shock tunncl so that the expcriments covered a relatively
wide range of flow conditions. In the sho¢k tube the ranpe of flow Mach numbers
extended from 1.7 to 2.5 and the Reynolds number per centimeter range extended
from arproximately 5.0 x 103 to 1.5 x 105. The work in the shock tunnel provid-
ed an ideal means of investigating the dependence of the heat transfer rate on
Reynolds number, two values of Reynolds number per centimeter were used,

2.3 x 103 and 3.6 x 103, with a flow Mach number of 5.5 for both cases. For
the range of Reynolds number experienced in these experiments,laminar flow is

expected in all cases with the exception of perhaps the highest Reynolds numbers

per centimeter, depending upon the model dimensions.
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2. EXPERIMENTAL APPARATUS

2.1, The Shock Tube and the Shock Tunnel

The shock tube is a device for generating high energy, high velocity
gas flow and the shock tunnel is a device by which the high energy gas
produced in the shock tube is accelerated to hypersonic velocity. The
theory, design and construction of shock tubes and tunnels are described in

many previous works (for example, Refs. 17 and 18).

The shock tube and tunnel configuration is schematically shown in Fig.l
and a photograph is shown in Fig. 2. The main parts of the structure are:
1) the high pressure or driver gas section, 2) the diaphragm, 3) the low
pressure driven gas section and 4) the supersonic nozzle. A complete description
of the shock tube system is presented in [19], however for the sake of complete-

ness a brief outline is provided h~rein.

The high pressure section is made from a circular steel tube with an internal

diameter of 80mm and an external diameter of 115mm and is designed to an internal
¢

pressure of 3000 psi. The tube is two meters long and is sealed at one end by a

flange through which the driver gas is introduced into the shock tube. The

other end of the tube is closed by a copper diaphragm. Iligh pressure commercial-

ly available bottled hydrogen was used as the driver gas in all of the experiments.

The diaphragm is located between the driver and driven gas sections and prior to

an experiment, separates and maintains the pressure difference between the two
sections. The pressure in the driver gas section is controlled by this dia-
phragm which is designed to burst at a predetermined pressure. For the present

work two pressure levels were used, 300 psi and 600 psi and to obtain these




pressures two types of diaphragm were used. The 300 psi diaphragm was made
from 0.25mm thick copper sheet and the 600 psi diaphragm from 0.50mm thick
copper sheet. Both types of diaphragm were scribed with a cross to a depth

of 0.1mm by the use of a lathe cutting tool. The scribing controlled the
bursting pressure and provided relatively ''clean" bursting of the diaphragm.
"Clean'" bursting of the diaphragm is desirable so as to minimize disturbances
in the initial shock tube flow. Distribution of the bursting pressures around
the desired values was * 5%. The diaphragm is held in place between two

flanges by 8 bolts around the circumference of the flanges.

The low pressure section is made from two steel plates and two steel U

sections bolted together so as to form a 75 x 75 mm square cross-section, 7
meters long tube. The tube is bolted together with rubber tape and sealant
compound between the plates to provide low pressure leak tight joints. Measure-
ment ports are provided in the tube wall along the last three meters of the tube
near the supersonic nozzle and 20cm from the same end of the tube are located
windows through which models may be installed and/or photographs taken., Near
the center of the tube the low pressure pumping system is connected by way

of a 2 inch diameter exhaust pipe. The driven gas, which is found in this

section of the shock tube was room temperature air for all of the experiments.

The supersonic nozzle is connected to the end of the driven gas section by way

of a convergent section which reduces from the 75 x 75mm cross-section to
15 x 15mm at the throat. Prior to an experiment the shock tube and the super-
sonic nozzle are separated by a cellophane diaphragm. This diaphragm bursts

upon arrival of the incident shock-wave. The supersonic nozzle itself consists



of two divergent sections; the first ends with a fixed area ratic A/A*,
of 78. The second section 1s a constant 200mm wide, however the height
may be varied, thereby varying the flow properties in the test section

The first section of the nozzle 1s tilted at an angle of 10° with the
horizontal so as not to allow solid particles (diaphragm pieces) entrained
in the flow to enter the test section. The entrance to the second section
of the nozzle is smaller than the exit of the first section; by this
arrangement only the core of the flow is further accelerated by the nozzle
thereby minimizing the boundary layer build-up. An external envelop
provides a vacuum tight enclcsure for the two sections of the nozzle and to
this envelope is also connected the nozzle vacuum system piping. Windows
are located on both sides of the nozzle at the test section and 1t 1s through
these windows that models may be installed and/or photographs taken For
these experiments one of the windows was replaced by a blank window made o
steel with measurement ports 1in it; tunnel static pressure was monitcred

through one of these ports

An overall view of the shock tube and tunnel is presented in Fig 2.
The high pressure section is shown in the foreground and a diaphragm is
shown 1n place between the high and low pressure secticns A view of the
shock tunnel is shown in Fig. 3 with the large dump tank on the left and the

entrance to the tunnel on the right

2.2. The Vacuum System

Since different pressure levels are required in the shock tube and the

tunnel nozzie, the vacuum system is composed of two systems, one szr.i.ng the



shock tube and the other serving the shock tunnel nozzle. The system serving
the shock tube consists of an Edwards-Kinney KD-110 vacuum pump and is capable
of reducing the pressure in the driven gas section to less than 2mm of mercury
(absolute). The pressure in this section is regulated by a valve between the

pump and the shock tube which controls the amount of air evacuated.

Lvacuation of the shock tunnel nozzle was done by three stages of pumps
connected in series. A Leybold S-60 rotation vacuum pump to reduce the pressure
from atmospheric to seveml millimeters of mercury, a Leybold Ruvac 25 roots
blower type vacuum pump to reduce the pressure to less than 0.25mm Hg and an
Edward-Speedvac F-603 diffusion pump which reduced the pressure to its final

value of approximately 20u Hg.

2.3. The Measurement System

Pressure lleasurements were made by the use of piezoelectric pressure

transducers for static pressure measurements during the experiments in the shock
tunnel. Details of these transducers are given in Table 1. Kistler Model 504
charge amplifiers were used to convert the pressure transducer output charge to

a pressure dependent voltage. Pressure measurements made prior to the experiments
in the driven gas section,in the driver gas section and in the shock tunnel were

made with the gages described in Table 2.

tieat Transfer Rate Measurements were made by the use of thin film platinum

resistance thermometers which were made by sputtering a thin film of platinum
metal on a pyrex glass backing material. The resistance of the gages varies
linearly with tcmperature so that by passing a small current(20 ma)through the

gage and measuring the change in voltage across the gage during an experiment



the temperature variations in the gage may be determined. Une of the out-
standing characteristics of this gage is its extremely short response time
which is less than one microsecond; this property makes it most suitable
for work in the shock tube where total experiment times may be on the order
of 50u seconds. A detailed description of these gages and their calibration

is given in Ref. 20,

The output signal from the thin film gages described above is a parabolic
function of time for a step function change in the heat transfer rate. This
signal may be converted back into a step function which is proportional to the
heat transfer rate by the use of an analog network built for this purpose. Such
analog networks were built in the Electronics Shop of the Aeronautical Engineer-
ing Laboratory and used for the experiments performed in the straight section
of the shock tube. Because of the large signal attenuation through the analog
networks, low noise differential amplifiers with an amplification of approximate-
ly 100 were built and used so as to provide sufficient output signal strength
for recording. A complete description of the analog networks may be found in
Ref. 21. Calibration details of the thin film gages and the thin film gage -
analog network combination is also provided in Ref. 20 briefly, however,
calibration consists of exposing the gage to a known heat flux and comparing
this with the gage or the analog network output to determine the value of

(onK)g'S/a in the following expression:

q = g?/ZXl/IORO\)(pCpK)g'S/a AV

Heat transfer rates may then be calculated using this relationship since the
values of (pCpK)g's/a , I0 and Ro are known and AWN? is measured in the

experiment.
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For the work in the shock tunnel the output signal from the thin film
gages was too small to allow the use of the analog networks for data reduction
and it was necessary to reduce the raw data using the method described in Ref.
22 by which the complete heat transfer rate history for the total experiment

time is calculated.

Wave Speed Measurements were also made with the help of the same thin

film gages described previously. Two pairs of these gages were installed

in the four measurement ports in the straight section of the shock tube

nearest the supersonic nozzle. The distance between the gages in each pair

was known so that by measuring the time taken for the incident shock wave to
travel the distance between the gages in each pair, the average wave speed may
be calculated for those sections of the shock tube. The thin film gages of
course measure only temperature change, however, since the incident shock wave
raises the temperature of the gas over which it passes, the gages respond to
this temperature change. Each gage pair was connected to one of two counters,
either a Beckman Model 7360 or a Model 6146, through a pulse amplifier - current
supply module which provided a voltage signal to the counters. This module also
supplied the current necessary to produce the initial voltage across the gage.
The function of one gage in each pair was to start its respective counter

and the other stopped the counter. The resolution of these counters is 1.0u
seconds and 0.lu sec. respectively so that the accuracy of the wave speed measure-
ment was better than *1.0%. The signal from one of the thin film wave velocity

gages was also used to trigger the recording oscilloscopes.
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The Recording System consisted of four Tetronix Oscilloscopes: one model
ng oy

535, one model 555 and two models 565 oscilloscopes. Output signals from the
thin film temperature gages and/or the pressure transducers were fed to the

oscilloscopes and the resulting trace photographed on Polaroid film.

A general view of the electronic instrumentation is presented in Fig.
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3. THE MODELS

A series of 10 axisymmetric models (Fig. 5 ) were used in this work.
The configuration and dimensions of the models are given in Fig. 6 Con-
struction of the model is such that the forebodies (the cone-cylinder) are
interchangeable. So that the same instrumented pyrex glass cylindrical part
on which the platinum films are located is used for all the experiments and
only the cone-cylinder forebody is changed to obtain various step heights
and forebody lengths. A photograph of the instrumented pyrex cylinder with
a mounted forebody is shown in Fig. 7, the 10 thin-film gages are clearly
seen here as strips across the cylinder. The platinum film gages are
described in Section 2.3 and the gage positions behind the step are given in
Table 3. In addition to two forebodies which gave zero step height, four step
heights were used: 0.85 mm, 1.90mm, 2.90mm and 4.00mm and two lengths: 10.0mm
and 25.0mm, for the cylindrical section of the forebody. The half angle of the
forebody cone was 15° for all the models. Therefore, the effective forebody
length varied with step height. Table 4 presents the effective forebody

lengths for each of the 10 models.

In addition to the 10 models already described, a model was fabricated
for the purpose of examining the heat transfer rates in the dead water region.
This model, designated Model 11, is shown in Fig. 8 and the configuration
and dimensions are given in Fig. 8 . The model step height is equal to the
instrumented cylinder diameter 10.2mm, and the cylindrical forebody length is
25.0mm. As an integral part of the model, a cylindrical section is provided
at the model base, the effect of this is to increase the distance of each

gage from the sepration point by 15.0mm.
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Mounting of the models in the shock tube was accomplished through the
measurement port at the end of the shock tube which is shown in Fig.9,
In the shock tunnel the model was mounted, with the aid of the adapter
shown in Fig.10, on a perpendicular mounting bar located at the end of
the shock tunnel test section. In both the shock tube and the shock tunnel

the model axis was aligned with the longitudinal axis of the local section.



4, EXPERIMENTAL METHOD

4.1, Shock Tube

The quantity which determines the flow prouperties in the shock tube
for a given gas combination (hydrogen/air for this werk) and a given
temperature ratio between these gases (room temperature :n all of these
cases) is the pressure ratio between the driver and driven gases. For the
work performed in the shock tube straight section, the pressure in the driver
gas sectionr was 300 psi, so that by varying the pressure in the driven gas
section the flow properties are controlled. The range of pressure in this
section was from 2mm Hg abs to 100mm Hg absolute, giving a range of incident
shock wave Mach numbers from approximately 9.0 to 4.0 and actual flow Mach
numbers of 2 5 to 1.7. The actual incident shock Mach number is a measured
quantity and knowing this the remaining flow quantities may be determined
from the flow charts for equilibrium air found in Ref. 23. It is obvious
from these charts that to obtain higher Mach numbers, the initial pressure
in the driver gas section, p,, must be reduced and the resulting Reynolds

number flow parameter, Re, therefore decreases.

Prior to each experiment the resistance of each gage was measured with
a bridge netwsrk and the current to each gage was set at 20 ma. Immediate-
iy after completion of an experiment the resistance of each gage was again

checked anld the average value used in reducing the heat transfer rate data.
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For the work in the straight section of the shock tube the analog net-
works described in Section 2.3 were used to convert the thin film gage out-
put into a step function, the height of which is proportional to the heat
transfer rate. Reduction of this data was accomplished by measuring, with
the aid of a comparator, the height of the output signal as recorded by the
oscilloscope. Since this output signal is directly proportional to the heat
transfer rate, it is a relatively simple matter, knowing the calibration co-
efficient of a given gage-analog network combination, to calculate the heat
transfer rate. ‘The comprator used has a resolution of 0.00lmm. Fig. 11 is
an example of the data recorded during a shock tube experiment, the upper
trace is that of the thin-film gage parabolic output signal, the lower trace
is the signal obtained after processing by an analog network. In practice,
the lower trace is measured at several places and the average reading is

then used.

4.2, Shock Tunnel

The work in the shock tunnel was of a slightly different nature, since
the flow Mach number is determined by the nozzle area ratio. For the present
work the nozzle was fixed in a position which gave a Mach number of 5.5 as
determined by the shock tunnel callbraéion described in Ref. 19. The shock
tunnel was operated at the tailored interface condition (also described in
Ref 19) s0 as to obtain maximum test time. By this method, the shock tube
1s operated at conditions which give an undisturbed high pressure, high

temperature standing air ceservoir at the end of the shock tube. Table 5

presents the typical shock tube conditions for the operation of the tailored
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shock tunnel. This air is then accelerated by the nozzle to the desired
flow Mach number according to the nozzle area ratio setting. By controlling
the pressure in this standing air reservoir (the pressure in the reservoir
is the stagnation pressure of the nozzle flow) the Reynolds number in the
nozzle is varied, the flow Mach number however, remains unchanged. Two
Reynolds numbers were used, as previously mentioned, the higher of the two
was obtained using the shock tube as described in Section 2.1 and to obtain
the lower one a convergent-divergent nozzle was installed between the high
pressure, driver gas section and the copper diaphragm. The flow conditions
thereby obtained in the shock tunnel are shown in Table 6. A complete
description of the shock tunnel and its calibration may be found in Ref

19.

The data reduction procedure for tne shock tunnel work was somewhat
different than that used for the shock tube. The maximum output voltage
from the thin film gages for the shock tunnel work was less than 3 milli-
volts. This output voltage level was less than that required to obtain a
useful output from the amplifier analog network combination. In addition, the
shock tunnel output signal shown in Fig. 12 is substantially different than
that obtained in the shock tube (Fig. 11). In Fig. 11 the voltage signal
from a thin film gage prior to processing by the analog nctwork shows an al-
most immediately parabolic response after passage of the incident shock wave
so that, as described in Ref. 20, a step function change in the heat transfer
ratce occurs and steady flow conditions are achieved almost immediately. In
contrast to this, the starting process in the shock tunncl is substantially

“slower (Ref. 24) and steady flow conditions as illustrated by the parabolic
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portion of the output signal in Fig. 12 are not achieved until some 2.5 milli-
seconds after the tunnel starts to operate (the time required for tunnel start-
ing depends upon the ratio between the initial pressure in the tunnel and the
1nitial pressure in the driven gas section). In order to convert this output
signal to a heat transfer rate it was necessary to measure, with the aid of
the comparator, the magnitude of the output signal as a function of time and by
a numerical integration employing the trapozoidal rule of the data reduction
equation appearing in Ref. 22, the heat transfer rate was calculated at 100

u second intervals from the initiétion of flow in the shock tunnel. The
results of this calculation were plotted as heat transfer rate versus real

test time as in Fig. 13 and the value of the constant heat transfer rate

determined. This procedure was carried out for each gage and for each experiment.
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5. RESULTS AND DISCUSSION

5.1. Zero Step Height Axisymmetric Models - Cone - Cylinder.

In order to determine a basis of comparison for the type of axisymmetric
models used in the present work, a series of experiments were performed using
a model without a backward facing step, a simple cone-cylinder. The dimensions
of the two models used in this part of the work designated Models 9 and 10 were
presented in Fig. 6. The two forebody lengths were used to check the effect of
forebody length on the heat transfer rate and the results of these experiments
are presented in Figures 14 and 15 in the form of Nux/Pr Vs Rex for models
9 and 10, respectively. The results are plotted for each gage and, with the
exception of gage number 1 which is located immediately behind the forebody-
gage base attachment point, the results are well represented by the correlating
relation:

Nu_/Pr = 0.0013 Rel‘0
X X

This relation applies to both models 9 and 10 indicating that for the range of
model dimensions tested, the effect of the length upon the relationship between
heat transfer rate and flow conditions follows this relation. For the purpose
of comparison the line representing the flat plate heat transfer rates for the
equivalent flow conditions is also shown in Figs 14 and 15. "It is with these

results that the data for Models ! through 8 wiil be compared

Despite the fact that the cone-cylinder is a shape which appears frequently
in aerodynzmic work, no data was found to corroborate the above correlation which
exhibits a linear dependence with longitudinal position i.c., the local Reynolds

number to the first power, whereas for the case of a flat plate the correlation
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contains the local Reynolds numbers to the one-half power.

5.2. Finite Step Height Axisymmetric Models

Presented in Figs. 16 to 23 is the quantity (Nux/Pr)/cm which was
measured at each gage position(distance behind the separation point) for
each of the 8 axisymmetric finite step models (Models 1 through 8 and
described in Fig. 6). The quantity (Nux/Pr)/cm is, of course, a heat
transfer rate related quantity. The heat transfer rate data is plotted in
the figures as a function of gage position using the Reynolds number per
cent.meter (Re/cm) as a parameter. The lower two values of Re/cm, 1i.e.
2,5 x 103 and 4 x 103, are data from the shock tunnel experiments, the
remaining curves are from experiments performed in the shock tube In all
cases, the value of the heat transfer rate increases with increasing Re/cm
for a given gage position. Also, as found in previous investigations,
initially low values of (Nux/Pr)/cm are found in the dead water region
immediately behind the flow separation point with a subsequent rise and level-
ling off in the reattachment region. Movement of the reattachment region,
which is taken as the region in which the maximum value of (Nux/Pr)/cm is
attained, may also be observed. The reattachment region moves upstream toward
the separation point with increasing values of Re/cm and with increasing fore-
body length and the movement is downstream with increasing step height. Also

listed on the Figs. 16 to 23 are the respective values of h/L ReLI/Z, ReL, Ms

and M. which correspond to each of the curves plotted (h/L Rei/z is a boundary

f
layer thickness related parameter used in Refs. 7, 25 and 26 fdr correlation

of the test data).

skl
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In Fig. 24 the heat transfer rate parameter, (Nux/Pr)/cm, for Model 1
is plotted as functions of Re/cm for each of the 10 gages. This figure is
representative of the data of all of the models tested and also illustrates
the presence of low heat transfer rates in the dead water region and higher
rates in the reattachment region. It is interesting to note the rate of
variation of the heat transfer rate for each gage or position behind the
separation point. In the dead water region the heat transfer rate rises
slowly at the lower values of Re/cm and rapidly at the higher values of
Re/cm, beyond reattachment the opposite trend is observed. This results in
a ''concave' variation in the dead water region and a ''convex' variation in
the reattachment region. The region in which the curve shape changes, that
is, where an approximately linear variation is observed, marks the position
between the gages which are in the '"unattached'" and those that are in the
"reattached" flows. For Model 1 this occurred at gage 3 or approximately
4.45mm from the separation point. It should be mentioned that this is not
the point at which the maximum heat transfer rate occurs but does indicate
the region in which the Re dependence of the heat transfer changes. Also in-
dicated on Fig. 24 is the range of Re/cm which applies to the shock tube
and that which applies to the shock tunnel, It is worth noting that for the
shock tunnel experiments the flow Mach number was 5.5 in all cases and the

Re/cm parameter was controlled by varying the supersonic nozzle air stagnation
pressure. This may justify the conclusion that the heat transfer rate is

predominately a function of Reynolds number and is not dependent on the flow

Mach number.




As previously mentioned, knowledge of the value of the maximum heat transfer
rate is of importance and for the purpose of illustrating the variation of this
parameter with the experimental variableés, Figs. 25, 26 and 27 present plots of
[Nux/Pr)/cm]max as a function of step height with ReL as a parameter,[(Nux/Pr)/cm]max
as a function of step height with Re/cm as a parameter and as a function of Re/cm,
respectively. Several observations may be made from these figures. Vhen plotted
using ReL as a parameter, the short forebody models experienced heat transfer
rates which are higher than those experienced by the long forebody models. Ihen
plotted using Re/cm as a parameter however, the maximum heat transfer rates appear
little affected by step height or forebody length for the range of step heights and
forebody lengths tested. The predominant affect is that of Reynolds number per
centimeter (Fig. 27) i e., the value of [(Nux/Pr)/cm]max increases with increasing
Re/cm. This parameter, Re/cm, is a function of flow conditions independent of model
geometry. Also plotted in Fig. 26 is the line which represents the case of zero
step height (models 9 and 10) thereby iilustrating that for all except the lowest

value of Re/cm, 2.5 x 103, the maximum value of the separated flow reattachment

heat transfer rate is higher than for -he equivalent nonseparated flow case.

5.3. Comparison of the Separated Flow Measurements with the Cone-Cylinder
(Zero Step Height)Axisymmetric Models and with the Flat Plate
Heat Transfer Rates

Fig. 28 presents the variation of the measured heat transfer rate for Model
1 related to the cone-cylinder (step height = 0.0) data, q/qs'c. , as a function
of distance from the flow separation point with Re/cm as a parameter. 'lhis
figure is representative of the dat~ ~btained from the other Models, 2 through
8, which similarly exhibiting values of q/qs.c. which are low immediately follow-

ing flow separation and in the dead water region and rise to values of approximately



0.7 to 2.5 1n the reattachment zone  Of interest here is the fact that in
the dead water region the values of q/qS — decrease to a minimum with
increasing Re/cm and subsequently rise with a further increase in Re/cm.
In the reattachment region, however, the values of q/qs.c. rises to a
maximum with increasing Re/cm and subsequently decreases with a further
increase in Re/cm. This fact is further illustrated in Fig. 29 which
presents q/q. . plotted as a function of Re/cm for each gage of

Model 1, similar curves were obtained for Model 2 through 8. This result
is of course consistent with the previously noted trend of a concave heat

transfer rate variation in the dead water regicn and a convex variation beycnd

the reattachment region.

Reference 25, which presented only the portion of this work that was
performed in the shock tube, i.e. Re/cm from 5.0 x 103 to 1.5 x 105 compared
the heat transfer rate data with the rates expected under simiiar flcw con-
ditions for a flat plate  In Figs. 30 and 3! the results of Ref. 25 have been
extended tc include the measurements made in the shock tunnel and are represent-
arive of the results obtained for each ~f the 8 models. The figures present

q/9; p plotted as a function of Ax/h and as a function of Re , respectively.

L’
The dependence of the heat transfer rate ratio, q,’qf p on the Reynolds number
is evident in these figures. Figs. 32 and 33 have also been extended to in-

clude the shock tunnel data and present (q/qf p )max as a function of step

height for several values of Re  and

’ y i . )
L (q/qf p. max as a function of h/L,

respectively. It was pointed out in Ref. 25 that the data from the short fore-

body mode.: (1, 2, 3 and 4) could not be correlated with the daza from the long

-
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forebody models (5, 6, 7 and 8) when ReL was used as a parameter  In Fig.

26, however, it was seen that when [(Nux/Pr)/cm]max is examined as a function

of Re/cm, the differences due to forebody length and step height changes are
reduced considerably, thereby indicating a dependence of the maximum heat transfer
rate on flow conditions rather than on model geometry. Movement of the reattach-
ment region however, is affected by model geometry as well as flow conditions.

Although a definitive relation among flow parameters, model geometry and reattach-

ment region location was not derived, a trend is apparent as was discussed previously.

The question naturally arises at this point as to which comparison is pre-
ferable: i.e. comparison with the expected flat plate values or with the measured
data for the cone-cylinder (zero-step height) axisymmetric models. Inasmuch as
the correlation obtained for Models 9 and 10 in this work is substantially different
than the equivalent correlation for a flat plate, the resulting values of (q/qf.p.)max
and (q/qs.c.)max are also different. The maximum value of (q/qf.pl)max for the range
of test conditions being 4.0 and for the equivalent (q/qs.c.)max , 2.5. In addition,
the maximum value of (q/qf.p.)max occurs at the highest ReL whereas (q/qs.c.)max
reaches a maximum with increasing Re/cm and with further increases in Re/cm, the
value decreases. This qualitative difference is due to the exaggeration effect of
the steeper slope of the zero step height correlati.1. The preference here is for

the (q/qS c ) comparison, since it gives a more realistic measure of the reattach-

ment overheating for the case of axisymmetric separated flow.

It would be worthwhile now to review some of the previously published work
in the light of the present data. Tlo do this systematically is, however, difficult

due to the wide range of model geometries and test cor  ions used in previous
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investigations and the lack of an established theoretical criterion. A trend
noticed in previous studies (Ref. 6 to 15) is that higher heat transfer rate
peaks are obtained with decreasing reattachment distance, Ax. This, however,
appears to be due to the choice of the characteristic length for determining

the Reynolds number parameter since in the present work, when based on the Re/cm
parameter, the peak or maximum value is relatively unaffected by step height

and forebody length. That this is a characteristic of axisymmetric flow seems
unlikely and it is more likely that this indicates the need for a correlation
parameter which takes into account reattachment distance and flow conditions

and flow properties.

An additional type of comparison is that made in Ref. 26. In Ref. 26 a
correlation was formulated which related the maximum heat transfer rate at re-
attachment with the position of this maximum,independent of model geometry.

This correlation is of the form:
Ax, -1
(q/qf.p.)max = 12 (Fmax

Ax : . .
where (E—J is the point at which (q/qf.p.)max first occurs, and was

max
obtained by the compilation of the results of a large number of measurements
of heat transfer rates in the reattachment region of various types of models
and flow conditions. Data points from the present study, which are compared

with this correlation in Fig. 34, seem to be in good agreement with this

correlation,
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5.4. Heat Transfer in the Separated Flow Region

Model 11 was designed to provide a relatively long separated flow or
dead water region. All of the heat transfer gages were expected to be
located in the dead water region and accordingly, low heat transfer rates
recorded. The model was too large to be tested in the shock tube and
therefore only the flow conditions provided by the shock tunnel were used.
The data are plotted in Fig. 35 and as mentioned previously, low heat trans-
fer rates were measured. Most of the data is for the higher Re/cm flow
condition (3.6 x 103) with only two points plotted at the Re/cm value of
2.3 x 103. The reason for the lack of data at the lower Reynolds number
per centimeter is the low Output signal at this flow condition which
results in a noise dominated output signal that is difficult to measure.

The data that was obtained however, does indicate relatively constant low
heat transfer rates with low heat transfer rates occuring at the lower value
of Re/cm. In addition, the rapid heat transfer rate rise which is usually
associated with flow reattachment is not seen. The difficulty here, however,
is that the expected reattachment heat transfer rates at this value of

Re/cm are also quite low (see Fig. 23) and there may be some difficulty in
identifying reattachment. Further discussion in the case of this model is

not possible, however, without more complete data.
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6. CONCLUSIONS

Based upon the experimental results obtained in this investigation
several conclusions may be drawn with respect to axisymmetric backward
facing step separated flow: (1) maximum heat transfer rates are primarily
affected by flow conditions as measured by the Re/cm parameter; (2) move-
ment of the location of [(Nux/Pr)/cm]max is influenced by step height and
by forebody length (when measured by the distance from the separation point,
Ax, this point moves downstream with increasing step height and upstream with
increasing forebody length); (3) the variation of heat transfer rate with
Reynolds number in the separated flow region is different than that in the
attached flow region (concave to convex variation) indicating a possible means
of defining the thermal reattachment region rather than taking the point of
[(Nux/Pr)/cm]max as the '"point" of reattachment; and (4) the heat transfer
rate is a function of Reynolds number, ilach number having no noticeable affect
on the heat transfer rate. The experimental results obtained for the case of
zero step height on non-separated flow give a correlation of the form

Nu_ = 0.0013 PrRel'0
X X

In"Ref. 25 a need was expressed for a new similarity correlation, the
present work indicates that & separated flow maximum heat transfer rate
correlation may be expected to be a iunction of the flow properties as
expressed by the quantity Re/cm whereas reattachment location is expected

to be a function of the separation geometry.
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FIGURE 2 - GENERAL VIEW OF THE SHOCK TUBE AND SHOCK TUNNEL



FIGURE 3 - VIEW OF THE SHOCK TUNNEL
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FIGURE 4 - GENERAL VIEW OF THE ELECTRONIC INSTRUMENTATION
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FIGURE 5 - AXISYMMETRIC SEPARATED FLOW MODEL FOREBODIES
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FIGURE 7 - VIEW OF THE THIN-FILM HEAT TRANSFER GAGES
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FIGURE 9 - SHOCK TUBE MEASUREMENT PORT



FIGURE 10 - SHOCK TUNNEL MODEL MOUNTING ADAPTER



TIME BASE: SOuSEC/CM
AMPLIFICATION:
PARABOLA: 10mv/cm

STEP: 100mv/cm
FIGURE 11 - OSCILLOSCOPE TRACE FROM AN EXPERIMENT IN THE SHOCK TUBE

,-/\

TIME BASE: 500 uSEC/CM

AMPLIFICATION: lmv/cm

FIGURE 12 - OSCILLOSCOPE TRACE FROM AN EXPERIMENT IN THE SHOCK TUNNEL
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FIGURE 16 - (NHX/I‘I‘)/rm A% A FUNCTION OF Ax for MODLL 1
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