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Application of the LAURA Code for
Slender-Vehicle Aerothermodynamics

Richard A. Thompson* and Peter A. Gnoffot
NASA Langley Research Center, Hampton, Virginia 23665

Application of a three-dimensional thin-layer Navier-Stokes code (LAURA) to compute the laminar and tur-
bulent perfect gas aerothermodynamics of slender vehicles is demonstrated in this paper. Comparison of solu-
tions with experimental data enabled an assessment of the code's aerodynamic heating prediction capabilities.
The results show radial grid refinement to a wall cell Reynolds number of 2 to be accurate for predicting aerody-
namic heating to a slender cone. Additional comparisons for an 80-deg slab-delta wing, a generic aero-space
plane vehicle, and an all-body configuration show the method to be generally accurate using this radial cell spac-
ing. Discrepancies between the predicted and measured heating in a region of crossflow separation on the generic
aero-space plane geometry are noted, which indicates the need for further study. Although additional applica-
tions and comparisons are required to fully test the LAURA program, the results of this study demonstrate the
current level of confidence and the engineering utility of this particular code for slender-vehicle applications.

Nomenclature
a = major axis of elliptical cross section
b = minor axis of elliptical cross section
c = sfreed of sound
L = axial length
M = Mach number
q = heat transfer rate
<7ref = reference heat transfer rate used for

nondimensionalization
Re - Reynolds number
RecQ\\ = cell Reynolds number
rn = nose radius
s0 = surf ace distance from leading edge of slab-delta

wing
T — temperature
U = velocity
x = axial distance
y = spanwise distance
a. = angle of attack
An = radial cell spacing at the wall
I* = viscosity
p = density

Subscripts
H> = value at the wall surface
oo = value at freestream conditions

Introduction

INTEREST in a growing array of hypersonic vehicles in the
past few years has prompted significant research in all

design disciplines. One result of these efforts has been the de-
velopment of new and refined computational tools for aero-
dynamic/aerothermodynamic analyses. However, with the de-
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velopment of new computer codes comes additional
requirements in the evaluation, testing, and application of new
techniques. Confidence in the predictive capability and an as-
sessment of the engineering utility of these tools become of
primary importance. A principal step toward this goal is the
calculation and comparison of results with a range of ex-
perimental data. At this point, a practical knowledge of the
accuracy and applicability of a computer code in an engineer-
ing environment is gained.

The purpose of the current paper is to demonstrate and
evaluate the application of the LAURA (Langley Aerothermo-
dynamic Upwind Relaxation Algorithm) code for aerothermo-
dynamic analyses of slender hypersonic vehicles. As such, this
study constitutes one step in the validation process. The
LAURA code is a three-dimensional, finite volume, thin-layer
Navier-Stokes solver developed by Gnoffo.1'3 The primary de-
velopment of this code for the past few years has been directed
toward design requirements for the aeroassist flight experi-
ment (AFE) vehicle and aeroassist space transfer vehicles
(ASTV) in general. These vehicles are typically very blunt with
large wake-flow regions. Since the LAURA code is completely
general in terms of geometry, it can be applied to the other
spectrum of shapes as well, namely, slender vehicles.

The direction of the present work was to use the LAURA
code for aerothermodynamic predictions over more slender
vehicles than those considered to date. In this respect, the
study is directed toward the National Aero-Space Plane
(NASP), which is receiving considerable attention within the
hypersonic community. For the purposes of this paper, only
laminar and turbulent perfect gas flow conditions were con-
sidered. A study of the LAURA code with real gas chemistry,
and the associated effects on slender vehicle flowfields, would
be the subject of another paper and is not included here. Nev-
ertheless, the predictions presented herein are among the first
aerothermodynamic results presented for slender three-
dimensional vehicles using the LAURA code.

To evaluate the present results, the LAURA predictions are
compared with various sources of ground-based experimental
data. In this paper, we intend to contribute to the validation of
the code for applications to slender three-dimensional config-
urations such as NASP by focusing on comparisons of surface
heat transfer results. Previous studies concerning calibration
of the LAURA code are reported in Refs. 4 and 5. The follow-
ing sections of this paper give short descriptions of the predic-
tion method and the experimental data used for comparison.
This is followed by a discussion of the results and some con-
clusions related to the objectives of the paper. More complete
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details of the computational method and experimental data
can be found in the references cited.

Computational Method
The code used in this paper (LAURA) was developed by

Gnoffo1'3 primarily to treat the blunt-body and wake flow
around ASTV configurations. Gnoffo6 has extended the origi-
nal LAURA code to model finite rate chemistry and thermal
nonequilibrium effects that are expected in the ASTV flight
regimes. The majority of applications of the LAURA code to
date have been for these very blunt vehicles. Some work with
slender vehicles has been done by Greene,7 wherein the global
time relaxation of the LAURA code was replaced by spatial
marching in the streamwise direction and time relaxation in
the marching planes. Greene showed good agreement of his
marching code with experimental heat transfer measurements
to sphere cones and a shuttlelike geometry. In the present
paper, the LAURA code is used in its original global time-
relaxation form.

The LAURA code uses a finite volume approximation to
the integral form of the thin-layer Navier-Stokes equations. A
second-order-accurate symmetric total variation diminishing
(STVD) scheme8 is used in the upwinded differencing of the
discretized equations. Roe's averaging9 is employed to define
variables at cell walls from the dependent variables at adjacent
cell centers. The discretized equations are relaxed in time by
global sweeps through the computational domain. In the
relaxatipn scheme, dependent variables at a cell center are
treated implicitly, whereas adjacent cell variables are treated
explicitly using the latest available information in the iteration
process. As a result, the relaxation only requires the inversion
of a 5 x 5 matrix of the dependent variables at a cell center for
the perfect gas case.

Grid adaption in the radial direction (away from the body
surface) is performed during the relaxation sweeps. This adap-
tion is used to move cells in and parallel to the shock layer
once the bow shock is captured and also to cluster cells near
the body surface for accurate boundary-layer and heat trans-
fer calculations. Calculations are usually initiated with one-
fourth of the desired number of radial cells and later enriched
by successive doubling during the relaxation sweeps. This pro-
cess promotes convergence and stability of the solution. The
grid adaption procedure was enhanced in this study by incor-
porating the method of Nakahashi and Deiwert10 to control
the cell spacings away from the wall. At the wall, the cell
Reynolds number, given by

(1)

was defined a priori and the resulting cell spacing then com-
puted for every point on the body surface during the adaption
process. No study of the refinement or adaption of cells in the
axial or circumferential directions was performed.

Experimental Data
Sphere Cone

The spherically blunted cone is one of the simpler geometri-
cal configurations to model; however, the flowfield surround-
ing a sphere cone can exhibit important features such as nose-
bluntness effects and leeside vortices at angle of attack.
Because of its simplicity, the sphere cone presents an easy can-
didate for code testing while providing some insight into flow
phenomena associated with slender vehicles. Moreover, a wide
range of experimental and computational results for sphere-
cone vehicles exists in the literature for validation purposes.

One source of experimental data is the wind-tunnel tests
performed by Cleary.11 In these tests, heat transfer mea-
surements were made for a 15-deg spherically blunted cone
with two different nose radii at Mach 10.6 over a wide range
of angle of attack. Thus, deary's data include effects due to
variable nose bluntness and three-dimensional flow resulting

from the angle-of-attack variation. These data have been used
extensively in the past in comparisons with the full range of
computational methods (approximate techniques to Navier-
Stokes solvers). They are used in this paper to examine the ef-
fects of radial grid spacing on the LAURA code solutions as a
precursor for the more geometrically complex vehicles that
follow.

Slab-Delta Wing
The slab-delta wing is a good model for study since it incor-

porates some of the flow phenomena' associated with NASP-
like vehicles (e.g., flat windward surfaces with regions of in-
flow and outflow). In addition, an extensive experimental data
base for both spherically blunted and sharp-prow slab-delta
wings exists12"14 at hypersonic flow conditions.

The 80-deg sweep slab-delta wing tested in Ref. 14 was con-
sidered in this paper. The experimental model in this case was
approximately 14 nose radii long, as shown in Fig. 1. Thermo-
couple gauges were used to measure heating to the slab-delta
wing along the windward center line and in the crossplane.
These crossplane measurements provide heating distributions
from the leeside of the leading edge to the windward centerline
in the direction perpendicular to the leading edge (Fig. 1).
Because of the relatively short length of the model, the flow
over the slab-delta wing was dominated by nose bluntness ef-
fects. Nevertheless, an important characteristic in the

L/r,

Fig. 1 Slab delta-wing geometry.

Upper surface

Lower surf ace

Fig. 2 Blended wing-body configuration.
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flowfield (i.e., inflow on the windward side) was still evident
in the experimental and computational results.

Blended Wing Body (National Aero-Space Plane Generic Option 2)
Moving in complexity from the sphere cone and slab-delta

wing, the blended wing body (BWB) is a three-dimensional ve-
hicle that includes nose bluntness, a flattened windward sur-
face, leading-edge chines, and a double compression ramp
system (Fig. 2). This generic configuration was one of several
aerothermal, pressure, and force models tested in a series of
studies15 designed to investigate NASP technology and pro-
vide data for computational fluid dynamic (CFD) code valida-
tion. The BWB heat transfer and pressure model was tested
experimentally in the Calspan shock tunnel16 for Mach
numbers ranging from 11.6 to 19.53 with Reynolds numbers
from 0.11 x 106 to 11 X 106 per foot. Both sharp and blunted
nose shapes were configured on the BWB and tests were run at
angles of attack from 0 to 10 deg. Heat transfer measurements
were made at over 100 surface locations and yielded distribu-

Elliptjcal cross sections
a/b=4

x/L

Fig. 3 NASA Ames all-body geometry.
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Fig. 4 Heat transfer results for the 15-deg sphere cone, Mw - 10.6.

tions along the upper (leeward) and lower (windward) symme-
try planes, along off-centerline rays on the lower surface, and
in the crossplane direction. The extensive data base generated
during these tests has been used for comparison16'18 with sev-
eral state-of-the-art computer codes. These experiments pro-
vide an excellent data set for code evaluation/verification and
are used in the present paper for comparison with the LAURA
results.

NASA Ames All Body
The NASA Ames all-body investigation was designed to es-

tablish a benchmark experimental data base for a generic
hypersonic vehicle that can be used for code validation/cali-
bration.19 The all-body model is representative of a hyper-
sonic cruise vehicle with forward canards and combination
vertical/horizontal tails. A test program was implemented to
obtain surface and flowfield data for this configuration in the
NASA Ames 3.5-ft Hypersonic Wind Tunnel over a range of
conditions.

Test results for the all-body investigation have been pub-
lished for a freestream Mach number of 7.4 at Reynolds
numbers from 1.5 x 106 to 25 x 106 based on body length,
and angles of attack from 0 to 15 deg. These conditions pro-
duce a broad range of phenomena including laminar to turbu-
lent flows and attached to separated leeside flows. Data ob-
tained on the all-body vehicle include shadowgraph and
surface oil flow visualization studies, surface pressure and
heat transfer measurements, and pitot probe flowfield
surveys.

A sketch of the all-body geometry is shown in Fig. 3. The
pressure and heat transfer models tested to date, depicted in
this figure, do not include the carnards or tail surfaces. The
sharp-tipped model has elliptical cross sections and is 3 ft in
length. In the planform view, the body has a delta shape with a
leading-edge sweep of 75 deg. As viewed from the side, the
forebody has a 3.83-deg compression on the upper and lower
surfaces followed by a 7.63-deg expansion surface to the end
of the body. The compression surfaces produce a 4:1 elliptical
cross section over the first two-thirds of the model length. The
remaining length is characterized by increasingly elliptic cross
sections that degenerate to a line at the trailing edge.

Results and Discussion
The comparison of predictions with experiment for each of

the configurations considered are presented and discussed in
this section. Note that the heating rates for every case are non-
dimensionalized by a reference value </ref to mask the actual
magnitudes. Both computational and experimental values are
nondimensionalized by the same qref value for a given figure.

Sphere Cone
The sphere-cone geometry and test results from Cleary11

were used initially to examine the effects of radial grid spacing
on the LAURA code solutions. These heat transfer compari-
sons are shown in Fig. 4 for the 15-deg sphere cone fitted with
two different nose radii (0.375 and 1.1 in.) at a 0-deg angle-of-
attack condition. Freestream conditions for this case are pre-
sented in Table 1. Three radial spacings, corresponding to
maximum cell Reynolds numbers /tecell of 2, 20, and 200 at the
body surface, were used for the LAURA predictions. A total
of 64 cell volumes in the radial direction were used in each cal-
culation with a constant grid stretching factor of 1.2 in this case.
In the axial direction, 59 and 84 cells were used in the calcula-
tions for the large and small nose radius cones, respectively.

As seen in Fig. 4, the largest radial cell spacing (Receu =
200) results in a poor heat transfer prediction in comparison
with the data for both nose radii bodies. Refining the spacing
to Recell = 20 improves the prediction significantly, whereas
further refinement has only a marginal effect. This last refine-
ment (to Recett = 2) results in heating differences of less than
5% in comparison with the next coarser grid. Comparing the
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Table 1 Freestream conditions

Geometry

15-deg sphere cone
80-deg slab-delta wing
Blended wing body
NASA Ames all body

Mw

10.6
9.6

12.4
7.4

a,
deg

0.0
5.0
6.0
5.0

l/o.,
ft/s

4795.7
4348.9
7713.0
3816.0

Poo,
slug/ft3

1.89 X KT5

2.01 x 10~5

1.06 X 10~5

1.21 X 10~4

^00,

°R

85.2
85.4

161.2
110.7

*«.,
ft"1

1.2 x 106

1.0 x 105

5.7 x 105

1.5 x 107

LAURA predictions for the fine radial spacing (/teceU = 2)
with the experimental data in Fig. 4 shows excellent agree-
ment, except near the end of the large nose radius (rn = 1.1
in.) body. The experimental heating in this region is higher
than expected and may indicate a transitional state, which
would account for the disagreement. Based on these results, a
radial grid spacing with Recel] = 2 at the body surface was
chosen as a conservative value for the present heat transfer
calculations and is used for all predictions in this paper.

Slab-Delta Wing
Comparisons of the LAURA predictions with experimental

data for the 80-deg slab-delta wing are presented in Figs. 5 and
6. These results correspond to a case at Mach 9.6 and 5-deg
angle of attack with the remaining freestream conditions
shown in Table 1.

The geometry of the slab-delta wing is analytic so that
modeling the body surface was straightforward. To discretize
the flowfield around the slab-delta wing, 48 axial, 64 cir-
cumferential, and 64 radial cells were used. The radial cells
were clustered at the body as discussed previously, whereas the
circumferential cells were evenly spaced. In the axial direction,
the cell walls were aligned along spherical coordinate rays in
the nose region starting from an axis singularity and then in
constant axial planes over the afterbody.

Measured and predicted heating distributions along the
windward centerline of the slab-delta wing are compared in
Fig. 5. Here, the prediction and data are in fair agreement, but
the experimental data are underpredicted by 15-20%. Better
agreement between prediction and experiment is shown in Fig.
6 for the crossplane heating distributions. This figure com-
pares the distributions, in terms of surface distance measured
from the wing leading edge (s0/rn = 0), for three streamwise

O Data(Ref. 14)

LAURA

stations (L/rn). The experimental data extend from the leeside
of the leading edge (negative s0/rn) around toward the wind-
ward centerline and are predicted generally well with the
LAURA code. A region of crossflow separation on the leeside
of the slab-delta wing was evident in the computed velocity
profiles and is reflected by the increase in heating (Fig. 6) near
the leeside symmetry plane. More important, the heating levels
predicted for the separated region are comparable in magni-
tude with the heating to the windward surface. Unfortunately,
there were no experimental data for comparison in this region.

Blended Wing Body
Two calculations for the blended wing body at an angle of

attack of 6 deg were done corresponding to wind-tunnel condi-
tions at Mach 12.4 and 16.7 and Reynolds numbers of 5.7 x
105 ft'1 and 1.1 x 105 ft"1, respectively. Table 1 lists the
other pertinent conditions for these cases. Only results from
the case at Mach 12.4 are presented in this paper since the
other calculations are similar and have been shown in Ref. 20.
Initial and repeat runs were made at Calspan during the series
of aerothermal tests for the Mach 12.4 condition. With the ad-
dition of spot heat transfer measurements during subsequent
flow-survey runs, this case provides the most data on the BWB
for a given flow condition. For clarity, only the data from two
runs will be shown in the comparisons for this paper. Repeata-
bility of the heat transfer measurements from the other runs
was generally good. It should be noted that the wind-tunnel
model was configured with a blunted nose tip in both cases,
which was fully modeled and computed in the solutions. In ad-
dition, the present calculations only extend to the end of the
compression ramp system (x/L = 0.778) and do not include
the wing and vertical tail seen in Fig. 2.

In presenting the results for the BWB, the grid generation
and other computational issues are discussed first, followed by
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Fig. 5 Windward centerline heat transfer results for the slab-delta Fig. 6 Crossplane heat transfer results for the slab-delta wing, M
wing, MV = 9.6. = 9.6.
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Off-centerline rays

0 0.132 0.294 0.513 0.633
X/L

Fig. 7 Lower planform view of the blended wing body.

Fig. 8 Flowfield discretization for the blended wing body.

comparisons of the heating distributions in the symmetry
plane, along off-centerline rays on the windward surface, and
in the crossflow direction. Figure 7 shows the locations of
these heat-transfer distributions in a planform view of the
body surface.

Modeling the BWB required both an accurate surface
definition and a flexible grid generation scheme. For these
results, the surface of the vehicle was modeled using an in-
teractive computer code21 to fit the cross-sectional and longi-
tudinal shape of the wind-tunnel model. This complete surface
model provided the capability to generate body radii and
flowfield grids at any cross section on the geometry.

A stacked two-dimensional grid approach was taken to dis-
cretize the three-dimensional flowfield over the forebody of
the BWB. In this approach, two-dimensional grids were gener-
ated around cross sections of the BWB at specified axial loca-
tions. The three-dimensional grid is simply a collocation of
these two-dimensional grids. An elliptic grid generation
scheme was used to generate the two-dimensional grids, which
provided some degree of grid orthogonality in the cross-
sectional plane. The grid was clustered in the circumferential
direction in each cross-sectional plane based on the local body
curvature weighted with surface distance. This allowed the
sharp corners and high-gradient regions to be modeled ac-
curately while retaining a fair concentration of cells around
the entire cross section. Grid generation for the blunted nose
region of the BWB was handled somewhat differently than for

the forebody. Here, the computational cells were constructed
in a spherical coordinate system (with an axis singularity) that
maintained the same circumferential grid clustering used on
the forebody.

In the final arrangement, the physical domain was com-
posed of 64 cells in the radial and circumferential directions
and 41 cells in the stream wise direction. Radial clustering of
cells was done such that the cell Reynolds number was equal to
or less than 2 at every point on the body surface, as discussed
previously. Also, the axial locations of the stacked two-
dimensional grids were chosen to give somewhat finer grid res-
olution near the ramp junctures. Figure 8 shows the resulting
cell distribution in two of the cross-sectional planes. For clar-
ity, the grid shown is from the initial discretization before the
radial adaption and enrichment of the solution procedure.

The comparisons of prediction with experiment for this case
are presented in Figs. 9-12. Figure 9 shows the heat transfer
predictions along the upper and lower symmetry planes in
comparison with the measured data. The agreement between
theory and experiment is excellent on the lower symmetry
plane for the first 30% of the body and on the upper symmetry
plane for the first 40%. Note that these regions are influenced
by nose bluntness effects, which appear to be captured well in
the numerical simulation. At the aft end of the upper (lee-
ward) plane, the differences between prediction and experi-
ment become larger with the predicted heating level under the
measured values by 40% or more. These differences are
believed to be caused by inadequate resolution of a region of
crossflow separation. Finer grid spacing may improve the lee-
ward comparison; however, no axial or circumferential grid
refinement studies were performed for this paper. Such a
study should be considered to resolve these differences. On the
lower (windward) symmetry plane of the blended wing body
(Fig. 9), the predicted heating level is 20-30% higher than was
measured for the region beginning at about x/L = 0.30 and
extending to the first ramp (x/L = 0.433). This overprediction
may be due to underprediction of the strong inflow toward the
centerline in this region. Downstream, the wide scatter in mea-
sured heating in the symmetry plane of the compression ramps
indicates possible unsteady or transitional flow conditions.16

Although the comparison in Fig. 9 is generally poor on the
aft windward centerline, the distributions of heating rates
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| Ret. 16
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10'!
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0.0 0.2 0.4 0.6
X/L

0.8 1.0

Fig. 9 Symmetry plane heat transfer results for the blended wing
body, A/,* = 12.4.
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along off-centerline rays presented in Fig. 10 yield more infor-
mation on the windward surface heating rates. The location of
these rays on the lower surface with respect to the centerline
are shown in Fig. 7. In contrast to the symmetry plane com-
parison, the agreement between experiment and prediction
here is good to excellent on both of the compression ramps
and for the area upstream of the first ramp. The good agree-
ment along these windward surface rays and not along the
symmetry plane indicates either some unknown phenomenon
in the experimental results (e.g., transition or unsteadiness) or
inadequate modeling in the computation. Considering the
data scatter in the symmetry plane, it is not expected that the

10

x/UO.513

O Initial run
D Repeat run
— LAURA

Ret. 16

10'1

10

O Initial run 1 Ref> 16
a Repeat run J

— LAURA

ray 1

forebody iramp : ramp

10'

ray 2

forebody :ramp : ramp

10
forebody ramp ramp

ray3

0.0 0.2 0.4 0.6
X/L

0.8 1.0

Fig. 10 Off-centerline heat transfer results for the blended wing
body, MOO = 12.4.
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Fig. 11 Forebody crossplane heat transfer results for the blended
wing body, A/*, = 12.4.

X/U0.633

10
0.00 0.05 0.10 0.15

Fig. 12 Afterbody crossplane heat transfer results for the blended
wing body, Mw = 12.4.

differences in the windward centerline comparisons can be re-
solved.

The remaining figures presented for this case (Figs. 11 and
12) show measured and computed heating distributions in the
circumferential direction at four fuselage stations. These sta-
tions represent regions on the BWB forebody within the nose-
dominated flowfield (x/L = 0.132), downstream of the nose
effects (x/L = 0.294), on the first compression ramp (x/L =
0.513), and, finally, on the second ramp (x/L = 0.633).
Figure 7 shows the locations of these stations in the planform
view. The abscissa in these figures represents the buttline dis-
tance (y/L) measured from the plane of symmetry. Overall,
the agreement between prediction and experiment is good and
reflects the previous findings. That is, the predictions away
from the symmetry plane (y/L > 0.0) are generally in better
agreement with the experimental data. The repeatability of the
experimental data shown in Figs. 11 and 12 is also good, in
contrast to the windward centerline measurements. Note that
the regions of high heating around the body corners and
leading-edge chines are underpredicted (Fig. 12), presumably
due to insufficient circumferential grid resolution. As men-
tioned previously, this may also be the cause for the poor
agreement along the aft end of the upper centerline. In Fig. 12,
the data and prediction both show a region of crossflow sepa-
ration near the upper centerline; however, the discrepancies
are difficult to assess from these heating results alone.

NASA Ames All Body
One test case condition at Mach 7.4, Reynolds number of 15

x 106, and angle of attack of 5 deg was selected from the the
middle range of the available data for the all-body configura-
tion. Comparison of the measured and predicted heat transfer
along the upper and lower plane of symmetry of the body is
shown in Fig. 13 for this case. The LAURA prediction
assumes turbulent flow over the vehicle and uses the algebraic
eddy-viscosity model of Baldwin and Lomax22 in the calcula-
tion. Transition was assumed to begin just downstream of the
sharp nose as shown by the small peak in the predicted heating
around x/L = 0.01. A region of nonlinear heating distribu-
tion is evident in the prediction on both the upper and lower
symmetry plane for the first 20-25 % of the length. This heat-
ing distribution was not seen in earlier predictions using a
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Fig. 13 Symmetry plane heat transfer results for the NASA Ames all
body, A^ = 7.4.
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Fig. 14 Crossplane heat transfer results for the NASA Ames all
body, Mw = 7.4.

parabolized Navier-Stokes code19 and is thought to result
from strong interaction effects in the sharp nose-tip region.

Comparing experiment with theory, the predicted heating is
seen to be in excellent agreement on the forebody of the upper
surface (before the expansion region) but 15-20% higher than
measured on the lower surface. More striking is the poor
agreement on both the upper and lower symmetry planes in
the expansion region of the afterbody. Here, the predicted
heating is roughly 50% higher than measured. Other pub-
lished comparisons19 with this data have shown similar disa-
greement in this region. However, comparisons (not shown
here) of the computed and measured surface pressures are in
excellent agreement in this region. In addition, a laminar cal-
culation for this case showed that the measured heating was
near midway between the predicted laminar and turbulent
levels. It is probable that the disparity in heating is caused by
some degree of relaminarization at the expansion corner,
which is not modeled by the turbulent calculation. Similar re-

duction effects on turbulent heating have been shown23 in ex-
perimental tests for an expansion biconic configuration.

The distribution of surface heat transfer in the crossplane
direction on the all-body geometry is shown in Fig. 14. This
figure compares the predicted heating rate with experimental
measurements for axial stations at x/L = 0.5 and 0.6. The
computed heating distributions on the lower surface are higher
than measured but do exhibit similar trends moving from the
centerline (y/L = 0.0) toward the peak heating at the leading
edge. Measured and computed heating are in better agreement
over the upper surface in these crossplane comparisons, simi-
lar to the results shown in the symmetry-plane comparisons.
The axial variation of heating between the two crossplane sta-
tions is small for this angle-of-attack condition. Also note that
a small local maximum in heating at the upper centerline is dis-
cernable in the computed results due to the reattachment of
leeside vortices. Particle traces confirm the existence of this
vortical flow in the computation, and oil flow studies have
been reported19 to show a similar result.

Conclusions
Application of a three-dimensional, thin-layer, Navier-

Stokes code (LAURA) for slender-vehicle aerothermo-
dynamics was demonstrated in this paper. Comparisons of
predicted heat transfer with experimental measurements were
made to assess the results. Perfect gas, laminar, and turbulent
heat transfer cases were considered. A radial grid refinement
study showed a wall cell Reynolds number of 2 to be accurate
for predicting aerodynamic heating for a slender sphere cone.
Calculations were performed for an 80-deg slab-delta wing at
5-deg angle of attack, a generic aero-space plane, and an all-
body configuration. Comparisons with experimental data
showed that the LAURA code could predict the heating gener-
ally well for these complex vehicles. Discrepancies in the pre-
dicted and measured heating in a crossflow-separated region
of the aero-space plane geometry were noted, which indicated
the need for further grid refinement and/or adaption studies.
Although additional applications and comparisons are needed
to fully test the LAURA code, the results of this study demon-
strate the current level of confidence and the engineering uti-
lity of this particular code for slender-vehicle applications.
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