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Transition Due to Heat-Shield Cavities on a Mars Entry Vehicle

Brian R. Hollis* and Derek S. Liechty
NASA Langley Research Center, Hampton, Virginia 23681

The influence of heat-shield cavities on the forebody of the proposed Mars Science Laboratory entry vehicle has
been investigated experimentally and computationally. Wind-tunnel tests were conducted on the 70-deg sphere-
cone forebody of the vehicle with various cavity sizes and locations to assess their effects on convective heating
and boundary-layer transition. The heat-transfer coefficients and transition locations were measured using global
phos-phor thermography. Laminar and turbulent Navier-Stokes computations were performed to compare with
the experimental aeroheating data and to determine boundary-layer parameters for use in correlation of the
experimental transition data. Comparisons of laminar heating data and computations were found to agree to
within the experimental uncertainty, but turbulent computations underpredicted measured heating levels by up to
20%, possibly because the cavities were not included in the simple computational geometry employed. The cavity
transition data were analyzed to determine a correlation for transition to turbulence at a cavity in terms of cavity
geometric parameters and computed boundary-layer conditions. This correlation was used to show that the vehicle
could experience early onset of turbulent flow in flight as a result of the presence of cavities.

Nomenclature

speed of sound at wall, m/s

adiabatic enthalpy, J/kg

wall enthalpy, J/kg

total enthalpy, J/kg

= heat-transfer coefficient, kg/m?/s,
q/(HAW_Hw)

Fay-Riddell heat-transfer coefficient, kg/m?/s
boundary-layer edge Mach number
freestream Mach number

freestream pressure, N/m?

heat-transfer rate, W/m?

base (maximum) radius, m

corner radius, m

nose radius, m

wall cell Reynolds number, (0,a,As)/ Ly,
critical Reynolds number for turbulence,
(pe Ue w) / He

boundary-layer momentum thickness Reynolds
number, (0,U.0)/ ttwe

freestream unit Reynolds number, 1/m
radial position, m

freestream temperature, K

freestream velocity, m/s

cavity diameter, cm

angle of attack, deg

wall cell height, m

boundary-layer thickness, m
boundary-layer momentum thickness, m
wall cell viscosity, kg/m/s

wall cell density, kg/m?

freestream density, kg/m?

model rotation, deg
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Introduction

HE Mars Science Laboratory (MSL) mission'? is intended to
perform a precision landing of a scientific payload on Mars and
is currently scheduled for launch in 2009. Research presented herein
is based on an earlier design for launch in 2007. One of the important
design issues for this vehicle was the determination of whether the
boundary layer on the forebody of the entry vehicle would be laminar
or turbulent. This issue was more complicated than was the case for
previous Mars missions, because the 2007 MSL forebody design
did not have a smooth, unbroken surface; instead, there were six
circular cavities in the forebody heat shield where bolts would be
used to attach the vehicle to a cruise stage during transit from Earth.
The goal of the present study was to formulate transition cri-
teria for the MSL, which accounted for cavity cavity parameters
and flowfield conditions. To accomplish this goal, wind-tunnel
tests were conducted to generate a transition database, and then
Navier—Stokes computations were performed at the wind-tunnel
conditions to determine boundary-layer edge quantities, which were
used to correlate the transition data. The computations and cor-
relations are presented in this paper, and the wind-tunnel tests
are detailed in the companion paper by Liechty et al.* Com-
parisons of both laminar and turbulent aeroheating predictions
with the experimental data are also presented herein. Addition-
ally, a detailed investigation of the MSL aeroheating environ-
ment during Mars entry is presented in the companion paper by
Edquist et al.* A similar study on cavity effects was performed by
Cheatwood et al.’> for the Genesis mission.

Mars Smart Lander Geometry

The proposed Mars Smart Lander entry vehicle 2007 design was
a 70-deg half-angle sphere cone with a biconic afterbody (Fig. 1).
The forebody had six circular cavities spaced at 60-deg increments
through which bolts would attach it to a carrier vehicle during
transit to Mars (Fig. 2). In this study, various cavity diameters
and radial and angular positions were investigated to determine
their effects on boundary-layer transition and surface aeroheating
levels.

Computational Method

Computations were performed using the LAURA (Langley
Aerothermodynamic Upwind Relaxation Algorithm) code,®” a
three-dimensional, finite volume solver, which includes perfect-
gas, equilibrium, and nonequilibrium chemistry models. The code
can be used to solve the inviscid, thin-layer Navier—Stokes, or full
Navier—Stokes equations. For the current study, the thin-layer mode
was employed; it was concluded in Ref. 5 from computations on a
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Fig. 1 Dimensions of full-scale Mars Science Laboratory entry vehicle
(2007 design).

Fig. 2 Mars Science Laboratory entry vehicle and cruise stage (2007
design).

similar blunt body that this mode provided accurate results for at-
tached forebody flows. Time integration to steady state in LAURA
is accomplished through a point-relaxation scheme. Roe averaging®
with Harten’s entropy fix” and Yee’s symmetric total-variation-
diminishing limiter'® is used for inviscid fluxes, and a second-order
scheme is employed for viscous fluxes. For turbulent computations,
the algebraic Baldwin—Lomax'' model with modifications'? for
compressible flow and the Dhawan—Narashima'® transition model
were employed. In this study, the perfect-gas air model was used
for the wind-tunnel computations, whereas for the flight cases dis-
cussed in Ref. 4 an eight-species, nonequilibrium, nonionizing Mar-
tian atmosphere model (CO,, CO, N,, O,, NO, C, N, O) was
used.

Freestream conditions for the wind-tunnel computations were
set to the nominal freestream operating conditions of the NASA
Langley Research Center (LaRC) 20-Inch Mach Air Tunnel, which
are listed in Table 1, and a uniform, ambient 300 K wall temperature
boundary condition was imposed. The use of a constant wall temper-
ature was valid because the experimental data are reported in terms
of the nondimensional ratio //hgpg, Which is assumed to remain
constant with wall temperature. The quantity /gy is the heat-transfer
coefficient computed using the Fay-Riddell method'* method with
the same nose radius as the MSL model at a wall temperature of
300 K (540°R).

Table 1 Freestream conditions for wind-tunnel cases

Reoo, Two, Poos U, hER , qFR,
1/m My, K kg/m? m/s  kg/m®.-s Wiecm?

67x10° 595 620 3.35x1072 9386  0.283 5.70
85x10° 597 622 405x1072 9430 0313 6.45
98x10° 598 622 4.62x1072 9444 0335 6.95
1.1x 107 599 616 529x1072 940.1  0.356 7.25
14x107 6.00 613 641x1072 9404  0.392 7.95
1.7x107  6.02 634 792x1072 9587  0.446 9.92
1.9x 107 6.03 628 899x1072 9556 0474 10.4
24x107 606 623 113x107' 9546 0529 11.5

A structured, finite volume, multiple-block grid with a
singularity-free nose was employed for the computations. The grid
contained approximately 230,000 points with a body-normal resolu-
tion of 65 points. Grid adaptation was performed (as per the method
detailed in Ref. 7) to align the grid with the bow shock and to pro-
duce nominal wall cell Reynolds numbers on the order of Re e = 10
or less.

The effects of normal grid-point resolution on the computed heat-
ing distributions were examined by repeating the computations for
the o = 16 deg, Rey, = 1.9 x 107/m case with grids containing half
(32) and twice (128) as many cells in the normal direction as the
nominal grid (64). The heating distributions from these computa-
tions are shown in Fig. 3. Heating levels dropped nearly uniformly
over the entire surface by about 5% from the 32-cell grid to the 64-
cell grid, but from the 64-cell grid to the 128-cell grid heating levels
dropped by about 1% except around the stagnation region, where
the decrease was approximately 2%. Therefore, it was concluded
that the original 64 normal cell grid provided acceptable accuracy
for this study.

Although the wind-tunnel test models were fabricated with cav-
ities to replicate those in the flight vehicle heat shield, they were
not included in the MSL computational geometry. Thus, the effects
of the cavities on the flowfield were not modeled in the computa-
tions. Instead, the effects of the cavities on the state of the boundary
layer were simulated by specifying that transition began at the cavity
location. To attempt to bound the effects of the cavities on boundary-
layer transition, the transition length in the Dhawan—Narashima
transition model was specified as either zero, to simulate an im-
mediate jump to fully developed turbulent flow, or as equal to the
running length of the boundary layer from the nose of the vehicle
to the cavity location to simulate natural transition.

Experimental Method

The wind-tunnel testing, which complements this computational
study, is presented in detail in Ref. 3, and a brief discussion is
included herein for completeness. The tests were conducted in the
NASA LaRC 20-Inch Mach 6 Air Tunnel.'>'® Representative flow
conditions for each of the standard 20-Inch Mach 6 Air Tunnel
operating points have been computed using the GASPROPS'” code
and are listed in Table 1.

Global surface heating distributions were obtained using the dig-
ital optical measurement method of two color, relative-intensity,
phosphor thermography.'®~2! As discussed in Ref. 3, the estimated
experimental uncertainty of the heating data in this study was ap-
proximately +13%. The heating data are presented in the nondi-
mensional form &/ hgr, where hgg is the reference heat-transfer
coefficient from Fay—Riddell theory for a 300 K (540°R) surface
temperature and the nose radius of the model. In the definitions of
both & and hgg, the adiabatic wall enthalpy H,, is assumed to be
equal to the total enthalpy Hj.

Heating distributions were measured on 0.0314-scale ceramic
models of the MSL entry vehicle. Model parametrics were cavity
diameter (w = 7.62, 5.59, or 3.81 cm full scale); angular location of
the cavity (with respect to the lee-side centerline); and radial loca-
tion of the cavity (r/R = 0.41 or 0.70). These parametrics are shown
in Fig. 4. Note that the actual flight vehicle would have six cavi-
ties of uniform diameter at a constant radial location separated by
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Fig. 3 Effects of normal grid resolution on computed heating levels: o:=16 and Reoo =2.4 X 107/m.
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Fig. 4 Layout of cavities on MSL model.

60-deg rotational increments; the current arrangement was designed
to maximize the number of parametrics, which could be studied dur-
ing each run.

Aeroheating Predictions and Comparisons
with Experimental Data

Laminar Comparisons

Laminar computations were performed at the conditions listed in
Table 1 for angles of attack of 0, 11, 16, and 20 deg. Symmetry-
plane comparisons of these computed heating distributions with the
wind-tunnel data for each angle of attack are presented in Figs. 5—
8. In these figures, the experimental data shown were measured on
models without cavities. The computed laminar heating distribu-
tions were found to agree with the experimental data to within the
estimated uncertainty of +13% for all cases except at the forebody
corners.

Turbulent Comparisons

Turbulent computations were performed for wind-tunnel condi-
tions of Re, =1.4 x 107/m to 2.4 x 107/m at a = 16 deg, which
was the nominal angle of attack at peak heating on the 2007 vehicle
flight trajectory. Because boundary-layer transition in the experi-
ment was produced by cavities in the test models (as it would also
occur in flight) as opposed to naturally, transition in the computa-

tions was modeled in several different ways to attempt to reproduce
the data. Computations were performed with the boundary layer
fully turbulent over the length of the vehicle, with natural transition
beginning at the location of the cavity, and with zero-length tran-
sition to fully turbulent flow at the cavity location. For the natural
transition computations, the transition length was set equal to the
running length of the flow from the nose to the cavity.

Symmetry-plane comparisons of these computations with the
experimental data for both radial cavity locations are shown for
r/R=0.41, Resw =1.4x 107/m, 1.9 x 10’/m, and 2.4 x 10’/m in
Figs. 9—11 and for the same Reynolds numbers with /R =0.70 in
Figs. 12-14. In both sets of figures, comparisons are shown only for
the lee side of the vehicle because the wind-side cavity was observed
to have little or no effect on the heating except at the cavity itself for
most cases. The agreement between measurement and prediction
was a function of the transition length and location specified for the
computations. The agreement was also a function of cavity size and
freestream Reynolds number.

As shown in Figs. 9-14, both the location at which transition was
specified to begin and the length of transition which was specified
had significant effects on the computed heating levels. For both ra-
dial locations of transition onset, the heating levels computed by
assuming fully turbulent flow beginning at the specified radial po-
sition (i.e., zero-length transition) were higher than those computed
when the flow was treated as fully turbulent from the nose of the
vehicle. This difference was because the boundary-layer thickness
at a given location was greater for the fully turbulent flow from the
nose because of the longer running length over which the turbulent
boundary layer had to grow. Similarly, the boundary-layer thick-
ness at a given location (downstream of the end of transition) was
greater when zero-length transition was specified at the cavity loca-
tion than when natural transition was specified. Hence, for the cavity
location of /R =0.40 the heating levels at a given location with
zero-length transition specified were lower than those at the same
point with natural transition specified because the boundary layer
was thicker. However, for the /R = 0.70 cavity case the boundary
layer was still transitional at the shoulder of the vehicle when natural
transition was specified, so that comparison with the zero-transition
length computation was not appropriate.

Inner-Cavity Location Comparisons

At the lowest Reynolds number of Re,, = 1.4 x 10’/m (Fig. 9),
the smallest cavity had no effect on the heating, and the intermediate
cavity had only a slight effect. These two data sets compared well
with the laminar predictions. Although a more significant heating
increase was produced by the largest cavity, the heating levels only
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Fig. 10 Turbulent lee-side centerline comparison for o =16, Reo, =1.9 X 107/m, and /R = 0.41.
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Fig. 14 Turbulent lee-side centerline comparison for o =16, Re. =2.4 X 10”/m, and r/R = 0.70.

rose gradually over the length of the vehicle and never reached a
“plateau” typical of fully developed turbulent flow. For this case,
the measured heating levels fell between the laminar and natural-
transition predictions.

At the intermediate Reynolds number of Rey,, =1.9 x 107/m
(Fig. 10), the data for the smallest cavity appeared to remain laminar
and matched the laminar computation. The heating distributions for
the two larger cavities had shapes similar to the natural transition
prediction, but the peak values were higher than either the natural
or zero-length transition predictions by more than 15 to 20%, which
was outside the range of experimental uncertainty.

At the highest Reynolds number, of Re,, = 2.4 x 107/m (Fig. 11),
the beginning of transition was noted downstream of the smallest
cavity, but the boundary layer did not appear to develop into fully
turbulent flow. The shapes of the heating distributions for the two
larger cavities were similar to the zero-length transition predictions,
but the peak heating levels were again 15-20% higher than the
computed values. The data for this condition represent the worst
case for cavity heating effects, with the cavity-induced turbulent
heating levels exceeding the nose heating levels by 25%.

QOuter-Cavity Location Comparisons

The outer cavity location (/R =0.70) cases were not as well
suited for comparison with predictions as the inner (r/R =0.41)
cases because the boundary layer did not have sufficient running
length downstream from the cavity for fully turbulent flow to de-
velop. Significant heating augmentation was observed in the ex-
perimental data for the largest hole size at all Reynolds numbers
and for the two smaller holes at the highest Reynolds number. At
Req, = 1.4 x 107/m (Fig. 12), the heating data for the largest cavity
fell between the natural and zero-length transition predictions.
For the two higher Reynolds numbers (Figs. 13 and 14), the
large cavity heating distributions appeared to match the shape of
the zero-length transition prediction, but in terms of the heat-
ing levels the Re,, = 1.9 x 10”/m data were approximately 10 to
15% lower than the zero-length transition prediction, whereas the
Rey, =2.4 x 107/m data closely matched the prediction.

Assessment of Cavity Data Comparisons

The present method for predicting turbulent heating levels, an al-
gebraic turbulence model with a specified transition location and a
transition length varied between zero and the running length ahead
of the transition location, appeared to bound the experimental heat-
ing data for the range of Reynolds numbers and cavity sizes for
the /R =0.70 cavity location. However, for the r/R =0.41 cav-
ity location the present method underpredicted the measured peak

Cavity location
cavity not to scale)

e ¥
-

Transition
Downstream

Turbulent at
Penetration

Disturbance

Fig. 15 Classification of cavity effect on boundary layer.

heating levels by up to 20%, although the shape of the heating dis-
tributions was approximately reproduced. The most likely reasons
for these differences were that the heat-shield cavities were not in-
cluded in the computational geometry, and thus their possible effects
on the flowfield (e.g., circulation within the cavities, shocks at the
lip of the cavities, boundary-layer separation, and vortex formation
downstream of the cavities) were not predicted.

In a similar study for the Genesis mission, the cavity was mod-
eled in the computational geometry. It was found in that study that
the presence of the cavity had significant effects both on heating
around the cavity itself, where a localized spike in the heating lev-
els was predicted, and downstream of the cavity, where turbulent
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heating levels lower than without the cavity were predicted. How-
ever, it was also concluded in that study that the simple algebraic
transition/turbulence models used (the same as used in this study)
were not sufficient to resolve the effects of the cavity even with the
cavity included in the computational geometry.

Implications for Heat-Shield Design

In terms of design criteria, the worst case for heating, based on
the experimental data, would be a cavity at /R =0.41 of suffi-
cient diameter to cause transition because the boundary layer has
greater running length downstream of the cavity for turbulent flow
to develop than it would have for a cavity at /R =0.70. This case
with an /R =0.41 cavity, which produced transitional/turbulent
flow, is represented by the data for the two larger cavities at
Reso =2.4 x 107/m (Fig. 11). For this case, the measured turbulent
heating levels downstream of the cavity were approximately 25%
higher than at the nose. In comparison to predicted values, these ex-
perimental heating levels were approximately 10% higher than the

361

predicted fully turbulent levels at the nose and were approximately
20% higher than those predicted downstream of the cavity using the
zero-length transition model.

Boundary-Layer Transition Data and Correlations

A database of approximately 800 boundary-layer-state data
points, which covered the range of angles of attack, freestream
Reynolds numbers, cavity diameters, and cavity radial locations,
was generated during the wind-tunnel testing. For each data point,
the state of the boundary layer downstream of the cavity was de-
termined through visual inspection of the surface heating images
and classified as either laminar, local disturbance at cavity, transi-
tion downstream of cavity, or fully turbulent at cavity. Examples of
experimental data that fit each of these classifications are shown in
Fig. 15. These classifications are somewhat simplified descriptions
of acomplex flowfield and should be used with care. For example, for
adata point classified as “local disturbance,” the heating levels mea-
sured near the cavity might be higher than heating levels downstream

100

R e
| 4
r¥
| 4
| 4
| 4
(o}
)

10

Laminar / no effect
Local heating effects
Transitional downstream

v

[N
o
X
a

Turbulent at cavity

30

100

l-'{e9

@ Y3

NXovp

Laminar / no effect
Local heating effects
Transition downstream
Turbulent at cavity

10

0.4 0.6

Fig. 17

3.0 5.0

k/d

Cavity effects as a function of Rey and k/6.



362 HOLLIS AND LIECHTY

of a cavity for a data point classified as “transition downstream.” Ad-
ditionally, because of the three-dimensional nature of the flow over
this geometry at angle of attack, transitional/turbulent heating levels
downstream of a cavity are highly dependent on the location of that
cavity.

Correlation Parameters

Boundary-layer transition correlations are typically formulated
in terms of the physical parameters of the tripping mechanism (e.g.,
steps, gaps, protuberances) and the fluid dynamic parameters of
the boundary layer. Tripping parameters of interest are usually the
diameter w, height or depth k, and location of the trip. Boundary-
layer parameters of interest (obtained in this study from LAURA
laminar flowfield computations) are usually the edge Mach number
M., boundary-layer thickness 6, momentum thickness 6, boundary-
layer-edge-temperature to wall-temperature ratio 7,/ 7, and edge
Reynolds number based on momentum thickness and local flow-
field quantities Rey. The data were analyzed to determine which of
these parameters would be removed from consideration as correla-
tion parameters and which were appropriate for use as correlation
parameters.

In the current study, the test conditions were such that the shape
factor §/6 and the temperature ratio 7,/T,, deviated by less than
5% from average values of 7.35 and 1.6, respectively. Thus, 6 and
T,/ T, could be eliminated as independent correlation parameters
(although they might be factors at flight conditions).

Closed Cavity Flow
(w/d > 20)

O

Open Cavity Flow
(w/d < 10)

(@) @ l

w

Fig. 18 [Illustration of open- and closed-cavity flow types.
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The data also showed that inclusion of the edge Mach number as
a correlation parameter (in terms of Re,/M,) made the correlations
worse (that is, laminar, local, transitional, and turbulent data tended
to overlap more when M, was taken into consideration) than when
only Rey was used. This result is in contrast to most correlations
for discrete trips or protuberances, where Rey /M, is typically one
of the correlation parameters. However, it would seem appropriate
for the current study because the boundary-layer disturbances were
caused by cavities at the surface, not trips which extended toward
the boundary-layer edge.

Finally, it was determined that cavity diameter w not cavity depth
k was the appropriate length scale to use in correlating the data, as
can be seen by comparing the groupings of data types in Figs. 16 and
17. The physical rationale for this behavior is that cavity parameters
in the current data set indicate that open-cavity flows, as opposed
to closed-cavity flows (e.g., Charwat et al.??), were produced in the
test. Open-cavity flows skip over the cavity, whereas closed-cavity
flows drop down into the cavity (Fig. 18) and are clearly influenced
by the cavity depth. The boundary between open and closed flows
occurs somewhere between cavity aspect rations w/d of 10 to 20,
and in this study less than 5% of the data were obtained from cavities
with w/d greater than 5.

Correlation Curve Fits

Based on the preceding analyses, the best correlation parameters
were determined to be momentum Reynolds number Rey and the
cavity-to-boundary-layer-height ratio w/§. Examples of Rey and
8 distributions over the vehicle are shown in Figs. 19-21. Curve
fits were then generated to define boundaries between laminar and
turbulent cavity effects. To identify which points would be used
to generate the curve fits, the data were examined to determine at
which values of Re., fully turbulent flow at the cavity was first noted
for fixed values of the cavity diameter w and location r/R and the
model angle of attack o and orientation ¢. These selected boundary
points were curve fitted to generate the equation

Reg iy = 652.69 x (w/8)~0924 "

to define a lower bound for turbulence at a cavity. Similarly, the data
points at the highest values of Re; at which laminar flow were last
noted (for fixed values of w, r/R, «, and ¢) were curve fitted to
generate the equation

Reg lam =2382.7 x (w/S)*2-348 @

to define an upper bound for laminar flow after a cavity. These curve
fits and the data points used to generate them are shown in Fig. 22.

180

140
120

Fig. 19 Reg and 6 distributions for Re,, =2.4 X 107/m and o =11 deg.



HOLLIS AND LIECHTY 363

3.40E-04
3.20E-04
3.00E-04
2.80E-04
2.60E-04
2.40E-04
2.20E-04
2.00E-04
1.80E-04
1.60E-04
1.40E-04
1.20E-04
1.00E-04
8.00E-C5
6.00E-C5
4.0CE-C5
2.00E-05
0.00E+CC

3.40E-04
3.20E-04
3.00E-04
2.80E-04
2.60E-04
2.40E-04
2.20E-04
2.00E-04
1.90E-04
1.60E-04
1.40E-04
1.2C0E-04
1.00E-04
9.0CE-05
6.0CE-05
4.00E-05
2.0CE-05
C.CCE+CD

300
280
260
240
1 220
200
180
160
140
120
100
a0

60

40

20

Fig. 21 Rey and § distributions for Re.. =2.4 X 107/m and « =20 deg.

Almost all of the turbulent boundary points fell within the +£20%
bands, but the laminar boundary points showed more scatter. Based
on the range of test data, these fits should be applicable for Re,
values of approximately 10-300 and w/§ values of 2-20.

These correlations are shown with the entire data set in Fig. 23.
Although there is some scatter, the majority of the laminar and
fully turbulent at cavity data points fall below or above the re-
spective curves, while the local disturbance and transition down-
stream data points fall between the two curves. For design pur-
poses, the lower, laminar boundary can be taken as the limit below
which a cavity has no significant effect on heating or boundary-layer
transition.

Critical Reynolds Number
If the exponent in the turbulent boundary point curve fit at —1, a
critical Reynolds number

(Rew,e)m't =p.U.w/pte = Reg(w/0) 3)

as was first defined by Schiller?* and employed by many other au-
thors (e.g., Refs. 24-27), can be used to define a transition criteria.
The new turbulent boundary fit becomes

Reg . =777.36 x (w/8)~" 4)

This slightly different form of the turbulent boundary equation
appears to fit the data as well as the form of Eq. (1), where the
exponent was allowed to vary when determining the fit. Equation (4)
can then be manipulated to yield

(Rey,e) iy =775.36(8/w)(w/0) =775.36(5/6) =5699  (5)

with the constant value of 7.35 for the shape factor for these test
conditions. This constant critical Reynolds number can be substi-
tuted into Eq. (3) to map a turbulent boundary over a vehicle for a
specified cavity size. A sample mapping is shown in Fig. 24.
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Fig. 22 Curve fits to wind-tunnel data points on the boundaries of laminar and turbulent flow.
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Fig. 23 Entire transition data set and correlations for laminar and turbulent boundaries.
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Fig. 24 Critical Reynolds-number boundary for a=16, Re, =
9.8 x 10%/m, and largest cavity size.

Application to Flight Conditions

To determine whether cavities would have significant effects in
flight, Rey, and w/é distributions were extracted from the flight
computations presented by Edquist et al.* Typical centerline heat-
ing and momentum Reynolds-number distributions along the cen-
terline are shown in Fig. 25 for the peak laminar heating point on
the trajectory. It can be seen that the lee side of the vehicle expe-
riences the highest Re, values when at angle of attack. Lee-side
Rey and w/§ values for several trajectory points are plotted (on
a linear scale in this figure) against the correlation curve fits in
Fig. 26. Although these correlations were generated from data ob-
tained in a perfect-gas air facility and might not be strictly appli-
cable to nonequilibrium, Martian atmosphere conditions, they sug-
gest that transition can be caused by the cavities well before the
peak heating point on the trajectory, which would lead to higher
heating rates and greater integrated heating loads downstream of
the cavity. Because of this likelihood of early transition onset,
as well as uncertainties in the prediction of the turbulent heating
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Fig. 25 Centerline heating and Re, distributions for peak heating point on 2007 trajectory.
500 . . . . . downstream of the largest cavity size located at the inner radial lo-
Time of cation. In contrast, although transition at the outer radial location
peak heating occurred at lower freestream Reynolds numbers than for the inner
400/ ] location, there was insufficient running length downstream of the
cavity for fully turbulent flow to develop, and so heating levels were
Re, vs w/d points along typical lower. Thus, for aeroheating design considerations an outer radial
trajectory for nominal cavity size . .
300[ on leeside of flight vehicle 1 location for a cavity would be preferable.
Boundary-layer-edge quantities were extracted from the laminar
&f" \4 Time along Navier—Stokes solutions and were used to correlate the e).cperimen—
200 tal data on the state of the boundary layer. The correlations were
r ] expressed in terms of Rey and w/8 and can be used to determine
Jurbulent bound whether a heat-shield cavity will have no effect on the boundary
layer, will have a local effect, will produce transition downstream
100 Laminar bound 1 of the cavity, or will cause immediate transition to turbulent flow. A
e critical Reynolds number, which can be used to generate a surface
] transition map for given cavity size, was also defined. Application
0 . T of these correlations to boundary-layer quantities determined from
0 5 10 W;: 20 25 30 computations along the flight trajectory indicated that cavities would

Fig. 26 Reg and 6 values along 2007 trajectory compared to boundary-
layer transition date and correlations.

levels resulting from cavity-induced transition, the forebody cavi-
ties were eliminated from the current MSL design by relocating the
attachment points to the aftbody of the vehicle.

Summary

A computational and experimental study has been performed for
the Mars Smart Lander to develop correlations for the effects of
heat-shield cavities on the state of the boundary layer and to compare
predicted and measured wind-tunnel heating levels.

Laminar Navier—Stokes predictions were found to agree with the
laminar wind-tunnel data to within the estimated experimental un-
certainty of the data. However, the agreement between turbulent
Navier—Stokes predictions and experimental data was dependent on
the location of transition specified in the computation and the diam-
eter and location of the cavity on the test model. In general, zero-
transition-length and natural-transition-length turbulent predictions
bounded the shape of the experimental heating distributions, but for
the larger cavities the measured heating levels exceeded the predic-
tions by more than 20%. These differences were attributed to the use
of a simple algebraic turbulence model in the computations and the
exclusion of the actual cavity (and hence its effects on the flowfield)
from the computational geometry.

Based on the turbulent experimental heating data, worst-case
heating levels of up to 25% greater than at the nose were produced

likely produce transition on the lee side of the heat shield well be-
fore the peak heating point on the trajectory. As a result, the cavities
have been removed from the current MSL design by relocating the
attachment points to the aftbody.
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