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SUMMARY

This thesis describes an experimental study of.the heat transfer
distribution developed in regions of separated flow, on bodies
travelling at hypersonic speeds. The investigation was carried out

in the Imperial College Gun Tunnel at Mach numbers of 7, 10 and 15.

A multi-channel apparatus utilising thin film resistance
thermometers iogether with electrical analogues, was developed for
the direct recording of heat transfer raées of between 0.02 and
100 Btu.ft-gsec"q. This apparatus was used initially to measure
the heat transfer distributions over bodies in unseparated flow,
and these measurements were compared where possible with exiéting

theoretical and experimental information.

Measurements of the heat transfer distribution were made in
regions of adverse pressure gradient and flow separation, induced
both by forward facing wedges and externally generated shocks.

From an examination of the detailed heat transfer distributions
obtained, the separation phenomena was shown to be independent of

the mechanism by which it was induced, and a séparation criteria

in terms of the form of the heat transfer distribution, was suggested

to distinguish between separated and unseparated flows.

A detailed study was made of the heat transfer distribution
developed in the reattachment region of a separated shear layer.
Both two-dimensional and axisymmetrical models were used in
experiments which SOught to investigate the effectis of reattachment
angle, Mach number, downstream expansion and boundary layer thickness

at separation, on the reattachment heat transfer.

The final experimental investigation, the study of heat
‘transfer over spiked bodies, was designed to study the parameters
which influenced the protection of aerodynamic surfaces by the use
of controlled regions of separated flow. In this investigation

the flow pattern and distribution of heat transfer were measured
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over .spiked.spheres, flat ended cylinders, and a family of cones,
at Mach numbers of 10 and 15,

. The work concludes with a comparison between the experimental
separated flqw measurements and theoretical calculations based on

simple approximations for the separated flow field.
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INTRODUCTION

l1.1. Scope and Purpose of the Investigation

At low speeds, regions of separated flow are often unsteady.
and generally their effect is detrimental to the performance of the
aerodynamic surface upon which they occur. At supersonic and
hypersonic speeds however, such regions become increasingly stable,
which together with the increased stability of the laminar boundary
layer at high Mach numbers, has produced a situation in which there.
exists a strong possibility of accurately predicting the occurrence,

extent and properties of these regions.

The predominance of laminar boundary layers at hypersonic.‘
speeds, and the comparative ease with which such boundary layers
will separate, has made separation criteria and the properties of
separated zones of great importance.‘ An accuratekknowledge of
data relating to the separation and properties of laminar separated
regions, is essential for the design of compression surfaces such

as intakes, nozzles, flaps and flared junctions,

Flared and flapped surfaces are often used to control the drag
and stability of hypersonic vehicles. The adverse pressure gradients
induced at the junctions between the surfaces often causes flow
separation, and the heat transfer developed in the reattachment region
of the separated shear layer may cause serious heating problems.

Very little is known about the parameters which influence the heat-
ing in the reattachment region, and there is almost a complete
absence of‘theoretical and expefimental information, even relating

to characteristics of an unseparated flow passed a body-flap junction.

In recent years there have been suggestions that controlled
regions of laminar separated flow may be used to obtain desired
heat transfer, skin friction and pressure characteristics over

aerodynamic surfaces. Theoretical studies have shown that the
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total heat transfer to the boundaries of a laminar separated cavity.
flow, is less than the heat transfer to the boundary of an. equivalent
attached flow bridging the cavity. This study has initiated

experiments which have centred around the use of spiked blunt bodies

to investigate the practical significance: of such results.

The following work'was undertaken. to investigate the general
topic,heat. transfer in separated flows, but with particular emphasis .
on .the. subjects mentioned briefly above. When the work was commenced,
there was no record of a successful technique to measure accurately
the large range of heat transfer rates which occur in regions of
separated flows in a gun tunnel. After a study of various heat
transfer measurement techniques had been made, the thin film technique
was selected and used successfully to measure the heat transfer to
models in unseparated flow. The mechanism of heat transfer to
regions of adverse pressure gradient and moderately separated flows
was investigafed, and an attempt was made to distinguish between
flow separation and boundary layer thickening. A study was then
made .of the heat transfer distribution in regions of shear layer
reattachment, and measurements were made on two-dimensional .and
axisymmetric models to investigate the effect of Mach number and
body shape on this phenomena. Spiked sphere and cone models were
used to investigate the protection of aerodynamic surfaces by the
use of controlled regions of separated flow. These experimental
results were compared, where possible, with existing experimental

data and approximate theoretical calculations.
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1.2, A Review of Literature Relevant to the Study of
Heat Transfer in Separated Flows

- The shape and size of a separated flow is controlled primarily
by the flow mechanism in the separation and reattachment regions and
by the wall geometry. In the simplest cases, such as the flow past
a cut-out, the wall geometry determines the sizeé and shape of the
separated region by fixing the separation and reattachment points on
the lip of the cavity. The geometry of separated regions caused.by
a -shock incident on a flat plate, or induced by a flared junction,
is however determined by the conditions in the separation and
reattachment regions, together with mass balance conditions in the
mixing region. Flows in which either the separation or reattachment
points are fixed geometrically, such as in fonard or backward facing
steps, constitutes a mixture of the two types of flow. Hpgdonoff
(1962) . identified the two basic types of separated regions as "cavity
flows", and "wedge separated flows", with the third type classed as a

"mixed separated flow".

The most important single characteristic, which has been found
to influence the occurence, extent and properties of a separated flow,
is the condition of the boundary layer; that is to say whether it is
laminar, turbulent or a combination of both during the interaction.
The importance of this factor prompted Chapman, Kuhen and Larson.
(1957) to further classify separated flows into three types; (1)
pure laminar in which the separated shear layer is laminar, with tran-
sition occurring well downstream of reattachment; (2) transitional
separated flow, where transition from laminar to turbulent flow occurs
in the separated shear layer between the separation and reattachment
points, and (3) wholly turbulent flow where the transition point

occurs upstream of the point of separation.

At supersonic and hypersonic speeds the separation of a boundary
layer is associated with the phenomena of shock wave-boundary layer

interaction. Both the experimental and theoretical work in this
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field has been concerned with the investigation of the shock wave-
boundary layer interaction, resulting from an external shock incident
on a tunnel wall or flat plate, or induced by a forward facing wedge
or compression surface. Early experimental work.in this field .was
made by Liepmann, Roshko and Dhawan (1951), Gadd, Holder and Regan .
(1954), Gadd and Holder (1957) and Chapman, Kuehn and Larson (1957).
The primary objects of these investigations was the study of the
mechanism of boundary layer separation, and the criteria which
governed the incipient separation of both laminar and turbulent
boundary layers. The results from these experiments showed that
boundary layer transition had a large effect on both the pressure
rise to cause incipient separation, and on the size, shape and
properties within the separated region. Turbulent boundary layers
were found to withstand far larger adverse pressure gradients before
flow separation occurred, and whilst laminar interactions were found
to occupy regions of the order of a hundred boundary layer thicknes-
ses in length, a turbulent interaction occupied a region of the order
of ten boundary layer thicknesses, for the same agency inducing

separation.

The properties within separated regions, such as pressure, skin
friction and heat transfer, were found to be entirely different for
laminar and turbulent flows, The heat transfer, which was found to
decrease in a laminar separation region, was found to increase in a
turbulent separated flow. An examination of the schlieren photo=-
graphs and pressure distributions, obtained from the experimental
study of flow separation, induced both by forward facing wedges and
externally generated shocks, revealed that the phenomena of boundary
layer separation was a "free interaction", i.e. independent of the‘

mechanism by which it had been induced,

The effect of Reynolds number and Mach number on the shock
strength and pressure coefficient to cause the incipient separation
of laminar boundary layers has been investigated more recently by
Hakkinen, Greber, Trilling and Abarbanel (1959) and Sterrett and
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Emery (1960). Hakkinen et.al examined the interaction of an
externally generated shock with a boundary layer on a flat place,.
with pressure and skin friction measurements. The incipient sepa-
ration condition, which was determined by measuring the skin friction
and pressure distribution, was found when the skin friction at one
point only was zero. Sterrett and Emery found the incipient
separation point by observing an inflection in the pressure profiles
over wedges. Both Hakkinen et.al and Sterret and Emery found their
experimental results in good agreement with the separation criteria
deduced in a theoretical study by Chapman ei.al (1957). Sterret and
Emery also found that for curved compression surféces,.much greater
adverse pressure gradients could be withstood before flow separation

occurred.

The effect of heat transfer on the separation of a boundary
layer has been examined experimentally by Gadd (1960), Gadd and
Attridge (1961) and Ferguson and Schaefer (1962). In these experi-
ments the wall=to-free stream temperature was varied to effect a
change in heat transfer, and separation was promoted by a step or
flare. These experiments have demonstrated that the pressure
gradient needed to cause separation increases with wall cooling,
and that the length of the separated region decreases with wall
cooling. Although pressure and skin frictioni measurements have
been made in small regions of wedge separated flows, there is almost
a total absence of detailed heat transfer data for both unseparated

flows in regions of adverse pressure gradient and moderately separ-

ated flows.

The theoretical study of wedge separated regions is cdmplicated
by the fact that the boundary layer approximations to the Navier-
Stoke's equations, ignore the existence of a pressure gradient
normal to the flow in the boundary layer. In the separation and
reattachment regions of a separated shear layer this assumption is
badly in error, Recently the classical momentum - integral method

of Von Karman has been used to investigate the properties in regions
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of shock induced boundary layer separation, Two,forms of this
relationship are embodied in the Crocco-Lees (195é)khethod,and the
Pohlhausen method as used by Curle (1960). A modified form of
Crocco-Lees was developed by Glick (1960) to investigate thin
regions of shock-induced wedge separated flows.’ Although this
method gave good agreement with the experimental results of Chapman
et.al for the pressure distribution in a separated region, the
complexity of the numerical calculations required to analyse a
separated flow fieldwre lengthy. The Crocco-Lees method was
compared with a Pohlhausen solution for the case of shock induced
separation by Bray, Gadd and Woodger (1960). Bray et.al concluded
that the relative complexity in applying the Crocco-lLees method.
compared with tﬁe Pohlhausen method, did not justify the slightly
more accurate solution obtained. The 'Pohlhauson method. has also
been used to examine pressure and skin friction distribution in
moderately separated flows by Bloom (1961) and Curle (1962). There
are no solutions for the distribution of heat transfer in wedge

separated flows.

The size and shape of a wedge seﬁarated region is controlled
primarily by the flow mechanism in the reattachment region. A
knowledge of the pressure rise to reattachment, the pressure distri-
bution in the reattachment region, and the condition of the reattach-
ing shear layer is éssentigl before the shape and size of a free
seﬁarated zone can be predicted. The basic flow mechanism in the
. .reattachment region of a separated shear layer was described by .
‘Chapman (1956) ' Brlefly,Chapman considers the recirculatlng flow

in the separated region to be confined between the external flow and
the body surface, by a dividing streamline which siretches between
the separation and reattachment points. The external flow can only
influence the flow in the separated region by momentum and energy
transfer. The fluid flowing in the shear layer experiences a '
pressure rise as it approaches the reattachment region. The part
of the shear layer below the dividing streamline does not possess

sufficient kinetic energy to negotiate the reattachment pressure
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rise and is reversed into the separated region, whilst the flow
above the dividing streamline continues downstream. Chapman assumes
the. compression process in isentropic, and thus the flow will
reattach when the total pressure on the dividing streémline is equal
to the static pressure just downstream of the point of reattachmenﬁlﬁ°
The pressure rise from ahead of the separation point to a point just
downstream of reattachment is determined by the wall geometry and
the conditions in the free stream. Further experimental work has
indicated that reattachment may take place at a pressure.  between the
plateu pressure and the.final downstream pressure. . Cooke (1963)
makes the assumption, (based on experimental evidence of Hakkinen. .
et.al), that for a laminar shear layer the reattachment takes place
midway between the plateu pressure and the pressure just downstream
of the end of the reattachment pressure rise. Nash (1962) suggests
that the reattachment point for a turbulent shear layer occurs one
third of the way up the reattachment pressure rise. Precise
experimental data on this important problem has yet to be obtained.

. An important method for the prediction of the scale of a wedge
separated region and mixed interaction, was made in a theoretical
study by Cooke (1963). Cooke, by considering the development of
the velocity along the dividing stream, from its initial value of
zero at separation, to a value sufficient to make its total pressure
equal to the reattachment static pressﬁre, was able to predict the
scale of the interaction. Good agreement was obtained with the

results of Ginoux (1960).

The reattachment region is also of the greatest importance in
the study of heat transfer in separated flows, for it is in this
region that the highest heat transfer rates in the separated zone
are developed. Chung and Viegas (1961) have derived a theory for
the heat transfer rate in the reattachment zone of a two-dimensional
laminar boundary layer in a cavity separated flow. An interesting
result of their investigation is the prediction that the heat
transfer rates developed at the reattachment point of a reattaching
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shear 1ayer.could be greater than twice those fouhd at'thé'stagnétion :
point of a body, whose radius of curvature at this point~is'eqﬁa1‘iﬂ
length to the shear layer, There was very little experimental ,H
evidence with which this result could be compared, but it is cléar
that the development of large heat transfer rates at reattachment .
points would have an important bearing on the design of hypersonic
vehicles, where laminar separatéd regions may occur either by

accident or design.

. The heat transfer to a separated cavity flow was analysed. ,
theoretically by Chapman (1956). . Using the mixing theory which he -
developed earlier, (Chapman 1949), Chapman:' predicted that the total'
heat transfer to the boundaries of a 1aminar’separated'cavity flow, -
vas approximately 0.56 of the heat transfer to the boundary .of an
equivalent. attached flow bridging the cavity. This ratio was found
to be practically independent of both Mach number and Reynoids
number. Chapman based this analysis on four main assumptidns;.;
the . shear layer at separation has zero thickness, the shear layer -
thickness.is small compared with the depth of the.cavity, the .
pressure throughout the mixing region is constant, and wall tempef?‘}.
ature is constant and equal to the temperature at the inner edge of |
the mixing 1ayer. The analysis was extended to turbulent flow,
for which it was found that the overall heat transfer was increased
for Mach numbers below four, whilst at high Mach numbers it was
| slightly diminished Chapman also considered analytically the -
case of fluid 1n3ect10n in the separated flow, and concluded that
both the heat transfer and skin friction in the cav1ty could be o
substantially reduced‘by moderate rates of fluid injection.

Chapman’s predictions for the heat transfer to laminar cavity

flow without fluid injectionwere verified experimentally be Larson . j _ |

(1958) . Larson investigated the laminar heat transfer to the .
walls of both two-dimensional and axisymmetric cavities at é-Méch“
number of 4. He found the experimental results to be in gobd

: agfeement with Chapmans theoretical results. Further work in -
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turbulent flow verified Chapman's prediction that a turbulent
separated layer would cause an increase in total heat transfer to
the cavity, but this increase was less than the predicted value.

The detailed structure of a turbulent separated cavity flow
was investigated experimentally by Charwat, Dewey, Roos and Hitz
(1961). In this work the pressure and velocity fields in two-.
dimensional .notches of various geometries were examined at a Mach
number of. 2.4.. It was discovered that, depending on the geometry
of the notches, the flow either bridged the cavity (defined as an
open cavity) or the shear layer would reattach on the base of the

cavity and then separate again (defined as a closed cavity). An
empirical relationship was obtained to predict the type of flow for
a-given notch geometry. These experiments indicated the complex

structure of cavity flows and showed that such flows may be unsteady.
Similar studies on the turbulent flow in notches were made::by:. Thomann
(1958) and Johannsen (1955) confirm and amplify the experimental

work of Charwat et.al.

Bégdonoff (1962) has investigated experimentally the laminar
heat transfer to an annular cavity in the surface of a cone, at a
Mach number of 11.7. The results from the heat transfer distri-
bution inside the cavity agreed with Chapmans analysis, but an
increase ih the heat transfer downsiream of the cavity caused
the total heat transfer to the cone was increased, Bogdonoff
noted that a large increase in heat transfer above the corresponding

cone value occurred in the reattachment region at the back of the

cavity,

The flow past forward or rearward facing right angle steps
cannot be classified into either the free interaction or cavity
flows which have been previously discussed. In these cases either
the separation or reattachment point is fixed geometrically, whilst
the size and shape of the separaited region is determined by the

separation or reattachment criteria previously discussed. Heat
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transfer measurements in the separated region induced by a two-
dimensional forward facing step have been made in turbulent flow
by Gadd .and Holder (1959) and Thomann (1958) at Mach numbers of

4 and 1.8 respectively. In direct contrast to the laminar flow
case Gadd et.al and Thomann found that the presence of the step
caused an increased in the heat transfer to the flat plate, in

the region of boundary layer separation. Naysmith (1962),

Thomann (1958) and Seban, Emery and Levy (1959) at Mach numbers of
4, 1.8 and 1.2 respectively,. investigated the turbulent heat
transfer distribution in the separated region behind a rearward
facing step. All these experiments indicated that low heat
transfer rates were developed in the separated region just behind
the step. Naysmith, using a densely instrumented model; and
taking precautions to minimise the conduction along the skin of the
model, detected a very sharp and pronounced peak at reattachment;
while the other experiments indicated that the heating rates in the
reattachment region were not severe. By this investigation .
Naysmith underlined the importance of dense instrumentation and the
minimisation of surface conduction in an experimental study of

separated flows.

The heat iransfer distribution in regions of separated base
flows over axisymmetric blunt bodies has been investigated by
Rabinowicz (1955) and Powers, Stetson and Adam (1959). Rabinowiez
measured the turbulent heat transfer over the flat base of a
pedestal mounted body and found large heat transfer rates to occur
in the centre of the base, as might be anticipated because of the
existence of a stagnation point in this region. Powers et.al
measured the heat transfer rates in a separated region developed
on a hemisphere-cylinder followed by a step down to a cylinder of
smaller diameter, the axisymmetrical , counterpart of the two
dimensional step. The form of the heat transfer disiribution was
similar to those obtained for the equivalent two dimensional
configuration, but the model was insufficiently instrumented to

give the heat transfer profile in the reattachment region.
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Carlson (1959) has used the momentum — integral method to obtain
an approximate theoretical analysis of the heat transfer in a
constant pressure separated wake region. The theoretical results
were in.good agreement with the experimental results of Powers et.al.
However, the experimental velocity and temperature distributions
obtained by Hitz et;al for rearward facing steps, indicated that
Carlson's polynomial model for the separated velocity profiles was
seriously in error. Carlson’s method therefore rests on its
agreement with Powers et.al. It is the only theoretical method
yet available to predict the distribution of heat transfer in a

constant pressure separated region.

The stﬁdy of the separated flow over axisymmetric spiked bodies
has been désigned primarily to investigate the possibility of using
such flows to obtain desirable aerodynamic and heat transfer chara-~
cteristics. Early experimental work in this field by Moeckel
(1951), Beastall and Turner (1952), Mair (1952), and Jones (1952),
at Mach numbers between 1.2 énd 2 was concerned primarily with the
measurement of pressure and drag over spiked hemispherically
capped and flat-ended cylinders. The additon of the spike caused
a large reduction in drag to these bodies and the magnitude of this -
drag could be varied by varying the spike length. In the investi-
gations of the flow over the spiked flat ended cylinders both
Béastall and Turner, and Mair discovered an oscillational instab-
ility of the flow for short spike lengths. The instability of the
separated flow past a spiked flat-ended cylinder was further
investigated by Maull (1960), at a Mach number of 6.8 and Reynolds
number of 0.85 x 10°. Maull investigated the effect of model
configuration in the reattachment region on the stability of the
separated zone. He suggested an empirical criteria for the

prediction for the onset of instability, as well as discussing

the mechanism of the bscillation which then results.
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The separated flow over spiked cones at Mach 10 was examined
in a photographic investigation by Wood (1960). Wood found .that
five different types of flow occurred over the spiked cone confi-
guration, depending on the cone angle and length of spike. For
blunt cones with short spikes, Wood confirmed, (with some reser-
vations on the interpretation of the photographic results),

Modl's conclusions on the occurrence and mechanism of the
oscillatory instability. For slender cones Wood found that

spikes were unable to induce flow separations, The remaining
intermediate flow configurations induced flow separation on. the
spike with reattachment on the conical face or at the cone -
cylinder junction. Wood suggested that the configuration with
shoulder reattachment might be of the most practical importance for
the reduction of drag and heat transfer. Using a modified form of
the separation relationship developed by Hakkinan et.al, with a
correction term for spike transverse curvature, Wood developed a
semi-empirical relationship between the separation angle and

spike length, which can be used to predict the flow geometry for

configurations with shoulder reattachment.

Stalder and Nielson (1954) were the first to investigate the
heat transfer characteristics over a hemisphere sylinder equipped
with flow separation spikes. In these experiments, which were
conducted .at a Mach number of 2.67 and Reynolds number.of 0.5 x
lOé»the boundary layers were purely turbulent, It was found
that the total heat transfer to the hemisphere was approximately
doubled by the presence of the spike regardless of its length.
Later Crawford (1959) also investigated the heat transfer to a
spiked sphere but at a Mach number of 6.8. By varying the Reyn-—
olds number (based on bédy.diameter). from 012°to 1.5 x 106 Crawford
was able to investigate the pressure and heat transfer distribu-
tion for laminar, transitional and fully turbulent shear layer
conditions. Crawfords measurements in turbulent flows were in

good agreement with Stalder's results, whilst the completely
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laminar separated results indicated that the total heat transfer to
the spike hemisphere was reduced regardless of spike length. For
transitional flow, Crawford found that both the heat transfer and
pressure distributioms over the hemisphere were markedly affected

by the position of the point of transition in the shear layer.
Further measurements of pressure and heat transfer to spiked hemi-
sphere-cylinders were made in purely laminar flow by Bogdonoff and
Vas (1959) at M = 14 and Re = .36 x 106 and by Wagner and Pine (1961)
at M= 19.4 and Re = .23 x 106. Bogdonoff found that for short
spike lengths the total heat transfer {0 the hemisphere was increased
ingpite of a fully laminar flow. These experiments reveal an
interestiﬁg trend for the effectiveness of a spiked in reducing the
total heat transfer, At M = 6.8 the ratio of-the minimum total

heat transfer to the unspiked value was 0.5,at M = 14 this factor

was 0.3 and at M = 19,4 the ratio was reduced to 0.1. The drag of
the spiked hemisphere (for L/D = 3) was found to be approximately
independent of Mach number and constant at approximately one tenth

of the unspiked value.

Bogdonoff and Vas also investigated the total heat transfer to
the front face of a spiked flat-ended cylinder. Their results
indicated that the addition of the spike caused a 50% reduction in
the total heat transfer to the front face of the cylinder. 1In an
investigation by Zakkay (1961), the heat transfer distribution over
a hemispherically capped cone was measured in regions of separated
flow promoted by a blunt spike. Heat transfer coefficients of three
times the stagnation point value were recorded in the reattachment
zone on the conical surface, Unfortunately Zakkay did not state
the condition of the reattaching shear layer, but from the Reynolds
number and Mach number of the tests (M = 7.9 and Re = 0.3 - 0.5 x
106) it seems probable that the layer was laminar.

Recently Centolanzi (1963) has investigated the heat transfer
to blunt concial bodies with cavities to promote separation. These

tests, which were carried out at Mach numbers from 4 to 6 and
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Reynolds numbers from 0.12 to 0.19 x 106,,showed that the presence

of the cavities changed.the distribution of heat transfer considerably
from the basic cone value. The large heat transfer rates developed
in the reattachment regions caused total heat transfers greater

than the unseparated value both in laminar and turbulent flow.

For certain configurations the separated flow over the cavity was

found to be unsteady.
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2. Heat Transfer Instrumentation and Experimental Techniques

2.1, Introduction

All the previous investigations on the subject of separated
flows in the Imperial College hypersonic gun tunnel have been -
confined to photographic studies using shadowgraph and schlieren
techniques, which require the minimum of complex electironics,
Whilst these methods yield a good qualitative description of the
flow it is difficult to deduce quantitative results from these
techniques. Even the deduction of the main features of the pressure
distribution from schlieren photographs is inaccurate because of the
small angles inherent in a high Mach number flow. To examine the
flow mechanism of separated flows in more detail, flow properties
such as pressure, heat transfer and skin friction distributions must

be measured.

The magnitude and distribution of heat transfer is an important
factor in the design of vehicleé travelling at hypersonic speeds.
It is also of particular interest in the study of hypersonic separated
flows, as indicated in the previous section. The experimental measur-
ement of heat transfer in regions of separated flow creates special.
problems implicit in the nature of the separated regions themselves.,
The large heat transfer gradients in reattachment regions require
instrumentation techniques permitting a high density of individual
measurements on a surface which will not distort the distribution
so obtained, by longitudinal heat conduction. Whilst the instru-
mentation must be capable of recording a large range of heat transfer
rates, it must also be able to make accurate measurements of small
differences in heat transfer distribution, as characterised by the
study of heat transfer in regions of incipient separation. The
stability of separated regions in high Mach number flow is of great
interest, particularly with regard to the possibility of the
controlled use of these regions. Thus it is essential that the

instrumentation technique should be capable of detecting and
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following any instability that may arise, and in particular the gross
instability which is inherent in the flow about some spiked blunt

body configurations,

When this work was begun there was no record of a successful
technique for the measurement of heat transfer in a gun tunnel, . and
so a study was made of the methods available, In this section, a
brief review is presented of the heat transfer measurement techniques
which have been developed for use in the diverse conditions encoun-
tered in a number of short duration hypersonic facilities. The

theory and performance of these techniques are discussed.

The major part of this section is devoted to a description of
the development of the thin film resistance thermometer, together
with an electrical analogue and calibration system for the direct

measuremeht of heat transfer rates between 0.02 and 100 Btu./Tt2sec.

in a gun: tunnel.
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2.2, Review of Heat Transfer Instrumentation

2.2.1. Introduction

The advent of intermittent hypersonic testing facilities such
as Shock tubes, Shock tunnels, Hot-Shot tunnels and Gun tunnels
brought the need for the development of new heat transfer measuring
techniques which have. response times sufficient to cope with
running times of .the order of 0.1 to 100 milliseconds. During the
peribd from 1956, to the present day, a number of heat transfer .
transducers have been developed. Although these transducers are.
mechanically different, they may all be classified into one of two
groups; (a) Surface temperature thermometers or thin-film gauges
and (b) Calorimeter or thick-film gauges.

Heat Transfer Transducers

Surface Temperature Thermometers Calorimeler Gauges
Resgstance Thermécouple
Thin Film Gauge Thin Film Gauge

Resistance Reluctance Thermistor  Thermocouple Pyro-electric
Calorimeter Calorimeter Calorimeter Calorimeter Calorimeter
Gauge Gauge Gauge Gauge Gauge

2.2.2. Surface temperature thermometer or thin film gauge

The surface temperature thermometer is composed of a thin film
of a good thermal conductor (usually a metallic conductor) deposited
on a poor conductor usually of glass or ceramic. The metallie
conductor, which must not influence the thermal diffusion through
the backing material, must change its physical or electrical
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properties with change in temperature so that. these properties can .
be used to indicate the surface temperature of the backing material.

The potential of the thin film thermometer for measuring heat
transfer was recognised almost simultaneously at a number of
American aeronautical laboratories. Vidal (1956) at Cornell, Emrich
and Chabai (1955) at Lehigh, Bershader (1956) at Princeton.and
Rabinowicz at C.I.T. (1956) all approached the problem of transient

heat transfer measurement via the measurement of surface temperature.

Prior to the initiation of these programmes, two successful
designs for surface temperature transducers with response times of
the order of a microsecond had been developed. Mier (1939) perf-
ected a resistance thermometer comprising of a 2 micron thick gold
film deposited on a backing material of aluminium oxide which had
a response time of 1 microsecond. Later Hackmann (1941) designed
a thermocouple surface temperature thermometer, which was conétructed
by the deposition of a 2 micron thick,filﬁ of nickel on a steel
wire and had a response time of 1 microsecond. A more refined
version of the Hackmann thermocouple was produced by Bendersky
(1953), who, by reducing the thickness of the nickel to one micron
reduced the response time to a quarter of a microsecond. The thin
film resistance thermometer and the thin film thermocouple have
remained the basic sensing elements of thin film transducers, and

their relative merits are discussed below.

The thermocouple has not proved to be a very successiul
sensing element and it is not often used as a thin film gauge.
Vidal (1956) constructed thermocouples by using two overlapping
films of nickel and platinum deposited on a pyrex substrate, but
unfortunately they were difficult to construct and gave erratic
outputs. Later however, Sabol (1958) successfully developed a
thin film thermocouple gauge made by the deposition of overlapping
films of nickel and silver on a pyrex substrate,



The resistance thermometer has featured prominently in. transient
temperature thermometry and heat transfer research for the last
five years.. The resistance -element, which comprises of a single
layer gf metallic film, is deposited on a substrate which has good
electrical and thermal insulation properties. This transducer, .
which has a good sensitivity and response time, has been success-
fully used in shock tubes and shock tunnels to measure heat transfer
rates between 0.1 and 1,000 Btu./ftzsec.

The thermocéuple thin film gauge has the following advantages
‘over the resistance thermometer; (1) The calibration factor is
constant for all gauges constructed on backing materials with the
same thermal properties, and is unaffected by flow abrasion. (2)
The thermocouple does not require an external power supply and hence
no energy is generated by power dissipation in the gauge;

The resistance thermometer possesses two main advantages over
the thermocouple. (1) It is easier to construct a reliable
resistancefgauge. (2) A typical resistance thermometer has a

sensitivity of ten times that of a corresponding thermocouple gauge.

Surface temperature thermometers have two main disadvantages.
(1) The gauges cannot be used to measure heat transfer rates in
conditioms for which the temperature rise of the backing material
causes a change in its thermal properties. This rules out the
thin film gauges for measuring typical stagnation heat transfer
rates under re-entry conditions in shock tubes (see Rose (1958).
(2) Resistanée and thermocouple thin film gauges are sensitive to
flow abrasion, which may cause errors in the indicated surface
temperature and finally lead to the destruction of the gau%e. It
was because of the failure of the thin film gauge for one or both

of the above reasons that the calorimeter gauge was developed.
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2.2.3. The calorimeter gauge

. The calorimeter gauge consists of a calorimeter element which
is backed by a good thermal insulator and equipped with a sensing
mechanism which indicates the average temperature of the element.
In direct contrast to the surface temperature thermometer, which
theoretically has zero thermal capacity, the thermal capacity of
the calorimeter element must be such that it retains the heat

transferred to it during the recorded running. time.

All calorimeter gauges work on the same basic principles and
differ only in the mechanism for semnsing the average temperature.
Consider a calorimeter element of thickness { and thermal properties
R 5 %, K (see figure 1). The heat transfer to the gauge is then

given by:- —
9 = RL-ST + 9.7 9
B L
where T = _!'L_.L‘rag,

The gauge is designed s0 that the heat losses cLBand qfs from back
and .sides respectively are negligible. The sensitivity of the
gauge is a function of the thermal capacé¢ity of the calorimeter
element and the mechanism of the temperature sensing devise. For

a given sensing mechanism, the choice of the gauge thickness L

is a practical compromise between the accuracy, sensitivity,
frequency response and running time of the gauge. In the following
paragraphs the performance of a number of calorimeter gauges using

different sensing mechanisms are reviewed.

A platinum resistance calorimeter gauge was developed by Rose
(1958) to measure high heat transfer rates in a shock tube. Under
the conditons encountered in these experiments (heat transfer rates
of 10,000 Btu./ftasec and flow durations 50 microseconds) the large
surface témperature rise caused thin film gauges to yield erroneous
results because of changes in the properties of gauge and substrate
materials. By increasing the thickness of the platinum film from

the case where,£<</RFt to where ﬂ >>/E§b when the film behaves as a
. 0200



calorimeter element. The change in the electrical resistance of the
gauge was used .to indicate the aierage temperature of the calorimeter
element. . This. transducer can measure heat transfer rates greater than
100"Btu./ft?sec, but cannot be used for running times (set by the
minimum practical resistance of the calorimeter element) of 1onger'than
1 millisecond,

Platinum thick and thin film gauges were used by Morgan (1961) in
attempts to measure heat transfer in a Hot-shot facility. Both these
gauges proved unsuccessful; the thin film gauge was melted or erroded
away, whilst the resistance calorimeter was of insufficient sensitivity
for accurate measurements. Subsequently Morgan developed a calori-
meter gauge which utilised the change in the magnetic reluctance of a
copper calorimeter situated in a magnetic field to indicate the average
temperature of this element. This transducer was used to measure
heat transfer rates between 10 and 400 Btu./ftasec for running times

from 25 to 100 milliseconds.

Another form of calorimeter gauge, described by Morgan (1960), was
used to measure heat transfer rates below 10 Btu./%tasac. This gauge
is a thermistor bead (a cermic resistance element) .which actis both as
a calorimeter and temperature sensing element. The thermistor has an
output which varies exponentially with temperature and thus its useful
range is confined to a small region over which it is approximately
linear, Thermistor gauges have been used to measure heat transfer
rates between 0.1 and 10 Btu./ftZsec. with an accuracy of + 10%,
for running times of approximately 10 milliseconds. These gauges have
also. been used with great success by Miller et.al. (1962) in the Boeing
Hot~shot tunhel.

Two laboratories have developed calorimeter gauges which use a
thermocouple as the average temperature sensing element. These
transducers were developed for use in facilities in which the
magnitude of the heat transfer, length of running time, or flow
abrasion, precluded the use of the platinum thick or thin film gauge,
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or the.thermistor gauge. Thermocouple calorimeters are also easier
to.construct and use than the .reluctance. gauge. The gauge is const-
ructed by welding or swaging a thermocouple into the back of a
calorimeter element, which may form a separate segment or an integral =
part of the shell of the model. Ledford (1962) developed a transducer
which consisted of a copper disc of 0.5 inches in diameter and 0.010
inches thick, supported in a nylon insﬁlator, with a chromel-constantin
thermocouple sensing element. This transducer can measure heat transfer
rates between 1 and 1,000 Btu./ftzsec for running times for 5 to 80
milliseconds. R.A,R.D.E. have also developed thermocouple calorimeter
gauges which form an integral part of the metallic shell of the model,
Cox (1960) and Cox and Winter (1961). Although these transducers are
easy to construct they cannot be used to make accurate closely spaced
measurements in regiohs of large heat transfer gradients typically

found in the reattachment region of a separated shear layer.

A calorimeter gauge which uses a pyro-electric material as both
the calorimeter and temperature sensing element has been developed
recently by Perls and Hartog (1961). The mechanism of the gauge is
slightly different from the calorimeter gauges reviewed above, for
when the pyro-electric material is heated it generates an electrical
charge which is proportional to its temperature change. When the
gauge is connected in series with an external resistor, the current
which flows through the resistor, and hence the voltage generated
across it, is directly proportional to the heat transfer rate to the
gauge, This transducer has been used to record heat transfer rates
from 0.1 to 100 Btu./ftzsec for running times of 10 to 50 milliseconds.
Unfortunately the gauge is also sensitive to both pressure and
acceleration, and further development is in progress to perfect this

instrument to obtain an accuracy comparable with other techniques.

2.2.4, Comparison of techniques

The surface temperature thermometer has an inherently higher
sensitivity and frequency response than a calorimeter gauge. <WAlthough

the deduction of the heat transfer from the direct output of the
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surface temperature thermometer is more difficult than the corresponding
data reduction for a calorimeter gauge, the introduction of analogue
networks (see section 2.8.) has made the surface temperature gauge

the most sensitive and accurate technique for the flow conditons under

which it can be used,

Although resistance calorimeter gauges have been used successfully
to measure large heat transfer rates in shock tubes, these transducers
.cannot be used to measure heat transfer rates below 100 Btu./ftasec,
or for running times of greater than 1 millisecond.  Thermistor
calorimeter gauges have been used in errosive flows to measure heat
transfer rates down to 0.1 Btu,/ftgsec for running times up to 20
milliseconds, but as a result of their inherently non linear charac-
teristics these gauges cannot be used to measure heat transfer rates
above 15 Btu,/ftasec with an accuracy of better than + 10%. A
comparison between the performance of the reluctance and thermocouple
calorimeter gauges indicates that inspite of the relative complexity
of the instrumentation required for the reluctance gauge, the
thermocouple gauge has both a larger range (1 - 5,000 Btu./ftgsec)
and a faster response. However to achieve this complete range .
requires a series of calorimeter elements with different thicknesses.
When the design problems have been solved, the pyro-electric gauge
will prove extremely useful, for not bﬁly does this gauge give an
otput which is directly proportional to the heat transfer rate, it
will also span the range of heat transfer rates from 0.1 to 200 Btu.

/ftasec. which at present requires a series of separate calorimeter

gauges.
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2.3. Theory of the Thin Film Gauge

2.3.1. Response of a thin film gauge

The thermal response of a thin film backed by a semi-infinite
insulator can be determined from eclassical one-dimensional .heat
transfer theory, detailed solutions of this problem have been given
by Carslaw and Jaeger (1947) and Vidal (1956). The characteristic
time for heat to diffuse from the front to the rear surface of a film
of thickness 2 (see figure 1) is a measure of the response time, and
may be estimated by replacing the film by an equivalent element
composed of discreet thermal capacitance C; =/%CFQ and thermal
resistance R, = Q/%; (see section 2.8.2). The thermal time constant
b, is then given by £ '

°
e Lo L
K..-/PFCF) kF’

wheref}>crak;are respectively the density, specific heat and thermal
conductivity of the film material. For film thicknesses typical of
those used in-the experimental work (L = 0.2 microns), t.t was approx-
imately}lc-9 seconds. This time is far shorter than the shortest
times of interest and therefore the temperature gradient through the
film can be neglected. Thus the temperature through the film is
uniform and equal to the instantaneous surface temperature of the

substrate.

2.3.2, Calculation of g from the variation of surface temperature

The problem is analysised by considering the one-dimensional
diffusion of heat through a uniform semi-infinite slab. The heat

transfer rate %'at a depthi* and time bt is

qly,8) = —K %—;—}

The heat transfer across a parallel plane at.(%;+d3,t ) is given§

by
SR FL =’—jK%g[T*‘§5dﬂ
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The difference in the. flow across the plane is the rate of
absorption of the heat by the element o:t' thickness d.\a, thus

%3, - q,\?*d‘& K aldaa’— (°Cd‘a'
oT

——

the thermal diffusion eciuation
oL oy L 2.3.1.

To obtain ct in terms of the surface temperature rise "\g
we have to solve equation 2.3.1., where | is the temperature rise
from the initial value at time bt = O. The appropriate boundary

conditons are: Tot) = T
T(‘*:o) = 0
‘ Wm T(%,-b) =0
. - Od
Using the Laplace transform ‘teohnique equation 2.3.1. becomes

PT(%: P) = '/'o'KE Wt&(‘jﬂP)

where T(o,p) = f(p)
and CL(O,P) = K T'%(O,P)
then q(p — VeekK Jp. \[(F) . . .2.3,2.

e [(=)= 7= pFE ~love —Ten

therefore CIVI(P) =\//W[

This may be transformed into

}%’ + 1{Te+Te)]

_ 1PCK T Te) ) dn
g) = #w‘[ﬁ+~[, A ]
or inverting the second term
\fe e
— YPEK ek b TG — k)
¢ ) = T Y - | e
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Thus by recording.the wvariation.of surface temperature T (t)
with time during a run, it is possible to deduce the heat transfer q,
at any time during the run, by the graphical or numerical integration
of . equation (2.3.3.).. .For a constant heat transfer rate equation
(2.3.3.) simplifies to:-

’ == ‘CK.E_. ._-rs_(b) e
T T s

which may be evaluated immediately from the temperature - time history.

2.4, Preparation of Thin Film Gauges

The metallic resistance element is commonly made from a thin film,
of gold, platinum, rhodium or chromium; the relative merits of the
properties of films produced from these metals are discussed by Winding,
Topper and Baus (1955). In the present work resistance elements of
platinum were used. Suitable backing materials which are in common
use are soda glass, quartz and Pyrex (bora~-silica) glass. A Pyrex
substrate was used for all gauges in this investigetion because of the
consistency of its thermal properties and the eése with which it could
be blown.'moulded and ground. '

There are three methods in common use for the deposition of
metallic films; these are evaporation (Chabia 1955), sputtering
(Rabonowicz 1956) and the painting technique, (Vidal 1956). Although
the sputtering technique produces a gauge with a better metal-to-glass
bond than evaporation deposition, neither method produces a gauge with
good resistance to abrasion. Improved abrasion characteristics are
achieved by heating the gauges to the softening temperature of the
substrate, thereby allowing a certain amount of diffusion of the film
material into the substrate. Evaporation and sputtering techniques
have the advantage that they produce metallic films of accurately
controlled thickness and surface dimensions, but masking problems
make their use difficult on sharply curved surfaces. Film deposition
by the use of the painting technique is a simple and effective method
in which a metallic powder held in suspension in an organic solvent,
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is .applied to the model with.a brush, air spray or ruling pen. . The
painting technique was used to prepare all the resistance elements
used on.the models in the present experimental work. A detailed
description of the preparation of the gauges and models used in this

investigation is given in Appendix 1.

2.5. Electronic Instrumentation

2.5.1. Introduction

A great deal of time and effort was devoted to the development
of the electronic measuring and calibration equipment. Heat transfer
measurements in the range 0.02 - 100 Btu,/ftasec were made during the
experimental investigation. The measurement of low heat transfer
rate (<0.5 Btu./ftasec) required particularly refined instrumentation.

The electronic instrumentation is nsed on a completely
ndifferential system", and thus electrical noise resulting from
common mode electrical interference or mechanical vibration is

reduced to a minimum,
The instrumentation is divided into the following sections.

A. Signal Circuits

(a) The energising circuit for the thin film resistance element
(figure 5)

(b) Amplification circuit (figure 6)

(c) Analogue and recording circuits (figure 10).

B. Calibration Circuits

(a) Pulse calibrator circuit (figure 7)

(b) Electronic calibrator circuit (figure 13)
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2,5.2, Signal Circuits

(a) The energising circuit for the thin film resistance element

The thin film gauge is used in a Wheatstone bridge network as
shown in figure 5. The resistance element is energised by a constant
current of between 5 and 20 milliamps, depending on its fésistance, so
that a standing potential of between 0.5 and 1 volt is established .
across .the gauge. A large resistance in series with the film main-

tains a constant current through the gauge.

The stabilised power supply had a terminal voltage of 250 volis
and noise content of approximately'zoojbl. For a standing potential
“across the gauge of 1 vwolt the electrical noise across the film is
therefore 0.8/HV , a figure which is comparable with the Johnson
noise for a typical film of approximately o.gpy ..

The resistance of the film can be assumed to vary linearly with
temperature over the range of application, thus
R =R [ +x(T-=T.)7]

Hence the increase in resistance AR for a change in gauge temperature

Ts is given by AR = . R,. T
and the change in voltage across the thin film gauge E(t)
E(t) = Io AR = °<E°Ta o e 6 o 2.5-1.

The voltage E(t) appears as an out-of-balance voltage across the arms

of“the Wheatstone bridge.

For the lowest heat transfer rates measured(o.oz Btu/ftzsec) a
standing voltage of approximately 0.5 volis was applied to the gauge
(film resistances were approximately 100..), The effect of the
electrical power dissipation on the heat transfer indicated by the

gauge was checked by doubling the standing voltage across the gauge
and found to be negligible.



(b) Amplification circuits

For. low heat transfer rates the output of the heat itransfer
gauges requireéd additional amplification ‘before they could be
displayed upon the oscilloscope. The Tektronix 502 oscilloscope
used to record the output of the gauges had.a maximum sensitivity
of 2oo/aV/gm. An overall sensitivity of Qp“/aﬂ was required.for a.
system using electrical analogues, to record heat transfer rates down
to 0.02 Btu./ftzsec.

As the purchase of commercial low noise:differential amplifiers
of the required specifications was not possible, a considerable amount
of time and effort was devoted to the development of a suitable diff-
erential amplifier. After a large number of both valve and iransistor
circuits had been designed and tested, a transistor differential
amplifier, (shown in figure 6), was developed and successfully tested.
The amplifier, which has a gain of 25 and a bandwidth O to 50 Ke/s
vas designed specifically for use in the heat transfer apparatus.

The input'to the amplifier is directly connected to the Wheatstone
bridge and can be used at a D.C. pofential between 0 and -2 volts
relative to earth, The output of the amplifier, which was at earth
potential, was matched so that it could be directly connected to the
input of the analogue network. All the transistors in ‘the amplifier
were mounted in a copper block and the electricaldrift and noise
level at the output was minimised by packing the space between the
circuit board and the metallic screening with an insulation material,

The experience so far obtained with the transistor amplifiers
indicates that they are extremely stable, and the maximum change in

gain over a period of 4 months was only 2%.

c. Analogue networks.

To evaluate the heat transfer to the thin film gauge directly
from its output a lengthly integration has to be performed either
graphically or numerically at each selected time interval (see
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section 2.7.). The integration,is tedious and time consuming and
even if carried out by a computor there is an undesirable delay
between testing and data reduction. The problem has been solved.
by the use of electrical analogues, By feeding the out-of-balance
voltage from the signal bridge, diréctly or via a pre-amplifier,
into an analogue network, an instantaneous and continuous record
proportional to the heat transfer is obtained from the analogue
output. The two types of analogue networks used in the electronic

instrumentation are shown in figure 10.

2.5.3., B. Calibration Circuits

(a) The pulse calibration apparatus

The pulse calibration apparatus is used to determine d/(PCK)VE'

the calibration constant of the heat transfer gauge and A* the
calibration constant of the -analogue. The circuit of the pulse

calibrator is shown in figure 7.

The gauge, which is situated in one arm of a Wheatstone bridge
network, is heated by electrical dissipation from the discharge of
a large capacitor in series with the bridge. The time constant of
the circuit is sufficiently long for the current through the gauge
to be sensibly constant for 2 milliseconds. With the switch K in
position A (see figure 7), a small current is passed through the
bridge network to enable the bridge to be carefully balanced.

Upon switching to position B, the power supply is switched out of
the bridge circuit to prevent 50 cycle interference, and then a
mercury switch is activated so that it discharges the large capa-
citor through the bridge circuit. The circuitry was carefully
designed to eliminate initial transients when the capacitor was
discharged. A description of the data reduction to determine

cL/QFKH<?hand A* from the pulse apparatus is given in section
(2.6.1.) and (2,9.1.) respectively.
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(b) Electronic calibrator unit

The Electronic Calibrator»was,designed to simulate electronically
the response of a thin film gauge to a constant heat transfer .rate.
A circuit diagram of the apparatus is shown in figure 9. The physical
properties of the film, its resistance and temperature coefficient,
and the thermal constant of the substrate, can be simulated together
with the gauge current and required heat transfer rate, so.that the
apparatus generates an output voltage equal to that obtained from the
signal bridge in which the simulated gauge is situated., The calibrator
unit is used to calibrate the entire heat transfer recording systemn,
s0 that the magnitude of the deflection on the face of the oscilloscope
obtained from a tunnel run, can be interpreted directly in terms of. a
calibration trace obtained from the calibrator unit. A description
of the design and operation of the calibrator is given in section

(2.9.3.).

2.6, Calibrationof Thin Film Gauges

The expression d\/(FCK)\his known as the calibration constant of
the thin film gauge and must be determined for each gauge before the
heat transfer rate can be evaluated from the gauge output. The
calibration constant can be determined by evaluating oL/(FCK) as a
complete factor by using the pulsing technique, or by determining &

and (focK 3‘/2 separately.

Vo
2.6,1. Determination of OL/(PCK) by the pulsing technigque

The gauge is calibrated by discharging a constant current thcough
it and thereby subjectiﬁg it to a constant heat transfer rate. For
a gauge of resistance R subjected to a constant current I o? the
heat dissipated in the film is I R /1 13 Btu. /ft sec. The heat
transfer to a gauge of area Ag is therefore q = I R /1 13A ° The
gauge is' situated in a Wheatstone bridge, as described in section
2,5.2., and therefore the heating causes an out-of-balance voltage

'to appear across the bridge. For the resistances as shown in figure 7
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the out-of-balance voltage is given by

AV = V. Ra- ARG
( ARQ"“RQ-\" RS»(RB-\-RQ)
therefore since AR is small compared with R0
AR = AV __(Re+Rs)(Re+R)
v [Re — %(Rz*‘&)]
*
also T, == Ve
[ Re R+ Re (Ro=3Rs 1]
2R
2 e '
and q, = TR : Ve R
\3Aq [Ro+ Ra +Re( _Re +=3Ra)]* Ag
_ 2R
For a linear resistance - temperature relationship
AR — R (T—T)
From equation (2.3.4.)
_ I= (FE=R)y AR,
Y e Y« R
Therefore e _ {= W3S _ARs
JpPck e IR o
For RD b ] Rl — Rg_ —_— R3 : ARO r— _:%__S;___A_V_
oL 1.13/4)/&1% s,
d N = o
- ek~ W 'R INTE (R 3R} A

L o ° ° 2-6. 10

The variation of the out-of-balance voltage AN is displayed
on an oscilloscope and recorded on Lanq—Poloriéd film. The factor
A\I/ﬁ is evaluated by measurements of the slope of the graph of I\'R
versus © deduced from the oscilloscope trace, which, since the

output of bridge varies parabolically with time, is a straight line.
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. The area of gauges mounted upon flat or slightly curved surfaces
weredetermined from planimeter measurements from enlargements of

photographs of gauges situated beneath a graticule.

Since a great number of the models which were used in the
experimental work had curved surfaces upon which the gauges were
mounted, the pulsing technique was found on average to give an answer
which was l;Less accurate for routine calibration than by deducing

~<></.(f>C\'<5 Efrom values of & and (ﬁC K)Ve The pulsing technique was
however used to deduce d/(FCK)'h of specially large gauges,‘ the area |
of which could be accurately measured, mounted on sample specimens
of pyrex. The object of these experiments was to determine m
from the measurement of OL/(PCK\ y the pulsing technique and from
the measurement of & described below.

2.6.2, Determination of <t

The temperature coefficient of resistance & of thin films is a
function of film thickness and differs markedly from the corresponding
bulk values. Winding et.al (1955) found that the value ofc&”decreased
with decreasing film thickness and finally became negative for very
small film thicknesses, Since the sensitivity of the gauges is
directly proportional to X , it is desirable to have the thickest
film compatable with abrasion;and response properties. Méasurements
described in Appendix 1 showed that typical gauges used in our
experiments were between 0,2 and 0.7 microns in thickness. The
temperature coefficient of resistance of the gauges used in the tunnel
tests were measured by immersing the models in an oil bath and meas-
uring the gauge resistances at a series of equally spaced temperatures
from 15° to 120°C.

2.6.3. Determination of the thermal constant {pcK

In the preparation of the thin film gauge it is possible that
tharé is some penetration of film material into the substrate
during 'l:he!* baking process, Thus it is by no means certain that the
value ofw can be determined from the bulk properties of the
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backing material. Experlments were made to determine the gauge
calibration factor o(/(PCK) and the. resistance coefficient o of a
number of sample gauges, as described above. For all cases QOC¥<
was.found to be within + 5% of the bulk property value of 0.0740
Btu, /ft sec’é%"

$h;

An accurate method for the direct determination of qOCi<)has
been developed by Skinner (1961). Skinner’s method eliminates the
necessity of measuring the gauge area, by determining the thermal .

constant in terms of the known thermal properties of dist}lléd water,
(Pc K yater

(FCKYkpyrex

The pulsing technique was used to obtain the ratio
pulsing the gauge in.air and then water.

This technique could not be applied to the gauges used in the
present experimental work because they were not coated with an
insulating layer of sillcon dioxide, however Skinners experimental
results for pyrex, (PC*<) 0.743 + 5% are in good agreement with the

values found in the present investigation.

Ve
The value of (FC K) is a weak function of temperature. Figure
13 gives the variation of this factor as determined by Bogdon (1963)

using the above technique.

2.,7. Data Reduction

Although the majority of the data from the experimental work
were reduced using the electrical analogue technique, all the data
from the early tunnel tests were reduced by the graphical and
numerical integration of data obtained direetly from the gauge output.
The performance of the electrical analogue circuits were also checked

by direct comparison with numerically processed data. .

The platinum gauge is used in a Wheatstone bridge circuit as
explained in section 2.5.1. The out—-of-balance voltage E (t) across



the bridge caused by an increase in gauge temperature Ts(t) is
E@®) — o EaTo(t)

Therefore substituting for Ts(t) in equation 2.3.2,
t
A NPTK \T _2E(®) j E®) —E() 4
( < )[ £ o, i

CL = 2{rE, (t__rcy%/aa o3

and for a constant heat transfer rate °‘° o oG fete
9 = 7T (JPex ) (E®))

=B = & .. e

The initial tests with the heat transferiapparatus were made
with the tunnel in the original of the two conditions described in
Section 2,11, For this tunel configuration the starting process of.
the tunnel was extremely severe. The heat transfer trace could not
be analysed with any accuracy by using the simple constant heat
transfer formula (equation 2.7.2.) and so equation (2.7.1) was used
;in the reduction of all the data from the gauge output. To evaluate
the heat transfer — time history equation. (2.7.1.) has to be
integrated numerically or graphically at each time (t). The records .
of the oscilloscope traces were measured using a travelling microscope.

For the graphical integration of equation (2.,7.1.) the factor
Eé%l:;%g:) is evaluated from the gauge output and plotied for
values of between O & XY=t A typical curve is shown in figure 8.
By using D'Alemberts rule it can be shown that Etﬁ::}%gﬁl
*U—~%t. Thus an approximate procedure must be adopted to evaluate
the integral where "C-==t. An approximation for the evaluation of

the integral for =t is shown in figure 8, where the curve is

stopped at 17='0;95.t and the area of the curve aboveC = 0.95.t
is evaluated from the area of the triangle as shown in figure 8.
The total integral is evaluated by adding this value to the area

under the rest of the curve, which is measured with a planimeter.

- Od a5

This procedure is repéated for a series of values for £ to obtain

the heat transfer time history.
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-~ A -numerical method which was subsequently developed to evaluate
equation (2.7.1.) was designed.for use with a desk machine and.
7 automatic digital computor; it includes a more accurate method for the
evaluation of the integral in the region where C =t . The factor
-E((‘:)__—_,CE‘-%? is integrated in two parts. The curve is split into

" .+ .3 ordinates.where n is chosen according to the complexity of the

starting process, and in this work N = 40.

L
The integral up to N ordinate is performed by Simpsonts rule,

with E@—E(M)
(b — Y

& b= (n+4)h

_ 2h cen .
thus j OZA-'U (—T)[ Zo+Zn +4 (2+23 )-\— 2 (Za+Za )]
o e e 2070 3.
To evaluate the integral in the region “U = % putting
'y = E(\:\—E('f:) s (b—="T) =

and letting f 5("‘1) = (%),22 Cm((b\-.

we find by putting f(r) = T" and solving for n =1, 2, 3, 4

* . L4 20;- I.

Thus the total integral is obtained by the additim of expression |
(2.7.3.) and (2.7.4.), which is then substituted in equation 2.7.1.

to evaluate the heat transfer rate q.
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2.8. Analogue Theory and Operation

2.8.1., Introduction

One of the disadvantages of the heat transfer measurement
technique using the thin film thermometer is the considerable amount
of time and effort involved in the numerical reduction of data. Even
if the results are processed by an automatic digital computor, the .
time delay between tunnel testing and the final reduction of data is
inhibiting; particularly in an exploratory experimental programme,
such .as the present investigation, where the results of many of the
tests are required before further work can be embarked upon.

The problem, by its very nmature, lends itself to solution by
electrical analogue techniques, for bqth the transport of heat and
electrostatic charge are governed by the diffusiobr equation (2.3.1.).
.The general analogy between electrical and thermal diffusiqn has
often been used; Lawson and McGuire (1953), Robertson and Cross
(1958) and numerous other authors have investigatel the solution of
the transient heat flow problems, for example, the kinetic heating
of aircraft, using electrical analogue techniques. Recently Skinner
(1960) and Meyer (1960) have studied the electrical analogue tech-
niiﬁé’for its specific application in conjunction with.the thin film
thermometer to glve a direct indication of the heat transfer rate to
the gauge. Although the two approaches differ, they are complem-
-entry and together give a good insfght dnt6_ thedesign parameters and

performance of the electrical analogues,

2.8.2. The analogue design method proposed by Meyer

Meyer uses the direct analogy between the thermal and electrical
systems in a similar treatment tobthat of Lawson and McGQuire. The
analogy is drawn between the equation of the one dimensional diffusion
of heat by conduction ‘

3T =__(|< 3T
2k P 2¢ 2.8.1
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and. the. corresponding equation for the electrical diffusion of
electric charges through a.medium of uniformly distributed

resistance and capacitance.

BV L\, (Vv )
( (ag}}

ot RC ' . . 2.8.2.

Here V the voltage potential in the electrical system is analogous

to the temperature T; the electrical capacitance C is analogous to
the thermal capacity PC and the electrical conductivity | is .
analogous to the thermal conductivity K. Pursuing the analogy, it
can also be seen that T%" the "time constant" of an electrical medium
is analogous to fhg . In an ideal system the electrical analogue
would be composed of distributed resistance and capacitance, but the
technical difficulty in producing such a system is prohibitive and

so it is replaced by a series of "lumped components" each compoged of

a discreet capacitance and resistance.

Meyer studied the response of three common electrical networks .
composed of lumped components which approximate to a system of
distributed capacitance and resistance. These networks are called
the L, T and Pi section networks and are shown in figure 9. The
problem which he studied is which one of the three networks is the
best analogue for use with the thin film apparatus.

The Pi section must be ruled out immediately, for the current
into this circuit (a measure of the heat flbw) cannot be easily
measured; whereas in both the L and T section networks the voltage
across the first resistor in the network gives a measure of this
quantity. The relative merits of the L and T section networks were
examined by calculatiﬁg their response times and outputs to a series
of different inputs which are commonly met in heat transfer measure~

ments, namely,
|

V = constant heat input proportional to T
V= Vgléﬁs constant heat input
V=N, heat input proportional to Jt

RC
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It can be shown from Meyers work that for L and.T networks with
identical high frequency responses, the T section network will have.

approximately 3.5 times the sensitivity of the equivalent L section.
Therefore the T section network was chosen. .
. .The remaining parameters to be determined are "lump size" and

length of the network. The "lump size" of the elecirical system
must be chosen so that the response of the analogue is similar to the
thermal system for the shortest times of interest; whilst the network
must be sufficiently long as to appear to represent a semi-infinite

slab for the measured duration‘of the tésts.

Meyer considers the modified analogy

Pc . | .
C — = : R— — Do, —

Considering the lump component as equivalent to a slab of insulation

material Aa, thick, then

te
m.h

c 3
c = r : R — .ﬂt - RC Ay
n mK RmnN
For the electrical system to operate on the same time scale
therefore mN = \ & RC = (AL&%)

The performance of the analogue is characterised by the product RC
and whilst the output voltage of the analogue is proportional to
jﬁalthe frequency response is inversely proportional to | RC. Thus
the value of RC is decided upon as a compromise between the
magnitude of the output and the maximum frequency response required

of the system.

The minimum length of the network, such that it will appear
infinite during the useful running time of the experiments, was

investigated by considering the ratio:-

heat transfer to a slab of finite thickness
heat transfer to a semi-infinite slab

The ra.'I:J’,o,"‘:’/F’a characterised the performance of the network, where
T:\‘_é"a and p is the total number of stages., Meyer found unity
by 1.4 percent for T/F = 0.2. Therefore, when RC has been
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selected the running time tr is related to the number of sections

by o2 b
P= (JRc ")

The number of lumps may be reduced by increasing the lump size
progressively along the network., Thus the small lumps near the

surface will give a fast response time, whilst the larger . lumps
away from the surface.achieve the same effective slab thickness
with fewer components.. For a network where the lump size is increased

in size arithmetically, h the number of sections required is given by

P — h(g:-l)

Output of the Analogue

The output of the film gauge from equation (2,5) is
Et)— o T5). TR

From the analogy

R
Vi =I@m€u=wn&mmq%_
Also R= 4y o AW=JkRC
m K

o IRC
VA = IoRo ('OCK)V?: ) . C" |
or (} —_— (4 NPCK) Na
JRC V&% / TR

or more generally c} _ A)\% ‘\IPCK) Na ,
Vo TR
« o o .2.8.5.

Therefore

where A®* is defined as the analogue calibration factor.

2.8.3, The analogue design method proposed by Skinner

Skinner treats the analogue network as a filter which»is
designed to create a transfer function which transforms the
transient output of the thin film gauge into a signal proportional
to the heat transfer flux to the gauge. He adopts the réther
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more. practical approach of considering the frequency range which
the filter . has to .handle to give an accurate performance.. The
function which relates the. surface temperature to the heat flux to

the gauge, is given in section (2.3.1.) by
9, () — Ypek-Ip. {(P)
thus the required transfer function %(P) is

()= {pcx Ip L. . .2.8.6.

Skinner chooses the network shown in figure 9, which is
equivalent to the T network, to approximate to this transfer function.
The transfer function of this network is

Vo Ro
=
VI Ro + z\,zK

\
| o !

' T (Prak)
where 2k is the impedence of R and C in parallel and I\:K.—_—_

A

ReCx
He then compares the transfer function g (p) and g*(p) for a
sinusoidual input, For a sinusoidual input we can replace p by

\’\oa‘the equation (2.8.6.) then becomes

g (t) = J@eR.I55 e®®

Thus the amplitude "%(t)' - N is

‘%(b)‘—;\]ch Joo
and phase angle L — 45° (W)
As in conventional filter theory we express the attenuation N in

decibels (dbs) [db = 20 log (attenuation)]

therefore N 20 1ongocK + 10 log oo
then éﬂ_ = 10 dbs per decade or 3 dbs per octave,
d(\ca_co)
Thus the required analogue is nothing more than a filter with

H

a linear attenuation of 3 dbs per octave and a phase shift of 45°°
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. Skinner showed that g*(p) = g(p) for a circuit with n sections
. fa .
in the frequency range fA ’>{>fe where T, = (zn —-\) octaves.
Thus the frequency range can be made arbitrarily large by the

appropriate choice of the number of sections. The operational range

of the analogue can be moved along the frequency scale by scaling

the capacitors in the circuit. Although the frequency response of the
analogue may be made arbitrarily high, this is done at the expense of
the sensitivity of the analogue. As a consequence the signal to
noise ratia is inversely proportional to the maximum design frequency.

Skinner designed three analogues to investigate the frequencies
which must be covered for an accurate response. These three analogues.
were designed to operate over frequency ranges of (a) 3 - 190,000 c.p.s.
(b) 8 - 8,000 c.p.s. and (¢) 10 = 1,000 c.p.s. Although analogue. .
(a) worked well in shock tubes.when: it was used in shock itunnels to
measure large heat transfer rates () 50 Btu./ftesec), when it was
used in shock tunnels ito measure heat transfer rates of the order of
1 Btu./ftzsec, the signal to noise ratio wés approximately 2. By
reducing the upper frequency to 8,000 c.p.s. the analogue was used
successfully to measure heat iransfer rates of 1 Btu,/Ttesec with
a 8ignal to noise ratio of 20. The further lowering of the high
frequency limit to 1,000 c.p.s, once again improved the signal to
noise ratio, but errors introduced by the large variation of heat
transfer in the starting process were carried over the remainder of

the run to yield inaccurate results.

Thus it can be concluded from this work that the choice of the
magnitude of the upper frequency required is governed both by the
severity of the starting process and the length of running time of
the tunnel for which the analogue is designed.

2.8.4, Analogue design

Two analogues were designed and tested. Baoth of these
analogues were developed from the design patterns'suggested by
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Meyer, because these were found to. be the most easily adapted .to
obtain analogues with long running times., . Although Meyer's basic
patterns were used, it was found best to base the maximum design
frequency of the analogue on Skinner's exﬁerience, and to examine
and extend the performance of the analogue by viewing the problem
in a similar manner to that set out by Skinner.

Skinner's work indicates that the analogue for use in a shock
tunnel with a running time from 2 to 10 milliseconds should have
linear frequency response to an upper frequency of 8 Kc/sec. For a .
gun tunnel where measurements are required between 10 and 40 milli-
seconds, but the starting process is inherently worse than in a shock
tunnel, a maximum frequency between 5 Kc/s and 8 Kc/s should be
adequate, The two analogues which were tested were the uniform T
section and the arithmetically increasing T network, with the same
basic time constant of 100 'microseconds. The frequency response
characteristics of these two analogues are shown in figure 11
It can be seen that both analogues have a frequency response which
results in a linear attenuation of 3 db/octave and although the
uniform section network has a higher frequency response than that
of arithmetic analogue, both analogues are accurate to within 2%
up to 5 Ke/s.

The low frequency characteristics were calculated from equation
(2.8.4.) for a maximum running time of 70 milliseconds, A 60
section uniform T section analogue and a 10 section arithmetic
analogue were chosen. The 60 lump T section analogue was used as
the feedback network in the electronic calibrator unit (see section
2.10). By plotting the square of the voltage output from this
unit against time, it was found that the unit could simulate the
response of the thin film gauge with an accuracy of better than 5%
for approximately 110 milliseconds. The performance of the
arithmetic analogue was tested by feeding the output of the analogue

calibrator through it. ~The analogue responded within 1 milli-
second to give a good step function, the top of which was flat to
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within 5% for .the initial 80 milliseconds, The running time of
the analogue of 80 milliseconds compares with 60 milliseconds
deduced from equation (2,.8.4).

For analogues designed by the methods of both Skinner and
Meyer, the frequency response of the filter networks is such that
at high frequencies the attenuation tends asymptotically to zero.
This means that any high frequency aerodynamic or el ectrical noise
is passed through the analogue almost unattenuated, and results as
mentiqned earlier, in a poor signal to noise ratio at low signal-
levels, There is no reason why, once the analogue has covered the
range of frequency to give the required transfer function, the
analogue should not attenuate the high frequency components.

In this work we have added a second filter network to the
basic arithmetic analogue, which modifies its performance at high
frequencies. -This second network, which is shown in Figure 10,
is an L.R.C, filter which fits across the output from the basie
analogue unit. The L.R.C. network was designed so that when it
was used in conjunction with the arithmetic analogue the combination
gave a linear performance up to 7 Kc/sec and marked attenuation of
12 dbs/octave for frequencies above 10 Kc/sec, as shown in figure
11, This combined network was used to measure heat transfer
rates down to 0.02 Btu/ftzsec with a signal to noise ratio of
approximately 10,

The pulse calibration and tunnel tests on the analogue are

described in the following section.

2.9. Analogue Calibration

2.9.1., Pulse calibration

The pulse calibration apparatus described in section (2.5.2.)
was used to examine the performance of the analogue for times up
to several milliseconds. The calibration factor A* of the analgue,
was determined by comparing the output of the analogue connected to
bk,



the calibration bridge, with the value calculated directly from
the out-of=balance voltage appearing across the br{dge. The out-
of-balance voltage. AV for a constant heat transfer rate % is given
from equation (2.7.2.) by

_ Npex  ~ v Av
cl’ < 2 T.Rs o

and from analogue theory the relationship between the heat transfer

and the analogue output V& is given by equation (2.8.2.) and is

q — Yok  A¥ W
| X LRe
therefore eliminating q,from the above equations we obtain
pe_ I (AV)
= Vk Jo/

The analogue calibration factor A* can easily be found with
an accuracy of better than 5% from the slope of a plot of AN
versus ¥ and the output of the analogue.

The value of A* was found to be in good agreement with the
theoretical value of 2 x 10™2, From these tests the uniform
section analogue was found to have the slightly faster response
(as indicated from the frequency versus attenuation curve) but
both analogues produced traces which were flat after 100 micro-

seconds.

2.9.2. Tunnel tests on analogues

Extensive tunnel tests were made in which the output from
the analogue was compared with data obtained from the numerical
reduction of the gauge output. Most of these tests were carried
out with the tunnel in its initial configuration (see section
2.11.) and with its inherently poor starting process it provided
a good test of the ability of the analogue to follow the ’
starting process of the tunnel. From equation (2,7.1.) the non-
constant heat transfer t} is related to the gauge output E(t) by

c (t) ("
g —(E) S [ g0+ [Ehosla)

2{“‘E

45,



and again from analogue theory

q — NEEE). A

Thus the calibration factor may be determined by eliminating

from the above equations

x
AF — {/A L) [ RE®) %ét) ’\:E\"S"ﬁ) I\:]
A* should be constant for all q_and 6. The . value of A* evaluated
from the above equation for a variety of heating conditions and
for running times of between 10 and 60 milliseconds was found to
be constant within + 7% of the nominal value obtained for pulsing
tests, This scatter was within the errors due to data reduction

and tunnel repeatability.

2.10. The Electronic Calibrator

The electronic calibrator unit was designed to calibrate the
electronic recording apparatus so that the heat transfer to the
gauge could be interpreted directly in terms of the deflection of
the trace on the oscilloscope. The apparatus was used initially
to examine the performance and design characteristics of the two

analogues based on design principles suggested by Meyer,

Design Principles.

The electronic calibrator apparatus was designed to simulate
electronically the response of a thin film gauge to a constant
heat transfer rate, The thermal and electrical properties of
the gauge together with heat transfer to the gauge, are simulated
on precision attenuators, whilst the function representing the
form of the temperature versus time output of the gauge is

generated by an operational amplifier.
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Simulated Propert ies

The response of the thin film gauge E(t) is related to the
cgli:bration..factor

oL
R the steady voltage across the gauge
IoR'o .and the constant heat transfer to the gauge q/ by the

— 2.(-% _)LR..q|H_
Et6) — a(Fc )LR, s

From a survey of thermal and electrical properties of materials

expression

commonly used in gauge construction, the following range of

properties were chosen for simulation.

Property Maximum Minimum
e__ % ‘
X . fisec 0.03 0.01
YyPCK B.t.u.
7 I.R, Volts 1.5 0.25
9, B.t.u. 100 0.1
ftasec

Basic Operation of the Analogue Calibrator

A block diagram showing the operation of"tvﬁe calibrator is
shown in figure 12, The calibrator simulates the response of
the gauge in the following wayss-

(i) A'square wave of magnitude I R  volts is produced by switching
the voltage across the gauge in the signal bridge into the

calibrator with a mercury relay.

(ii) The pulse is multiplied by a factor proportional to ( a M)
\]/ocK
using a precision potentiometer. ,
(ii) A factor proportional toE/% is introduced by passing the
pulse through an operational amplier, the output from the
amplifier is then equal to (f_F%—K_Y‘)-IORO. (E\I—%Y2>
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(iv) Finally a factor proportional to q 1is introduced by a
second potentiometer, and the final output is then

(TR (2[R %) (3 %)

The scaling factors 'Yl’ Ye, Y3 are chosen so that Yl X Y2 X Y3= 1

The ocutput of the calibrator is therefore

_— oL
B = T—_——‘IORO. ?-\I?é. 9

'OCK

Potentiometer Design
oL/JPCK Potentiometer

%
The design of the d/(FCK) potentiometer is shown in figure 13
A scaling faetor Yl = 2 was chosen and so the range of the attenuator
is from 0.02 to 0.06 in steps of 0.004 so that the mid-range calib-

ration factor may be set with an accuracy of 1%.

9, Potentiometer

The design of the G poteniometer is shown in figure 13. A
scale factor of Y 5%- was chosen, and heat transfer rates of
100, 50, 20, 10, 5, 2 and 1, 0.5, 0.2 Btu./ft sec can be simulated
with an .accuracy of better than 1%. The output impedence of the
potentiometer was between 20 and 100 ohms to simulate the output

impedence of a typical gauge.

Operational Amplifier Design

The function EJ__E? is generated by conventional feedback
operational amplifier techniques. The amplification factor AF
of an amplifier with a feedback ratioﬁ and an open loop gain A
(gain without feedback) of A is given by

Ae— —gA
for a high gain amplifier £ A >\

AP—%
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To generate the function 2 §% we must find a circuit element
with a transfer function proportional to % J%; From section 2.8.
the transfer function of an analogue network is given by
Va J__B—_C_\/_—f_ — (._l_)‘_ji
Vo 4 K Yo' BN

Therefore introducing an analogue circuit into the feedback circuit

we have __/9_, —Y—/?and the gain of the amplifier is
k'

— Y;g\fé%
For a 1% simulation of the function EKF;; the open loop gain A of
the operational amplifier must exceed the maximum feedback ﬁ by a
factor of over 100. The maximum value ofte y, its D.C. value, is
approximately 130, the open loop gain of the amplifier used was over
20,000,

Calibration and Gain Adjustment

The analogue calibrator is calibrated by injecting a sinusoidual
signal to the input attenuator. The output Vg ©of the calibrator is
related to the input voltage Vs by the equation

e )
s l°c'< CLJ

setting d¢0fcﬂ< = 0.02 and q = 10, for a 1 K¢/s sinusodual input
we have V& — 0.038/45°
Yo _ oom/ss”

A diagram of the calibrating oscillator circuit is shown in
figure 13. The signal generated from the oscillator circuit which
is past through the calibrator circuit is compared with 0.038 of
the input at a phase angle of 450 generated by a resistance -
capacitance network coupled to the oscillator. The overall gain
of the calibrator is adjusted until these two signals are
identical, which can be found with high accuracy by subtiracting

the signals on a differential oscilloscope.
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2,11. The Gun Tunnel

All the experimental investigations were carried out in the
Imperial College Gun Tunnel.. The facility which is essentially
a blow=down tunnel with a shock compression heater was used in two
configurations, the performance and calibration of which are
described by Stollery, Maull and Belcher (1960),and Needham (1963)

respectively.

..The first series of tests were carried out at a stagnation -
pressure of 500 p.s.i.a. and stagnation temperature of approximately
IOOOPK, corresponding to a 650 p.s.i.g. driver pressure and én
~atmospheric barrel: pressure. The Mach number at the model position
was 10 and the free stream Reynolds nupber was 0.7 x 105/per inch.
The naturally bursting single diaphragm gave a repeatability of
heat transfer readings of gpproximately + 7%. Therefore a
reference gauge. was necessary, the heat transfer to which was
always recorded, to correlate data from these tests.' One undes=
irable feature of the performance of the tunnel in this configur-
ation was the extremely poor starting process. This resulted from
the position of the second diaphragm being at the downstream end
of the nozzle. Typical surface temperature and heat transfer
traces indicated unsteadiness lasting 20 milliseconds after the
bursting of the second diaphragnm. Unsteady heat transfer rates
greater than twice the steady value were recorded during this
time.

The modified form of the tunnel had the second diaphragm
station at the upstream end of the nozzle. For this configuration
the starting process was far less severe and steady heat transfer
readings were established in less than 10 milliseconds after the
bursting of the second diaphragm. Experimental studies were
conducted at Mach numbers of 7, 10 and 15 by changing the throat
diameter of the conical nozzle, The drive pressure was maint-
ained constant at 2000 p.s.i.g. for all these tests, whilst the

barrel pressure was varied to obtain the required Reynolds number
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conditions, At Mach 10 barrel pressures of 14.7 and 100 p.s.i.a.
were used to.obtain Reynolds numbers of 1.35 x lOS/inch and 2.7 x 105
respectively. At Mach 7 a barrel pressure of 14.7 p.s.i.a. gave a
Reynolds number of 2.7 x 10°/inch whilst at Mach 15 the barrel
pressure was 72 p.s.i.a. to obtain a Reynolds number of 1.35 x 105/
inch, The use of the double diaphragm rig to give controlled
bursting of the first .diaphragm improved the repeatab;lity of the
heat transfer results, and the variation of the heat transfer
readings resulting from the run to run variation of the aerodynamic

free stream conditions was less than 3%.

Stagnation'Temperature

The stagnation temperature of the gas flow in the gun tunnel
was estimated by comparing the experiﬁental measurements of the
stagnation point heat transfer to a hemispherically capped cylinder
with the theoretical predictions of Cohen and Reshotko (1955) and
Fay and Riddell (1957). For a Mach number 10 and bursting
pressure ratio of 140 this temperature was calculated to be 1275°K.
This value is in good agreement with estimates made from pressure
and running time measurements by Needham (1963) and with the
stagnation temperature measurements of Stollery (1960).

The decay of the stagnation temperature during a run was
estimated from the heat transfer versus time profiles. The mean
value of the temperature decay as measured from a large number of
heat transfer profiles between 10 and 40 milliseconds from the
start of the run was approximately 2500°K per second. This value
compares with values of 1000°K/sec obtained by Cox (1960) and
Stollery (1960) and 8000°K/sec by Merritt (1961).

Flow Abrasion

The erosion of heat transfer gauges resulting from the
impingment of partiqles contained in the air flow was found to be

a serious problem. One advantage of the gun tunnel is that the
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piston prevents any particles of dust or rust from the drive vessels
directly contaminating the flow, so that all the particles which G
impinge on the models must have come from the barrel, the second
diaphragm, or the nozzle. Regular and meticulous cleaning of

both the barrel and the nozzle block reduces the number of particles
to a minimum,but sellotape particles from the second diaphragm
together with aluminium particles scraped from the piston in its
retarding motion, still cause a small amount of damage to the
gauges, .. The careful preparation of thin film gauges can increase
the abrasion resistance properties of gauges enormously as explained

in Appendix 1.
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3, Heat Transfer Measurements in Unseparated Flow

3.1, Intrqduction

All the measurements made while the instrumentation was being
perfected, were to determine the heat transfer to models in
unseparated flows. The models used in these tests were shapes for .
which reliable theoretical data already existed, namely the stagnation
point sclutions for the two-dimensional cylinder and hemispherically

capped eylinder.

Subsequent measurements were made on models in unseparated flow
which formed the basic configurations over which separated flows were
later. promoted. Although there were a. number of theoretical solutions
forﬁthe distribution of heat transfer over these.shapes,there was. .
littleuexperimental data. - .The data which was available came mostly
from high-enthalpy. low-Mach-number facilites such as shock tubes, or
high-Mach-number,low=enthalpy facilities such as helium tunnels,

In this section the stagnation point heat transfer measurements
are compared with existing theoretical and experimental data. The
heat transfer distribution over the blunt body configurations of the
hemispherically capped and flat ended cylinder are compared with two
theoretical solutions for this problem., The heat transfer megsure-
ments to a flat plate are compared with the constant pressure solut-
ions of Van Driest (1952) and Eckert (1955), and also with the
solution of Hall et.al (1961) which takes into account viscous
interaction effects. Finally the heat transfer measurements to a
number of cones with different apex angles .are compared with
theoretical results derived from the flat plate solutions,

3.2, Stagnation Point Heat Transfer

3.2.1, Theory
The theory of stagnation point heat transfer, which was
.originally derived for low speed flow by Squire (1939), has been
developed in recent years by Sibulkin (1952), Cohen and Reshotko
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(1955) and Fay and Riddell (1957) to successfully predict the
stagnation . point heat transfer to blunt bodies travelling at hyper-

sonic speeds.

.. The solution of the stagnation point heat transfer is obtained
from the Stewartson transformation (see section 4.6.2.) of the

compressible laminar boundary layer equations:-

i = g(f*—1 —s) ... .31

7
| S"+ RE3' ' — o ... .3.1.2
putting @ =1 for two dimensional stagnation point flow and f=V
for axisymmetrical stagnation point flow. The two-dimensional

solution by Squire and the extension to axisyﬁmetric flow by
Sibulkin assumed a Prandtl number of unity, but they extended their
analysis for constant Pr other than unity by multiplying the heat
transfer coefficient for Pr = 1 by an empirical factor (Pr)o' .

Cohen and Reshotko solved equations (3.1.1.) and (3.1.2.) for
Prandtl numbers of 0.6 to 1.1. They found these exact solutions
were in good agreement with the results of Squire and Sibulkin
modified to include the empirical correction factor.

Fay and Riddell extended the solution of the boundary layer
equations to take into account both the variation of the product/?}h

(taken as constant by Cohen and Reshotko as the result of using
the Stewartson transformation) and also the dissociation of oxygen
and nitrogen through the boundary.layer.  They found the  laminar heat
transfer coefficient at the stagnation point of a sphere to be

J% — 0.763 (R) ((/—f;'l/‘w;‘) [1+ (& —nhe

H :
’ -eo L] . 3.1-3'
Romberg (1956) showed that the "reference enthalpy" method

could be used to account for the variation bff%}Lthrough the
. boundary layer by evaluating the heat transfer coefficient at the
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npeference enthalpy.  (see section 3.4,1.). For L, = 1 Romberg found

Mo _ ores(RIHCW)

JRe )% |
o o s o 3.1.4.

3.2.2. Bxperimental results and discussion

The stagnation point heat transfer was measured at a Mach number

of 10 to both eylinders and spheres.

The stagnation point heat transfer to the two dimensional
stagnation point along the axis ofacircular cylinder was measured on
two cylinders with different diameters one of which is shown in
figure 18. The results from these measurements are plotted in
non-dimensional form in figurel?. Also included in this diagram are
the results of Hertzberg and Witliff (1960) from shock tunnel measure;
ments. These results are also compared with theoretical calculations
from Cohen and Reshotko, and Fay and Riddell. In these calculations
the stagnation point velocity gradient was taken as the Newtonian
value, namely (éﬁﬁ)== {gifs where W is the velocity just

AX/x 20 R
behind the normal shock.

The stagnation point heat transfer was measured on the hemi-~
spherically capped cylinder shown in figure 18. The results of
these measurements, which are shown in figure 19, were compared with
calculations made using the theoretical results of Cohen and Reshotko,
Fay and Riddell, and also Lees (1956). In all these calculations
the stagnation point velocity gradient was taken from Cohen and
Reshotko, and is

(L)

A
cu SUs(| — 0.252M; — 0.0IT5 M)

x=O= 2R
o+ e e 3- 201'

Both the two dimensional and axisymmetrical stagnation point
heat transfer measurements are in good agreement with the theore-

tical calculations,.
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3.3, The Distribution of Heat Transfer over Blunt Bodies

3.3.1. Theory

.The study of the heat transfer distribution over blunt bodies
has attained importance because such shapes are often used as leading
edge surfaces on hypersonic vehicles. Two theoretical methods for
the prediction of the heat transfer to blunt bodies were advanced by
Lees (1956) and Kemp, Rose and Detra (1958). These theories assume
that the veloecity and enthalpy profiles are a function of a single
variable, thereby reducing the basic set of partial differential
equations to a system of ordinary differential equations,To solve.
these equations they:also assume the external flow conditions to vary
s5lowly along the surface:of the body - thelocal:similarity concept. .
With these assumptions the boundary layer equations reduced to the form

(NE™Y =+ £ "‘/9(7%‘ —{9 =0 .. 3.3;1.

(';I{QL)/—F‘F:S:.‘_ _%:[N(\—\—E)]—_:O

° o o 303.2u
where the co-ordinate system is given in section (4.6.2.). Lees
2
found that for blunt bodies the dissipation term iﬁi[N(\——-%;ﬂ
e [

could be neglected and for a highly cooled wall the effect of the
pressure gradient parameter,e on the enthaply gradient factor at the
/

wall 3% was negligible and thus this factor was equal to O.Lr‘?Pr'}é

=%
The heat transfer coefficient
Ne  JARLT ( I )(He—hwx
in; J2E "_'%M haw— b

" also RPN e \IHe—hy)
1~ = D

-2
£ Y _ RMU (due) [ Fe
therefore ( )x=£ >z Y

/

Yo ASIRAL TS Gl 55,
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er . _%_,'Z_ — %"7:1 —. 0.4_7 P‘_'/a

l —%,w \_?w
Py (._‘a_ue‘/?-
hence 9 ( P) ¥ . \Ue dx

. = S P Beo+ (1 —-w)
K U (E ! J‘—(P fro\s]
| e e e . 3u3.4.

Rose showed that while this formula may be used for smoothly curved

surfaces such as a sphere,on s@arply radiused surfaces the assumption
that the enthalpy gradient -T%?L__ remains constant is no longer.
valid. By solving the boundary layer equatlons (3.3.1.) and (3.3.2.)

Rose found that the wall enthalpy gradient __23__ could be expressed

as a function of/S thus:= _-%@
. /O/u'é 0.438
—‘@gjw— 0.458 (1 +0.09¢(F) [(ﬁ,}*w\]
Fe
where /6 _— 2 (%) (%-u?e) — ) J \QeV' d=x
(%/P T

3.3.2, Experimental results and discussions

A, Heat transfer to a hemisphere cylinder

The heat transfer distribution to a hemisphere cylinder was
neasured at a free stream Mach number of 10 and Reynolds number
based on body diameter of 0.225 x 106° The models used in the
tests are shown in figure 18. The theoretical distribution was
evaluated from equation (3.3.4.) using the Newtonian pressure
distribution shown in figure 42, the stagnation point heat transfer
was taken as the experimental value, Both the experimental and
theoretical values of the heat transfer distributions are shown in

figure 19 and are in good agreement,
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B. Heat transfer to flat-ended cylinder

The heat transfer dlstribution to a flat ended cylinder was .

measured at a.Mach number of 10 and Reynolds number of 0.21 x 106

Figure 18 shows the models used in the experiment.

The stagnation point heat transfer to a flat ended cylinder
may be calculated by noting

N
1'FEc anmna;(:i::lzi>(:ggg%zr-o
FEC SPHERE
(5=)

where M>=l & K = 0.66

From Lees (1957)-
sz s T (2— Kf.l

TEL.

From Cohen and Reshotko

(%lcs) — %_R_(l — o.xseM? — 0.6\75M:) = /'L;—l— (_‘5

hence _i'ﬁc_. — [ ':7( ( B‘i\ _)Vz[_K('Z K)j/a]/a-a 0.

C"SPHRE

This compares with 0.7 obtained from the experimental results, see
figures 19 and 20,

The heat transfer distribtuion to the flat ended ¢y linder was
calculated using equations (3.3.4.), (3.3.5.) and 3.3.6.). The
pressure distribution around the body was assumed to be that given
by Lees (1957) which is shown in figure 21. Figure 20 shows the

theoretical and experimental distributions of heat transfer to the

flat-ended cylinder.
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3.4, Heat Transfer to a Flat Plate

3.4.1. Constant pressure solutions

The theoretical prediction of the skin friction and heat
transfer to an isothermal flat plate with zero pressure gradient
in compressible flow has been the subject of many studies. The
early solutions of the compressible boundary layer equations were
based on the assumption of unity Prandtl number or a linear
temperature - viscosity relationshipy; thereby allowing the
independent integration of the energy or momentum equations.
Other solutions employed the Stewartson transformation to reduce
the equations to their incompressible forms. However the most
accurate solutions for the constant pressure compressible boundary
layer equations were obtained by Hantzsche and Wendt (1940) and
Van Driest (1952). Van Driest used the Crocco transformation in
a numerical scheme which incorporated the Sutherland viscosity
relationship, to obtain solutions of the boundary equations for a
Préndtl number of 0.75, wall to free stream temperature ratios

from 0.25 and 6 and Mach numbers from O to 20.

A number of simple empirical solutions have been derived which
are based on approximate expressions which fit the results obtained
from computer solutions of the boundary layer equations. Young
(1949) analysed the results of Hantzsche and Wendt (1940) and found
a simple formula which agreed with their results to within one

percent.

This expression, together with use of the Reynolds analogy

becomes
-\ -
Sy {Re, — 0.332[0.45 +0.55 (1) + 0-09(““‘)*’\;&‘/‘;0} IP'%

. L] °

Further work by Chapman and Rubesin (1949) adopts a slightly
different approach by introducing the concept of a "reference
temperature", being the temperature at which the friction factor

L& is independent of the Mach number and Reynolds number
{Re .
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variation. Chapman et.al found the reference temperature could

be expressed by

Tk =— Tew + 0.88(T —T.) + 0.2 (T — Tu)
o . » » 3 L" 2
Eckert (1955) using the results of Young expressed the reference

conditions in terms of a "reference enthalpy™ which he expressed as

he = 0.5 (Re—hy) = 02 (hm—ha) . 5,43,
where haw = hoo —I—VE.'E U:;,

The heat transfer coefficient is therefore-

r .
Sel Reee = 0,3314/—;—%‘; P ) &

and hence the heat transfer rate is  _z
o"531/°\.&e(\=r ) (h»\w )

CL T | ,Re_ e« o . 3.4.5,

3.4.2. Boundary layer displacement and leading edge
bluntness effects

. 3.4k,

There are two important features of the hypersonic flow over
a flat plate which causes the flow phenomena to be different from
the low speed case, even when real gas effects and non continuum
flow effects can be neglected. These are the displacement effect
of the boundary layer and the influence of leading edge bluntness.

For the hypersonic flow over a flat plate with a sharp leading
edge the viscous boﬁndary layer and the shock wave formed at the
leading edge interact. The interaction, which is caused by the
displacement of the external stream by the growth of the viscous
layer near the leading edge, causes the pressure over the surface
of the plate to increase. In high Mach number flows, the induced
pressure caused by the interaction causes pressures on the plate
many times greater than free stream values, and this increase in
surface pressure is reflected in the increase of skin friction and

heat transfer over the plate.
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The effect of leading edge bluntness is manifest in two ways;
firstly it influences the pressure field around the body independant
of the existance of the boundary layer; and secondly the large
curvature of the leading edge shock associated with a blunt leading
edge in high Mach number flows, creates a vorticity field external
to the viscous flow associated with the boundary layer, which
influences the growth of the boundary layer and hence the heat transfer

characteristics.

The theoretical work of Hall, Cheng, Golian and Hertzberg (1961)
takes into account both these effects and also the transition states
between the two cases. They also give experimental evidence which
supports their predictions. From Hall et.al the expression for the
heat transfer to a sharp edged flat plate is given by:-

MC,, — o.zlaje‘é (0.664 + 173 Ry . XY?
Heo . ... 3.46.

where CH —

Q,
M=IC/TRe

:i=

C — constant in linear viscosity -
" temperature relationship

e =

(K__‘Z//(K-k\)

3.4.3. Experimental results and discussion

The heat transfer to a flat plate model was measured for a free
stream Mach number of 10 and Reynolds number of 0.136 x 106/inch.
The flat plate model used in the investigation had a leading edge
thickness of 0,0015 inches, so the plate may be considered sharp
from criteria of Hall et.al, and only the displacement effect need
be included. Figure 22 shows a comparison between the experimental
results and the theoretical curves calculated using the methods of
Van Driest and Eckert which ignore viscous interaction, together
with the results from equation (3.4.6.). As often shown before
the reference enthalpy method of Eckert is in remarkably cloge

agreement with the more exact method of Van Driest. Close to the
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leading edge the experimental data is in good agreement with the
work of Hall et.al and confirms the importance of considering

viscous interaction effects.

3.5. Heat Transfer to a Cone

3,5.1. Theory

The heat transfer distribution to the surface of a cone can
easily be predicted by applying the Mangler transformation to the
flat plate results discussed in the previous section. For cones .
with attached shocks the Mangler transformation (see section 4.6.2.)

(Sl—, J Re )Fm-r PLATE
The distribution of heat transfer to a cone is therefore given by

0.322J3 P*ue(ﬁ*j 1!,‘(5\'-“»,‘ b )

T v RE, v . .3.5.1.

Where the reference conditions are evaluated over the face

gives (5t J_R—eyccma . \[‘5‘

of the cone.

For the case where the cone has an apex angle greater than
the conical detactment angle the heat transfer distribution may be
calculated approximately by using the blunt body solution of Kemp
et.al (1958) in section 3.3.

3.5.2. Experimental resulis

The heat transfer distributions to cones with vertex semi-
angles'of 300 and 450, were determined at Mach numbers of 10 and
15 at a Reynolds number based on body diameter of 0.27 x 106.
Figure 46 shows the mddels used in the experiments. The experi-
mental resulis together with theoretical calculations from equation

(3.5.1.) are shown in figures 47 and 49 and show good agreement.
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4, Heat Transfer in Separated Flow

-4.1. Introduction

This section of the report is devoted to a description of an
experimental study of the distribution of heat transfer over
aerodynamic surfaces which promote wedge separated flows. The

experimental work was divided into three main parts,

The first study was designed to investigate the heat transfer
distribution to a flat plate in regions of adverse pressure gradient -
and moderately separated flow, induced by both forward facing
wedges and externally generated shocks. In this study emphasis
was placed on the difference between a flow in which the boundary
layer had been merely thickened by an adverse pressure gradient,
and one in which the adverse pressure gradient has caused the boundary
layer to separate, thus causing a region of reverse flow. The
similarity between the shock wave-boundary layer interaction

induced by different flow mechanisms was also studied.

The second study was designed to investigate the heat transfer
distribution in large regions of separated flow induced by large
angle forward facing two dimensional wedges, and also by axisym-
metrical spiked comes. In these experiments the separation and
reattachment regions were well separated and the emphasis of this
investigation was placed on the mechanism of the heat itransfer
distribution in the reattachment region of the shear layer. The
main parameters varied in these tests were reattachment angle and

Mach number.

The third investigation, the study of the heat transfer
distribution over spiked bodies, was designed to investigate the
parameters which influenced the protection of aerodynamic surfaces
by controlled regions of separated flow. In this investigation
the basic parameters varied in the testswere model geometry and
Mach number. These experiments were also extremely useful in
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establishing a reference ™unseparated value", the heat transfer to
the unspiked body, with which the peak heating in the reattachment
region on the spiked body can be compared, as well as yielding data

on the reattachment phenomena itself.

4,2, Experimental Technique

_ There are a number of features in the experimental study.of
separated flow regions which emphasises the importance of certain
experimental techniques. The first important feature of wedge
separated flows is their extreme sensitivity to the aligment of the
model. This is particularly significant in the study of the heat
transfer distribution in the reattachment region on spiked bodies,
where it is essential that each configuration should be carefully
set up and checked withschlieren photographs. Separated flows

are often unsteady, an extreme example of this is the gross
instability characterised by the oscillatory flow encountered over
splked blunt bodies. For the correct interpretation of the
experimental measurements it is therefore important that the
response time of the transducer and associated electronics should
be an order of magnitude faster than the fluctuation in the'flow

under investigation.

It is particplarly important, in experiments on separated
flows, to examine the effect arising from a finite span of two
dimensional models. The two dimensionality of the flow over the
flat plate and wedge models was checked by measuring the spanwise
distribution of heat transfer across the centre sections of these
models, Side plates wereinitially fitted to the models to
prevent cross flows. From flow observations using talcum powder
it was found that the side plates themselves caused a three
dimensional flow by generating vortices between the side plates
and the wedge. The flow observations through the schlieren side
plates were also distorted by the growth of the separated flow
on these side plates, The heat transfer distribution across the
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centre section of the model indicated that the flow was essentially
two dimensional both with and without the side plates, and the
removal of the side plates had no effect on the magnitude of the
heat transfer rates recorded. The two dimensionality of the flow
on the face of the wedge without side plates was examined by a

flow visualisation technique in which a thin layer of wax was
spread along the model in the reattachment region. The heat‘
generated by the reattaching flow caused the molten wax to follow
the flow in the boundary layer, and the patterns generated showed
that the flow over the wedge was two dimensional over four fifths
of the span. This latter observation was confirmed by burn marks
on a layer of sellotape which was laid across the face of the wedge.
These burn marks, in the reattachment region, brmed a stréight
‘line parallel to the upper shoulder of the wedge indicating the
flow over the wedge was again two dimensional over four fifths of
the span. After these observations had been made all the
experiments were conducted without side plates, but the span-wise
heat transfer distribution was always measured on all the two .

dimensional models as a check.

4.3, Heat Transfer in Regions of Laminar Separation

4.3.1, Introduction

The predominance of laminar boundary layers at hypersonic
speeds and the comparative ease with which such'boundary layers
will separate, has mack separation criteria and the properties of

separated regions of great importance. A knowledge of the
properties of wedge separated regions is of importance for the
design of compression surfaces such as intakes, control surfaces

and flared junctioms.

At supersonic and hypersonic speeds the phencomena of wedge
boundary layer separation is associated with the phenomena of
shock~wave boundary-layer interaction. Experimental and theor-

etical work has been devoted to the study of this phenomena
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resulting from a shock incident on a tunnel wall or flat plate,

and induced.by a forward facing wedge or compression surface. From
the pressure distributions obtained in these experimental studies
the separation phenomenon was shown to be a free interaction i.e.
indepeﬁdent of the mechanism by which it was caused. Although a
number of experimentai investigations have been carried out at
supersonic speeds, there has been very litile experimental work on
the boundary layer separation phenomena in hypersonic flow. Detailed
experimental information on the distribution of heat iransfer in
laminar regions of adverse pressure gradient and boundary layer
separation, in both supersonic and hypersonib flows is almost

completely absent.

In this section we study the heat transfer distribution in
regions of adverse pressure gradient and flow separation, induced
by both forward facing wedges and externally generated shocks.
The object of this work was to measure the distribution of heat
transfer in an adverse pressure gradient but no separation,and in
flows in which the adverse pressure gradient causes flow separ¥
ation with a region of reversed flow, and distinguish them i.e.
formulate a separation criteria in terms of the heat transfer
distribution. It was also of great interest to compare the dist-
ribution of heat transfer for flows in which the adverse pressure
gradients and flow separation had been induced in different waﬁs.

4.3,2. Apparatus

The flat plate+wedge model which is shown in figureée 23
consisted of two plates, the second of which could be inclined at
any angle from O to 309 to the first plate. The model was
engineered so that the second plate rotated about a virtual hinge
located at the junction of the two faces, and great care was
taken to see that this junction was both "clean" and pressure
tight. The flat plate model which was used with an external
sharp edged shock generator is shown in figure 34, As can be
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seen from the photographs, the distribution of gauges were "graded"
on both models so that there was a high density of intrumentation
in. the region of shock wave boundary layer interaction. The
models were also equipped with side gauges to measure the spanwise
distribution of heat transfer. Both the wedge modei and the flat
plate model were fitted with. side curtains to prevent interference

from flow beneath the plates,

4,3,3, Flat plate+wedge study

The heat transfer distribution to the flat plate+wedge
configuration was measured for wedge angles from O to 15 degrees
at intervals of 2.5.degrees. A1l these tests were conducted at .

a Mach numbgr of 10 and free stream Reynolds number of 1.34 x 105.

The length of the plate before the interaction, was chosen so
that the shock wave developed from the. leading edge did not inter-
sect with the face of the second wedge, and the Mach cones developed
from the tips of the plate did not envelop any of the region under
investigation. With this length of plate, the viscous inte;action
effect associated with the growth of the boundary layer from the
leading édge is shown in figure 22 to be confined to within the
first 2 inches, and the entropy gradient associated with leading
edge bluntness (section 3.4.2,) did not influence the interaction
which was being studied. '

The schlieren photographs and heat transfer distributions
obtained from these tests are shown in figure 25. Figures 25 (a)
and (b) show the heat transfer distributions and flow patterns for
boundary layers which have merely been thickened by the adverse
pressure gradient caused by the wedge. The heat iransfer starts
to dip below the level of the flat plate values in frontof the
wedge as the adverse pressure gradient causes the boundary layer
to thicken faster than under flat plate conditionms. Whilst the
boundary layer is thickened by the pressure féeding forward, its
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density is also increased and eventually this causes the heat
transfer to the plate to start to increase again, ahead of the
wedge. The heat transfer increases along the wedge as the
boundary layer is thinned and its density is increased by £he
compression process. Finally at the end of the compression process
the boundary layer starts to grow again under constant pressure and
in consequence the heat transfer rates begin to fall. As the
adverse pressure gradient caused by an increase in wedge angle
becomes more severe, so the magnitude of the dip in heat transfer
below the flat plate value increases, Howsever, it will be obserwved
that the form of the curve is in each®mse in the same,and the
portion of the curve in the region of the minimum heat transfer is

cusp-like in form as redepicted in figure 27.

Figures 25¢, d and e show the schlieren and heat transfer
patterns for flow conditions which vary from theé case in which the
boundary layer is fully separated as in figure 25e to the case
depicted in figure 25c¢ where it is difficult to determine whether
the boundary layer has been thickened or whether separatioh has
taken place, The fully separated flow is characterised in the
schlieren photographs by two distinct shock formations. The first
springs from the separation region, and is followed by a.constant
pressure zone which is bounded by a straight shear layer. The
second shock springs from the end of the shear layer and compresses
the flow to .its final wedge pressure value. As the adverse .
pressure gradient is decreased by decreasing the wedge angle the
two shock systems gradually converge, until they finally collesce
to form a single shock at the point at which the boundary layer
just separates -~ the incipient separation point. The difference
between the heat tranéfer distribution in separated and unseparated
regions are characterised by two important features. As the wedge
angle is increased from 7.5 degrees through to 12.5 degrees the
shape of the heat transfer distribution curve in the region of
minimum heat transfer undergoes a distinct change. Although the
form of the initial decrease in heat transfer is similar, the
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junction between decreasing and increasing heat transfer changes
from a cusp shaped form for the unseparated case, to a rounded
concave form in the case of the separated flow (see figures 25d,e).
The comparisgon can be more easily made by non-dimensionalising the
results.with respect to the flat plate values as shown in figure 27,
The heat transfer distribution in which the cusp shape is just
rounded at the point of minimum heat transfer represents the
incipient separation condition. . From figure 27 we also notice
that as the curve changes in fornm, the rate at which the mimimum
value of heat transfer decreases with increasing wedge . angle is
considerably decreased when the flow becomes separated. By
plotting the minimum value of heat transfer against wedge angle
(figure 27) it can be seen that a distinct change in slope occurs.
. Thié,point of change is taken as in the incipient separation region.
Additional confirmation of this criterion may be obtained by plotting
the wedge angle against shear layer length as shown in figure 27.
The value of .the wedge angle to cause incipient separation is
obtained .by extrapolating the curve to zero shear layer length.
These criteria predict that the incipient separation condition

occurs at a wedge angle of 8.5 degrees.

Looking now at the heat transfer distribution in the compression
region on the face of the wedge it can be seen both in separated
and unseparated flows there is a sharp but uniform rise along the
face of the wedge. For the unseparated flows the heat transfer
distribution levels off at the end of the compression process and
starts to slowly decrease égain. The greater severity of the
recompression process in the reattachment region of the separated
flows overAthe 12.50 and 150 wedges causes a pronounced peaking
of the heat transfer distribution. The maximum value is coinci-
dent with the end of the reattachment compression process and the
minimum boundary layer thickness as observed from the schlieren
photographs, which is downstream of the point of shear layer

reattachment.
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4,3.4, Studies of the interaction between an externally
generated shock and a flat-plate boundary layer

In this investigation we study the heat transfer distribution
on a flat plate in regions of adverse pressure gradient and flow
separation induced by the interaction of an externally generated
oblique shock wave with the laminar boundary layer on a flat plate.
The tests were carried out at a Mach number of 10 and Reynolds number
of . 1.35 x lOs/inch. The position of the shock generator was . .
adjusted so that the shock impingement caused the interaction to
occur.at approximately the same Reynolds numberltased on the distance
from the leading edge to the interaction as in the previous study.
Once again the boundary layer displacement and vorticity effects
associated with the leading edge of the plate can Se ignored.

The heat transfer distribution, in the interaction regions on
the flat plate, were measured for shock strengths corresponding to
shock generator angles ol of 2.1°, 3.10, 5.20, 8.3° and 10.4°.

The schlieren photographs and heat transfer distribut ions obtained

from these tests are shown in figure 26.

Figures 26a and 26b show the heat transfer distributions to
the flat ﬁlate for the cases where the adverse pressure gradient
induced by the impingment of the oblique shock was insufficient
to cause separaiion. The heat transfer decreases as the boundary
1ajer thickens under the adverse pressure gradient, but rising
pressure and hence density causes a sharp but uniform rise in the
heat transfer through the compression region, finally decreasing
again as the boundary layer thickens downstream of the interaction.
The heat transfer distribution in the region of mimimum heat
transfer is once again characterised by its cusp-like profile.

Figures 26e, d anc c¢ show the flow conditions which vary

from the case where it is obvious that the boundary layer is
fully separated as in figure 26e, to the case close to the
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incipient separation condition as shown in figure 26c, The presence
of a large region of separated flow is clearly indicated in the
schlieren photographs by a well defined shock springing from the
separation region, As the external shock becomes weaker so the
separation shock becomes less distinct, finally disappearing
altogether when separation does not occur. The first appearance
of the upstream shock marks the incipient separation condition.

The form of the heat transfer distribution in the region of minimum
heat transfer in separated flow contrasts sharply with the form for
the unseparéted case, The curves which are plotted for comparison
in figure 28 are again non-dimensionalised with respect to the flat
plate value, It can be seen that in direct contrast to the cusp-
like unseparated heat transfer profiles, the heat transfer
distribution for the separated flow is rounded in the region of
minimum heat transfer and the heat transfer begins to increase from
the mimimum value in a concave profile as compared with the convex
form of the unseparated curve. If we plot the minimum heat transfer
against the angle of the shock generator (see figure 28) we again
find a discontinuity in slope which we use as an indicatim of the
incipient separation condition. From this graph it can be seen
that the incipient separation condition is induced by a shock
strength which corresponds to a - shock-~ generator angle of 4.30.
Additionai confirmation of this wvalue 1s obtained by extrapolating
the plot of shear layer length versus shock-generator angle, shown

in figure 28, to zero shear layer length.

The heat transfer in the reattachment region of the flow
increases almost linearly through the reattachmént compression
process reaching a maximum at the end of this process, which again
coincides with the maximum thinning of the boundary layer., The
pronounced peak in the reattachment heat transfer profiles for
large separated regions is coincident with the end of the reattachment
compression rise and is downstream of the reattachment point of

the shear layer as deduced from schlieren photographs.
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4,3,5, Comparison of wedge and externally generated
shock results

The heat transfer distribution in regions of shock-wave
boundary-layer interaction induced by a forward facing wedge and
by externally generated shocks are very similar. For the case
of unseparated flow in an adverse pressure gradient, the form of
the heat transfer profiles from both wedge and external shock
results are characterised by the cusp-like profile in the region
of minimum heat transfer and a uniform rise in heat transfer
through the compression process to a comparatively uniform level
in the constant pressure region downstream of the interaction. .
The heat transfer profiles for wedge and shock induced separation
are also very similar and are characterised by concave prbfile
in the separation region followed by an almost linear rise to.a

peak value at the end of the reattachment compression process.’

It is éasily shown that for an inviscid flow,a wedge angle
of 2 will cause the same pressure rise*as a shock wave generator
set at an angle of & , Thus if a wedge of angle 2 & causes
incipi&nt separation, if the separation phenomena is independent
of the mechanism by which it is induced, i.e. a free interaction,
the angle at which shock wave generator should be set under identical
free stream conditions to obtain incipient separation should be | .
From the experimental results the wedge angle to cause incipient
separation was 8.4° whilst the shock generator angle to cause
incipient separation was 4.30. The similarity between heat transfer
profiles together with the latter information‘indicates that for the
configurations studied the separation phenomena is independent of
the mechanism by which it is induced,

It is aléo of great interest to compare the maximum heat
transfer generated in the compression region of both wedge and
shock induced interactions for configurations which cause the same
final pressure rise. Figure 32 shows the graph of wedge angle

against maximum heat transfer at the end of the compression region,
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upon which both shock and wedge results are plotted. The diagram
indicates that the heat transfer generated at the end of the
compression process is" independent of whether this pressure rise

was caused by a wedge or by an external shock.

There are almost no experimental studies with which these
results can be compared. Bogdonoff (1962) has investigated the
heat transfer distribution to a flat plate with a 10° wedge at
M= 11.7.. The form and magnitude of the heat transfer profile in
the separated region is very similar to the results obtained in the
present experimental work. Bogdonoff found a large scatter of the
results in the reattachment region. Although many measurements
were made in the reattachment regions of both shock and wedge
induced separation in the present experimental work, no trace of
an instability was found and the maximum scatter could be

attributed to experimental error.

4.4, Heat Transfer in the Reattachment Region of a
Separated Shear Layer

4. 4,1, Introduction

The. study of the reattachment region has attained prominence
because the high heat transfer rates generatéd in this region may
cause serious heating problems to compression surfaces such as
flaps or flared junctions on hypersonic vehicles over which the
flow may be separated, There is very little information on the
parameters which influence either the magnitude or the distribution
of heat transfer in the reattachment region of a shear layer in

either supersonic or hypersonic flows.

In this investigation we study the effect of the reattachment
rangle and free stream Mach number on the heat transfer developed
in tﬂe reattachment region of a separated shear layer. Two-dimen-
sional flat plate wedge models, with various wedge angles and
step heights are used to study the effects of reattachment angle
and downstream expansion on the heat transfer developed in the
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reattachment region on the face of the wedge. The heat transfer
developed in conical regions. of reattachment were investigated by
measuring the distribution of heat transfer over a series of spiked
cones. .. These experiments were conducted at Mach numbers of ten
and fifteen.

4.4,2, Flat Plate+Wedge Studies

The heat tranéfer distribution to wedge separated flows over
two dimensional step models were measured at Mach number of 10
and free stream Reynolds number of 0.135 x 106 per inch.

Three sets of models were used in this investigation. The
variable angle wedge model (shown in figure 23), which was used to
study boundary layer separation, was also used to extend the
experimental data up to wedge angles of 300. A smaller second
plate, which is shown below the main model, was fitted in place of
the second face of the model so that it could be used up to wedge
angles of.30° without blocking the tunnel.  The fixed angle step
models shown in figure 30 had a common step height of 0.75 inches
and. fixed wedge angles of 30, 45, 60, 75 and 90 degrees. The
third model - the variable angle step model, which is shown in
figure 29 was used to obtain measurements for wedge angles between
35 and 90 degrees. The model has a constant wedge length of 1 inch
and is so designed that the angle of the wedge is continously
variable, with this face rotating about a virtual hinge at the
base of the step. The upper face of the model is supported so
that it can follow the movement of the second face of the model.
All these models were fitted with side curtains (not shown in the
photographs) to prevent interference from flow beneath the models,

The length of flat plate ahead of the steps was chosen to
ensure that the shock wave developed at the leading edge did not
intersect with the face of the wedge,and was not long enough for

the tip Mach cones to influence the reattachment process., For
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this length of plate the separation of the boundary layer on the
flat plate was not controlled by the leading edge, thus the angle
of the separated shear layer was approximately constant for all

wedge angles,

The variable angle wedge model was used to extend.the data
obtained in the previous section to wedge angles of 22.5o and 300.
The schlieren photographs of these flows are shown in figures 33a
and 33%b.and the heat transfer distributions in figures 3la and 31b.
The results of the heat transfer distribution in the reattachment
region show very pronounced peaking, The point of maximum heat
transfer coincides with the point of minimum boundary layer thickness
(as observed from the schlieren photographs) which is slightly
behind the reattachment point of the shear layer. It can be seen
from the sthlieren photographs that the point of maximum heat
transfer moves nearer to the reattachment point as the angle of the
wedge is increased. The approximate theoretical results obtained
in section 4.6.4. for the distribution of heat transfer in the
reattachment region are shown in figures 3la and 31b. By assuming
the boundary layer to grow from the reattachment point, an
assumption which is not strictly valid in these cases, quite good
agreement is obtained downstream of the point of maximum heat
transfer. The heat transfer at the end of the reattachment process
calculated from equation (4.6.10) is also shown and can be seen to

be in good agreement with the experimental results.

The distribution of heat transfer to the 30, 45, 60, 75 and
90 degree fixed angle step models is shown in figures 35a, 35b,
35¢, 35d and 35e respectively. The schlieren photographs of.the
flow are shown in figures 33c, 34b, 34c and 34d. Spanwise
distributions of heat transfer indicate that the flow over all the
step models is essentially two-dimensional within the region tested.

» o L3
A comparison between the results obtained from the 30~ variable
angle wedge model and the 300 fixed angle step model shows that,
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within the accuracy of the experiment, the distribution. of heat
transfer in the reattachment region and throughout the separated
flow is uninfluenced by the effect of the downstream expansion at
the shoulder of the step model.

The most important feature of these flows is the magnitude
and severity of the heat transfer and heat transfer gradient
developed in the reattachment region. This feature serves once
again to point out the importance of having adequate instrumentation
on a non-conducting surface in the reattachment region. A graph
of. .the variation of the maximum heat transfer recorded in the
reattachment region against reattachment angle is shown in figure
38b. From this diagram it can be seen that the maximum heat
transfer varies almost linearly with reattachment angle for the
configurations with face reattachment. Observations from the
schlieren photographs show that the reattachment point and the
point of maximum heat transfer are almost coincident from wedge
angles greater than 350. Theoretical calculations based on the
assumption of zero boundary thickness at reattachment are shown in
figures 35a, 35b and 35c¢ and are in good agreement with the experi-

mental results downstream of the reattachment point.

For wedge angles from 30° to 750 the heat transfer to the
upper face of the step model remains almost constant. The heat
transfer to this face may be calculated approximately by assuming
the boundary layer to grow from the junction of the top of the
wedge with the upper face. The comparison between this approii—
mation shown in figure 35a, 35b, 35c and 35d and the experimental
results indicates reasonable agreement. The heat transfer to the
upper face of the 90o wedge model for which shoulder reattachment
occurs, differs from the previous distributions and is not in

agreement with this approximate calculation.

Further experimental data on the variation of the heat

transfer in the reattachment region with reattachment angle was
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obtained using the variable angle step model. The heat transfer
distribution over this . model was measured for wedge angles of 35,
40, 45 and 52.5 degrees. Heat transfer distributions and schlieren
photographs are shown in figures 36 and 37 respectively.. The
variation in step height as the step angle is changed from 309 to
90° is from 0.5 to 1 inch. The variation of the maximum heat
transfer in the reattachment region with reattachment angle is

shown in figure 38b. The good agreement between the reattachment
heat transfer rates for the 45° wedges together with the general
trend in the results for the models with different step heights,
indicates that the effect of the downstream expansion may be
neglected in these tests for wedge angles below 60°. The experi- .
mental distributions of heat transfer downstream of the reattachment
point are again in good agreement with calculations based on the
assumption that the boundary layer grows from the reattachment
point, The heat transfer to the upper face changes very little
with either wedge angle or step height, and calculations based on
the assumption that the boundary layer grows from the junction of
this surface with the top of the wedge are again in 6lose agreement

with the experimental results.

All these results may be compared with the low angle wedge
and shock interaction results by plotting the total mgle through
which the flow is turned (the wedge angle) against maximim heat
transfer in the reattachment region. Figure %8& shows this plot

which indicates an almost‘linear variation of maximum heat transfer

with flow angle.

In all the above tests as the angle of the wedge was increased
the separation point moved forward, and thus the boundary layer
thickness at separation varied for each wedge angle. To investi-
gate the effect of boundary layer thickness on the heat transfer
distribution over the models and particularly in the reattachment
region, a single wedge configuration (the 45° wedge) was chosen,
and the heat transfer distribution to the flat plate+wedge
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configuration was measured for three lengths of flat .plate. The
model configurations and heat transfer distfibution to these.
configurations are shown in figure 39, Schlieren photographs of
the flow over these configurations were given in Holden (1962),.

The form.of the heat transfer distribution in the separation

region is in each case similar, with the ratio of the minimum

heat transfer to the corresponding flat plate value of approximately
0.6 Ahead of the step the results from the three models combine
to form a single curve which fits all the experimental points from
2 inches in front of the step, through the reattachment region and
along the upper face of the step. These results indicate that the
heat transfer distribution in the reattachment zone is only
slightly dependent on the boundary layer thickness at separation.
This conclusion is.substantiated by results from the axisymmetrical

spiked~body models,

The study of the heat transfer distribution in reattachment
regions on axisymmetric bodies is described in the following

chapter in section 4.5.4.

4.5, Heat Transfer to Axisymmetric Spiked Bodies

4,5.1 Introduction

The study of laminar separated regions in hypersonic flow,
with the intention of using such regions to obtain favourable
heat transfer characteristics, was basically inaugurated by a
theoretical study by Chapman (1956). Chapman predicted that
the total heat transfer to the boundaries of a laminar separated
" cavity flow was approximately one half the total heat transfer to
the boundary of an equivalent attached flow bridging the cavity.
Experimental work to investigate the practical use of controlled
regions of laminar separated flows has been concentrated on the
measurement of heat transfer around spiked blunt bodies. The
configurations for which such studies have been made have been
confined to hemi-spherically capped and flat-ended cylinders.
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The geometry of such bodies does not allow a simple investigation
into the parameters which influence the basic mechanism of heat
transfer both in the separated flow region and in the region
behind the point of reattachment. For it is the flow mechanism
and heat transfer in and downstream of the reattachment region
which constitutes the most important single influence in spiked
body flow. The spiked cone allows a simple investigation to be
made of the effect of body geometry in the reattachment region on
the heat transfer to spiked bodies.

The following investigation was designed to study the heat

transfer characteristies of sﬁiked bodies in hypersonic flow,
The main parameters varied in this study were body shape andfree

stream Mach number. Initial studies were made to determine the
heat transfer distribution to spiked spherically capped and flat-
ended cylinders at a Mach number of 10. The results from these
measurements were compared with existing experimental data at
different Mach numbers, The main study was devoted to an
investigation of the heat transfer characteristicsof a series of
spiked cones with different apex angles, at free stream Mach

numbers of 10 and 15,

4,5.2. Spiked sbherically—capped cylinder

The distribution of heat transfer to a spiked spherically
capped cylinder was measured ataMach number of 10 and free stream
Reynolds number based on body diamter of 0.225 x 106. The models
used in the experiments are shown in figure 18. Heat transfer
profiles for L/D ratios of 0,0.5, 1, 2, 3 and 4 are shown in
figure 40, The corresponding schlieren pictures are given in

figure 41,

The pressure'distribution over the spiked hemisphere was

estimated from measurements from the schlieren photographs. The
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conditions at the outer edge of the separated shear layer were
calculated from cone tables. The pressure rise ito reattachment
was calculated from the relationship developed by Chapman, Kuehn
and Larson (1957) but with the assumption that the temperature in
the dead air region was equal to the wall temperature rather than
the recovery temperature as they had assumed, Figure 42 shows the
pressure distributions obtained from the calculations. These
results are similar to those of Crawford (1959) and Bogdonoff (1958)
but with the notable exception that for the configurations L/D =.
0.5 and 1.0 the reattachment pressure rise exceeds the stagnation.
point value. This result is directly associated with the assump-
tion that the temperature in the dead air region is at wall temper-
ature rather than the recovery temperature. This is probably more
realistic fo;‘our experiments in an intermittent facility, as
opposed to those of Chapman et.al whose tests were carried out in

a continuous facility where wall temperatures approaching the

recovery temperature were obtained.

The heat transfer profiles on the spiked spheres exibit one
point of great interest. For spike lengihs of 0.5 and 1.0D the
peak heat transfer rates, which occur in the reattachment region
of the separated shear layer, exceed the stagnation point value
for the unspiked sphere. The laminar results of Crawford at
M= 6,9 and Re, = 0,15 x 10° do not indicate that reattachment
heat transfer rates larger than the stagnétion point value occur
at reattachment, but as the result of fhe lower Reynolds number,
reattachment occurred further back on the sphere. The only other
results, those of Wagner (1961) who obtained an equivalent
distribution at M = 19.4 and ReD = 0.23 x 106, are not sufficiently
detailed for conclusions to be drawn. Although Bogdonoff (1958)
did not obtain a detailed distribution of laminar heat transfer to
the hemisphere, he did measure the total heat transfer to the
hemisphere for spike lengths from O to 6 body diameters at a
Reynolds number of 0.36 x 106 and M = 14. The graph of the total
heat transfer against spike length obtained by Bogdonoff .is shown
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in figure 43, Also'plotted on this graph are .the results of the
present investigation together with those of Wagner and Crawford.
There is excellent agreement between the results of the present
investigation of those of Bogdonoff for short spike lengths.

The -laminar results of Crawford and Wagner do not indicate that values
of total heat transfer exceeding the unspiked value occur for any
body-spike configurations. The transitional results of Crawford
indicate that total heat transfer rates well in excess of the
unspiked value occur if transition occurs in the shear layer.

For our experiments the length of the reattachment was small
compared with the radius of the reattachment circle, and thus the
flow in the reattachment region may be regarded as locally two
dimensional. With this approximation the results of Chung and
Viegas (see section 4.6.) were applied to calculate the reattachment
heat transfer for L/D = 0.5 and 1. The results of these calculations,
which are plotted in figure 40, are in good agreement with the
experimental values and lends support to the conclusions of Chung
and Viegas, who predicted that the heat transfer rate in fhe laminar
reattachmeﬁt region could be greater than that at a stagnation point
if the length of the separated shear layer is equal to or less than
the nose radius. of the body.

4,5,3, Spiked flat ended cylinder

The distribution of heat transfer to a spiked flat-ended
cylinder was measured at a Mach number of 10 and Reynolds number
based on body diameter of 0.225 x 106. The models used in these
tests are shown in figure 18, Heat transfer profiles were obtained
for spike lengths of O, 3, 4 and 4,5 body diameters. Figure 44 shows
the distribution of heat transfer obtained for each of the four
configurations, and the schlieren photographs of the flow about the

models are shown in figure 45.
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The flow about the spiked configurations and the heat transfer.
measurements were found tb be extremely sensitive to model alignment
and very careful adjustment was required to obtain symmetrical heat
transfer profiles in the shoulder reattachment region. For spike
lengths of 4D and 4.5D the heat transfer distributions to .the
cylinder were almost identical, and the total heat transfer to the
front face was reduced to less than one half the value in the absence
of the spike. This value is in agreement with the results of
Bogdonoff.  (1959) who investigated the total heat transfer to the face
of a flat-ended cylinder at a Mach number of 14 in helium. For the
configuration L/D = 3 the heat transfer rates measured over the front
face indicated that the flow about the body was unstable. An
examination of the heat transfer results in the region of the shoulder
of the cylinder together with schligren photographs revealed that a
lateral oscillation of the flow oécdrred with the shear layer flicking
across the gauges at the shoulder. ' A further reduction in spike |
length promoted a longitudinal oscillation the mechanism of which is
described in Maull (1959).

4,5.4, Spiked cones

The tests on the spiked sphere anﬁ spiked flat~ended cylinder
have shown that for some configurations the total heat transfer to
a spiked body may be considerabiy reduced by the separated flow
promoted by the spike whilst in others the total heat transfer may
be increase& by the presence of separated flow, even when the flow
is entireljglaminar. The large heat transfer rates and gradients
developed,in the reattachment region of the shear layer whilst
being impbrtant in their own right are clearly the key factor which
influences the total heat transfer characteristics of spiked bodies.
From the tests on the spiked sphere it is also clear that the
reattachment flow geometry is an important parameter which influences
the heating in this region. The effect of the reattachment flow
geometry on both the heat transfer profiles in a region of shear.

layer reattachment'and on the total heat transfer characteristics
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of spiked bodies may most easily be studied by an investigation . of
the flow.pattern and distribution of heat transfer over a series

of spiked cones with different apex angles. An examination of

the total heat transfer versus spike length profiles shown in
figure 43 for the spiked spheres also suggests that an increase in
free stream Mach number increases the effectiveness of the spike in

reduéing the total heat transfer to the body.

In this series of experiments, the heat transfer and flow
pattern over 4 spiked cones shown in figure 46 was measured at Mach
numbers of 10.and 15 for a Reynolds number based on body diameter

of 0.27 x 106.

Separated‘flow geometry

The separated flow past a spiked cone may be divided into a
number of distinct flow patterns which depend both on the free
stream conditions and the spike length and cone angle of the model,
A photographic study of the separated flow over spiked cones at a
Mach number of 10 and Reynolds number of 0.50 x 105 was made by Wood(l9éo)
During the present investigation a similar study of flow geometry
at a different Reynolds number,and Mach numbers of 10 and 15 was
made and thus it is possible to deduce the effect of Mach number
and Reynolds number on the flow configuration by comparing these

results,

Six regions of different flow patterns were found and are
shown in figure 51. The first type of flow (type A) occurs when
the adverse pressﬁre gradient induced by the body-spike junction
is insufficient to cause flow separation. From the three diagrams
in figure 51 it can be ssen that the size of region A is directly
proportional to the free stream Mach number and inversely propor-
tional to the unit Reynolds number, a result which is in agreement
with both the previous two dimensional work and also with the

separation criteria of Chapman et.al (1957).
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. Separated flow type‘B is characterised by a flow.in. which .
separation. occurs on.the spike and is followed by reattachment .on
the face of the'coﬁe. As .the size of th .région inoreases this
‘reattachment point of the shear layer moves nearer to the shoulder
until eventually the expansion process at the shoulder controls the
reattachment mechanism so that the reattachment .point lies on or.
close to the cone-cylinder junction. The position of the boundary
between face and shoulder reattachment (region B and C), which as
shown by Wood is sensitive to the temperature of fhe body, is also
influenced by the free stream Reynolds number and Mach number. As
can be seen from figure 51 and as verified by selective tests, the
region C increases in size at the expense of region B, as the unit

Reynolds number increases and the free stream Mach number decreases.

Two distinet oscillatory flow regions were observed and are
shown in figure 51 as regions D and E. The unsteady flow in region
D has not been observed in any previous investigations and hence is
not shown in Woods results. Schlieren photographs of the D oscil~-
lation are shown in figure 50d. It is clear from these photographs
that the mechanism of this regular oscillation is associated with a
cyclic movement of the separation point between the tip and the
shoulder of the spike. E

The E oscillation, the oscillatory flow which was observed and
explained by Maull (1960), occurs when the separation and reattachment
flow mechanisms cannot be satisfied simultaneously by a straight
shear layer joining these two points. The oscillation appears as a
series of violent longitudinal expansions and contractions of the
"dead air region". An important and interesting feature of the flow
in the boundary region between C and E is that there is not an
abrupt breakdown from the steady flow to the longitudianl instabilty;

but as obsefved in section (4.5.3.) the E oscillation is preceeded
by a weak but regular lateral oscillation of the flow, which appears
in the schlieren photographs as a small misalignment, (and hence

was not detected in previous photographic studies) but changes the

heat transfer to the separated region by a factor of two during one cycle.
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- Finally the flow type F, which causes heat transfer rates very
similar to. those to a cone with a detached shock but without a
spike, occurs when the spike does not protrude sufficiently to

renetrate the detached shock wave ahead of the cone.

Heat transfer distributions

The heat transfer distributions {0 the four cone configurations
‘were measured for spike lengths ranging from 0.5 to 4 body diameters
at Mach numbers of 10.and 15 and at a Reynolds number based on body
diameter of 2.7 x 106. These heat transfer profiles,and the
schlieren photographs of the flow patterns over the spiked cones

are shown in figures 47, 49 and 48, 50 respectively.

Heat transfer to a conical reattachment region

The spiked cone is the axisymmetric equivalent of the two-
dimensonal step models discussed previously in section (4.4,)

The use of axisymmetric models to study the reattachment
phenomena has the virtue that there exists no problems which
correspond to the finite span effects in the "two dimensional flow",
and the heat transfer to the basic unspiked configurations may be

used to compare and non-dimensionalise the heat transfer to the

spiked bodies,

The heat transfer profiles of the flow over the spiked cones
(shown in figure 47 and 49) show once again the large heat transfer
rates and gradients associated with the reattachment of a shear
layer. The importance of the heat transfer generated in the
reattachman{ region is emphasised by comparing the measurements
made on spiked and unspiked bodies, The maximum heat transfer
rates im the reattachment region are non-dimensionalised with
respect to the local heat transfer rate and the average heat
transfer to the basic cone in figures 53 and 54 respectively.

These results again show that heat transfer in the reattachment

region is strongly dependent on the reattachment angle.
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One interesting feature of the heat transfer distribution
over a cone.with face reattachment, is that the magnitude of the
- maximum heat transfer is relatively uninfluenced by the spike
length or the position of the reattachment point. Although the
magnitude of the maximum heat transfer decreases as the reattachment
point approaches the expansion at the cone cylinder juncfion, the
upstream influence of this expansion on the heat transfer is small
and for the 30 and 459fcones the maximum heat transfer in the
shoulder reattachment region differs only slightly from the value '

with face reattachment.

Although there is no great difference between the non-dimension-
alised maximum heat transfer to the corresponding spiked cone
configurations with face reattachment at Mach 10 and 15, one
noticeable feature is the relatively larger heat transfer gradients
in the reattachment region of the Mach 15 flow as compared with
the corresponding distribution at Mach 10,

For the spiked cones with L/D)» 3 the heat transfer distribution
generated in the steady separated region over the face of the cone
changes very little with increased boundary layer thickness at
separation,résulting from an increase in spike length, This 1s in
agreement with the previons measurements on spiked hemispheres and
flat-ended cylinders, and{sunnrts the conclusions of the two-
dimensional study on this topie.

As in section (4.4.2) an approximate estimate of the distri-
bution of the heat transfer downstream of the point of face
reattachment can be calculated by assuming the boundary layer to
grow from the point of reattachment. As the surface is conical,
the Mangler transformation must be applied to relate the two=-
dimensional solution the axisymmetric form (see section 4.6.5.).

The results of these calculations are compared with the experimental
distribﬁtipns in figures 47 and 49. In genefal there is reasonable
agreement between the expefiﬁental result and the calculations

downstream of the point of reattachment.
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For shoulder reattachment the theoretical methed of Chung and
Viegas (see section 4.6.5.) can be applied to calculate the heat
transfer in the reattachment zone. The results of these calculations
are compared with the experimental results for thefjoo, 450, 60° and
75° spiked cone for an L/D = 3 at a Mach number of 10 in figure 47a,
b, ¢ and d and at M = 15 in figures 49b, ¢ and d. Although the
reattachment heat transfer calculations are in general agreement with
the experimental results for 450 and 60° cones at Mach numbers of 10
and 15, the theory over estimates the reattachment heat transfer on
30° and 75° cones, Because of the extreme sensitivity of the.
measurements in the reattachment zone to the alignment of the model,
the accurate verification of this theory is difficult, but the
results obtained for the spike cones together with those on the spiked
sphere and flat-ended cylinder d6 indicate that in general this
theory does constitute a valuable method (and the only method
published to date) for calculating the heat transfer in the shoulder

reattachment =zone.

One of the weak pocints in the theofetical analysis of Chung
and Viegas is the use of Lees heat transfer theory, in which the
enthalpy gradient is assumed constant despite the large pressure
gradient calculated in the reattachment zone. A more accurate
solution would be obtained if the effect of the pressure gradient
on the enthalphy gradient were taken into account by using the
method of Rose, Kemp and Detra (see section 3.3.1.).

Total heat transfér

The total heat transfer to the spiked cones was calculated by
integrating the detailed heat transfer distributions shown in
figures 47 and 49, The variation of total heat transfer with cone
angle and spike length‘at Mach numbers of 10 and 15 is shown in
figures S54a and 54b. These figures indicate that the total heat
transfer to the cones varies markedly with cone angle, spike length
and Mach number. The most important factor which influences the
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total heat transfer to the cones is the position of the point of
shear .layer reattachment. From figure 52a and 52b it can be seen.
that as the length of the spike is initially increased, the reatta-
chment point moves away from the spike - cone junction and the
large heat transfer rates generated in the reattachment region act.
over a largerAarea,'and consequently the total heat transfer to the
cone is increased. When the reattachment point approaches the
cone cylinder junction the expansion at this corner decreases the
reattachment pressure levels and hence the local heat transfer, and
consequently the total heat transfer to the cones decreases.

For face reattachment the maximum total heat transfer to the

cones increases with apex angle, and for the worst case (the 60°
cone at M = 10) the total heat transfer is more than doubled by
the preseﬁcé of the spike. The larger heat itransfer gradients in
the reattachment region of the Mach 15 flows are reflected in the
relatively lower increase in total heat transfer caused bs the

short spikes.

For the configurations with shoulder,reattgchment the total
heat transfer to the cones decreases with increasing spike length,
until for spike lengths of greater than 3 body diameters the total
heat transfer is approximately constant at its minimum value. In
all cases.fhe minimum total heat transfer to thé spiked cone is

reduced below the basic cone value without presence of the spike.

One interesting feature of the "D" oscillatory flow over the
60° and 75° spiked cones, is that the variation of local heat
transfer caused by the oscillation causes the magnitude of the
total heat transfer to vary between the steady values which
correspond to the‘L/D values marking the extremities of the oscil-
lation. The E oscillatory flow causes total heat transfer rates

which vary between orme and one half of the corresponding unspiked

values.
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It is clear from these experimental results that under optimum
conditions a considerable reduction in heat transfer can be effected
- by .the use of controlled regions of separated flows. Also under
these conditions there are no local heét transfer rates in excess
of the values without the presence of the spike. '

The effectiveness of the spiked induced separated flow in the
reduction of the minimum tbtal heat transfer to a body (i.e. for.
long spike lengths) increases with the bluntness of the body. At
a Mach number of 10 the minimum total heat transfer for the 309,,
450, 60° and 75° cones were 0.66, 0.50, 0.33 and 0.25 of the basic
cone value respectively. A similar trend is shown in the Mach 15

results,

The effectiveness of the use of separated flows to protect
aerodynamic surfaces increases with an increase in free stream Mach
number. For the spiked 75° cone the ratio of the minimum total
heat transfer to the unspiked value was 0.25.at a Mach number of

10 and 0,15 at a Mach number of 15.

Despite these large heat transfer reductions it is difficult
to foresee the use of spike promoted separated flows in any but
the most carefully controlled condition. Spiked body flows are
extremely yaw sensitive. An asymmetric flow will result in face
reattachment which will generate heat transfer rates many times
the local unspiked value, thué creating a serious heat trahsfer
problem, The severity of this heating increases with the
bluntness of the body, thus the configuration which under optimum
conditions gives the greatest reduction in total heat transfer,
will in yawed flow be most adversely affected by the large heat
transfer rates generated in the reattachment region. The drag
and stability characteristics of spiked bodies also vary markedly
with the incidence of the model.
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4,6, Prediction of Heat Transfer to Separated Flow

4.6.1. Introduction
.The theoretical study of heat transfer in hypersonic separated.
flows is probably one of the most difficult and interesting subjects
in the heat transfer field. Even discounting real gas effects,
there are as yet no proven solutions for the distribution of heat

transfer to the walls of a separated flow region.

Basically the problem of the prediction of the heat transfer . .
t0 surfaces which promote separated flow is split into two problems,
namely (1) the prediction of the size and shape of the separated
region and (ii) given the separated flow geometry, to.detérmine the
distribution of heat transfer to the surfaces exposed to the flow.

" For the ca#ity flow the problem is somewha t simplified as both the
separation and reattachment points are defined by the geometry of
the out out. But for wedge separated flow, the flow geometry must
be determined before any attempt can be made to determine the
distribution of heat transfer. '

In this section we are concerned primarily with the prediction
of the heat transfer distribution to a wedge separated region when

the flow geometry has been established, in our case by experiment.

4,6.2, General theory

The general solution of the boundary layer equations for the
case’of both pressure gradient and heat transfer }n hypersonic flow
even if viscous interaction and real gas effects are ignored
" represents a formidable task. In general, the methods which are
used to obtain a simple solution to the boundary layer equations are based
first on a transformation which reduces the compressible boundary
layer equations to a form which is similar to the corresponding
incompressible equation. These incompressible boundary layer
equations, which are a set of simultanéous noh-linear partial
differential equations, are then reduced to a set of ordinary
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differential equationsvby; (i) the introduction of an independent
variable upon which the properties of the boundary layer depend.
exclusively - similar éolutions: or (ii) by an "approximate method”
‘which satisfies the differential equations of the boundary layer
only in the average over the boundary layer thickness, rather than
satisfying the boundary layer conditions for each individual
particle = momentum and energy integral techniques,

Boundary layer equations

Continuity %C(/o“”) —+ _53?(/0\:1-) = O

_ du auw D Au.
omentum = ou-=—- —+ PV 5y 5 Q.Lsg—) =
Energy

i e = e+ M- R

Stewartson - Iliingworth transformation

. A transformation which converts the compressible boundary layer equ=-
atioms into the incompressible form was derived independently by
Stewartson (1949) and Illingworth (1949). This transformation
consists essentially of stretching the co-&rdinate system both
normal and parallel to the wall. The viscosity is assumed to

be directly proportional to temperature and given by

2 — O .f"( where C — bw b,+200°|—‘)‘
Mo To ko \ b+ 200°F
Stewértson introduces the new co-ordinate system
: >
X —_— c eqe Aa:
SR
r o Qe la'/o d
v— Y
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..Applying these transformations to the above boundary layer

equations we obtain
Ux +VY == O

ul, +~VUy, = UgUex(' *S) + Qt:au’YY

5:+VS¥_=§O[%‘Q - \—-P.- ((| _'_x)Me :I \Ue.]

where the enthalpy function S is defined as

§o=

and the velocity in the transformed plane is

Ua"y‘Y“ Qoua_'\z'w_y)x

de
“For the case of constant free stream conditions the

transformation simplifies to
2 4 & —_
v —[Fd v X—

which is used in section (4.6.5.).

The equations may be reduced to a set of ordinary differential

equations by choosing the independent variables

g = Ysz :)gec

_— ’ Y UeX — AX™
‘and . g ((p).[220leX where  To— AX

on substituting for Z the incompressible equations become:

Momentum {.J” -+ H?” —— (f_l —8)

Energy (¥=\ N\ 1AM e
RAS — (1 —R). [\H_‘;z](m——ﬁ )

where the pressure gradient parameter /6 is given by

— __%m | ' U
F = ™Mo+ v ¥ Ue
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for the case of zero external velocity the equations become

"+ ' — A= —58)

4
$" +~Rrigd —o0 e . k6.3,

which are the stagnation point equations considered in section (3.2.1.)

The Manglgr transformation

A transformation which relates the two-dimensional boundary
‘layer flow passed a surface of dimensions § to the flow past the
contour of dimensions § of the axisymmetric body is given by

S o a

©
where d is a characteristic length and ¢ is an arbitary scale

factor. The transformation which was originally discovered by
Mangler (1939) is valid for oompressible viscous and thermal boundary
layers in laminar flow. Applying this transformation to derive

the relation between skin friction coefficient for two-dimensional

and axisymmetric flow we obtain

= % Xj:’v;%) ds }Vﬁ

ceJ Rey S5 (s)
Using the Rey}noldé analogy (St —_— ‘,:Pf _— P:\"&e) we also obtain:~
S Vi
S {Rey [irfé)ds } -
%ﬁ'& svi(s)
S N -

for a ‘cone 4 is directly proportional to © and equation 4.6.4,

becomes: - SelRe = ﬁ

St { Re
e e ¢ o 4.6.4,a.
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The Levy, Lees_transformation

A transformation which combines the essential features .of
the Stewartson - Illingworth transformation with the similarity
parameter Z was devised by Levy (1949) and is

3 =£/gue)aeds
— Bl .J‘/"
Z T Cag)‘/& o?a%
This was extended to include the Mangler transformation by Lees

(1956) and becomes
5 =~—-f/§)"euc°\5
R
— RUNT(
7 = (a‘s‘e)"eL A

an&-the momentum and energy equation now becomes

(NEY = W Bfae(F ) - o

= () o - N pET—e

28 _due /°
where ui d.; — /6 amd. N == (_/_‘5:)
(18

H f _ uw
He o7 - Ue

and also 3, —

which are equations discussed in the problem of blunt body heat
transfer in section (4.6.5.).

4,6.3, Heat tranéfer in regions of adverse pressure gradient

The calculation of the distribution of heat transfer to the wedge:
compression surfaoes‘may be treated by an approximate analysis
based on momentum integral methods. 'To adopt these mefhods it is
necessary to replace the sharp discontinuity in the region of the

flat plate-wedge interséction by a smooth curve connecting the
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surfaces. In so doing, as will be seen later, we cannot predict.
the. . dip in heat transfer in .the region of adverse pressure gradient
in front of the wédge.hoﬁever in this analysis we are primarily
interested in the heat transfer distribution to the face of the
wedge,

Thelflat plate reference enthalpy method has often been used
to calculate the heat transfer to a surface with small adverse
preséure gradients.. The variation of the velocity and pressure.
‘along surfaces, can, to a first approximation be taken into account
by using the local rather than the free stream values when calcul-
ating the heat transfer rate. At hypersonic speeds this method
becones éxtremely inaccurate. An approximate method which retains
the simplicity of the reference enthalpy method whilst taking into
account the preésure gradient was proposed by Monaghan (1960).

This method embodies simplifications and improvemenis to the theory
of Cohen and Reshotko (1956) which has been shown to be in agreement
with experimental work. Monaghan bases the expressions for
momentun thickness, gkin friction and heat transfer on the tréns—
formed co-ordinate X .instead of oc,and the modified "flat plate

solutions" become

Re — 0.66 Rléi
4

cgRe — © 664, o

S Ry — 0332, h__
bR s 0.2

where ¥ is given by

—_— j‘o L\.\ \ T\’%iam
X o u:a\ 'T;-%"Z

or in terms of local Mach number distribution

) W

X
(T
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where gy and g, are defined by

s
3’2 — T_ -:FAN

and the pressure gradient parameter m is given by

Tw) X dM
m == 0.44 -—_E)-—'\A—-.I:-c—

the values of { and h are function of m , and defined by

.._’Q__ = | — .45 m
0.22

h
B | HRTM

where for adverse pressure gradient { is a funtion of :&
' L)

and m,but h remains constant at a value of approximately 0,225,

The heat transfer is therefore given by

9 — 0532 (hp—thy). 2% h

J—/S._Lt._x 022

where the values of /0”)1,6' W, are based on-local conditions.

For our purposes we introduce two modifications to this
formula to take into account the variation of the product/oju.
through the boundary layer and also the effect of non-unity Prantdl
number. As in section (3.4.2.) the variation of/oju_ can be taken
into account by evaluating /o/J. at the reference enthalpy conditions,
and the effect of a non-unity Prantdl number may be taken into
accouni by multiplying the equation above by an empirical factor

(Pr)n as in the correction for the stagnation point heat transfer,

However as ih the flat plate solution we choose N — — 2z
The modified form of the heat transfer equation is

9 = 0.332 (hyw — hw) /& e .(F’r*—.%ﬂ@\
Rexc 0.2
L] . . .4‘6' ?.

where Rgx is evaluated at reference conditions.
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..The heat transfer distribution determined using the above
relationship was evaluated for comparison with two cases investi-
gated experimentally. The first, the 7.5Q wedge at Mach 10 on
which no separation occurs, and the second, the 12.59 wedge at
Mach 10 in which a small separated region is present. The
junction between the flat plate and wedge surface was flared in
with a smooth curve as shown in figure 55a and 55b which corresp-
onded to the bottom of the boundary layer as indicated in the
schlieren photographs shown in figures 25b and 254.

The heat transfer distributionsto these surfaces are shown
in figure 55a to 55b. Whilst these distributions do not indicate
the dip in heat transfer to the flat plate ahead of the wedge, they
do represent both the form and the magnitude of the heat transfer
to the face of the wedge to a reasonable degree of accuracy, this
indicates the method constitutes a wvaluable aid for the prediction
of the heat transfer distributions for small flap angles and flared

junctions.

4,6.4, Heat transfer in the constant pressure region
of a separated flow

- A theoretibal study of the distribution of heat transfer in
the constant pressure region of a separated flow was made by
Carlson (1958). This method is based on the simplification of
the boundary layer equations using the momentum integral technique toge-

ther with the assumption of a uniform pressure throughout the

region under study. The recirculating flow within the separated
region is assumed to be represented by sixth and fifth degree
polynomials in velocity and enfhalpy respectively. A typical
velocity distribution is shown in figure 57. By substituting
these profiles into integral forms of the momentum energy equation
which had been considerably simplified by assuming {%% =0 the
problem was reducéd to the solution of three simultaneous ordinary
differential equations. These equations cannot be solved simult-
aneously in a closed form and numerical methods of solution are

required,

.97,



The solutions for the distribution of heat transfer in a
separated wake region were compared with the experimental results
of Powers et.al (1958) and Bloom and Pallone (1958),and shown to
be in general agreement. Charwat, Dewey, Roos and Hitz (1961)
however found the arbitary assumption of polynomial profiles for
the veiocity in the separation region was seriously at variance

with their experimental measurements,

A typical distribution of heat transfer from Carlsons analysis
is shown in figure 55. It is sufficient here to not the qualitative
agreement between this theoretical profile and the heat transfer
distributions obtained in the constant pressure regions of the large
angle wedge flow .shown in‘figures 35 and 36. One important weakness
of this particular theofetical method is its inability‘to predict
heat transfer rates either_in the separation region, or in the most

important region in the separated flow - the reattachment region,

4,6,5, Heat transfer in the reattachment region

The heat transfer distribution in the reattachment zone of a
separated shear layer is of the greatest interest for it is in this
zone that the largest heat transfer rates in the separated region
are developed, We can divide the reattachment phenomena into two
groups (i) free or wedge reattachment and (ii) shoulder or cavity
reattachment, The first case - wedge reattachment is characterised
by the reattachment of a shear layer on the face of a wedge or cone,
followed by a compression process to a constant pressure region
uninfluenced by the proximity of an expansion corner. Shoulder or
cavity reattachment occurs when the reattachment point of the
separated shear layer is confrolled to lie on or close to a
shoulder where the compression process is partially canoelled by
the exﬁansion fan springing from the discontinuity in slope.
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Wedge reattachment

.The experimental work has shown that for face reattachment the
point of maximum heat transfer lies slightly behind the reattachment
point and the distance between the reattachment point and the point
of maximum heat transfer decreases with the increased severity of.
the reattachment compression process. The point of maximum heat
transfer rate was found to be almost coincident with the point of.
minimum boundary layer thickness as indicated from schieren photo-
graphs, which again coincided with the end of the compression process.
The flow mechanism in the reattachment region is extremely complicated
and the solution of the boundary layer equations in this region are
further complicated by the fact thatterms involving the normal
pressure gradient, vorticity generated in the shear layer, and
interaction between the reattachment shock and growth of the boundary
layer behind reattachment can no longer be ignored. An exact
solution of the boundary layer equations to calculate the distri-
‘bution of heat transfer in the reattachment region cannot be easily

envisaged.

For wedge reattachment,at reattachment angles of greater than
352 the distance between the reattachment point and the point of
maximum heat transfer rates is very small and at this point the
compression procesé causes the boundary layer to thin violently.
As a first approximation therefore, we can assume that the boundary
layer grows from the reattachment point. Thus £he heat transfer
distribﬁtion in the reattachment region on the face of a two-
dimensional wedge is given simply by:-
| _ 0.3352 B e (R (hw—hw)

?R N Rexg ... . A.6.7.

where X is the distance measured from the reattachment point,

and the properties in the constant pressure region behind reatt-

achment are evaluated at the "reférence conditions" as defined in
section (3.4, 1.)
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The experimental distribution of heat transfer in the reatta-
chment regions of the two-dimensional wedge models are compared with
calculations from the above method in figures 25, 31, 32. There is

close agreement between the experimental results and the calculations.

This same technique may be used to calculate the heat transfer
in the conical regions of reattachment on spiked cones. However,
in this calculation the conicity of the flow must be taken into
account by introducing the Mangler transformation (see section 4.6.2.).
Assuming the boundary layer to grow from a radius “f on the face of
a conical surface of apex semi-angle &, then to take into account
the conicity of the flow we may re-~define RexR as Re—;qz where
KXp is defined by

X = ’?ﬁ&x _ = ( Fr — ¢ sim o) dee
o i o (tg +csina)

Then the heat transfer to the reattachment region on the conical

face is given by

_ 0.552 /2%0e (RN P (h pu— )
he =

x

0.332@*\12 (hA\\J"\'\w) (P:‘)—% ((@R + =cswn o Ydoe -k

or ?’R - ’Rék T;t(’fg-\-xs\moc)a
t = e ® o e 4-6.8.

Figures 47 and 49 shows a comparison between the experimental
and the values calculated using the above equation. Again there
is reasonable agreement between the experimental and theoretical

distributions behind the reattachment point.

Although the approximation of zero boundary layer thickness
at reattachment is in good agreement with the experimental results
behind the reattachment point for large reattachment angles, this
method of course predicts an infinite heat transfer rate at the

point of reattachment. To obtain a solution for the maximum heat
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transfer at the end of the reattachment compression process, at a
theoretical estimate of the boundary layer thickness in this

region is required.

Reattachment heat transfer in moderately separated flows

To obtain an expression for the boundary layer thickness at
the end of the reattachment éompression process we shall adapt and
extend calculations by Lock (1951) and Cooke (1963).  The
separated flow is divided into three regions; the separation
region, the mixing region, and the reattachment region. The
velocity profiles ahead of the separation region-and in the reatta-
chment region are assumed to be sinusoidual in form whilst those in
the-mixing region are of the form proposed by Lbck. The solution
of the boundary layer equations, as in earlier sections, makes use

of the momentum integral method.

We first use the Stewartson- Illingworth transformation
(section 4.6.2,) thereby reducing the compressible boundary layer
equations to the incompressible form. For constant external

pressure and velocity these reduce to the form
Y=J’£‘;
=

: ’ tw [ To -+ 200R )
and = where — o
X Coe C Yo bw+ 200°R
The velocity profile in the boundary layer upstraam of the
separation point and away from the leading edge may be represented

by:~
W : Y
_\le — ST %\z where lz J— /S

The displacement and momentum thickness are therefore given by

&, = 4795 3_‘£x_~‘)va
W,

6= 0"’55(3""&3‘)\/2 4.6.9.
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To obtain an estimate of the thickness of the shear layer above the
dividing streamline we assume a velocity profile in the mixing region
given .by Lock, namely:-

Above the dividing streamline

g — & — &+ (—Fenxy , p =Y,
where ;z{ equals the velocity ratio on the dividing streamline (¢=T
-2
Below the dividing streamline

Uy
% T g (! smzgn) 7, = Yy
To obtain a relationship between the momentum thickness before
and after separation we use the relationship due to Young and
Kirby (1955)

=n

o _ R [ 1+ 20—F)
6, Ve | + He He () — u')
Just after separation the intial form of the profile in the mixing

region is sinusoidual and hence

6?_ = T7.39 Q?_ = Dw
hence S _ 62 = n
=) & Ve
and thus 8 = Su = (4,795)(&&&)
]

By using the mixing layer equations we first wish to determine
the velocity profile and boundary layer thickness at the beginning

of the r'eattachmefxt compression process,

First equating the shear forces on the dividing streamline we

have o _ 2% o Y =0
o 3Y - Y
therefore %Z(‘ _¢L) = su?\c
6 ) =
thus 7{_ = S ﬁ_ 3
W )
putting . W = Su’—i—%i’

g “ B =W —g) ¢ g =Wg
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Using the momentum integral relationship

ou
above the dividing A, 3 f_
streamline Q?-W% = X, (Up — 1) WudY

below the dividing 3. dug 3 S"’
i _— = — U, U0
streamline abY Frd _séua z) QdY

- ' T ! 2
thus Du C¢u_"— ¢u.)d'? -+ %15‘(952 -—7’,/1 )chz = congtaml
o w o ]
substituting for P'u- and ;52 and putting ﬂif:#i where

therefore By ( L~ m g, — R + ) (-k 751‘) — 1%.

hence L+ by —cgr — (L8

W
or W =_— 252 ) 16'
(L +bg—cdl) n(L +bg—cg?)
where 1 = 0.1366; m = 0,09014; k = 0.2267; b = -0.0265
and ¢ = 0,371

from the equation above

S =— W (\—d)
therefore au Qo 7 |\ — @i
" +bg—cg’

To obtain an expression for the boundary layer thickness s

at the end of the reattachment pressure rise we assume zero

entrainment in the reattachment process thus:-

s SR
(~ .
where the integrals are evaluated in the constant pressure

region just ahead of reattachment and just behind reattachment

respectively.
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Just upstream of reattachment
Su. =T
[redy = Al
\
— As [ - asmap)g,
— Ru,Ld + E(\—?m] Bu,

JRndy — guf g+ Z(-¢ ]( )(1 l“b‘; — 8,

Just downstream of reattachment
By j d
oty = g1
v .
faists Sy
/3Us —= S5

For zero entrainment
' AW T | — &
6, — 2lze[d+ E(—¢ ( i )
3 2 2 U A -](nl {+og. C—¢"%'
Where /0.,_ .a,/’glls can be calculated from the sepai'ated flow geometry
together with invisecid flow relationships. ©) can be deduced
from equation (4.6.9.) and y! can be determined from the plot of

% versus log. (M) from Cooke.
2 U

Assuming the boundary layer to grow from an imaginary poinf
a distance ALz along the surface ahead of the reattachment position
(see figure 56)

\/
e = ATO5 (Q%(:_\V‘ — 4795 QaCJ:c.:’) 1
! \/
thus Xy — Qszs)( 4"5;95\a

An approximate value for the heat transfer to 'the point just
downstream of the end of the compression process is then given by
03322 *u (RY) (rw—ha)
1. = (Bo=y~
| 3 . e . . h.6.10.
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- Cavity reattachment

The heat transfer distribution to the reattachment zone of a
two-dimensional cavity flow was examined theoretically by Chung
and Viegas (1961). They considered the inviséid incompressible
but rotational flow in a cavity similar to that proposed by Chapman
(1956) and with the same assumptions, namely,the boundary layer thickness
at separation was zero and the depth of the cavity was much larger
than the thickness of the shear layer. A potential flow solution
was found for the distribution of pressure and velocity along the
walls of the cavity. The viscousreffects were assumed to be
confined within a boundary layer which grows from the reattachment
point at the shoulder of the cavity. The distribution of heat
transfer to the reattachment region was calculated from Lees theory
(see section 3,3.1). Since the boundary layer is assumed to grow
from the shoulder,the heat transfer at this point is theoretically
infinite, so to obtain a finite value for the heat transfer in the
reattachment zone the average heat itransfer within a distance L,
which is of the order of the mixing layer,is calculated. Chung
and Viegas found thet the éverage heat transfer coefficient in the

reattachment zonewas given by the semi-empirical expression

Vi
—_ %R .1 — O. Va ¥ (R \{ 076+ \ AL P
Nu, TRy 0.463 R 'Rex'(?j( 4 _‘;)

where 2 is the length of the separated shear layer and conditions
external to the shear layer and at that reattachment point are

" indicated by indices € and R respectively. The above equation is
applicable in the shoulder reattachment region of an axiéymmétrichﬂ
cavity flow:if'the‘region*offrgattachment is small compared with

the radius of the reattachment circle.
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5. CONCLUSIONS

The heat transfer instrumentation, which is based on the thin
film thermometer technique together with electrical analogues, has
been successfully developed to measure heat transfer rates of

- between 0.02 and 100 Btu.ft Zsec '
gun tunnel,

with an accuracy of + 8% in a

Heat transfer measurements on models in unséparated flow were
compared with theoretical calculations. The stagnation pqint
solutions of Fay and Riddell, and Cohen and Reshotko were in good
agreement with experimental measurements of the stagnation point .
heat transfer to both two-dimensional and axisymmetric models. . The
distribution of heat transfer to hemispherically capped and flat ..
ended cylinders were adequately predicted by the theories of Lees,
and Kemp,Rose and Detra. Measurements of the heat transfer »
distribution to sharp flat plates were in close agreement with the
constant pressure solutions of Van Driest and Eckert, whilst the
heat transfer in the viscous interaction region near the leading
edge was most accurately predicted by the theory of Hall, Cheng,.
Golian and Hertzberg. The constant préssure solutions were used
to accurately predict the heat transfer distribution over cones

with vertex semi-angles of 30 and 45 degrees.

An examination of the heat transfer profiles obtained from
detailed measurements in regibns of adverse pressure gradient and
moderately separated flow, induced both by forward facing wedges
and externally generated shocks; has shown that for these config~
urations the separation éhenomena is independent of the mechanism
by which it is induced, A separation criteria, in terms of the
form of the heat transfer profiles, is»suggésted t0 distinguish

between separated and unseparated flows.

. Measurements of the heat transfer distribution in fegions of
adverse pressure gradient were compared with theoretical calculations

based on the basic method of Monaghan, with modifications to account
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-for.the. variation of /fyu .through the boundary layer and for a-non-
unity Prandtl number. Agreement between the experimental and
theoretical distributions indicates that this method is a valuable
aid for the.prediction of heat transfer distributions over flapped
and flared junctions,

A detailed study has been made of the heat transfer distribution
developed in the reattachment region of both two-dimensional and
axigymmetric separated shear layers. The accurate measurement of
the large heat transfer gradients in these regions required a high
density of individual measurements on surfaces which did not distort
the heat transfer measurements by longitudinal heat conduction. A
study of the heat transfer distributions and schlieren photographs
over two-dimensional models with moderately separated flow revealed
that the maximum heat transfér occurred, not at the reattachment
point, but at the end of the reattaphment compression region at a
point which was coincident with the minimum thickness of the
reattached boundary layer. The heat transfer at the end of the
reattachment compression rise was calculated for small angle wedges
by a method based on calculating the boundary layer thickness in
this region. The results of this method were in reasonable
agreement with the experimental values for small wedge angles, but

were increasingly inaccurate for wedge angles of greater than 350.

The experimental measurements indicated that the distance
between the reattachment point and point of maximum heat transfer
decreased with increasing wedge angle, until for wedge angles of
greater than 350, these points were virtually coincident. Calcu-
lations based on the assumption that the boundary layer growswfrom .
the reattachment point ﬁere in reasonable agreement with the
experimental measurements, both in two-dimensional and axisymmetric,
flows, downstream of the point of face reattachment. The magnitude
of the maximum heat transfer generated in the reattachment region

varies approximately linearly with reattachment angle.
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Heat transfer measurements in the separated flow over spiked
cones at Mach numbers of 10 and 15 indicate that although the Mach
number of the free stream does not greatly influence the magnitude
of the non-dimensionalised maximum heat transfer, the heat transfer

gradients are more severe in the higher Mach number flows.

‘Experimental data from tests on both the two-dimensional and
axisymmetric models indicates that the boundary layer thickness at
separation does not significantly influence the heat transfer

generated in the reattachment region.

Theoretical calculations based on the method of Chung and
Viegas.were in agreement with experimental measurements in regions
of . shoulder reattachment. The results of the experimental work
indicates that the heat transfer rates developed at the reatiachment
point of a reattaching laminar shear layer can be greater than those
found at the stagnation point of a body, whose radius of curvature
at this point is equal in length to the shear layer.

'All these heat transfer measurements indicate that the heat
transfer.generated in the reattachment region of a separated shear
layer will constitute a serious heating problem ranking in importance

with that of nose and leading edge heating on hypersonic vehicles.

The total heat transfer to axisymmetric spiked bodies varies
markedly with body shape, spike length and Mach number. The most
important factor which influences the total heat transfer
characteristics is the position of the point of shear layer reat-
tachment. For face reattachment on a cone the maximum total heat
transfer increases with reattachment angle, and for the worst case
(60°cone, L/D = 0.75. at M = 10) the total heat transfer was more
than doubled by the presence of the spike. For shoulder reattach-
ment the total heat transfer to the cones decreases with increasing
spike length, until for spike lengths of greater than 3 body
diameter the total heat transfer is approximately constant at its
minimum value. | Under these conditions the total heat transfer to
an axisymmetric blunt body can be substantially reduced by the

romotion of flow
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separation with a spike. The effectiveness of the spike in reducing
the total heat transfer increases with flow Mach number and body .
bluntness. Under optimum conditions total heat transfer rates of.
less than one fifth of the basic cone value can be obtained, without.
the ﬁenalty of large local increases in heat transfer to the reattach-

ment region.

Spiked body flows are extremely yaw sensitive and an asymmetry
in the flow pattern will result in the generation of very large local
heat transfer rates in the reattachment region. The spiked bodies
which are most effective in reducing the total heat transfer, will
be most adversely affected by the heat transfer generated in the

reattachment region of a asymmetric flow.

. 109,



Author(s)

Beastall, D.

Bendersky, D.

Bershader, D.
Allporit, J,.

Bloom, M,H,
Bloom, M.H,
Pallone, A
Bogdon, L.
Bogdonoff, S.M.
Vas, 1.E.

Bogdonoff S.M,
Vas 1.B,.

Bray, K.N.C,
Gadd G.B.
Woodger, M

Carslaw, H.S.
Jaeger, J.C.

Date

1952

1953

1956

1961

1958

1963

1955

1962

1960

1948

REFERENCES

Title etc.

The Effect of a Spike Protruding
in Front of a Bluff Body at
Supersonic Speeds.

R & M No.3007

A Special Thermocouple for Measuring
Transient Temperatures, ‘
Mech. Engng. Volf75. p.p.117.

On the Laminar Boundary Layer
Induced by a Trailing Shock Wave,
Princeton University TR 11 - 22,

On Moderately Separated Flows.
Jour. Aero/Space Sci. Vol.28 No4.

Shroud Tests of Pressure and Heat
Heat Transfer Over Short After-
bodies with Separated Wakes,
W.A.D.C. T.N.58 -~ 185, Polytechnic
Inst. of Brooklyn,

High Temperature, Thin~Film
Resistance Thermometers for Heat
Transfer Measurements. '
C.A.L, Rep. No, HM-1510-Y-6,

Preliminary Investigation of Spiked
Bodies at Hypersonic Speeds.
Jour. Aero/Sci. Vol.26, No.2.

Some Experiments on Hypersoniec
Separated Flows,

A.R.S. Jour. Vol.32. No.10. Oct.l1962.
p.p. 1564 - 1572,

Some Calculations by the Crocco-
Lees and Other Methods of
Interactions between Shock Waves

and Laminar Boundary Layer, including

Effects of Heat Transfer and Suction,
A.R.C., C.P.556

Conduction of Heat in Solids.
Oxford Univ. Press, Oxford.

.110,



Carlson

Centolanzi, F.J.

Chapman, D.R.
Rubesin, M.V,

Chapman, D.R,
Chapman, D.R,

Chapman, D.R,
Larson, H.K,

Charwat, A.F.
Dewey, C.F.
Roos, J.A,
Hitz, J.A,

Cohen, C.B.
Reshotko, E.

Chung, P.M,
Viegas, J.R.

Cox, R.N.

Cooke, J.C.

1959

1963
1949

1956

1949

1957

1961

1955

1962

1960

1963

Heat Transfer in Laminar Separated
Wake Regions. 1959 Heat Transfer
and Fluld Mechanic Institute.
Institute Stanford Univ. Press.

Heat Transfer to Blunt Conical
Bodies having Cavities to Promote
Separation., -

N.A.S.A. T.N. D~1975, July 1963,

Temperature and Velocity Profiles

in the Compressible Laminar Boundary
Layer with Arbitrary Distribution of -
Surface Temperature.

Jour, Ae,.Sci. Vol.16. No.9,

A Theoretical Analysis of Heat Transfer
in Regions of Separated Flow,
N.A.C.A., T.N,3792

Laminar Mixing of a Compressible
Fluid.
N.A.C.A, T.N.1800.

Investigation of Separated Flows in
Supersonic and Subsonic Stream with
Emphasis on the Effect of Transition,
N.A.C.A. T.N.3869

An Investigation of Separated Flows.
Part I. Jour. Aero/Space Sci.Vol.27.
No.6.
Part II. Jour Aero/Space Sci.Vol,27.
No.7.

Heat Transfer at the Forward
Stagnation Point of Blunt Bodies,
N.A.C,A, T.N.3513.

Heat Transfer at the Reattachment
Zone of Separated Laminar Boundary

Layers.
N.A.S.A. T.N. D-1072,

Hypersonic Flow. Proc Colston Sym.
Butterworths, Eng.1960

Separated Supersonic Flow,
R.A.E. T.N. NO. A.E0R00028795

. 111,



Crawford, D.H.

Crocco, L.
Lees, L.

Curle, N.

Curle, . N.

Eckert, E.R.G.

Emrich, R.d,
Chabail, A.d.

Fay' JUAO
Riddell, F.R.

Ferguson, H.F.
Schaefer, J.W,

Gadd, G.E,
Holder, D.W,
Regan, J,.D.

1959
1952
1962

1960

1955

1955

1957

1962

1954

Investigation of the Flow Over a
Spiked-Nose Hemisphere-Cylinder at
'a Mach Number of 6.8.

N.A.S.A. T.N. D-118,

A Mixing Theory for the Interaction
between Dissipative Flows and Nearly
Isentropic Streams.

Jour. Aero/Sci, Vol.l0. No.1O0,

The Effects of Heat Transfer on ~
Laminar Boundary Layer Separation in
Supersonic Flow, ’ ‘
A.R.C.21, 986. F.M,2965.

The Steady Compressible Laminar
Boundary Layer with Arbitrary Pressure
Gradient and Uniform Wall Temperature.
Proc. Roy. Soc. A, 249, p.206.

Engineering Relations for Skin Frictiom
and Heat Transfer to Surfaces in High
Velocity Flows,

Jour. Aero/Space. Sci. Vol.22. No.8
P.p. 585 - 587- l

Measurement of Wall Temperature and
Heat Flow in a Shock Tube.
Jour. Applied Physic. 1955.

Theory of Stagnation Point Heat
Transfer in Dissociated Air.
4,V,C.0, Research lLab. Res,Rep.No.l.

Heat Transfer and Pressure
Distribution Cone-Cylinder-Flare
Configuration with Boundary Layer
“Separation. ,

N.A.S.A, T.N. D-1436.

An Experimental Investigation of the
Interaction between Shock Waves and
Boundary Layers.

Proc. Royal Soc. Vol.226. No.1165
p.p.227 - 253, November 1954,

W11z,



Gadd, D.W,
Holder, G.E.

Gadd, G.E.
Holder, D.W,

Gadd, G.E,.
Attridge, J.L.

Gadd, G.E.

Ginoux, J.J.

Glick, H.S.

Hall, J.K.
Cheng, H.K.
Golian, T.C.
Hertzberg, A.

Hackemann, P.

Hakkinen, R.J.
Greber, I.
Trilling, L.

Hantzsche, W.
Wendt, H,

1955

1959

1961

1960

1960

1960

1961

1941

1959

1940

The Interaction between Shock Waves
and Boundary Layers and its Relation -
to Base Pressures in Supersondé Flows.
Proceedings of a Symposium of Boundary
Layer Effects in Aerodynamics.

N.P.L. (1955)

The Behavious of Supersonic Boundary -
Layers in the Presence of Shock Waves,
I.A.S. Paper No.59 - 138.

A Note on the Effects of Heat Transfer
on the Separation of a Laminar Boundary
Layer. '

A.R.C. C.P.556.

Boundary Layer Separation in the
Presence of Heat Transfer,
N.P.L./Aero. /400,

The Existence of Three-Dimensional
Perturbations in Reattachment of a
Two-Dimensional Supersonic Boundary

- bayer after Separation.

A.G.A.R.D, Rep.272.

Modified Crocco-Lees Mixing Theory
for Separated Flows, '
Jour,Aero/Space Sci. Vol.29, No.10.

Boundary Layer Displacement and
Leading-Edge Bluntness Effects in
High-Temperature Hypersonic Flow.
Jour. Aero/Space Sci. Vol.22., No.8.
p.P- 585 - 5870

Method for Measuring Rapidly
Changing Surface Temperature and its
Application to Gun Barrels.

British Theor. Res. Tr. 1/46,
Armament Res, Dept.

The Interaction on an Oblique Shock

"‘Wave with a Laminar Boundary Layer.

N.A.S.A, Memo 2 - 18 - 59W.

Jahrbuch deut. Luftfahr. 1, 517

.113.



Hertzberg, A.
Wittliff, C.E,

Holden, M, S,

Johannsen, N.H.

Jones, J.d.

Kemp, N.H,
Rose P.H,
Detra,. R.W,

Larson, H.K.
Lawson, D.I,

McGuire, J.H.

Ledford, R.L.

Lees L.
Lees, L,

Liepmann, H.W,
Roshko, A.
Dhawan, 8.

1960

1962

1955

1952

1958

1958

1953

1962

1956

1957

1951

Summary of Shock Tunnel Development =~
and Application to Hypersonic Research.
I.A.S. Paper No.60 - 67.

Preliminary Investigation of Heat
Transfer Rates in Regions of Separated
Flow. '

Imperial Col. Aero, Dept.

Rep. No.ll4, Sept.1962.

Experiments on Supersonic Flow past
Bodies of Revolution with Annular Gaps
of Rectangular Section.

Phil, Mag, Series 7. Vol.46

Flow Separation from Rods Ahead of
Blunt Noses at Mach Number 2. 72.
N.A.C.A, R.M.L., 52EO5a.

Laminar Heat Transfer Around Blunt
Bodies in Dissociated Air.
Res. Rep.15 A.V.C,O,

Heat Transfer in Separated Flows.
Jour. Aero/Space Sci. Vol,25., No.ll,

The Solution of Transient Heat~Flow
Problems by Analogous Electrical
Networks.

Proc. Inst. Mech. Eng. Vol.1l67 p.275.

A Device for Measuring Heat Transfer
Rates in Arc=discharge Hypervelocity
Wind Tunnels.,

A.E.R.C, T.D.R. ~ 62 - 64,

Laminar. Heat Transfer over Blunt-
Nosed Bodies at Hypersonic Speeds,
Jet, Prop. Vol.26. No.4. p.p.259 = 269.

Recent Developments in Hypersonic
Flow.
Jet. Prop. Vol.27, No.9. p.p.1162-1177.

On Reflection of Shock Waves from

Boundary Layers.
N.A.C,A, Rep. No.1100. 1952,

114,



Lock, R.C.

Mair, W.A.

Maull, D.J.

Merritt, G.E.

Meyer, R.F,
Mier, A.

Miller, D.S.
Hijman, R.
Redeker, E.

Moeckel,. W.E,

Monaghan, R.dJ.

Morgan, C.C,
Andrews, J+C,

Nash, J.F,.

1951

1952

1960

1961

1960

1939

1962

1951

1960

1960

1962

The Velocity Distribution in the
Laminar Boundary between Parallel
Streams, ) ‘ o o
Quar. Jour. Mech. App. Maths. Vol. 14,
p.p.42.

Experiments on Separation of Boundary
Layers on Probes in Front of Blunt-
Nosed Bodies in a Supersonic Air Stream.
The Phil. Mag. July 1952,

Hypersonic Flow over Axially Symmetric
Spiked Bodies. '

J.F.M. Vol., 8. p.p.584 - 592,

Velocity Measurement in the University
of Southampton Hypersonic Gun Tunnel.
University of Southampton.

Aero.and Astro. Rep. No.l72,

A Heat Flux Meter for use with Thin-
Film Surface Thermometers,
N.R.C.C, Rep. L.R. - 279,

Recording Rapidly Changing Cylinder
Wall Temperatures.
T.M.1013, May 1942,

Shock Impingement on Boundary Layer
Proc, Inst. Heat Transfer and Fluid
Mechanic.

Stanford Univ. Press.

Flow Separation Ahead of Blunt Bodies
at Supersonic Speeds.
N.A.C.A. T.N.2418,

Effects of Heat Transfer on Laminar
Boundary Layer Development Under
Pressure Gradients in Compressible Flow.
A*G.A.R.D. Rep. No.279

"Morgandyne" Heat-Transfer Transducer
and Flame~Torch Calibration Technique
for Hypersonic Wind Tunnels.
A.E,D.C,~TR-60-1.

The Effect of an Initial Boundary-
Layer on the Development of a
Turbulent Free Shear -layer.

N.P.L. Aero.Rep. 1019. A,R.C.23847,

.115.



Naysmith, A.

Needham, D.A.

Perls, T.A.
Hartog, J.d.

Powers, W.E,.
Stetson, K.F.
Adams, M.C.

Rabinowicz, J.
Jessey, M.E.
Bartsch, C.A,

Rabinowicz, J,

Robertson, A.F.
Cross, D.

Romberg, N.F.

Rose, P.H,

Sabol, A.P.

1962

1963

1961

1959

1956

1957

1958

1956

1958

1958

Measurements of Heat Transfer in
Bubbles of Separated Flow in
Supersonic Air Streams
International Heat Transfer Conf.
A.S.M,E. Publ. (Part 2. Sect. A and B).

Progress Report on the Imperial
College Hypersonic Gun Tunnel.
Imperial Coll, Aero. Rep. No.118,

Pyroelectric Transducers for Heat
Transfer Measurement lLock-Head Missile
and Space Divison. ’

Rept. No.L.M.S.D. - 325500,

A Shock .Tube Investigation of Heat
Transfer to the Wake of a Hemisphere-
Cylinder, with Applications to
Hypersonic Flight. ‘

I.A.S, Rept. No.59 ~ 35.

Resistance Thermometers for Transient
High Temperature Studies.’
Jour. Applied Physic. Vol.27. p.97.

Measurements of Turbulent Heat Transfer
Rates on an Aft - Portion and Blunt
Base of a Hemisphere~Cylinder in a
Shock Tube.

G.A.L, C.I.T. Hypersonic Research
Project. Memo No.41.

An Electrical-Analogue Method for
Transient Heat Flow Analysis,
U.S. Bureau Standards. Jour. of
Research Vol.61. No.2.

Stagnation Point Heat Transfer for
Hypersonic Flow.
Jet Propulsion Vol.28 p.p.1098 - 1101.

Development of the Calorimeter Heat
Transfer Gauge for Use in Shock Tubes.
Review of Scientific Instruments.
Vol.29. No.?7.

Stagnation Point Heat Transfer
Measurement to a Hemisphere,
N.A.C.A., T.N.4354,

.116.



Seban, R.A. 1958
Emery, A.
Levy, A.

Stalder, J°R. 1954
Nielson, H.V.

Sterrett, J.R. 1960
Emery, J.C.

Sibulkin, M 1952
Skinner, G.T. 1960
Skinner, G.T. 1961
Stollery, J.L. 1960
Stollery, J.L. 1960

Maull, D.Jd.
Belcher, B.d.

Squire, H.B. 1938
Thomann, H. 1958
Van Driest, E.R, 1952

Heat Transfer to Separated and -
Reattached Subsonic Flows obtained
Downstream of a Surface Step.
Jour. Aero, Sci. Vol,26, No.l2.

Heat Transfer from a Hemisphere-
Cylinder Equipped with Flow-Separation
Spikes. ’

N.A.C,A., T.N.3287.

Extension of Boundary Layer Separation
Criteria to a Mach Number of 6.5 by
Utilising Flat Plates and Forward
Facing Steps. '

N.A.S.A. T.N. D-618,

Heat Transfer Near the Forward

Stagnation Point of a Body of Revolutién.

Jour. Aero. Sci. Vol,19. No.8. p.p.570.

Analogue Networks to Convert Surface
Temperature to Heat Flux,
C.A.L. Rep. No. C,A.L.-100,

Calibration of Thin-Film Backing
Materials.
A.R.S. Journal. Vol,31. No.5.

Stagnation Temperature Measurement
in a Hypersonic Gun Tunnel Using the
Sodium Line Reversal Method,
Imperial College Aero. T,N.16.

The Imperial College Hypersonic Gun
Tunnel,
Journ. of Royal Aero. Soc. Jan.1960.

Modern Developments in Fluid Dynamics
Vol.II. p.p. 631.

Measurements of Heat Transfer and
Recovery Temperature in Reglons of
Separated Flow at a Mach Number of 1.8.
F.F.A. Rep.82,

Investigation of the Laminar Boundary
Layer in Compressible Fluids using
the Crocco Method.

N.A,C,A, T,N.2597.

.117.



Vidal, R.Jd,

Wagner, R.D.
Pine, C.P,

¥Winding, C.
Topper, L.
Baus, B.

Wood, C.J.
Young, A.D.
Young, A.D.

Kirkby, S,

Zakkay, V.

1956

1961

1956

1962

1949

1955

1961

Model Instrumentation Techniques
for Heat Transfer and Force
Measurements in a Shoek Tunnel.
Wright Air. Dev. Cent. T.N.56-315
A,D.-97238.

Laminar Heat Transfer and Pressure
Distribution Studies on a Series of
Re-Entry Nose Shapes at a Mach Number
of 19.4. in Helium. -

N.A.S.A. T.N. D-891,

Metal Film Resistance Thermometers

" for Measuring Surface Temperatures.

Inst. Engng. Chem. Vol.47. p.p.386.

Hypersonic Flow over Spiked Cones.
J.F.M. Vol.12. Part 4. p.p.614-624,

Modern Developments in Fluid Dynamies
(High Speed Flow) Vol,I.p.p.422.

The Profile Drag of Biconvex and
Double Wedge Wing Sections at
Supersonic Speeds. Proceedings of

a Symposium on Boundary Layer Effects.

‘in Aerbdynamic. N.P.L.

Preliminary Experimental Investigation
of the Flow about a Blunt Body with
Flow-Separation Spikes at M = 7.9.
P,I.B.A.L. Rep. No.631

. 118.



APPENDIX 1

GAUGE AND MODEL PREPARATION

Preparation”of thin film gauges

The preparation of the thin film gauges was the single most
important factor in experimental technique.

Application The resistance element was deposited using the
"painting technique", in which a metallic alloy of platinum and
gold which is held in suspension in an organic solvent, is applied
in a thin film to the pyrex substrate. The paint used in this
work was Hanovai X-05. Application of the paint using a ruling
pen,-an air spray and a hand brush were all tried. The ruling
pen did not give sufficient control over the gauge thickness,

which was generally too thick. The air-spray could be used to
give a film of finely controlled thickness, but the masking of the
model was difficult, particularly on curved surfaces. All the
films used in the experiments were applied with a sable brush, and
with practice the resistance could be reproduced with an accuracy
approaching 5%, After the model had been cleaned thoroughly with
acetone, a thin coating of the paint was applied, which was just
thick enough for the brush marks to flow out. It was found that
wheh the paint was applied too liberally, films of poor quality
were produced, and when thick films were required it was found more
satisfactory to build up the film thickness by a series of painting
.and baking cycles rather than increase the quantity of metal to the

surface in a single application.

Baking Cycle The baking process is of critical importance in the
production of thin film gauges with the opiimum abrasion properiies.
A series of carefully controlled experiments were made to examine
the mechanism of the metal glass bond and to determine the béking
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cycle which produced films of optimum.quality. A number of tests
were made in which the film thickness, maximum baking temperature :
and length of baking cycle was varied independently. The films
were examined using interferometer techniques,and .by subjecting

the films to abrasion. From the interferometer examination it.
was found that after the‘organic solvent had been driven off, at
approximately 48000, uniform films of between one half and.one
tenth.of a micron in thickness were deposited on the surface.of the
pyrex. At a temperature of approximately 600°C the pyrex substrate
begins to soften and the metal begins to sink (but not necessarily
diffuse) into the surface, until at a temperature of 680°¢C only.
about one-quarter of the film thickness remains above the surface
of the surrounding pyrex. The surface tension of the platinum
caused the surface of the films to be approximately parabolic in
form as shown in figure 2, The abrasion properties of the films
were tested by examing them under a microscope whilst they were
sceratched with a sharp instrument. For films baked to a maximum
temperature of between 48000, and 600°C (at which temperature the
pyrex starts to soften), the platinum films can be easily removed
by mild abrasion. The tenacity of the film increases with maximum
baking temperature between 640°C and 680°C.  The maximum baking
temperature is controlled by the structural strength of the models
and the amount of diffusion of the film material allowed into the
pyrex. Since the calibration factor of the gauge may depend upon
the amount of diffusion of the gauge matérial into the substrate,

a common baking and annealing éyle was used for all models. An
automatic baking apparatus wﬁs used to control the baking cycle of
each model, The baking cycle used is shown in figure 15. It is
important that gaseous products from the organic solvent should be
allowed to escape from the oven otherwise dull fragile films will

result.
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Abrasion Properties Considerable experience was gained on abrasion

problems.encountered in tunnel operation. Although the subject is
extremely complicated, in a rough way we can classify flow abrasion
into two types; tangential abrasion, and pitting abrasion. While
for tangential abrasion, the thinnest practical gauge proved to
give the best performance, thick gauges were found to be the most
satisfactory for resisting pitting abrasion. The gauge thickness
on the models in the experiments were varied in accordance with

these observations.

Silver Connecting Leads All the connections to the platinum gauges

were made with painted silver connecting leads of Hanovia silver
paste No.25. The leads had a resistance of less than one percent
of the gauge resistancg and were approximately two orders of
magnitude smaller than the thickness of the boundary layer. The
soldered connections to the silver leads were made in positions

so that they did not create a disturbance to the airflow over the
models. Soldering directly to the platinum, while peffectly easy,
was found to locally weaken the gauge close to the junction,as
well as creating a local disturbance to the air flow. The silver
paste was applied to the models using a "Standograph Stencil Pen",
with the paste thinned with turpentine to the optimum consistency.
The baking cycle for the silver paste was exactly the same as for
the film material but with the maximum temperature reduced to
640°C.  All the electrical connections to the models were made
with wiring leads covered with special teflon insulation material.
This covering enabled the models to be calibrated up to 100°c
without rewiring and was particularly useful when a series of

very closely spaced connections were.madeswhere the insulation
could be maintained right up to the soldered junction.
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Preparation of Glass Models = All the surfaces upon which aerody-

namic measurements were taken were made from pyrex glass. This
glass was found to be best suited for the process of blowing,
formiﬁg a grinding together with the other operations involved

in the production of a finished model. Since the models couldd
not be produced by conventional machining processes, special
problems were involved in the production of models with accurate
dimensions, The axisymmetric models represented the greatest
problem for these were made by hand. ~Although the obwious
method was to construct the models by grinding down a solid bar
of glass to the required shape, the large cost involved ruled out
this technique,  After a number of techniques had been tried
without snécess,'a method was developed in which a stainless
steel toél in the shape of the model was used to form a molton
cylinder of pyrex rotating in a glass lathe. The shoulder of
the cone models which were slightly rounded by the forming process
were sharpened by grinding the cylindrical section of the models.
The models were checked with specially prepared templates and a

tolerance of 2% of the nominal dimensions was specified.

It is important that the mo&els should be polished to give
a good surface finish to prevent excessive and irregular diffusion
of the gauge material into the substrate during the baking process,
It is also important that after the models have been polished and
before the platinum gauges are applied the model should be taken
through the baking cycle, Careful microscopic examination on
polished glass which had not been annealed before the films were
épplied, revealed that microscopic cracks invisable to the naked
eye, which had been "welded over" in the polishing process would
sometimes re-open causing a partical fracture and weakening of
the gauge. This difficulty was completely overcome by baking
and annealing the models directly after they had been polished.
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SENSOR

INSULATOR

‘Figurel ONE DIMENSIONAL HEAT CONDUCTION MODEL

Figure 2 ACTUAL CROSS- SECTION OF THIN FILM
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