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Comparison Between Numerical and Experimental Results
on Different Hermes Elevon Shapes
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and
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A comparison between experimental and numerical data around two-dimensional deflected Hermes elevon
configurations, in wind-tunnel conditions, is discussed. The available experimental data are compared with the
numerical results obtained with different state-of-the-art hypersonic Navier-Stokes codes to make a code-code and
a code-experiments verification. The main physical parameters characterizing the shock-wave/boundary-layer
interaction that occurs around the hinge in the considered flowfields, as well as separation, laminar-turbulent
transition, and peak heating, have been analyzed and verified by means of some theoretical-empirical correlation
laws. The present experimental results have been obtained in the frame of an European Space Agency program.

Nomenclature
C* = Chapman-Rubesin constant
h = heat transfer
M = Mach number
n = exponent for peak heating correlation
p = pressure
Re = Reynolds number
X = X coordinate
Y = Y coordinate
a, 8 = constants for Eq. (1)
o = density
0 = deviation angle
Subscripts
e = edge of boundary layer
is = incipient separation
[ = laminar conditions
pk = peak value
ref = reference value
t = turbulent conditions
ui = upstream of interaction
w = wall

Introduction

URING the activities for designing the Hermes re-entry ve-

hicle, experimental measurements in wind-tunnel conditions
(S4ma hypersonic facility at the ONERA Modane Test Centre) have
been carried out on a reduced scale (1/40) model.

In particular, wall heat flux distributions have been measured
over two different Hermes models with two elevon shapes (half-
cambered and full-cambered, as shown in Fig. 1), and have been
obtained by using two different techniques, thermocolor (TC) and
thermocouples (TCP), with natural laminar to turbulence transition
and imposed transition by means of wires fixed on the model.
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The numerical simulations have been carried out by using two
different Navier-Stokes hypersonic codes: 1) VG2DB, the two-
dimensional version of VIRGINI three-dimensional code, inten-
sively used during the Hermes program, which uses a finite element
approachon unstructuredgrids, developedby Dassault Aviation and
2) H2NS, a two-dimensional and/or axisymmetric code that uses a
finite volume technique on structured grids, developedby the Centro
Italiano Ricerche Aerospaziali (CIRA).

The flat-, half-, and full-camberedshapes (see Fig. 1) of the elevon
have been studied to assess the influence of the geometric shape on
the shock-wave/boundary-layer interaction and laminar to turbu-
lence transition. In fact, a critical issue of these numerical simula-
tions is to correctly set the transition onset from laminar to turbulent
flow and to choose the more appropriateturbulence model to match
experimental results. Two different turbulence models have been
considered: an algebraic one implemented in H2NS and the two-
equation k-¢ one implemented in the VG2DB code.

Zonal Navier-Stokes computations have been carried out taking
into account the Hermes elevon region. The computational domain
has been created by zooming on the elevon region of the Hermes
bottom and extends from X = 194.35 mm to the end of the control
surface (X = 395 mm for the flat elevon), as shown in Fig. 1; the
two-dimensional section has been selected at a spanwise coordinate
equal to 2000/40 mm from the centerline. At the inlet boundary
of the computational domain, the flow variables previously calcu-
lated by an Euler equilibrium flow approach coupled with a laminar
boundary-layerassumption on the global vehicle configurationhave
been enforced (postshockconditions) as a viscous predictionto start
Navier-Stokes computations.

Reservoir conditions of the facility S4ma, freestream conditions
inside the test chamber, and local (inlet) conditions for the com-
putational domain are as follows. For the reservoir conditions, the
total pressure is 85 bars and total temperature is 1100 K. For the
test chamber conditions (at the nozzle exit), the Mach number is
9.90, the unit Reynolds number is 2.1 x 10%/m, the angle of attack
is 30 deg, the elevon deflection is 10 deg, and the model scale is
1/40. At the local inlet conditions (X = 194.35 mm), the Mach
number is 2.034, the unit Reynolds number is 1.404 x 10%/m, the
wall temperature is 290 K, the temperature is 603 K, the pressureis
7432.5Pa, the densityis 0.0427 kg/m?, and the specific heats ratio
is 1.392.

Two kinds of shock-waveboundary-layerinteractionshave been
selected: laminar-turbulent, with transition onset around the hinge
of the elevon, and turbulent-turbulent, with transition onset not far
from the inflow section. The computational test matrix is reported
in Table 1, where the available heat flux measurements are also
indicated.
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In Table 1 natural transition stands for transition onset down-
stream of the hinge (X = 347.65-349.75 mm for VG2DB and set
to X = 348.7 mm for H2NS), forced transition stands for transition
onsetnear the inlet of the computationaldomain (X = 200-205 mm
for VG2DB and set to X = 202.5 mm for H2NS) and large tran-
sition stands for a transitionregion extended between two different
stations by means of an intermittency function.

The half-cambered elevon shape was related to the Hermes ver-
sion 314 and the full-cambered shape to the Hermes version 1.0,
whereas the flat elevon shape has to be considered as a reference
shape for which experimental model and data are not available. For
all of the geometric configurations two simulations have been per-
formed by considering, respectively, transition at hinge and fully
turbulent flow and a laminar computationhas been added as a refer-
ence for flat- and half-camberedshapes. An additionalrun has been
added for the full-cambered shape (computed only with VG2DB,
simulating a large transition region around the hinge). All of the
computations have been performed by using a mesh (153 x 129
grid points) stretched in the direction perpendicularto the wall to
correctly predict the boundary layer. The structured grid is charac-
terized by a minimum normal spacing in proximity of the corner
equal to 7.5 um (and a corresponding aspect ratio equal to about
190). An unstructured grid with the same number of grid points has
been used for VG2DB numerical simulations.

Experimental Facility and Results

Experimental results are available in the S4ma hypersonic wind
tunnel facility,? in which since 1987 a great number of tests have
beenperformedin the frame of the Hermes program. S4ma is ablow-
down wind tunnel fed with air from the center’s compressedair store
(109 m? ata pressure of 270 bar). A heater, which is 2 m in diameter
and 10 m high and contains 11 tons of aluminapebbles, can be raised
by propane combustion to a maximum temperature of 1850 K. The
wind tunnelis equipped with three nozzles where the Mach number
at the exit section (test chamber) ranges from 6.4 to 12. The core di-
ameteris 0.55m, providingfor tests with model lengths of 0.35m at
an angleof attack up to 50 deg and amodel span of 0.23 m thatcanbe
conducted for run durations between 20 and 60 s. The test chamber
is cubic (3-m-long sides) and is equipped with an angle-of-attack
table (£15 deg, rotating at 2-5 deg/s) and sideslip table (£50 deg,
ata speed of 2.8-11 deg/s). A 128-channel data acquisition system
is available, 92 of which can be used for heat flux measurements,
processedin real time on a VAX 6320 computer. A great number of
six-componentbalances (for force and moment measurements) and
a shadowgraph system (with a field of 800 mm) are also available.

Table 1 Test matrix

Shape Flow H2NS VG2DB Exp. Tech.

Flat Laminar
Flat Natural Transition
Flat Forced Transition
Half Laminar

eI i i
Rl o Rl ool

Half Natural Transition TC, TCP
Half Forced Transition TC
Full Natural Transition TC, TCP
Full Large Transition TC, TCP
Full Forced Transition

x=194.35 [mm)]

LOCAL
FREESTREAM FLOW

The experimental results for the Hermes model in the S4ma wind
tunnel are available for two Hermes elevon shapes'-: half-cambered
shape (Hermes version 314) and full-cambered shape (Hermes ver-
sion 1.0).

These data have been obtained by using two differenttechniques:
TC and TCP. The experimental uncertainty is about 20% for the TC
technique and 10% for the TCP technique. For the half-cambered
elevon shape a set of measurements data with forced transition is
also available. The transition of the boundary layer is promoted by
means of two ring lines located near the nose of the model. All of
the experimental data are reported in Figs. 2 and 3. The heat flux
is normalized with a reference value of 280 kW/m?, which is the
heat flux value calculated by means of the Fay-Riddel formulaon a
sphere in wind-tunnel conditions, characterized by a 1 m radius of
curvature, reduced to the scale model (1/40).

The experimental results obtained with the two different mea-
surement techniques do not show good agreement. The main dis-
crepancies are observed on the heat flux level downstream of the
interaction, where the laminar to turbulence transition occurs. This
fact has to be ascribed to the different material of the solid surface
(metallic for TCP and insulated for TC), which affects the transition
on the elevon surface by means of temperature in the proximity of
the wall (however, in the wind-tunnel conditions a transitional heat
flux peak is observed, and so the turbulent computation could not
reflect the true physics of the phenomenon).

Numerical Methodologies

The numerical two-dimensionalsimulationshave been performed
in the assumption of laminar, transitional, and turbulent perfect gas
flow over three different geometries of the elevon, deflected by 10
degaccordinglyto the availableexperimental data. In the following,
a brief description of the main characteristics of the Navier-Stokes
hypersoniccodes used (VG2DB and H2NS) is reported.
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Fig. 2 Experimental heat flux measurements on half-cambered elevon
shape.
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Fig. 1 Flat-, half-, and full-cambered Hermes elevon shapes.
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Fig. 3 [Experimental heat flux measurements on full-cambered elevon
shape.

VG2DB

The industrial code VG2DB>* uses a finite element approach on
unstructured grids. Good stability characteristicsand accuracy have
been obtained by using the Galerkin least squares (GLS) method.
Even thoughthe GLS methodis stable, spuriousoscillationsmay oc-
cur in the proximity of strong gradients, as well as shock waves and
strong expansions. Therefore, a nonlinear discontinuity-captuing
operator is added to the formulation. Convergence to a steady so-
lution of the compressible Navier-Stokes equations is achieved
by means of an implicit iterative time-marching algorithm. The
code is based on a symmetric form of the equations written in
terms of entropy variables. Equilibrium chemistry with five-species
model of air has been used extensively. Thermochemical nonequi-
librium is also available in the code, but it has not been switched
on for these simulations. The turbulence model employed is a two-
layer model that uses a one-equation model in the viscous sub-
layer and matches the k—€ model in the log-law region. This model
has been chosen for its accuracy in predicting high-speed shock-
wave/boundary-layerinteraction flows. The transition region is ex-
tended between two different stations by means of an intermittency
function.

H2NS

The research code H2NS solves the full Navier-Stokes equa-
tions on structured grids both for internal and external flows, in
two-dimensional as well as in axisymmetric cases, with chemical
and vibrationalnonequilibrium. A finite volume technique has been
used, with a flux difference splitting Riemann solver formulation >-¢
with a second-orderreconstructionof fluxes at cell interfaces. A de-
tailed description of this solver is given in Refs. 7-10, where the
code has been extensively tested and validated by computing differ-
entflowfields as hyperboloidflare, shock-shock type IV interaction,
and nozzle flow problems.

Different thermochemical nonequilibrium and transport models
are available in the code.'""'? In the hypothesis of perfect gas, the
laminar viscosity has been calculated by means of the Sutherland’s
law, whereas turbulence effects have been accounted for by model-
ing the eddy viscosity by means of the algebraic turbulence model
of Baldwin and Lomax,'® in which transition is set to a fixed
station.

Discussion of Results

Comparison with Approximate Methods

Initially a comparison of the numerical results with predictions
made by using simplified formulations and empirical correlation
laws has been made, in particular, concerning the verification of
the pressure distribution, the attached or separated boundary-layer
character,and the peak heating values. The purposeis to demonstrate
if a simplified method based on correlations is able to predict the
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Fig. 4 Numerical-approximate results for the pressure coefficient on

different Hermes elevon shapes, fully turbulent case.

order of magnitude of heat flux along the elevon. This technique
should be useful during a predesign phase.

For the pressure coefficient, the numerical turbulent results have
been compared with the ones obtained by using a shock-expansion
method. The results relative to the three different cambered shapes
are shown in Fig. 4. The good agreement between computational
fluid dynamics (CFD) results and simplified shock-expansion re-
sults is due to the total absence of recirculating region (numerical
computationwith fully turbulentflow) and to the thin boundarylayer
(high Reynolds number flow). As Fig. 4 clearly shows, the effect of
the elevon curved shape is a continuous compression that increases
the maximum pressure load over the control surface by a factor of
about 4 with respect to the flat shape (the deflection is becoming
larger, on average).

For the peak heating values, the effects of the geometric curved
shape of the body upstream of the hinge have not been accounted
for, but an equivalentflat plate compressionramp problem has been
analyzedby computing the Mach number at the edge of the incoming
boundary layer by means of an inviscid approach (shock-expansion
method). Therefore, the Mach number characterizing the shock-
wave/boundary-layer interaction is M,; ~ 2.31, and the effective
ramp angleis 10 deg with respectto the flat plate. In these conditions,
the incipient separation angle can be calculated':

B
C*
=M, 1
els ui o (Rexui> ( )

where Re, is the local Reynolds number based on the x co-
ordinate immediately upstream of the interaction, « =80 and
B =0.25 for laminar boundary-layer conditions, and « =42 and
B = 0.086 for turbulent boundary-layerconditions, whereas C* =
A (Pwitw/ pette). By applying Eq. (1) the incipient separation angle
is i =~ 4.6 deg in laminar conditions and 6;; > 20.7 deg in turbu-
lent conditions, thus fully confirming the laminar and fully turbulent
numerical results.

The predictedpeak heatinghas been comparedonly for flatelevon
shapes (on the half- and full-cambered geometries the peak heating
cannot be defined due to the curved shape of the elevon), with the
empirical correlation laws available in literature, in which the ratio
of peak heating to a reference value (upstream of the interaction) is
a power of the pressure ratio in the same conditions, i.e.,

hpk/hui = (ppk/pui)n (2)

where &, and ppi are the heat transfer peak and the pressure peak
measured downstream of the interaction, respectively, and &,; and
pui are the reference quantities, i.e., the heat flux and the pressure
values immediately upstream of the interaction. The exponent n
ranges from 0.7 to 1.29 in fully laminar conditions and from 0.8
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to 0.85 in fully turbulent conditions. Full reference for these differ-
ent correlations due to Markarian (M), Holden (H), Newmann and
Burke (NB), Haslett et al. (HA), and Sayane (S) can be made to the
recent work of Simeonides."

In the transitional case, where transition occurs immediately
downstream of the hinge thus causing a turbulent peak heating that
has to be compared to a laminar reference value, the correlationlaw

is
/’lpk.t _ (&) (ﬂ)m 3)
iy iy Pui

The term (hy,/h,;) that accounts for the laminar to turbulence

transitionhas beenestimatedby numerical values,inasmuchas well-

assessed theoretical results of heat flux distributions over curved

geometries do not exist.

The obtained results have been reported in Table 2, where H2NS
findings are indicated with c1 and VG2DB results are indicated with
c2. Markarianuses n; = 1.29 and n, = 0.85, Holden uses n; = 0.7
and n, = 0.85, Newmann and Burke use n; = n, = 0.8, Haslett et
al.usen; = 0.75 and n, = 0.8, and Sayane uses n, = 0.8 (Ref. 15).

In the flat elevon test-case, we conclude that numerical results in
terms of /i, /hy; through Eqgs. (2) and (3) and correlation laws of
different authors as found in Ref. 15 seem to show a good agree-
ment in transitional conditions (turbulent peak heating related to a
laminar reference value), even though the numerical solutions dif-
fer among themselves about 15%, due to the different turbulence
modeling, which reflects in the scaling term (A, /hyiy). In fully
laminar conditions the discrepancy between numerical results and
correlations (with exception of Markarian who uses a much higher
exponent) is in average of about 8%, giving rise to a good agree-
ment. Moreover, note the large scattering of data due to the different
exponentsused. In fully turbulentconditions(turbulent peak heating
related to a turbulent reference value), where the scattering of ex-
ponentis limited between 0.8 and 0.85, the VG2DB solution shows
a very good agreement with correlations (discrepancy of +1.5%),
thus confirming the necessity to use a more sophisticated turbulence

Table 2 Peak heating correlation (flat elevon)

Laminar Transitional Turbulent
cl c2 cl c2 cl c2

Po/pui 1529 1582 1632 1633 1743 1758
hoe/hsi 1265 1261 5821 4333 1388 1594

M 1.729 1.807 5.382 4.620 1.604 1.615
H 1.346 1378  5.382 4.620 1.604  1.615
NB 1.404 1.443 5.252 4.462 1.560 1.570
HA 1.377 1.410 5.252 4.462 1.560 1.570
S 5.252 4.462 1.560 1.570
1
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with imposed transition.

0.8 H2NS-code: transition at-the-hin
VG2DB codle: transition at the hinge -=--
Thermocolor ?
Thermocouple
0.6
04 ;
St
.
02 Laminar-turbulenttransition 40
— \}- ©
T ——————— 77
. Lod
ORNE®
o]
0 0.05 0.1 0.15 02

X(m)

Fig. 7 Normalized heat flux for the full-cambered shape.

modeling (as k-¢ in VG2DB) with respect to the algebraic one used
in H2NS.

Comparison with Experimental Data

In this subsectionthe numerical-experimental comparisonis dis-
cussed. The behaviorof the flowfield for the differentHermes elevon
shapes and for the different laminar-turbulent transition onsets is
shown, trying to explain the main differences between numerical
and experimental results.

For the half-cambered elevon shape, two sets of experimental
data with natural and forced transition are available; the compari-
son with numerical results is reported in Figs. 5 and 6. The general
trend is a quite satisfactory agreement upstream the interaction and
a large discrepancy downstream the interaction. This behavior is
due to the transitional flow conditions, which produce a laminar-
turbulent transition near the reattachment point, and to the three-
dimensional effects, which reduce the compressionregion. The dif-
ferent experimental measurements techniques (TC and TCP) have
given differentresults downstream of the interaction because of the
differentinfluence of wall temperature on the transition phenomena.
Also, the numerical results obtained with the H2NS and VG2DB
codes show different heat flux distributions on the elevon surface
and, for fully turbulent cases, over the forebody as well, due to the
different turbulence models. The same general behavior is found
for the full-cambered elevon shape, whose results are reported in
Figs. 7 and 8; in fact, a satisfactory agreement between numerical
and experimentalresults holds only upstream of the interaction. For
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Fig. 11 Streamlines near hingelocation for the laminarhalf-cambered
shape.
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Fig. 12 Isopressure coefficient near hingelocationfor the laminarhalf-
cambered shape.
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Fig. 13 Iso-Mach lines near hinge location for the laminar half-cam-
bered shape.

the full-cambered elevon shape, a numerical solution, with VG2DB
code, assuming an extended transition region has also been com-
puted. The comparison with experimental data (see Fig. 8) also
shows a better agreement downstream of the interaction. This last
comparison confirms that the main numerical difficulty is not only
to select the correct turbulence modeling but also to set the correct
laminar-turbulent transition onset. In Fig. 9, the H2ZNS numerical
results with transition located at the hinge, for the three different
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Fig. 14 Streamlines near hinge location for the turbulent half-cam-
bered shape.
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Fig. 16 Iso-Mach lines near hinge location for the turbulent half-cam-
bered shape.

elevon shapes, are shown. The heat flux level increases as the cur-
vature of the cambered shape increases, giving the maximum level
for the full-cambered shape, the reason being the continuous flow
compression on the curved shape. The influence of the laminar-
turbulent transition on the heat flux distributionis shown in Fig. 10,
where the maximum heat flux level is predicted by means of H2NS
with laminar-turbulent transition located at the reattachment point
(hinge location).

The differentlaminar-turbulenttransitionlocation producesa dif-
ferent flowfield, as reported in Figs. 11-16, where the streamlines,

the isopressure coefficient, and the iso-Mach contours around the
hinge location for the half-cambered shape are shown (computed by
means of H2NS code). For laminar flow a recirculatingregion near
the hinge location appears; the separation and recompression shock
waves occur in the proximity of the separation and reattachment
locations. For turbulent flow the recirculatingregion disappears, the
soniclineis closer to the wall, and a unique sharp shock wave, whose
effect is felt more deeply inside the boundary layer with respect to
the laminar case, is present at the corner.

Conclusions

A comparison between experimental and numerical data around
two-dimensional deflected Hermes elevon configurations, in wind-
tunnel conditions, has been discussed. The available experimen-
tal data have been compared with the numerical results obtained
with VG2DB and H2NS hypersonic Navier-Stokes codes to make
a code-code and a code-experiments verification.

The heat flux experimental data, obtained with two different mea-
surementtechniques(TC and TCP), differsignificantly on the elevon
surface, where the laminar to turbulence transition occurs, and this
fact has to be ascribed to the different material of the solid surface,
which affects transition by means of wall temperature.

A comparison of experimental data and numerical results ob-
tained with simplified formulations, empirical correlationlaws, and
sophisticated CFD tools has been made. The good agreement be-
tween CFD results and a shock-expansion method is due to the
absence of recirculation in the fully turbulent case and to the thin
boundary layer (high Reynolds number). However, the effect of the
elevon curved shapeis a continuousflow compressionthatincreases
significantly the pressure load over the control surface with respect
to the flat shape. By using the peak heating correlation laws, it has
been found that numerical solutions show a quite good agreementin
the laminar and transitional cases and a very good agreement in the
fully turbulent cases, but only in the case of the more sophisticated
k-e€ turbulence model.

The necessity of using a k—¢ turbulence model is, therefore, con-
firmed by this study, together to the choice of the correct laminar to
turbulence transition onset (an extended transition region seems to
be closer to the physics). The maximum heat flux level is, however,
predicted with laminar to turbulence transition set just downstream
of the hinge location and is in agreement with experiments, thus
confirming the transition downstream of the reattachment.

In conclusion, further improvements of the experimental tech-
niques and numerical methodologies seem to be necessary to cor-
rectly describe the physics of the shock-waveboundary-layer in-
teraction phenomena in both transitional and turbulent regimes. In
particular,a more sophisticateddescriptionof the temperaturealong
the body may be necessary. A boundary condition taking into ac-
count the whole heat transfer process on the wall should improve
the numerical results.
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