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Generalized Flow in Gaps and Slots Including the
Effects of Ablation

LARRY COOPER*
Aerotherm Division ofAcurex Corporation, Mountain View, Calif.

AND

KURT E. PUTZf
Sandia Laboratories, Albuquerque, N.Mex.

An analytical method of predicting the flow properties in gap regions about control surfaces of re-entry
vehicles has been developed. The method is particularly applicable to regions containing ablating surfaces. The
analysis is based on a quasi-one-dimensional compressible flow solution including the effects of area change, friction,
heat transfer, mass addition, and shocks. Wall roughness and boundary-layer transition effects also are included.
The boundary conditions match the local upstream and downstream pressure, when appropriate, determine the
upstream total temperature, and employ a steady-state mass and energy balance at the wall-gas interface.
Equilibrium thermochemistry is assumed. The method is compared to static pressure and aerodynamic heating
measurements obtained inside gap regions on nonablating models in hypersonic flow and shows reasonably good
agreement. Additional solutions are shown to illustrate the effects of various flight parameters, wall roughness,
and area change on ablating gap flow conditions.
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Nomenclature
= cross-sectional area segment of gap, ft2

: gap wall surface area, ft2

= blowing parameter, rh/pVCH
- skin-friction coefficient, iJ\pV2

- Stanton number
: specific heat at constant pressure, BTU/lb-°R
: enthalpy, BTU/lb
= roughness augmentation factor, CHr/CHs
-- total gap length, ft
= Mach number
= mass flux, Ib/ft2-sec
- pressure, lb/ft2

= stagnation pressure behind normal shock, lb/ft2

= Prandtl number
= heat flux, BTU/ft2-sec
= stagnation point heat flux, BTU/ft2-sec
= radial coordinate perpendicular to flow direction, ft
= Reynolds number
= surface recession rate, in./sec
= temperature, °R
= velocity of mean flow, fps
= mean flow rate, Ib/sec
= coordinate in direction of flow measured from entrance, ft
= gap height, ft
= angle of attack, deg
= flap deflection angle, deg
= angular distance from flap center, deg (see Fig. 4)
= ratio of specific heats
= blowing parameter
= fluid dynamic viscosity
= density, lb/ft3

= wall shear, lb/ft2
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Subscripts
c — convection
/ = formation
k = based on roughness height
o = unblown value
r = rough wall
rad in = radiation in
rad out = radiation out
s = smooth wall
t = local stagnation condition
w = wall value
x = based on distance from leading edge
y — based on gap height
1,2,3,4 = regions shown in Fig. 1.
oo = freestream conditions

Introduction

AHIGH performance re-entry vehicle may require coatings
of ablative material to protect the vehicle from the severe

heating environment which it will encounter in flight. The space
shuttle and other controlled vehicles have movable aerodynamic
control surfaces which are subject to severe heating conditions.1
In order to have freedom of movement, these control surfaces
must be provided with clearance gaps between the control
surfaces and the vehicle body which for various practical con-
siderations may not be completely sealed. Flow through these
gaps may cause severe aerodynamic heating and, thus, critical
heat-shield design problems for two main reasons. First, there is
little or no radiative cooling relief from the gap surface owing
to the small gap geometry involved. Second, flow conditions in
the gap may be influenced by entrance heating effects, boundary-
layer transition, shocks, and other flow phenomena.

Previous investigations of flow in gap regions have been
mainly of an experimental nature. Stern and Rowe2'3 and
Hamilton and Dearing4'5 conducted hypersonic wind-tunnel
experiments on nonablating surfaces and measured the heating
rates and pressure distributions in clearance gaps of various
geometries. The results of these investigations indicate that the
heating level in the gap is influenced by the freestream Mach
number, geometry of the gap, the local pressures at the upstream
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Bow Shock

Fig. 1 Typical control surface configuration and flow environment.

and downstream gap positions, and the local total temperature
-and Reynolds number at the entrance to the gap.

This paper presents an engineering analysis to illustrate the
effects of these parameters on gap flow conditions and to extend
the analytical method to other situations, particularly those
involving ablating gap surfaces.

Analytical Approach
The analysis of flow through a gap or slot to be described is

intended to be representative of the flow about the control
surfaces on the space shuttle or other controlled re-entry vehicles.
Figure 1 depicts a typical re-entry vehicle control surface con-
figuration and flow environment. The vehicle is subjected to a
given freestream Mach number, angle of attack, and Reynolds
number. Depending on the flight-conditions, there will exist a
Mach number, Reynolds number, and flap deflection angle,
corresponding to trajectory control requirements. The combined
influence of the approach Mach number, M1? approach Reynolds
number, ReXi, and flap deflection angle, d, will determine whether
shock induced separation of the boundary layer will take place.
A variety of data6"11 are available to predict when shock
induced separation will occur and define the distribution of
static pressure and aerodynamic heating on the body and flap
surfaces.

For cases where shock-induced separation will occur, it is
assumed that the separated recirculation region will act as a
reservoir for the flow in the gap. Hence, the stagnation pressure
for the gap flow is taken to be equal to the static pressure in
Region 2. For the limiting case of the separated region becoming
vanishingly small, say because of flap angle setting, or suction
of the separated flow through the gap,12 it is not clear whether
P1 or P3 is more representative of the driving pressure for the
gap flow. In fact, compression waves which ultimately coalesce
to form the attached flap shock are spread through the body
boundary layer and entrance region of the gap. Therefore, in a
case where the shock and boundary layer are fully attached
to the flap, it is probably more appropriate to choose some
representative mean pressure between P1 and P3 for the gap flow
stagnation pressure. In the present analysis, the average pressure
is chosen. The mean total temperature at the gap entrance is
somewhat more difficult to determine. It is approximated in an
iterative fashion by determining the character of the boundary
layer on the body surface and estimating the amount of body
boundary layer removed by flow through the gap. This procedure
is repeated until all the downstream boundary conditions on the
gap flow are properly met.

A variety of flow situations may occur in the gap. The flow
will be choked or unchoked depending upon the local static
pressure in Region 4. Shocks may also appear if the flow

becomes supersonic and the pressure in Region 4 exceeds the
gap exit pressure. For some combinations of angle of attack and
flap deflection angle, it may be possible to have a "reversed"
flow through the gap, that is, from Region 4 to Region 2. This
would simply be a matter of the direction of the pressure
gradient between Regions 2 and 4.

Assumptions

It is assumed that the ratio is of gap height to cove radius of
curvature is small. Since the flow velocities in the gap are
initially subsonic, the transverse pressure gradient will also be
small; that is

dP/dr<dP/dx
This is a first approximation to the problem and may not always
be true for all geometries and flight conditions,3'5 as will be
discussed later. Therefore, the approach taken is to treat the
flow by a quasi-one-dimensional core flow model using an
analysis similar to that presented in Ref. 13. The present model
assumes, in addition, active blowing due to reactions occurring
at the wall. The following flow characteristics, also, are con-
sidered in the present model.

1) The fluid is a perfect gas with constant molecular weight
and specific heat.

2) The flow is steady and quasi-one-dimensional.
3) The gap flow is divided into an entrance development

region and a fully developed region for a general case.
4) A nonsimilar boundary-layer solution may be used to define

the entrance flow in addition to standard flat plate boundary-
layer correlations.

5) An approximate, fully developed solution is used locally in
the developed region.

6) The flow may be either laminar or turbulent and natural
transition is allowed to occur.

7) Reynolds analogy is assumed and Pr = 1.
8) A steady-state wall ablation model and equilibrium thermo-

chemistry at the wall interface are assumed.

Defining Equations
Figure 2 depicts such a core flow model described in the

previous paragraphs. The flow enters the gap at some subsonic
Mach number to be determined at Station 1. The initial stagna-
tion properties are assumed to be known. The stagnation
pressure is determined from an analysis of the local static
pressure level on the body at the gap entrance or from experi-
mental data. The stagnation temperature may be estimated by the
mass average total temperature of the flow that enters the gap
from the body boundary layer.

The flow at the entrance is then allowed to develop over some
entrance length to the point where the entrance boundary layers

-Entrance Flow-** Developed Flow

Fig. 2 Core flow model.
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Fig. 3 Surface energy balance.

from the opposite walls just touch at Station 2. A quasi-
developed flow is assumed from this point downstream to the
exit Station 3. Ablation of the wall material may be allowed
to occur along the gap wall. The effect of ablation upon the
mean molecular weight and specific heats is assumed to be of
small importance. In differential form, the defining equations are
as follows:
Continuity Equation

dw/w = dp/p 4- dA/A + dV/V (1)
Momentum Equation

dP_
Y 2V2

Energy Equation

w ,„

dw
w

dw 2CH(Hw-Ht)dx
T^y

Equation of State
dP/P = dp/p + dT/T

Mach Number Definition
dM2/M2 = dV2/V2-dT/T

(2)

(3)

(4)

(5)
Equations (1-5) are solved, simultaneously, to give the following
differential forms:
dM2 _ -2{l + [(y-l)/2]M2}<L4
~M2~ 1-M2 T +

1-M2

[ + [(y-l)/2]M2}2C/

1-M2 y

_____

dPJPt = -yM2\_\(dTJTt) + (Cfly}dx + dw/w] (7)
Equations (3, 6, and 7) are numerically integrated from known or
assumed initial conditions by an iterative integration scheme
which applies appropriate mean values in the interval dx.
Equations (3, 6, and 7) also assume the Reynolds Analogy

CH=Cf/2 (8)
and that the heat transfer is defined by

qc = PVCH(Ht-Hw) (9)
where the enthalpv is based on a reference level of 298°K. The
static pressure and static temperature are determined from local
isentropic conditions.

The variation of CH and dw may be specified if desired,
CH= CH(x) and dw = dw(x), or may be calculated in the course
of the core flow solution. The distribution of CH may be pre-
specified in the entrance region by virtue of a concurrent
boundary-layer solution whose edge conditions are determined

by the core flow solution. The method of Ref. 14, which employs
a nonsimilar boundary-layer analysis, was used upon occasion for
this purpose. Standard flat plate boundary-layer correlations are
used otherwise, which include standard transition criteria. For
the fully developed region, the heat transfer and friction co-
efficient are determined by two-dimensional, incompressible,
laminar or turbulent correlations based on local Reynolds
number.

Surface Ablation Model

The rate of mass addition due to ablation is determined from
a steady-state mass and energy balance at the wall interface.
The mass balance and thermochemistry at the wall are deter-
mined by the methods detailed in Ref. 15. Basically, the results
of these calculations are given in a tabular form which defines
the blowing parameter, B', surface temperature and pressure,
under the constraints of continuity of mass, and equilibrium
chemistry. The blowing parameter is defined in the interval, dx, by

^- (10)
PVCH

The second constraint required to define fully the surface con-
ditions is a surface energy balance in the interval, dx. Figure 3
is an energy flux diagram for a control volume which extends
from just above the material surface to an in-depth position far
from the surface where the cold virgin material exists. It is
assumed that a near steady-state energy balance exists. The net
energy flux to the control volume is, therefore

dw dw

If it is assumed that in the gap the net radiation to the surface is
zero, the surface energy balance becomes, with the aid of Eqs. (9)
and (10)

B' = (Ht-Hw)/(Hw-Hf) (12)
where Hf is the heat of formation of the virgin ablation material
at 298°K. Equation (12) is solved simultaneously with the tabular
thermochemistry data in an iterative fashion, to determine the
blowing parameter, surface temperature, and wall enthalpy given
an initial estimate of the pressure, Stanton number, and axial
mass flux in the gap.

Generally, it is most convenient to use standard flat plate
boundary-layer or fully developed flow correlations to compute
the local Stanton number. However, for the flow in the entrance
region, the mass and energy balance may be determined com-
pletely within the context of the method of Ref. 14, which may
incorporate the surface ablation phenomena to the extent that the
velocity profile accounts for the effects of blowing. Alternatively,
the entrance solution from Ref. 14 can be computed, assuming
no ablation in the entrance region, to obtain an unblown value
of the Stanton number, CHo. Subsequently, the surface mass
and energy balance can be computed within the core flow analysis
using the blowing correction given by

CH/CHo = In (1 +2AB')/2JiB' (13)
where 1 is the blowing rate parameter.16 Equation (13) is also
used for blowing corrections when flat plate correlations are
employed in the entrance region and when correlations are
employed in fully developed regions.

Surface Roughness Effects
Surface roughness effects are considered by the introduction

of roughness heating augmentation correlations taken from
Ref. 17.
for Kr=l

10<Rek(CH)ll2< 104:
Kr= l + o g /

(14)

(15)
(16)
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where Rek is the local Reynolds number based on the mean
roughness height, /c; CHs is the local smooth wall Stanton
number; and Kr is the roughness heating augmentation factor,
CHJCH,

Boundary Conditions and Special Considerations

The following boundary conditions and special flow con-
siderations must be examined in the course of generating a
solution.

1) The total pressure of the flow entering the gap is set equal
to the local static pressure of the flow on the body, Pti = P2.

2) The inlet total temperature is based upon the distribution
of total temperature in the body boundary layer, using a mass
flow integration through the body boundary layer, Tti — TJ^Mj).

3) The inlet Mach number in the gap is iteratively assumed
until the appropriate downstream boundary condition is met.

4) Choking at the exit may occur if the flow is sonic and the
local static pressure exceeds that in Region 4.

5) If the flow up to and at the exit remains subsonic, then
the flow rate through the gap is determined by the back pressure
in Region 4, that is, the local static pressure at the exit must
equal P4. .

6) If a minimum area exists in the channel, choking may
occur at or near the minimum area. However, if the area change
is modest, choking is equally likely to occur near or at the exit;
choking in such a case may also occur between the minimum
area and the exit. Careful examination of Eq. (6) illustrates these
points. That is, unless dM is positive while, at the same time,
M is slightly subsonic and slightly supersonic, then no solution is
possible. If continuous transition does occur, then normal shocks
may appear in the divergent section to meet the downstream
back pressure.

7) The action of heat addition, mass addition, and friction
are introduced at the wall by methods outlined earlier. Roughness
effects of the wall can be considered.

Method of Solution
The following steps illustrate the general procedure followed to

obtain a solution. 1) An initial Mach number at the gap entrance
is assumed. 2) Based upon the body boundary layer and an
assumed gap entrance Mach number, an initial mean gap flow
total temperature is determined by matching gap and body
boundary-layer flowrates. 3) The entrance flow conditions based
upon the initial Mach number and the acceleration effect upon
the boundary-layer buildup may be computed using the method
of Ref. 14, if desired. 4) The distribution of CH and dw is input
to the core flow analysis code, if desired. 5) The core flow
calculations are executed to determine the exit conditions at
Station 3 of Fig. 2. 6) If the exit conditions are not properly

1. 463 in. R

6 = +90

1. 438 in. R, Gap = 0. 35
1. 338.in. R, Gap = 0. 25
1. 238 in. R, Gap - 0. 15
1. 138 in. R, Gap = 0. 05

1. 088 in.
• Pressure Orifice and L'_E> Fla-

Thermocouple Locations a= 20°
6 = 300

Gap = 0. 35-in.

Fig. 4 Model geometry and instrumentation locations on flap and
cove.2

matched, the initial Mach number is altered and the process
repeated.

Results and Discussion
In order to assess the validity of the core flow analysis, a

number of sample calculations were performed and compared
to experimental data obtained on nonablating models in hyper-
sonic flow. A number of calculations also were made to investi-
gate the effects of material ablation in the gap region for
typical flight conditions.

Nonablating Results

The basic experimental data considered in these comparisons
consists of static pressure and aerodynamic heating distributions
in the gap region formed between a deflected flap and the model
body. The data of Stern and Rowe2'3 and Hamilton and
Dearing4'5 are used. For the data cases considered, the gaps had
a constant area, the gap flow was choked at the exit, and the
gap flow was laminar.

Stern and Rowe2'3 obtained pressure and heat-transfer data on
a blunted delta wing configuration with a trailing-edge flap at a
nominal freestream Mach number of 10 and freestream unit
Reynolds numbers of 0.35, 1.0, and 2.0 x 106/ft A sketch of the
model geometry and instrumentation locations is shown in Fig. 4.
The models were provided with four cove sections with the radii
shown in order to obtain constant area gap sizes of 0.05, 0.15,
0.25, and 0.35 in. The pressure orifices and thermocouples
were located along the semicircular surface of the cove about
every 15°, from 9 = -45° to 9 = +90°, and around the circular
leading edge of the flap, from - 90° to + 90°.

In the data comparisons shown in Figs. 5-7, the local gap
static pressure is normalized by the model stagnation point
pressure, P/Pstag. The local gap heat-transfer rate is normalized
by the Fay and Riddell18 theoretical stagnation-point heat flux
calculated for the model nose radius and tunnel test conditions,
<?/<?stag- I*1 tnese figures, the cove surface data (open symbols),
flap surface data (solid symbols), and gap flow calculations
(lines) are shown as a function of the angular position, 9, which
is defined in Fig. 4. In this manner, the transverse pressure
gradient across the gap may be observed for the data and
directly compared to the one-dimensional gap flow calculations,
which assume a negligibly small transverse gradient.-

Figure 5 shows the effect of gap size on the static pressure
and heat-transfer distributions along the channel at a = 20°,
6 = 30°, and Re^ = 2.0 x 106/ft In general, the static pressure
level is seen to decrease with increasing gap size and the heat-
transfer rate is seen to increase with increasing gap size. This
may be explained by the fact that the mass flow and thus the
energy flux through the channel are directly proportional to the
gap size. For the 0.05-in. gap (Fig. 5a), the static pressure data
along the channel are nearly identical for the cove and flap
surfaces. For the 0.15-in. gap (Fig. 5b), the cove pressure data is
8%-10% higher than the flap data, and for the 0.25-in. gap
(Fig. 5c), the cove pressure data is 14%-25% higher than for the
flap data. Thus, the pressure data clearly indicate an increasing
transverse pressure gradient with gap size, as would be expected.
For these cases, the ratio of gap height to cove radius of
curvature varies from 4.4% for 0.05-in. gap to 19% for 0.25-in.
gap. Similar trends are seen for the heat-transfer data.

Also shown in Fig. 5 are the gap flow calculations obtained
with the analysis presented previously. For the 0.05-in. gap
(Fig. 5a), three sets of calculations of static pressure and heat-
transfer distributions along the channel length are shown. The
first pair of calculations (——— line) assumes the flow to be
fully developed throughout the channel length and the initial gap
flow total temperature to be conservatively chosen equal to the
tunnel total temperature, Tti = 1910°R. The second set of calcula-
tions (- - - - line) assumes the flow to be fully developed through-
out the length of the channel and the initial total temperature
to be based upon an approximate calculation of the mean total
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The effect of gap size on gap pressure and heat-transfer
distributions at a = 20°, 6 = 30°, Re,, = 2.0 x 106/ft.

temperature of the body boundary layer removed, Tti = 1300°R.
The third set of results shown (—— line) contains the entrance
flow calculation from the nonsimilar boundary-layer analysis14

and another entrance flow calculation obtained with the standard
flat plate boundary-layer correlations. These results agreed
within a few percent. In this case, the flow became fully developed
within the first 10% of the channel length. The initial total tem-
perature was set equal to the mean total temperature of the
second case.

The results show that the prediction of pressure distribution
was excellent and fairly insensitive to the choice of initial total
temperature or entrance condition. The prediction of heat-
transfer distribution is most sensitive to the choice of initial total
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Fig. 6 The effect of Reynolds number on gap pressure and heat-transfer
distributions at a = 30°, 6 = 30°, gap = 0.05 in.

temperature. The calculation was most accurate when the initial
total temperature was based on the mean total temperature of the
body boundary layer removed, and entrance flow effects were
included. The entrance flow calculation can result in an appreci-
ably higher maximum heat-transfer rate.
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Fig. 9 Gap flow conditions for ablating 0.10-in. gap, Case 1.

As a consequence of these results for the 0.05-in. gap, all of the
following gap flow calculations employed an entrance flow region
and a mean initial total temperature. The resulting calculations
for the 0.15- and 0.25-in. gaps are shown in Figs. 5b and 5c,
respectively. The prediction of the static pressure and heat-
transfer distributions are considered reasonably good, consider-
ing the significant transverse pressure gradient for the larger gap
size. In this instance, the one-dimensional solution tends to
yield an average heat-transfer distribution between the cove and
flap levels.

Figure 6 shows the effect of freestream unit Reynolds number
on the static pressure and heat-transfer distributions along the
channel at a = 30°, d = 30°, and gap = 0.05 in. The pressure
level is about 25% higher at the channel entrance for the higher
Reynolds number because the pressure in the separation region
ahead of the flap is higher. As a consequence, the pressures
inside the gap also remain higher. Note the static pressure data
along the channel length are nearly identical for the cove and
flap surfaces. The prediction of the pressure distribution is
excellent.

The heat-transfer data along the channel are seen to increase
with Reynolds number and the station, at which the flow becomes
fully developed, shifts downstream. The prediction of heat
transfer is reasonably good for the cases with Re^ = 0.35 and
1.0 x 106/ft(Figs. 6a and 6b). For the case with Re^ = 2.0 x 106/ft
(Fig. 6c), the data are somewhat underpredicted in the entrance
region (9 < 0°). Possibly, the gap flow is affected by a turbulent
external flow in this region.

10

Station, X/L

Fig. 10 Gap flow conditions for ablating 0.10-in. gap, Case 2.
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Case 3.

Figure 7 shows the effect of flap deflection angle on the
pressure and heat-transfer distributions at a = 40°, gap = 0.15-
in., and Re^ = 2.0 x 106/ft. Flap deflection increases both the gap
pressure and heat-transfer levels. The data trends are predicted
reasonably well with the gap flow calculations. Only for the case
with (5 = 10°, does the flow become fully developed in the
channel.

Hamilton and Bearing4'5 measured heat-transfer distributions
inside the hinge-line gap of a wedge-flap configuration with
various gap geometries. Data were obtained at a nominal free-
stream Mach number of 10.4 and freestream unit Reynolds
numbers of 0.41 and 1.79 x 106/ft

Figure 8 shows a typical heat-transfer distribution at
a = 12.83°, 6 = 20°, gap = 0.25 in, and Re^ = 1.79 x 106/ft.
Also shown is the gap flow solution, which gives reasonably
good agreement with the heat-transfer data.

Ablating Results
A set of calculations was made to investigate the effects of

material ablation in the gap region. A set of nominal entrance
and exit conditions were chosen as being a reasonable condition
for driving the gap flow. The effect of variation of vehicle
altitude and Mach number upon the gap flow conditions is
illustrated in Figs. 9-12. The sequence is such that the results of
Fig. 9 are at the highest altitude. The nominal gap height for
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Fig. 13 Gap flow conditions for ablating variable area gap, Case 5.

these cases is 0.1 in. The entrance conditions and Reynolds
number variation are shown for each case. The gap flow for the
case shown in Fig. 9 is choked at the exit whereas, for Figs.
10-12, the flow is unchoked and matched to the back pressure. It
is evident that as altitude decreases, the heating and surface
recession levels increase, and that the point at which the flow
becomes fully developed shifts downstream. As would be
expected, the pressure levels increase with decreasing altitude.
It is clear that heating in the entrance region is most severe.
Figure 11 shows the effects of doubling the gap height. It is
evident that this effect did not greatly alter the results. Figure 12
illustrates that the flow has become turbulent at x/L = 0.8, with
a considerable increase in the heating and recession levels. The
pressure was not greatly affected by the onset of turbulence.
Figure 12 also illustrates the effect of a nominal surface rough-
ness height of 0.01 in. The roughness augmentation resulted in
a 25% increase in heating and surface recession. Surface rough-
ness does not appreciably affect the pressure levels.

Figures 13 and 14 illustrate the flow conditions for cases
where the area distribution was not constant along the gap. The
area distribution for these two cases is such that there is axial
symmetry, with a minimum area section occurring at x/L = 0.5.
The area contraction ratio is about 2.5:1. In both instances,
the gap flow became supersonic just downstream of the minimum
area section. For some cases not shown here, it was not possible
to establish a supersonic flow, as discussed earlier. In both
instances, it was necessary to position a normal shock in the
divergent section to match the exit back pressure. It is evident
that the large variation in pressure does not greatly influence
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the heating and recession levels. In both cases, the flow does not
become fully developed within the gap length.

Conclusions
A number of solutions were generated with the present method

and compared to heating rate and static pressure data, for various
constant area gaps and flow conditions, on nonablating models.

For gaps with a small transverse pressure gradient (i.e., small
ratio of gap height to cove radius), the method gives excellent
agreement with static pressure and heat-transfer measurements
on nonablating models in hypersonic flow. Also, for gaps with a
sizeable transverse pressure gradient, the method gives reason-
ably good average agreement with measurements. Predicted
pressures were insensitive to the method of selecting the initial
total temperature or entrance condition. Static pressures in-
creased with Reynolds number and flap deflection angle and
decreased proportionally with gap size. Predicted heat-transfer
rates were most accurate when the initial total temperature was
based on a mean total temperature of the body boundary layer
removed, and entrance flow effects were included. Heating rates
increased with gap size, Reynolds number, and flap deflection
angle. Ablative walls reduce the in-depth heating of the vehicle,
as expected.
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