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Nomenclature 8, =free shear layer thickness
¢, =specific heat 6 = apgle ona hemispherical base
¢ =speed of sound B =Viscosity
C  =Crocco number (/1) p  =density
D  =length scale parameter o  =similarity parameters for turbulent mixing
h  =convective heat-transfer coefficient o; =incompressible similarity parameter
h, =base heat-transfer coefficient
H =base or step height )
k  =conductivity Introduction
¢ = characteristic near-wake length GENERAL review of this subject was provided over a
L =cavity length decade ago.! Much research, both experimental and
M  =Mach number (u/c) theoretical, has been conducted in this area of convective heat
Nu =Nusselt number (hx/k) transfer in compressive flows. It is now well understood that
n  =exponent for Reynolds number correlation flow separation and flow reattachment, with the accompany-
Pr =Prandtl number (c,u/k) ing zones of recirculation, have a major impact on the heat
Re =Reynolds number (oux/u) transfer that occurs between a separated flow and a wall. It is
S =chdracteristic cavity size realized that the paths for convective heat transfer become
§ =Lamb’s correlation parameter quite complicated when separation is present. Yet one
St =Stanton number (A/puc,) observes a multiplicity of vehicle and structural designs about
T  =temperature which the external flows often separate. Also, there are a great
T, =stagnation temperature number of internal flow configurations that often involve
u  =velocity separation and its influence on heat transfer.
x  =distance Because of the broad technical areas in which heat transfer
6, =Dboundary-layer thickness before separation in separated and reattached flows occurs, numerous investiga-
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tions have been undertaken. It is impractical in this review to
recognize all the contributions of the past decade. The authors
have selected what they believe to be key references; the reader
with a specific interest will find additional references therein.
In some cases, incompressible investigations have been in-
cluded because they help to clarify the phenomena. It must be
emphasized that this review is focused on heat transfer and not
on pressure in separated flows, a subject covered by other
literature.

In addition to the topics covered in the earlier review, the
authors have noted a growing interest in the study of combus-
tion in separation flow regions and in the study of separated
regions that are driven by a steady flow yet are themselves
oscillatory. Accordingly, this review includes brief considera-
tion of these special situations.

Basic Parameters for Convective Heat Transfer

The majority of the investigations of heat transfer in
supersonic and hypersonic separated or base flow are con-
ducted in order to define the thermal protection re-
quirements for the specific flight vehicles. The heat-transfer
characteristics of separated flow are much more complex
than those of an attached flow and they are difficult to
analyze because of the necessary coupling between the second-
ary, vortical flow and the external freestream. The greater
portion of the investigations are experiments that have been
performed with various body shapes and flow conditions, in
free-flight or ground tests and with different measurement
techniques. Determining the heat transfer in the separated
flow regime or to the base in the form of a Nusselt (or Stan-
ton) number is a general aim of many investigations. Since
the value of this number depends on a set of parameters (the
total number of which is not known), it becomes a serious
problem to correlate the experimentdl values so that results
from different tests can be compared and results of a more
general physical nature can be derived. The appropriate
definition of the reference conditions for forming nondimen-
sional quantities appears to be more art than science.

This review is concerned predominaritly with flow separa-
tion in supersonic and hypersonic flow. The basic geometric
configurations, shown in Fig. 1, are the cavity, backstep,
and base of a body. In the two former cases, and if the base
forms an abrupt edge with the forward portion of the body
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Fig. 1 Basic shapes.
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contour, the position of separation is known a priori. The
position of reattachment, and the shape and size of the
separated region, are not known a priori and depend on the
specific flow situation. Particular points of interest are the
influence of a number of parameters on the heat transfer to
the wall in the separated region (e.g., Reynolds number,
Mach number, angle of attack) and the correlation of the
heating characteristics with these parameters. Results, both
theoretical and experimental, are considered here that were
not included in an earlier review of the same subject.!
Separated flows caused by the impingement of a shock onto
a wall boundary layer are not examined here.

Characteristic Length Scales

The primary mechanisms for energy transport into the
separated flow regime are dissipation and diffusion through
the free shear layer. The transport processes are dependent
on profiles of velocity and enthalpy at the origin of the free
shear layer, according to Lamb.? These profiles, in turn, are
related to corresponding distributions in the attached flow
upstream of the separation. The boundary-layer thickness
before separation §, is, therefore, a characteristic length that
may be used in defining a Reynolds number. Equivalent to
this characteristic length are the thickness of the free shear
layer §, or a characteristic near wake length? £. However, the
problem has at least one or, as in the case of the cavity, two
additional length parameters: base height or step height H
and cavity length L. Laminar and turbulent local heat-
transfer data have been correlated with the length scale
parameter? D=§,/(8, + H). For steps and cavities with vary-
ing height, this parameter varies between 1 (flat plate) and 0
(infinitely high-step or vanishing boundary-layer thickness).
For turbulent heat transfer in cavities, Lamb* proposes a
novel length scale: S=LH/(L+ H) (characteristic cavity
size). These two parameters, D and S, are used by Lamb
together with additional combinations of &, &,, or L.

Ota et al.’”7 extensively studied the heat transfer in the
separated regions of the leading surfaces of blunt flat plates
and blunt circular cylinders. Here, the characteristic length
scale must be related to the body cross section.

Reynolds Number

A characteristic leéngth scale is needed to define an ap-
propriate Reynolds number. As pointed out by Inoue and
Page,® the heat transfer to the base is influenced by two
resistive elements in the separated region: heating between
the recirculating region and the base wall and heating across
the mixing layer in the wake. These two flow elements, recir-
culating flow and free shear layer, are strongly dependent on
the Reynolds number, so heat transfer to the wall in the
separated region must also depend on Reynolds number, as
does the base pressure. The aim of many experimental in-
vestigations is to explore the relationship between heat
transfer in the form of a Nusselt or Stanton number and a
Reynolds number. Generally, such a relationship is more
complicated than in the case of low-speed flow,” since flow
and temperatureé field may depend on a number of additional
parameters, e.g., Mach number, Prandtl number, real-gas
effects, and ablation products.

Some authors present the heat-transfer data or respective
correlationis as functions of the thickness of the free shear
layer 8, or of the thickness of the separating boundary layer
8,. Since the ratio §,/8, depends on the base pressure or on
the expansion ratio, it again becomes evident that the heat
transfer is a function of base T)ressure or Reynolds number.?
A change in Reynolds number may affect base heat transfer
in different ways. The thickness of the free shear layer
decreases with increasing Reynolds number, thus resulting in
a higher temperature gradient across the free shear layer and
a higher heat-transfer rate for a given fluid. At the same
time, the base pressure decreases, which may lead to a reduc-
tion of the convective heat transfer. The existence of such
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counteracting effects and the variety of parameters of in-
fluence explain the number of different approaches in cor-
relating the data in relation to the Reynolds number.

Correlations generally are given in the form of the Nusselt
or Stanton number as a function of Re". The Stanton
number is an inverse function of Re (n<0), while n>0
holds when the heat transfer is expressed by the Nusselt
number (see Bulmer!®!}). This difference in the sign of » is
due to the fact that the Nusselt number is the product of the
Stanton, Prandtl, and Reynold numbers. In some cases, the
correlation formula describes the average heat transfer to the
base wall or to the wall of a cavity; in other cases, Nu or St
are presented as local quantities. The value of n depends on
whether the flow is laminar or turbulent (see Nestler and
Brant®?).

In the case of laminar flow, Lamb? finds that the expo-
nent » is the same as for the incompressible flat-plate solu-
tion; this applies to cavity, backstep, and cylinder in super-
sonic flow. With the length parameter D=§,/(6, + H) and
with the definition of an ‘‘equivalent’’ Stanton number, it is
possible to convert all experimental points so that they fall
on the curve of the flat-plate solution, St=2.07/Re(8,) for
P,=0.72. Turbulent heat transfer in cavities and for base
and backstep geometries are correlated by Lamb? with the
same length parameter D. In a different approach, which ap-
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plies to cavities only,* a novel parameter S is used for the
correlation

S=(L/8,): (S/L)-(q,/0)

where S= (LH)/(L+ H) is the characteristic cavity size, L
the cavity length, o¢/0;,=1+0.056-exp(3.4C?) the turbulent
free shear layer growth parameter, and C the Crocco
number.

It remains questionable whether the data for such different
configurations as cavity, step and base and for a wide range
of Mach numbers can fall onto one universal correlation
curve. The flow field in the separated region that governs the
convective heat transfer might be quite different in in-
dividual cases. On the other hand, along a wavy wall, where
one would expect close similarity to the flat-plate conditions,
Brandon et al.!* find significant differences in local heat
transfer between the surface areas with separated and at-
tached flows. The height of the structures causing local
separation is much smaller than the boundary-layer thickness
of the main flow and, consequently, correlation of the
heating data is very complex, with the main flow being itself
a shear flow. A two-dimensional step configuration in a
shear flow (i.e., the case of the step height being small com-
pared to the thickness of the separating boundary layer) has

Table 1 Reynolds number correlations

Bulmer!0-11 Turbulent flow

Nubase/Prbase =135 5( Rebase )2'2
Nu "\ Re

cone /PrCOI'lE cone

Local for (10° < Rey,. <107)

M>>1.0 :BASE

Note: Subscript ‘‘base’ refers to evaluations at conditions where the approach flow has isen-

tropically expanded to the base pressure. The characteristic length is the local radius on the

CONICAL BODY

base. Subscript ‘‘cone” refers to conditions immediately before the base. The characteristic

length is the length of attached flow on the cone.

M=3.5, 4.0, 4.5

Gortyshov et al.!” Turbulent flow e

St=0.48Rey %4 (H/L) %2 Average for (2.5 X 10° < Re,ro0cn <3.5 % 109) I H

% 7
Note:Stanton and Reynolds number properties and velocity are evaluated at freestream condi- L
tion. The Stanton number refers to the average heat transfer in the cavity.
M=>1.0 M=>10
T e -
(4

Lamb? Laminar Flow 1/ @

Stey =2.07-Reg ! Average

! M>1.0 M>1.0
- _

Note: Stgq is Lamb’s correlation. Reynolds number properties and velocity are evaluated
upstream of separation at freestream conditions. The St is related to heat transfer on the
leeward surface. The Mach number range is 2.2-6.9. The characteristic length in the Reynolds

number is the boundary-layer thickness at separation.

D ED

Kim? Turbulent Flow

St~Re~03

Local for (3 x10% < Re,, /ft <1.5x 107)

M=7.7 TO 13.3
2T e

)~

Note: Stanton and Reynolds number properties and velocity are evaluated at freestream ap-

proach conditions. The Stanton number refers to the average heat transfer in the separated
region on the base. The Reynolds number length is the surface distance up to the maximum

body diameter station.

CONE WITH HEMISPHERE BASE
(8.5° SEMIVERTEX ANGLE)

Orlov et al'® Tuibulent flow (incompressible)
WATER FLOW
Nutpacksiep ~ ReE" (0.56 <n<0.70) e ——
Note: The length in Nu and Re is the step height. Nusselt number and Reynolds number proper- Z
ties and velocity are evaluated at freestream conditions in the approach flow. The heat transfer DT

coefficient refers to local values on the downstream wall prior to flow reattachment and im-

mediately downstream of reattachment.
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been analyzed theoretically by Inger.!* Jakubowski and
Lewis!® performed experiments for the same geometric and
flow conditions in an arc-heated wind tunnel at Mach
number near 4. Heating rates upstream and downstream of
the step were measured and it was noted that an increase in
step height caused a sharp drop in the initial heat transfer.

Orlov et al.'® measured local heat-transfer coefficients
behind a two-dimensional back step in water with turbulent
flow. Orlov’s and other correlations are given in Table 1.

According to Nestler and Brant,'? the main source for
base heating at very high Mach numbers (M ~ 50) is the im-
pingement of a nonuniform, jet-like reverse flow onto the
base wall, because the flow velocities in the recirculating
region are not small under these circumstances. Then, the
convective heating to the base occurs through a base bound-
ary layer and the heating rate is determined by means of
analyzing a stagnation-point heating distribution. Sample
calculations again result in relationships of the form
St~ Re", with the values of n being similar to those which
had been derived under different assumptions. Gortyshov et
al.l7 report on the formation of different flow types in a
cavity exposed to a supersonic exterior flow. The type of
flow depends on the ratio /L and essentially determines the
heating mechanism to the cavity floor. In shallow cavities
(H/L<0.09), the primary separated flow attaches to the
floor, whereas one observes different vortex configurations
in the cavity at larger values of H/L.

Since the absolute value of heat-transfer sensitivity de-
pends on whether the flow is laminar or turbulent, Bulmer!®
could conclude from a sudden change in the base heat
transfer that a transition had occurred.

Unfortunately, there appears to be no single equation or
relationship that adequately describes the separated flow
heat transfer as a function of Reynolds number. Table 1 in-
cludes five of the correlations that have been supported by
experimental data. Note that in these relationships, the
Nusselt number varies with Reynolds number from a power
of 0.56 (Orlov'®—incompressible) to a power of 2.2
(Bulmer!”—hypersonic). The variation of the turbulent Stan-
ton number is not as extreme. Reported correlations show it
varying with a Reynolds number to the negative 0.3 and 0.4
power. For the laminar case, Lamb’s correlation for the
Stanton number is recommended.

The authors would like to present a specific recommenda-
tion or correlation for determining turbulent heat transfer in
compressible separated and reattached flows. However, the
current status of this area is that much more research needs
to be done before we reach that level of sophistication.

Mach Number

The reported investigations were performed over a wide
range of Mach numbers. If the state of the flow immediately
before separation is chosen as a reference condition for the
respective quantities in the separated region, the Mach
number is automatically included in the modeling or correla-
tion. The range of this local Mach number is much smaller
than the range covered for the freestream Mach number.
Bulmer!®!! correlates data taken at successive positions dur-
ing free flight when the Mach number decreases with time. A
typical hypersonic Mach number effect is the reported
description of the base heat-transfer mechanism by means of
the impingement of a reversed jet flow.!?

From the component analysis of Inoue and Page,? it can
be seen that the wall temperature at the location before
separation significantly influences the value of base heat
transfer. It follows that the stagnation conditions are more
predominant than the value of the Mach number. Lamb? has
taken account of this effect by means of the factor (T,/T)%3
in his correlations of laminar data, where 7 is the tempera-
ture at separation and 7; the stagnation temperature. The
Crocco number, which is also related to the temperature
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ratio T,/T, is part of Lamb’s correlation analysis for tur-
bulent cavity flow.*

At high Mach numbers and high stagnation temperatures,
real-gas effects might become significant. Balakrishnan and
Chu,!” whose theory is based on Inoue and Page’s compo-
nent analysis, present results of base heating for planetary
entry probes with hemispherical afterbodies entering the
Jupiter atmosphere. Turbulent base heating values are given
as functions of attached boundary-layer thickness for frozen
and equilibrium flows. The frozen flow calculations predict
lower base heating than the equilibrium model. This result is
of interest for the simulation of these flow conditions in a
test facility where the flow might be frozen. Further, predic-
tions of this theory are that maximum heating occurs in a
warm Jovian atmosphere according to the applied frozen-
flow model. The equilibrium model, on the other hand,
predicts that maximum heating will occur in a cool at-
mosphere. Bulmer? attributes the observed differences in
the heat-transfer level of data taken in ground tests and in
free flight, to real-gas effects, without specifying the
mechanism. Yamamota®! carried out a numerical simulation
for laminar flow over a capsule at a Mach number of 7.0
that showed high heating rates on the windward cylinder sur-
faces due to strong recompression.

Body Geometry, Local Heat Transfer, and Angle of Attack

Again, if one chooses the reference conditions in the
boundary-layer flow immediately before separation, it
becomes possible to compare the average heat-transfer values
for bodies having different shapes. This is quite evident in
the correlations made by Lamb.? The local heat-transfer
values strongly depend on the shape of the base, afterbody,
or cavity. By correlating measurements of different authors,
Bulmer?? derives a relation for the local heat transfer, ex-
pressed by the Nusselt number, as a function of the radial
position on the flat base of slender cones. A systematic in-
vestigation of the local heat transfer on the hemispherical
base of a sharp-nosed cone has been performed by Kim?® for
a range of Mach numbers between 8 and 13. Kim points out
that because of the gradual flow expansion along the
hemispherical base, the heat transfer over the base is far
from uniform, as it is often assumed to be for stepwise con-
figurations. From his measurements, Kim found a relation-
ship between the base heat-transfer coefficient %, and the
angle 6§ along the base, which could be expressed in the form
h, ~0~17 for turbulent flow. It appears that for the local
heat transfer varying over such a wide range, the correlation
is no longer adequate with near-wake bulk properties. Ig-
arashi®* studied the heat transfer behind a circular cylinder
with the wake modified and observed large variations.

Qualitative explanation of the increase in heat transfer for
a separated flow region of a yawed blunted core was pro-
vided by Nomura.?® For inclined, noncircular cylindrical
body configurations, Bertin et al.® found that the average
base heat transfer is a linear function of the angle of attack.
Freestream Mach numbers covered the range 5<M<15. A
similar relationship follows from the experimental results of
Zappa and Reinecke,?® who investigated 60 and 70 deg half-
angle cones at a Mach number M=11.5.

The heat transfer occurring with turbulent separated flow
across almost circular cavities was studied by Bales and
Korst.?” The characteristically low heat-transfer rates behind
an axisymmetric bluff body were measured by Charalum-
bous.?® The backward-facing step in subsonic flow has been
the subject of a large number of investigations, all of which
show the same general trends of low heat-transfer rates im-
mediately behind the step. Chen and Tsou,? Gooray et al.,*
Seki et al.,?'32 Sparrow et al.,** and Tsou? all represent re-
cent works in this area. Finite-element simulation was shown
by Lamb and Polansky.® Calculations of the axisymmetric
backward-facing step were demonstrated by Chieny and
Launder.3¢
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Location of Maximum Heat Transfer

Models of heat transfer at separation and reattachment
were developed by Gerhart et al.?” Traditionally, it was
assumed that peak heating occurs at the point of attachment
(Reynolds analogy between heat transfer and skin friction).
This assumption applied to the reattaching shear layer
downstream of a step or on the downstream side of a cavity,
as well as to the reversed jet-like flow impinging on the base
of a body in hypersonic flight. However, from a number of
experimental studies in which local heating rates were in-
vestigated, it became evident that the attachment point or
line is not necessarily a location of maximum heat transfer
and that the predicted heating rate in the reattachment
region is higher than the measured values. This tendency has
also been observed in studies where a free shear layer is
formed due to the impingement of a shock onto the body
surface (e.g., Nestler® and Matthews and Ginoux®) or
where such a layer develops upon the intersection of two
shock waves (e.g., Rudy and Burch® and Keyes*') and later
attaches to the body surface.

Reynolds analogy primarily applies to two-dimensional
flow on a flat plate. In the semiempirical analysis of
Gerhart,*> which is based on the application of integral
boundary-layer equations, an indication is given that the
analogy fails close to the attachment line. Werle et al.®
describe a first step for extending the two-dimensional
boundary-layer/inviscid flow interaction model to the three-
dimensional case. As an important result of these investiga-
tions, it appears that an effect of a crossflow near reattach-
ment is to shift the peak heating downstream from the reat-
tachment line.

Significant progress in solving the peak heating problem is
made in the analysis of Inger,* who theoretically establishes
the existence of instabilities (lateral vortices) near the reat-
tachment of a nominally two-dimensional laminar and tur-
bulent flow over a step configuration. The calculated heat-
transfer variations in spanwise direction are not in phase
with respective shear stress disturbances, from which one
concludes that the Reynolds analogy here is not applicable.
Inger’s flow model, from which heat-transfer variations up
to 40% are predicted, is in close agreement with respective
flow visualization experiments.

The low-speed subsonic results of Vogel and Eaton* also
illustrate the failure of the Reynolds analogy when dealing
with local values of skin friction. Other subsonic experimen-
tal data (e.g., Kang et al.,* MacGregor,*’ and Suzuki et
al.*®) show that the peak heat transfer occurs upstream of
reattachment. Local values of heat transfer in a circular sud-
den expansion have also been reported.*

Combustion in Separated Regions

Combustion chambers in such units as aircraft gas turbines
and ramjets have utilized the recirculation phenomena of a
separated flow as a flameholding mechanism. The earliest
studies of combustion of air-fuel mixtures in a flowing
stream recognized the role of the separation regions of
cylinders or V-gutters for flameholding. The recirculation
region provides for an upstream flow of the hot products of
combustion. This flow serves to ignite the oncoming flow
that crosses into the separation zone. The combustion
literature provides much insight into the flameholding
characteristics of various geometries,*® as well as modeling
techniques.>!

During the past decade, considerable interest has focused
on combustion in the bluff base of projectiles.’?> Experimen-
tal and theoretical studies were focused on carrying out com-
bustion in the separated zone as an approach to reducing the
base drag of projectiles, missiles, and high-speed aircraft.
This extensive interest provided much information about the
effects of heat transfer,5? but little information concerning
the magnitude of heat transfer during combustion.
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The heat-transfer complications that occur when solid par-
ticles are carried with gas flow has been treated by Maeda et al.>*

Nonsteady Separated Regions

High-speed flow over cavities always leads to flow separa-
tion and reattachment. The flow separates from the leeward
edge of the cavity and reattaches near the trailing edge.
There has always been a considerable interest in the drag of
cavities and the resonant phenomena that may occur in
cavities under certain conditions. Precise method for predict-
ing the occurrence of pressure oscillations within the cavity
(resonance) have not been developed, although it has been
possible to predict the frequency of the pressure oscilla-
tions.*® Recently, control of the oscillations has been ex-
plored.’® It is well understood that the heat-transfer rate
within resonant cavities is strongly affected by the self-
induced pressure oscillations. Local Stanton numbers and
recovery factors have been obtained for subsonic and tran-
sonic flow over a resonating cavity.’’

Conclusions

A striking feature of the current situation in the field of
separated and reattached flows is that few attempts have
been made to compare or cross-check the available ex-
perimental data. Reasons for this lack of comparative data
checking include the great number of independent
parameters whose values rarely coincide in the experiments
of different investigators and the fact that most of the data
are presented in a form which does not allow for deducing
those quantities necessary for the purpose of a direct com-
parison. A possible guideline for performing the necessary
cross-checking is the theory of Inoue and Page,® although
this analysis applies to the two-dimensional case only. An
alternate method is to correlate the measured data with cer-
tain combinations of nondimensional quantities. Again, the
great number of dependent parameters makes it questionable
whether the traditional correlation procedure will result in a
deeper insight into the heat-transfer mechanism in separated
flow regimes. It might be helpful if the various investigators
could define a limited number of parameters whose influence
on the heat-transfer mechanism should be explored in detail
and if the correlation procedure could be performed in con-
junction with an evaluation of Inoue and Page’s theory.

Inger’s analysis** probably is the key to explaining the
observed discrepancy between experimental and theoretical
results for peak heating. At the same time, it becomes evi-
dent how complex it is to correctly analyze the three-
dimensional flow and heat-transfer field near separation and
reattachment. Recognizing the complexity of the situation,
one might conclude that the large quantity of experimental
data still is much too limited for developing in an empirical
way a correct physical model for the heat-transfer mecha-
nism in high-speed separated flows.
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