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Heat Transfer Effects on Aerodynamics and Implications for
Wind-Tunnel Tests
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This review summarizes the large effects of heat transfer on steady aerodynamics. Cooling the surface delays
flow separation and thus is roughly equivalent to an increase in Reynolds number. Conversely, heating promotes
flow separation and is roughly equivalent to a decrease in Reynolds number. Cooling can also increase the
extent of laminar boundary layers. These characteristics might be exploited to identify conditions for which
large-scale effects occur. The review has found no discussion of the effects of heat transfer on unsteady aero-
dynamics. From the steady effects, some tentative suggestions are inferred about the probable influence of heat
transfer on buffet excitation measurements in wind tunnels.

Nomenclature

Cf, CF = local and average skin-friction coefficient
CL> CD = lift anci drag coefficients
Cp = pressure coefficient
c - chord
/ = frequency, Hz
i = bubble length
M = freestream Mach number
Me = local external Mach number
MI = shock upstream Mach number
\/nF(n) = local rms pressure fluctuations
p = total rms pressure fluctuations
q = freestream kinetic pressure
R = unit Reynolds number
r = recovery factor, Eq. (2)
Tad = adiabatic wall recovery temperature
Te - local external static temperature
Tt = total temperature, K
Tw = wall temperature, K
if = freestream velocity
Ue = local external velocity
u - local velocity in boundary layer
x = streamwise coordinate
y - distance from surface
a = incidence
5, 8* = thickness and displacement thickness of

boundary layer
A = effective Reynolds-number ratio
fjiw = molecular viscosity at wall

Introduction

T HE author has compiled a comprehensive review of scale
effects due to variations in Reynolds number in time-

dependent aerodynamics.1 Two observations may be inferred
from the limited experiments available. The first observation
(Fig. la) is that if boundary-layer transition is free, scale
effects appear relatively large and difficult to predict. The
second observation (Fig. lb) is that if transition is fixed so
that all shear layers are turbulent, large scale effects are con-
fined to the region close to the onset of flow separation—or
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Fig. 1 Heat transfer as a possible source of spurious scale effects.

buffet onset. If in experiments the variations in Reynolds
number are combined with variations in heat transfer, spu-
rious scale effects may be associated with these observations,
as explained below.

Transition Reynolds numbers are very sensitive to heat
transfer variations at constant Reynolds number,2 transition
Reynolds numbers decreasing as walls are heated (Fig. Ic).
Thus, variations in heat transfer would give spurious scale
effects due to the movement of transition. Again flow sepa-
ration is also sensitive to heat transfer,3-4 separation being
enhanced as walls are heated (Fig. Id). Thus, variations in
heat transfer also would cause spurious scale effects due to
the movement of separation. Hence, ideally, within any in-
vestigation of scale effects (experimental or theoretical) the
sensitivity of these effects to variations in heat transfer should
be considered.

This ideal situation has rarely been achieved. There are a
few steady aerodynamic investigations to be reviewed in which
heat transfer rates are varied systematically at constant Rey-
nolds number. There are no corresponding buffet investiga-
tions known to the author. However, the observed sensitivity
of steady force measurements raises a further issue. Can heat-
ing or cooling a model simulate a change in Reynolds number?
The limited steady measurements suggest that, although a
quantitative simulation is impossible, flows sensitive to vari-
ations in Reynolds number may be identified.

These matters may be somewhat academic. However, the
large effects of heat transfer on flow separation can influence
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the accurate measurement of drag in conventional wind tun-
nels; they can influence steady4 measurements in cryogenic
tunnels and the landing performance of lifting re-entry ve-
hicles.3 Heat transfer effects on separated flows would also
be expected to influence unsteady measurements.

Effects of Heat Transfer on Shear-Layer Development
The general effect of heat transfer with respect to the de-

velopment of attached boundary layers is fairly well-under-
stood and the discussion is based on that provided by Van
Driest5 for a laminar boundary layer developing on a smooth
flat plate. (Similar results apply for turbulent boundary lay-
ers.) The effect of heat transfer on separated shear layers is
still uncertain, and so the discussion here is tentative, based
on heuristic arguments that need to be compared with ex-
periments. These ideas are then discussed in the context of
time-dependent aerodynamic phenomena and scale effects.

Attached Boundary Layers
Figure 2 (reproduced from Ref. 5) shows a schematic draw-

ing of an attached laminar boundary layer in a compressible
fluid. Before considering how heat transfer alters the details
of Fig. 2, it is helpful to recall some important relations in-
fluencing the heat transfer. For air, the external static tem-
perature is given by isentropic relationship:

Free stream
U

0.2Me
2) (1)

The adiabatic wall recovery temperature Tad is important be-
cause this is the wall temperature at which no heat transfer
occurs between the freestream and the wall. This temperature
is usually calculated from the total temperature by the relation

(2)(1 + 0.2MJ)

The recovery factor is about r = 0.82 for a laminar boundary
layer or about r = 0.89 for a turbulent boundary layer. For
a fully insulated wall, there can be no heat transfer, so that
TJTad = 1.0 and the static temperature will fall monotoni-
cally from Tad to Te as the distance y from the wall increases,
as sketched in Fig. 2 for a laminar velocity profile.

When the wall is heated, so that TJTad > 1, the static
temperature again falls smoothly from Tw to Te as y increases.
The increase in temperature throughout the boundary layer
decreases the density, and hence the boundary-layer displace-
ment thickness 6* and overall thickness 8 both increase. (The
increase in 8 is evident in Fig. 2.)

In addition to the increase in thickness, the boundary-layer
velocity profile is altered. The effect of heating is to make
the velocity profile u/Ue less "full" (Fig. 3), i.e., more ap-
propriate to a boundary layer at a lower Reynolds number
or closer to separation at the same Reynolds number. Even
if this change in velocity profile is ignored, with heating the
value of y/8 is smaller for a fixed value of y, and hence u/Ue
is smaller giving a smaller velocity gradient at the wall. This
is reduced further by the change in shape of the velocity
profile. The smaller velocity gradient at the wall occurs in
conjunction with a small increase in molecular viscosity ^w
because a fair approximation is

fjiw a(rvv)075 (3)

Thus, the combined effect of the decrease in velocity gradient
and the small increase in viscosity at the wall is a small de-
crease in the local skin-friction coefficient cf due to wall heat-
ing. This trend is the same for both laminar and turbulent
boundary layers.

When the wall is cooled so that TJTad < 1, the temperature
first increases as y increases (due to viscous dissipation) and
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Fig. 2 Schematic of boundary layer in a compressible viscous fluid.
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Fig. 3 Velocity and temperature profiles for an attached boundary
layer with heat transfer.

then falls monotonically to Te (Fig. 2). The increase in density
decreases the boundary-layer thicknesses 6* and 5, and makes
the velocity profile more "full" (Fig. 3), i.e., more appropriate
to a boundary layer at a higher Reynolds number or further
from separation at the same Reynolds number. There is an
increase velocity gradient at the wall (due to the combined
effects of the change in velocity profile and the decreased
thickness), which together with a small decrease in IJLW gives
an increase in the local skin-friction coefficient due to wall
cooling.

These concepts for a flat boundary layer in a zero pressure
gradient can be applied to wings or bodies with finite thickness
and pressure gradients. The important condition for bound-
ary-layer separation is reached in the limit when

0 (4)

Hence, wall cooling will delay separation (by increasing C}),
whereas wall heating will provoke separation (by decreasing
Cf). This result is observed in steady experiments,3-4 and is
very important for experiments involving incipient separation,
particularly for the measurement of buffet onset.

The total drag of wings or bodies depend upon the sum of
the skin-friction drag and the form drag. Although the skin-
friction drag is increased a little by cooling, the greatly re-
duced boundary-layer thickness reduces the form drag. The
combined result of the increase in skin friction and the de-
crease in form drag is usually a net reduction of overall drag.
This trend is observed in steady experiments,3-4 but is not of
great importance with respect to unsteady experiments. Since
even for attached flow the temperature effects on skin friction
and form drag are of opposite sign and different character, it
is unlikely that any simple similitude could be established
between the effects of heat transfer and variations in Reynolds
number.

The wall temperature ratio also has an important influence
on the transition from laminar to turbulent flow on the bound-
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ary layers on flat plates or cones. Liepmann and Fila showed
experimentally6 that "transition in the boundary layers of a
gas flow is hastened by increased surface temperature because
inflection-point profiles develop." They also observed that
for liquids the situation is reversed. "Increasing surface tem-
perature should delay transition in a liquid because here the
viscosity decreases with increasing temperature, delaying the
development of inflection point profiles."

Separated Shear Layers
Figure 4 is conjectural and suggests how a separated shear

layer in a compressible fluid might be influenced by heat
transfer. (Some early theoretical studies of this problem for
a laminar boundary layer are given in Ref. 7).

The velocity profile has two important regions. Close to
the wall there is a narrow region of reversed flow (often with
maximum speeds in the range of 0.3t/e-0.5LQ, whereas fur-
ther away from the wall there is a wider region of flow in the
stream direction. The outer region always comprises the larg-
est part of the shear layer. The mean velocity profile in this
region may be described by a wake function similar in char-
acter to that for an attached boundary layer close to sepa-
ration. Hence, it is reasonable to infer that in this large region
the turbulence structure is also similar in character to that for
an attached boundary layer, so that the temperature distri-
butions should be comparable.

It may be inferred from the attached boundary layer up-
stream of separation that the point ( 7 = 0 will move away
from the wall as the separation is promoted by heating. Con-
versely, this point will move towards the wall as the separation
is reduced by cooling. Within the reverse flow region, the
influence of heat transfer is uncertain and very complex. In
this thin region, the velocity gradients change signs rapidly
and mixing rates are very large. Hence, it is plausible to
suggest, as a rough approximation, that in this region the static
temperatures are close to those for an attached boundary layer
of the same thickness. Subject to this assumption, the max-
imum reverse flow velocity would increase due to cooling and
decrease due to heating.

It is interesting to speculate how these local changes might
influence the development of a two-dimensional separation
bubble of length €, which is followed by reattachment under
an adverse pressure gradient (Fig. 5). Heating should move
separation upstream and might thus lengthen the bubble,
whereas cooling might delay separation and reduce the length
of the bubble (Fig. 5a). The review has revealed no relevant
experiments, and hence Fig. 5a is drawn with widely varying
bubble lengths. Apart from possible variations in bubble length
and thickness, heating should not influence either the char-
acter of the turbulence or the associated pressure fluctuations.
Hence, the model described in Ref. 8 (based on bubbles with-
out heat transfer) should be applicable. An increased bubble
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Fig. 5 Hypothetical influence of heat transfer on a two-dimensional
bubble.

length due to heating would provide an increase in the overall
excitation or buffet, even if the rms levels p/q are unchanged
(Fig. 5b), having the same maximum close to the reattachment
point for the three bubble sizes.

In addition, if the turbulence is unaffected by heating, the
peak excitation should move to a somewhat lower frequency
/(as shown in Fig. 5c), because according to Ref. 8

— = const = 0.6 to 0.8 (5)

Fig. 4 Hypothetical velocity and temperature profiles for a separated
shear layer with heat transfer.

However Eq. (5) represents a relationship8 between condi-
tions at reattachment (where the pressure fluctuations are
largest) and separation (where the pressure fluctuations are
smaller). Hence, Eq. (5) may need to be modified to include
the mean reverse flow velocity as well as the freestream ve-
locity. This may offset the changes in frequency associated
with possible changes in bubble length given by Eq. (5).

Possible Implications with Respect to the Simulation of
Scale Effects

It is evident from this brief description that heat transfer
has important effects on aerodynamic performance, which are
complex and difficult to quantify. The limited steady meas-
urements available are reviewed here. For unsteady aero-
dynamics, scale effects are significant only close to buffet
onset.1 The question arises as to whether scale effects on flow
separation can be simulated by variations in heat transfer?
The answer depends on the character of scale effects.

Elsenaar distinguishes between direct and indirect scale
effects9 (Fig. 6). The direct scale effects occur because of
variations in the boundary-layer development (such as local
skin friction and displacement thickness), which leave the
mean pressure distribution virtually unaltered. In particular,
the circulation—and hence the lift—is constant. Thus, direct
scale effects are normally fairly small and may be predictable
for attached boundary layers. In marked contrast, indirect
scale effects are often large and occur because variations in
boundary-layer development (often movements in transition
or separation position) may alter the mean pressure distri-
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Fig. 6 Nature of direct and indirect scale effects due to variations in
Reynolds number.

bution. Thus, indirect scale effects change the circulation about
a wing. It will now be suggested how this distinction between
direct and indirect scale effects might be identified by vari-
ations in heat transfer (Fig. 7) at constant Reynolds number.

Suppose the subsonic flow on a model is attached with
turbulent boundary layers at the highest Reynolds number
available in the tests (Fig. la). Scale effects due to a further
increase towards the full-scale Reynolds number (which is not
available) should then be confined to direct effects that should
be small. This might be confirmed by cooling the model at
the test Reynolds number, and establishing that the lift in-
creases slowly and the drag decreases slowly, consistent with
small, direct scale effects. In addition, it might also be possible
to predict by theoretical calculations the effects of variations
in Reynolds number without heat transfer and the effects of
variations in heat transfer at constant Reynolds number. If
this were possible, the same theory could then be used with
confidence to predict the lift and drag at full-scale Reynolds
numbers in the absence of heat transfer, perhaps using the
pressure distributions or forces measured on the cooled model
in preference to those on the model at adiabatic conditions.

Suppose that the flow on the model has just separated at
the test Reynolds number—the buffet onset condition (Fig.
7b). A further increase to full-scale Reynolds number (not
available) should produce both direct and indirect scale ef-
fects. The indirect scale effects would be due to a reduction
in the area of separation and would be large and extremely
difficult to predict. This might be confirmed by cooling the
model. Initially, there should be large effects as the separation
is reduced to some limiting value, appropriate to the geometry
and test Reynolds number. This assumed limiting value,
achieved by cooling, might be comparable with the limiting
value achieved by increasing Reynolds number. If so, there
shold be no further indirect effects. The small direct effects
due to heat transfer might be predictable using the pressure
distributions or forces measured on the cooled model. The
same pressure distributions might be used to predict the direct
scale effects due to a variation in Reynolds number in the
absence of heat transfer.

If the subsonic flow on the model is separated at the leading
edge at the test Reynolds number and the wake "closes" well
downstream (Fig. 7c), a further increase to full-scale Reynolds
number (not available) should produce only small, direct scale
effects. This might be confirmed by cooling the model. If so,
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Fig. 7 Identification of type of scale effects due to hypothetical var-
iation in Reynolds number.

there would be only small effects on the lift and drag and
virtually no effect on the pressure distribution. There may be
no changes in the bubble length and hence no change in the
buffet excitation according to Fig. 4.

Next, suppose that at transonic speeds there is a large shock-
induced separation at the test Reynolds number (Fig. 7d).
Here an increase to full-scale Reynolds number would gen-
erally produce a small, indirect scale effect. This might be
confirmed by cooling the model. If so, initially there would
be an increase in lift, then an almost constant lift should be
achieved, with no further change in the pressure distribution.
This condition might be used to predict the direct scale effects
due to a variation in Reynolds number in the absence of heat
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transfer. Direct and indirect scale effects might also occur
with attached flows at transonic speeds, due to the complexity
of the shock/boundary-layer interaction (cf. Fig. 7 of Ref. 4).

Thus, for each of the four test conditions there is the pos-
sibility of being able to identify the type of scale effect by
cooling the model, even if the precise magnitude of these
effects cannot be determined. Figure 7 has been drawn to
suggest that there are no indirect scale effects with fully at-
tached (Fig. 7a) and fully separated subsonic flows (Fig. 7c).
According to Ref. 1, unsteady experiments in these regions
should therefore be subjected to negligible scale effects. In
contrast, there will be indirect scale effects close to buffet
onset (Fig. 7b) and in this region significant scale effects must
be expected, even in unsteady aerodynamics. Reference 1
offers no evidence for scale effects with well-separated flows
at transonic speeds (cf. Fig. 7d).

Perhaps there is a limiting separation position (and lift)
achieved by wall cooling at finite Reynolds number that could
be the same as that achieved by increasing Reynolds number.
Consider the concept of the limiting inviscid separation. This
is the separation obtained in the limit of an infinite Reynolds
number (Fig. 7e). For a given Mach number, angle of inci-
dence, and geometry the inviscid separation may be idealized
by a fixed separation and by an infinitely thin line of vorticity,
e.g., as in the Kirchoff model of flow separation. If a limiting
separation is obtained at a finite Reynolds number with a
highly cooled boundary layer (which has a velocity profile
before separation appropriate to a higher Reynolds number),
this separation may not be greatly different, because after
separation the major part of the velocity profile (the wake
region) may be similar to that for an adiabatic boundary layer.
(Note that with adiabatic boundary layers, changes in the
wake profile with Reynolds number are normally small com-
pared to the very large changes due to adverse pressure gra-
dients. Hence, the effects of heat transfer may be small com-
pared to the very large changes due to adverse pressure
gradients.) The wake region exerts the decisive influence on
closure conditions downstream of the wing, and together with
the separation position, the overall lift.

Obviously the question—that a limiting separation with
cooling at a finite Reynolds number is nearly the same as that
with an adiabatic boundary layer at infinite Reynolds num-
ber—needs to be investigated, preferably both by special
experiments and by calculations. If the limiting separations
sketched in Fig. 7e were identical, the lift would be identical
and the indirect scale effects would be represented correctly
at the low Reynolds number with the cooled wall. However,
it is unlikely that the direct scale effects would be represented
correctly.

In conclusion, Fig. 7f illustrates how the variation of par-
ticular measurements (say lift coefficient) with wall temper-
ature ratio might be used to identify the type of scale effects
at three increasing unit Reynolds numbers. For the lowest
Reynolds number R19 the large variation with TJTad at TJ
Tad = 1.0 suggests direct and indirect scale effects: hence
extrapolation to full scale would be difficult or impossible.
For the intermediate unit Reynolds number R2, the discon-
tinuity at TJTad = 1.0 suggests that indirect scale effects have
only just been eliminated: hence extrapolation to full scale
might just be possible from this limiting (minimum test Rey-
nolds number). For the highest unit Reynolds number R3, the
insensitivity of the measurements to TJTad at TJTad = 1.0
suggests that indirect scale effects are negligible: hence ex-
trapolation to full scale should be possible.

We have seen that large aerodynamic effects occur due to
wall cooling. Hence, a careful choice must be made of a lower
limit for the wall temperature ratio TJTad. In a conventional
transonic wind tunnel (Tt = Tad about 300 K), the air is
normally dried to a frost point of about - 50°C (223 K). Thus,
to avoid ice forming on the model, Tw — 223 K would be a
practical lower limit, giving a ratio of

The cooling requirements implied by Eq. (6) are large but
not totally impractible. This surface temperature would cor-
respond to a ratio of TJTad = 0.83 at low speeds. The boiling
point of liquid nitrogen is only 67 K at ambient conditions,
and so precooling a model, to say 230 K, for tests in an
intermittent tunnel should be comparatively easy.

The mechanical properties of the model material also in-
fluence the choice of wall temperature, because low temper-
atures, while generally increasing the ultimate tensile strength,
also give greater brittleness (represented by lower values for
an Izod impact test). A nickel-steel alloy widely used for wind-
tunnel models (EN25) suffers little change in mechanical
properties from 293-223 K, but below 223 K its properties
deteriorate rapidly. Hence, Tw = 223 K (-50°C) is probably
the practical lower limit for most existing steel models. An
important property of aluminum and its alloys is that they do
not lose their ductility or shock resistance however low the
temperature. Hence, for aluminum models the need to avoid
frost on the model (Tw = 223 K) involves no restriction.

Effects of Heat Transfer on Aerodynamic
Measurements

It is shown elsewhere10 that for transition, skin friction, and
separation,10"20 the effects of modest heat transfer at constant
Reynolds number are relatively large compared to vast var-
iations in Reynolds number without heat transfer. Here space
restrictions only allow the classification outlined in Fig. 7 to
be illustrated by pressure measurements on an aerofoil at
subsonic and transonic speeds.

Pressure Measurements on an Aerofoil at Subsonic
and Transonic Speeds in a Cryogenic Wind Tunnel
Reference 4 describes a theoretical and experimental in-

vestigation of the effects of heat transfer on a two-dimensional
aft-loaded aerofoil section. The main objective was to estab-
lish how closely model wall temperature must be controlled
in a cryogenic wind tunnel. The investigation confirmed the
earlier predictions of Green et al.21 that the model temper-
ature should be within 1% of the adiabatic wall temperature,
and also illustrates the sensitivity of transonic flows to heat
transfer. Reference 4 is now used to illustrate how variations
in heat transfer may be used to identify regions in which
indirect scale effects occur, and possibly even to simulate these
scale effects.

Figure 8 shows how the upstream Mach number M1? pre-
dicted for conditions of incipient separation, varies as a func-
tion of heat transfer and Reynolds number for a turbulent
boundary layer. Figure 8a shows that, for a fixed Reynolds
number, wall cooling allows a higher value of Ml to be achieved
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Fig. 8 Conditions for incipient shock induced separation.
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Fig. 10 Wind-tunnel measured effect of nonadiabatic wall on airfoil
buffet onset (after Ref. 4).

before flow separation. In contrast, wall heating lowers the
value of Ml achieved. By following the adiabatic curve, it is
easy to see how much the Reynolds number would have to
be increased to achieve the higher value of Ml appropriate
to the cooled wall or decreased to achieve the lower value of
M! appropriate to the heated wall. Thus, for a fixed Reynolds
number an effective Reynolds-number factor may be derived

as a function of the wall temperature ratio. Figure 8b shows
that for a wall cooled to TJTad = 0.75, A would be about
2.5 for Re = 3 x 106 although only about 1.7 for Re = 3 x
107. Both figures represent useful increases in effective Rey-
nolds number.

Figure 9 shows a measured pressure distribution for an
attached subcritical flow at Me = 0.12 at Re = 1 x 106 with
free transition. The large variations in CL for TJTad > 1.0
suggest that even with this attached flow there would be large,
indirect scale effects at lower Reynolds numbers, which would
make extrapolation to full scale difficult or impossible. These
effects are due to the variation of the transition position be-
cause the predicted drag variation with fixed transition is neg-
ligible (cf. Fig. 6 of Ref. 4). In contrast, the lines drawn by
the authors of Ref. 4 suggest that for TJTad < 0.95, CL would
be constant and the variations in CD would be small, because
the transition position would have achieved the most extreme
downstream position on both surfaces of the aerofoil. If this
hypothesis is correct, the pressure distribution presented (which
relates to TJTad < 1.0) should have no indirect scale effects
and might be used to predict the aerofoil performance without
heat transfer at higher Reynolds numbers. In other words,
Re = 7 x 106 appears to be a minimum test Reynolds number
for avoiding indirect scale effects; cf. unit Reynolds number
R2 in Fig. 7f.

Figure 10 shows an interesting set of measurements relating
to buffet onset at M = 0.74 with fixed transition at an un-
specified Reynolds number and angle of incidence. This con-
dition is selected to give buffet onset with zero heat transfer.
Reference 4 states that for TJTad < 1.0, the flow is attached.
Here CL is nearly constant, consistent with no indirect scale
effects. Thus, this condition appears to be above the minimum
test Reynolds number for avoiding indirect scale effects cf.
unit Reynolds number R3 in Fig. 7f. Hence, the pressure
distribution measured for TJTad = 0.92 might be used to
predict the indirect scale effects at higher Reynolds numbers
with no heat transfer. In contrast, for TJTad > 1.02, the flow
separates (shown by the forward movement of the shock in
the pressure distribution and the change of pressure on the
upper surface at x/c = 0.97 close to the trailing edge). Here
CL changes rapidly. According to the ideas suggested here,
this region would represent an adiabatic condition at an ap-
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preciably lower range of Reynolds number. Here there would
be large, indirect scale effects and extrapolation to full scale
would be difficult.

Figure 11 shows another interesting set of measurements
relating to maximum lift at M = 0.74 with fixed transition at
an unspecified Reynolds number and angle of incidence. Here
there is an extensive separation over the upper surface of the
aerofoil, which is reduced significantly when TJTad = 0.96.
For TJTad = 1.14, the shock is a little further upstream and
the pressure of the upper surface at xlc = 0.97 is correspond-
ingly lower. Further increases in wall temperature ratio (say
to TJTad = 1.20) left CL unchanged at a limit of about 0.85,
suggesting that indirect scale effects would no longer be im-
portant at lower Reynolds numbers. However, this pressure
distribution could not be used to extrapolate to full scale
because the powerful indirect scale effects at intermediate
temperature ratios would not be represented. However, if the
wall had been cooled a little further (say to TJTad - 0.92 as
achieved in Fig. 10), the CL may again have been constant
(at say about 0.96). If so, this would suggest that indirect scale
effects would no longer be important at higher Reynolds num-
ber. This pressure distribution might then have been used to
predict the direct scale effects at higher Reynolds numbers
with no heat transfer. This would be a situation similar to that
illustrated in Fig. 7d. The present adiabatic measurements
correspond with conditions at the unit Reynolds number ̂
in Fig. 7f.

Conclusions
1) With regard to the simulation of viscous effects in steady

flow, a comparatively small amount of model cooling is equiv-
alent to a large increase in effective Reynolds number; thus
cooling may be used to identify regions with large scale effects.

2) An important effect of model cooling on the prediction
of buffet excitation is the delay of flow separation.

3) Cooling models in wind tunnels would make it easier to
simulate laminar-flow aircraft. However, transition reversal
due to surface roughness must be avoided.
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