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HEAT TRANSFER IN REGIONS OF SEPARATED AND REATTACHED FIOWS

By Davis H. Crawford and Charles B. Rumsey
SUMMARY

Past experimental work has indicated that separated flow can greatly
increase the heat transfer to a surface; whereas, some theoretical studies
have indicated a possible decrease. Recent investigations have helped
to clarify the effects of separation on heat transfer and have indicated
a method of reducing separation. This paper considers the results of
some of these investigations and shows the heat transfer in regions of
separation and reattachment for a few specific shapes. These results
show that the heat transfer in a separated region is strongly affected
by the extent of separation, the location of the reattachment point,
and the location of transition along the separated boundary.

INTRODUCTION

Recent experimental and theoretical investigations have shown that
the separation of the boundary layer from a surface can have a great
effect on the heat flow to the surface. At high altitudes and high Mach
numbers, the presence of separation is more likely, and the regions of
separation are more extensive because of the thicker boundary layers
characteristic of this type of flight. Past experimental work has indi-
cated that separated flow can greatly increase the heat transfer to a
surface (ref. 1), whereas some theoretical studies have indicated a pos-
sible decrease (ref. 2). Recent investigations have helped to clarify
the effects of separation on heat transfer and have indicated a method
of reducing separation. This paper considers the results of some of these
investigations and shows the heat transfer in regions of separation and
reattachment for a few speclific shapes. For one of these shapes, boundary-
layer bleed was used to delay separation and to alter the heat transfer
in the region of possible separation.

b distance along surface from zero station to sphere-cylinder

Juncture
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Cp drag coefficient

d diameter of vehicle at characteristic station, as indicated in
figures

1 length

M Mach number

Ngy Stanton number

o] heat transfer per unit area per unit time

90, ns heat trgnsfer per unit area per unit time at zero station with
no spike

R Reynolds number based on characteristic length along surface

Rg Reynolds number based on d

S distance along surface from zero station

X distance along axis of test vehicle, as indicated in figures

DISCUSSION

Flare Skirt

One interesting case of separation is the flow about an ogive-
cylinder body with a 30° tail flare (ref. 3). The tail flare is a pos-
sible stabilizing device as well as a drag brake for many missile shapes.
The lower curve of figure 1 shows the position of the start of separation
as & function of Reynolds number. Figure 2 shows the approximate shape
of the flow pattern for three Reynolds numbers. At low Reynolds numbers
the start of separation moves forward slightly with increasing Reynolds
number as 1s expected with laminar separation (ref. 4). The shape of
the flow pattern when the separation is a maximum is shown in the top
diagram of figure 2. As the Reynolds number increases, the boundary
lJayer over the separated region tends to become transitional, which
causes the position of the start of separation to move back along the

model until at a Reynolds number of 0.5 x 106 the flow pattern appears

as is shown in the center diagram of figure 2. At high Reynolds num-
bers, the boundary layer is fully turbulent ahead of the separation,

as 1is shown in the lower diagram of figure 2, and this causes the flow to
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be attached at the start of the flare. The Reynolds number range in
these figures corresponds to that of a missile 50 feet long at an altitude
of about 140,000 feet to 200,000 feet.

The upper curve of figure 1 shows the effect of separation upon the
flare drag. At high Reynolds numbers where the flow is attached the
pressure drag of the flare is slightly less than the drag predicted by
wedge theory. As the Reynolds number decreases and the extent of sep-
aration becomes greater, the drag of the flare decreases to about one-
tenth the drag predicted by wedge theory.

The heat transfer to this body when the Reynolds number is high
enough to prevent separation is shown in figure 3. The heat-transfer
coefficient used is based on the free-stream conditions ahead of the
model and is thus approximately proportional to the actual heat transfer
to the model when the model is at a constant temperature. The heat trans-
fer to the forward part of the body, where the boundary layer is laminar,
is in agreement with the laminar theory (ref. 5). After the start of
transition at a value of x/d of approximately 7.5, the heat transfer
increases rapidly. The heat transfer to the 30° flare is closely pre-
dicted by the turbulent theory (ref. 6) when it is assumed that the tur-
bulent boundary layer starts at the beginning of the flare.

The effect of separation on the heat transfer to this same body may
be seen by comparing figure 3 with figure 4 which shows the heat transfer
to the body at a lower Reynolds number and with separation. In figure 4
it is seen that the heat transfer to the forward part is again closely
predicted by laminar theory; however, under the separated boundary the
heat transfer to the cylinder is below the attached laminar heat transfer
at the increased pressure of the separated region as shown by the upper
theoretical curve. The heat transfer is in reasonable agreement with
the lower curve shown in this region, which is the prediction of Chapman's
theory for separated laminar flow (ref. 2) and is 56 percent of the
attached laminar theory. As the separated boundary layer becomes transi-
tional, the heat transfer increases above the value expected for a lam-
inar boundary layer. The heat transfer to the reattached boundary layer
on the flare is again closely predicted by turbulent theory if the bound-
ary layer is assumed to start at the reattachment point.

[' The heat transfer to a 10° tail flare following the same ogive-
cylinder body was also tested at M = 6.8 (ref. 3). The separation
L\E?fects were similar but much less predominant.

The investigation discussed so far has shown that some areas of
the flare of this model are subjected to severe heating whether or not
there are regions of separated flow. Since the flare will better provide
drag if separation is prevented, a gap was provided at the start of the
flare to act as a boundary-layer bleed. It was hoped that this gap would
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prevent separation at a lower Reynolds number and would bleed off the
turbulent boundary layer to allow the start of a laminar boundary layer
at the start of the flare. The prevention of separation at a lower Rey-
nolds number would increase the drag of the flare at a higher altitude
and would improve the ratio of the flare drag to the heat transfer to
the flare. Obtaining laminar attached flow to the flare, instead of
turbulent attached flow, would further improve this ratio.

The data shown in figure 5 are the heat transfer to the flare with
a gap as compared with the heat transfer without a gap. The edge of the
flare was sharp as is shown in the sketch. The gap width was about
10 percent of the body diameter which in this case corresponds to

l% times the boundary-layer thickness just ahead of the gap. The Reynolds

number was high enough to cause the flow to become transitional on the
cylinder ahead of the flare, and the boundary layer was attached at the
flare-cylinder juncture both with and without the gap. As previocusly
shown, the heat-transfer data taken with no gap agree well with the tur-
bulent theory (ref. 6) when the boundary layer is assumed to start at
the beginning of the flare. The heat-transfer data taken with the
boundary-layer bleed tend to agree with laminar theory (refs. 7 and 8)
at the start of the flare but agree with turbulent theory (ref. 6) near
the base. At this Reynolds number the level of heat transfer to the
entire flare is reduced by the gap.

Figure 6 shows the comparison of the heat transfer to the flare for
the same two gap conditions but for about one-half the Reynolds number. In
this case the gap width was about equal to the boundary-layer thickness.
At this Reynolds number, the flow separates from the cylinder when there
is no gap, and the reattachment point is 1 diameter back from the start
of the flare. The boundary layer is laminar at the separation point with
transition on the separated boundary. The heat transfer increases toward
the reattachment point and then agrees with the turbulent theory for a
boundary layer starting at the reattachment point. With a gap, the bound-
ary layer is swallowed and the separation is prevented. The data show
that the heat transfer with a gap is reduced below the heat transfer
without a gap except near the start of the flare and is in reasonable
agreement with the laminar theory.

When the Reynolds number was further reduced by a factor of two,
the gap width was about 75 percent of the boundary-layer thickness. 1In
this case the extent of the separated region was reduced by the boundary-
layer bleed, but separation was not prevented.

From the foregoing discussion, it appears that an adequate boundary-
layer bleed at the start of the flare can be used to prevent separation
at a lower Reynolds number and to increase the ratio of drag to heat
transfer even when the bleed is unnecessary to prevent separation.
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Thus, a boundary-layer bleed may be used effectively to increase the
drag of flares on missiles at high altitudes.

Hemisphere Nose With Spike

Another example of separated-flow phenomena is seen in figure 7.
In this case the heat flow to a hemisphere-cylinder body with a nose
spike 4 body diameters in length was tested at different Reynolds nunbers.
The ratio of the heat flow at each station to the heat flow at the stag-
nation point without a spike has been plotted against the distance along
the surface from the stagnation point. The heat flow without a spike is
shown by the circular symbols (ref. 9). The heat transfer with a spike
at the highest Reynolds number tested was decreased in the small area
up to the 30° station on the hemisphere but was increased behind the
300 station and was increased back along the cylinder. The total heat
transfer to the hemisphere nose was approximately twice the total heat
transfer without a spike. The schlieren photographs indicated transition
on the spike ahead of the separation point at a local free-stream Reynolds

number of about 3 X lO6 based on the boundary-layer length to transition.
When tested at the lowest Reynolds number, the heat transfer to the nose

of the model was reduced by the spike, whereas the heat transfer to the
rest of the model was relatively unchanged. The total heat transfer to

the hemisphere nose in this case was roughly one-half the total heat trans-
fer without a spike. The boundary layer in this case was laminar over the
separated region and was laminar over the entire hemisphere-cylinder body.
The local free-stream Reynolds number to the reattachment point in this

case was about 0.6 X 1O6 based on the boundary-layer length to reattach-
ment and was about 1.1 X 106 to the end of the cylinder.

Test results have been obtained for the model at intermediate
Reynolds numbers and for shorter spikes. In some of these tests, transi-
tion took place along the boundary of separation at a local free-stream

Reynolds number as low as 0.8 X 10~ based on the total length of the
boundary layer and the local conditions for the cone of separation.
This may be compared with transition on the solid boundary of the spike

at a local Reynolds number of 3 X 106, thus indicating the reduced sta-
bility of the laminar boundary layer over & region of separation. For

these intermediate Reynolds numbers the total aerodynamic heat transfer
to the hemisphere varied between the values for the highest and lowest

Reynolds numbers in a consistent manner.

Blunt Nose With Afterbody

Another important case of separation is that of the separation on
the afterbody of a blunt shape. Figure 8 shows the heat transfer to the
forebody and to the tail cone of the body in the form of free-stream
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parameters. Since this model was sting supported, the flow pattern and,
thus, the heat transfer in the separated region may be different from
that experienced by a free-flying body. The results are shown for a
smooth forebody and for a forebody with a ring of roughness. The data
for the forebody without the roughness show reasonable agreement with
the laminar theory (ref. 5). The heat transfer to the tail cone following
a smooth forebody is about 1/200 the value at the stagnation point of
the forebody at a Mach number of 6.8, and this of course is a strong
function of the Mach number. With roughness, the values of the heat
transfer are approximately doubled on the nose behind the roughness

and are about that to be expected for turbulent flow. With the roughness
the heat transfer to the tail cone is about 1/100 the stagnation-point
value.

The heat transfer to this same model at M = 2 is shown in figure 9.
The Reynolds number of this test was high enough to cause transition on
the nose with a smooth forebody. It is seen that the heat transfer agrees
well with laminar theory (ref. 10) near the stagnation point and with
turbulent theory (ref. 6) farther back. At this Mach number the heat
transfer to the tail cone under a turbulent separated boundary layer
is slightly more than one~tenth the laminar-stagnation-point value.

Flat Plate With Stringers

Another interesting case of the effect of separated flow is shown
in figure 10. This is a comparison of heat transfer from a separated
turbulent boundary layer with that from an attached turbulent boundary
layer. Chapman predicts (ref. 2) that in this case the separated flow
should result in a large increase in the heat transfer in supersoniec
flow at least up to M = 1.6. Figure 10 shows the results of a test
at a Mach number of 2 on a flat plate having transverse stringers which
caused the turbulent boundary layer to have regions of separation. The
Reynolds numbers were sufficiently high to insure the presence of a tur-
bulent boundary layer. A similar test without stringers gave values of
heat transfer in reasonable agreement with the turbulent flat-plate theory
shown (ref. 6). The heat transfer on the plate between the stringers
was not increased by the presence of turbulent separation or reattachment
but seemed to be slightly reduced by the presence of the stringers. The
heat transfer to the front of the stringers was about double the heat
transfer to the plate between the stringers, whereas the heat transfer
to the rear of the stringers was below the heat transfer to the plate.
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CONCLUDING REMARKS

This paper has shown the effect of separation upon the heat transfer
to areas of possible separation on a few specific aerodynamic shapes.
These results have shown that the heat transfer in a separated region
is strongly affected by the extent of separation, the location of the
reattachment point, and the location of transition along the separated
boundary.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., March 6, 1957.
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EFFECT OF REYNOLDS NUMBER ON SEPARATION
AND DRAG AT M=6.8
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COMPARISON OF EXPERIMENTAL AND PREDICTED HEAT
TRANSFER WITHOUT SEPARATION
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COMPARISON OF EXPERIMENTAL AND PREDICTED
HEAT TRANSFER WITH SEPARATION
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EFFECT OF GAP ON HEAT TRANSFER 'I(O FLARE
M=6.8; Rq=074x10% |
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Figure 5

EFFECT OF GAP ON HEAT TRANSFER TO FLARE
M=6.8; Ry=0.37x106
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Figure 6
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EFFECT OF A SPIKE ON THE HEAT TRANSFER TO
A HEMISPHERE-CYLINDER BODY
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Figure 7

HEAT TRANSFER TO BLUNT-NOSE BODY WIiTH
CONICAL AFTERBODY

M=6.8; Rq=1.8x10%
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HEAT TRANSFER TO BLUNT-NOSE BODY WITH
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