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The impetus toward development of a hydrogen-fueled scramjet engine to accelerate aerospace vehicles at
hypersonic speeds has focused attention on the need to model accurately the � uid–thermal–structural interaction
of such engines. The proposed method is able to solvecoupled thermal problemsby computinghigh-speed turbulent
and compressible � ow� elds including multidimensionalheat conduction in adjacent walls. To achieve a completely
conservativecouplingat the � uid–structural interface, the same � niteelement methodis appliedtoboth the � uidand
the structural equations. The use of the surface energy-balance equation with the boundary integral formulation
yieldsa stable solutionprocedure for steady-statecomputationsof the stiff problem.For the computationof the heat
transfer inside a supersonic combustion chamber, the nonreactive gas � ow solver is extended by an energy source
term to simulate the heat addition due to the combustion process. The code is tested and applied to a combustor
and test conditions experimentally investigated within the framework of the joint German–Russian cooperation
on scramjet technology.

Nomenclature
a = speed of sound
cp = speci� c heat at constant pressure
D = damping operator
E = total energy
e = speci� c energy
F = viewing factor for surface radiation
F¯ = � ux in direction of ¯
gO2 = mass fraction of oxygen
H = source term
h = speci� c enthalpy
h = heat transfer coef� cient
k = turbulent kinetic energy
M = Mach number
M = mass matrix
ML = lumped mass matrix
N = form function
Pr = Prandtl number
p = pressure
q = turbulent velocity
Pq = heat � ux density
R = speci� c gas constant
Re = Reynolds number
Se = element pressure switch
S®¯ = velocity gradient tensor
T = temperature
U = conserved variables
u® = velocity component in direction of ®
x® = Cartesian coordinates
0 = computationalboundary
±®¯ = Kronecker delta
²s¾ = radiation emission coef� cient times Stefan–Boltzmann

constant
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· = isentropic exponent
¸ = thermal conductivity
¹ = viscosity
º = Runge–Kutta level
½ = density
¾ = stress tensor
Ä = computational domain
! = speci� c rate of turbulent diffusion

Subscripts and Superscripts

d = diffusive
e = element
F = � uid
I; J = global node number
i; j = local element node number
k = convective
S = structure
t = turbulent
Nu = Reynolds-averagedvariable u
Qu = Favre-averagedvariable u
u 00 = turbulent � uctuation of variable u
w = wall
; ¯ = partial derivative with respect to x¯

Introduction

T HE high demands on the capability and performanceof future
engine components promote the development of new analy-

sis and design methods for engine systems. Those methods com-
bine classicallyseparated� elds of interest such as aerodynamicand
structural analyses to reduce the margin of error introduced by the
analysis. Until recently, combined methods of solution for � uid–

structural interaction have mainly been applied to the sizing of the
thermal protection system,1 to improving the prediction of heat re-
sistance for turbine blades,2 or to the analysis of thermal loads on
nose con� gurations.3 The renewed interest in hypersonic vehicles
has spurred the developmentof numerical analysis tools for internal
supersonicengine � ows.Becauseof the high � ow velocity, the aero-
dynamic heating and the combustion temperature cause an intense
thermal load to the engine structure, which needs to be studied.
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Within the framework of the joint German–Russian cooperation
on scramjet technology,a supersoniccombustorwith variablegeom-
etry was experimentallyinvestigatedunderdifferent test conditions.
One point of interest was the determination of engine heat loads to
identifyfavorabledesignfeaturesand material requirementsleading
to new engine concepts. Because the accurate experimental deter-
mination of wall heat � uxes in high-speed � ows is marked with
dif� culties and can only provide measurements for a few discrete
locations,a comparisonwith a numericalsimulationwas attempted.
The presented numerical analysis tool combines the computationof
the � ow� eld inside the combustor with the multidimensional heat
conduction in the engine structure to compute the experimentally
determined thermal loads. A � nite element analysis is applied to
both sets of equations, � uid and structural, to obtain a conservative
solution for the thermal interaction without the necessity of speci-
fying the unknown wall temperatures and, therefore, allowing the
accurate computation of the wall heat � uxes. A one-dimensional
scramjet combustion model is applied to determine the heat addi-
tion due to the combustion process, and the nonreactive gas � ow
equations are extended by the determined energy source term to
account for the combustion.

Governing Equation
Flow Equations

The Favre-averaged conservation equations for a compressible
ideal gas � ow are applied to the � uid portion of the computational
domain
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respectively.The averaging of the total energy by Favre
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yields the contributionof the turbulent kinetic energy
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to the total energy. The Newton stress tensor is a linear function
of the velocity gradients tensor with ¹ being the proportionality
constant

N¾®¯ D ¹ ¢ NS®¯ (7)

where

NS®¯ D . Qu®;¯ C Qu¯;®/ ¡ 2
3 ±®¯ Qu°;° (8)

Applying Fourier’s law, the heat � ux is a linear function of the
temperature gradient

NPq¯ D ¡¸F ¢ NT;¯ (9)

The � uid is assumed as a calorically perfect-gas � ow with the
thermal equation of state

Np= N½ D R ¢ NT (10)

and a constant isentropic exponent for air of · D 1:4. The tem-
perature dependency of the molecular viscosity is considered by
Sutherland’s empirical equation

¹ D ¹ref ¢ .Tref C S/=.T C S/ ¢ .T=Tref/
1:5 (11)

with ¹ref D 1:7156 ¢ 10¡5 kg/m ¢ s; Tref D 273:15 K, and S D 110 K.
The thermal conductivityof the � uid is determinedassuming a con-
stant Prandtl number of Pr D 0:72,

¸F D cp ¢ ¹=Pr (12)

To model the additional correlation terms, an eddy viscosity
model is applied where the correlations are substitutedby relations
of the gradientsof the averagedconservationvariablesand turbulent
transport coef� cients. The Reynolds stresses are denoted as
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The diffusion of total energy by the turbulent motion is expressed
as turbulent heat � ux,
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where the turbulent Prandtl number is considered constant
(Prt D 0:9). Finally, the turbulent � ux of the Reynolds stresses is
presented by the gradient of the turbulent kinetic energy,
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Therefore, only the turbulent energy k and the turbulent viscosity
¹t remain to be determined by the turbulence model to close the
conservationequations of the � uid.

Structural Equation

Within the structure, the conservationequations (1) reduce to the
heat transfer equation
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with
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where cS is the speci� c heat capacity. Inside the wall, only Fourier
heat conduction (9) is of importance (radiation and convection be-
ing solely consideredwithin the boundaryconditions). The thermal
conductivity and the speci� c heat capacity of the structure are de-
termined by interpolationof temperature-dependent material prop-
erties using the Aitken algorithm (see Ref. 4).

Fluid–Structural Interface

Along the � uid–structural interface, the continuity of the energy
� uxes has to be ensured,whereas the energy and the transport coef-
� cients show a discontinuity of some orders of magnitude. There-
fore, the thermal coupling yields a stiff system of equations, and
numerical stability is a major concern. During each iteration, � rst
the � ow� eld is computed using the structural wall temperature as
interface boundary condition, and then the structural equations are
solved using the latest known information from the other zone and
including the surface energy balance along the interface

h ¢ .Tref ¡ Tw/ C Pqr;gas D Pqcond C F ¢ ²S¾ T 4
w

(18)

The left-hand side contains the convectiveheat transfer and the gas
radiationof the � uid and the right-handside expresses the structural
heat conductionand the radiation of the combustor wall. For stabil-
ity reasons, the � uid convectiveheat transfer is de� ned as the prod-
uct of the heat transfer coef� cient h and a temperature difference,
where Tref is not the recovery temperature but the � uid temperature
computed in the node adjacent to the wall. This formulation turned
out to be more stable than inserting the computed convective heat
transfer directly1 because h is not � uctuating quite as strongly and
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the referencetemperatureformulationmakes the temperaturediffer-
ence small and allows for a direct in� uence of the newly computed
structural wall temperature. Because the same algorithm is applied
to the � uid as well as to the structural conservation equations, the
interface resolution is completely conservative, resulting in a stable
and strongly coupled solution method.

Turbulence Modeling
To close the turbulent conservation equations (1) the low

Reynolds number q–! turbulencemodel suggestedby Coakley and
Huang5 is applied.The model includeslow Reynoldsnumberdamp-
ing functions, allowing the application of the model to separated
boundary layer � ows. The transport equations are
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containthe usualconvectiveand diffusiveterms.The main emphasis
of the model development is contained in the source term
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with the following abbreviations:
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The damping functions Dq and C!1

Dq D 1 ¡ exp.¡®q!Ret /; C!1 D 0:5Dq C 0:055 (24)

act on low Reynolds number � ow portions with the turbulent
Reynolds number

Ret D N½qyp=¹ (25)

where yp is the minimum wall distance. The introduction of the
turbulent Mach number

Mt D
p

2q
¯

a (26)

in the source term corresponds to the Sarkar et al. model6 to take
compressibility effects into account. This model addition is neces-
sary for the computation of shock/boundary-layer interaction. Fur-
thermore, the model constants are

Cq1 D 0:5; C!2 D 0:833; C!3 D 2:4; C¹ D 0:09

®q! D 0:022; ¾q D 0:8; ¾! D 2:0 (27)

The turbulent viscosity is determined as

¹t D C¹ Dq . N½q2=!/ (28)

To improve the computation of wall heat � uxes, Coakley and
Huang5 propose a restriction on the turbulent length scale in the
vicinity of the wall

lt D min.2:5 ¢ yp ; q=!/ for yC · 20 (29)

resulting in an increasing speci� c rate of dissipation,

! D q=lt (30)

Thus, the coupled systems of equations (1) and (19) represent a
closed system for computing turbulent compressible � ows.

One-Dimensional Combustion Model
Because a nonreactive gas � ow is considered, the heat addition

due to the hydrogen combustion process is modeled by utilizing
an energy source term obtained from a one-dimensionalsupersonic
combustion model.7 The overall heat addition is obtained from the
following relation:

PQchem D PmH2 ¢ min.1I 1=8/ ¢ Hu ¢ fmoM (31)

where PmH2 is the fuel mass � ow and the equivalenceratio is de� ned
as 8 D PmO2 ;stoich= PmO2 . The lower heating value Hu of hydrogen de-
pends on the injection temperature, and the distribution functions
fmoM approximates the axial status of molecular mixing between
air and fuel. The molecular mixing is assumed to be a chi-square
approximation of the combustion ef� ciency, which is determined
by empirical estimations of the mixing layer ratio and the equiva-
lence ratio. For the current combustor, the combustionmodel yields
an ef� ciency of 95% at the combustor outlet. In comparison, the
combustion ef� ciency determined by the experiment (using a one-
dimensionalanalyticalmodel with the static pressuredistributionas
input) is 97% (Ref. 8). Furthermore, for the two-dimensional com-
putations,a distributionof the heatadditionin the normaldirectionis
required.When it is assumed that the main heat additiondue to com-
bustiontakes place in the center of the combustor,a standardnormal
distribution is chosen in the y direction. Because of the high � ow
velocities, the upstream in� uence of the energy source term is neg-
ligible, and the heat transfer by convectionand conduction is small
in the normal direction. Therefore, the main in� uence of the heat
addition on the wall heat � uxes is due to the induced pressure rise.

Mesh Generation
The discretization for arbitrary-shaped computational domains

is accomplished by an automatic mesh generation scheme using
hybrid structured/unstructured elements.9 The domain geometry is
� rst described by segment functions followed by the description of
a background grid specifying the mesh parameters such as element
sizes and stretching factors. The automatic net generator creates
the unstructured triangular elements and the corresponding nodes
simultaneouslyby applyingthe advancingfrontmethod.For bound-
ary layers in high Reynolds number � ows, large grid aspect ratios
are required to resolve the physical � ow conditions.For those con-
ditions, structured quadrilateral elements are better suited than un-
structured grids in providing ef� cient discretization of the bound-
ary layer. Therefore, on body surfaces, an advancing layer method
is applied to yield boundary-layer discretization. Finally, different
optimization procedures are used to improve the mesh quality. The
automatic mesh generator offers the ability to improve the compu-
tation by solution-adaptedremeshingof the grid. An error indicator
is computed from one or more speci� ed solution variables followed
by a complete regenerationof the grid based on the analysis of the
error indicator.

For the combined � uid-structuralthermal analysis, the mesh gen-
erator is � rst applied to the � ow domain because this is usually the
more restrictive part of the computational domain in terms of ele-
ment size and node distribution. Then interface nodes are used as
� xed boundaryconditionfor generatingthe structuralgrid with pure
unstructuredtriangles.Both domains share the samenodesalong the
interface, thus enabling even closer coupling of the solutions.
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Numerical Method
The spatial discretization of the conservation equations (1) and

(16) are based on a Galerkin � nite element algorithm (see Refs. 10
and 11)
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where 0e is the element boundary. The mass matrix is determined
as

M D
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and, for relaxation toward steady state, the lumped mass matrix

.ML /I I D
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as well as a local time step are applicable. The relaxation toward
steady state is achieved by a � ve-step Runge–Kutta scheme pro-
posed by Jameson12
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where

º D 0; : : : ; 4; ¹ D min.º; 1/ (38)

and R.Un/ is the right-handside of Eq. (34). The Runge–Kutta coef-
� cients correspondto maximum stability, thus reducing the time ac-
curacy to secondorder.To avoid spuriousoscillationsand to achieve
a stationary solution, a second- and a fourth-order damping term
are required for the gas � ow equations. D.2/ represents a nonlinear
shock-capturingterm
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where c.2/

d is a constant diffusion coef� cient and Se is a dimension-
less pressure switch that varies between 0 and 1 from smooth � ow
to near discontinuous � ow,
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with .Ni /e D 3 or 4. However, in case of shock/boundary-layerinter-
action, Se might be close to 1 in areas where the physical viscosity
is suf� cient to obtain a smooth solution. Thus, Se is multiplied by
the local Mach number scaled with the reference Mach number of
the in� ow13
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denotes the high-frequency damping term necessary to obtain sta-
tionary solutions where D.2/ is not active and

r .4/ D max
£
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d ¡ c.2/

d ¢ QSe
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(43)

Computational Results
Before the resultsof the simulationof the scramjet combustor are

presented, two validation problems are discussed.

Turbulent Flow over Flat Plate

The � rst test case is a M1 D 0:5 � ow (ReL D 9 £ 105) over a
cooled copper plate (Tw=Tt D 0:8) that has been experimentallyan-
alyzed by Rüd.14 The lower side of the thin � at plate (h D 0:045 m)
is held at a constant temperature of Tw D 698:5 K, and the conser-
vation equations of � uid and structure are solved in a combined
manner to yield the wall heat � ux. Figure 1 shows the Stanton num-
ber distributionalong the plate.Because there is no transitionmodel
incorporated in the � ow equations, the turbulence model is active
in the whole � ow� eld resulting in the observed starting behavior
near the leading edge of the plate. Away from the leading edge,
the computed solution convergesrapidly toward the semi-empirical
Stanton number relation (see Ref. 15). Also shown are the mea-
surements obtained by Rüd14 that yield a laminar � ow in the front
part of the plate. However, after the transition to turbulent � ow,
the agreementbetween computed and measured values is excellent.
In Fig. 2, the dimensionless pro� les of velocity (uC D u=u¿ ) and

Fig. 1 Stanton number distribution for the computed � ow over a
cooled � at copper plate in comparison to experimental14 and analyt-
ical results.

Fig. 2 Dimensionlessboundarylayerpro� le of temperature and veloc-
ity for the computed � ow over a cooled � at copper plate in comparison
to analytical results.13;16
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temperature [T C D .T ¡ TW /½W cpu¿ = PqW ] are compared to the log-
arithmic wall functions16 and to a multilayer turbulent boundary
pro� le.13 To achieve an accurate computation of wall heat � uxes, it
is essential that the turbulent pro� les and wall gradients are deter-
mined correctly as shown in Fig. 2.

Wall Injection into Supersonic Flow

Next, the sonic injection of air into a supersonic main stream
(M1 D 3:75, ReL D 2 £ 107) is considered. This test case is based
on an experiment performed by Aso et al.17 on a � at plate with
an injection slot (d D 1 mm). The experimental con� guration was
explicitly chosen to approximatea two-dimensionalproblem and to
serve as computationalvalidation problem. During the experiment,
different ratios p¤ of the total injection pressure to total freestream
pressure were tested.

A schematic representation of the complex � ow� eld around a
transverse injection is shown in Fig. 3. The injection induces a
bow shock resulting in a strong pressure gradient, which causes
the boundary layer to separate upstream of the injection slot. Inside
the separation bubble, a primary and a counter-rotating secondary
vortex develop. On exiting the nozzle, expansion of the jet is fol-
lowed by a strong deceleration resulting in a sonic surface (Mach
disk in three dimensions) at the top of the jet plume. Downstreamof
the injection,the boundarylayer reattachesagain, inducinga recom-
pressionshock.Dependingon the size of the downstreamseparation
bubble, there are one or more vortices contained in the bubble.

Figure 4 shows the hybrid grid applied to the computation af-
ter several remeshings. The � rst layer of grid points adjacent to
the wall have a distance of yC · 1 to resolve the highly distorted
boundarylayer correctly.In Fig. 5, the correspondingMach isolines
for a pressure ratio p¤ of 0.31 are presented. The different shocks
and the two separation bubbles are clearly visible in the contour
plot. Figure 6 yields the streamlines in the vicinity of the injection
slot corresponding to the contour plot. Here, the two upstream and
the primary and secondary downstream vortices become apparent.

Fig. 3 Schematic representation of the � ow� eld around a sonic wall
injection into a supersonic main stream causing shock/shock and
shock/boundary-layer interaction.

Fig. 4 Hybrid mesh with 43,100nodes for thecomputationof transver-
sal sonic injection into a supersonic � ow after several solution-adapted
remeshings.

Fig. 5 Mach isolines for transversal sonic injection with a pressure
ratio of p¤ = 0:31.

Fig. 6 Streamlines in the vicinity of the injection slot.

Fig. 7 Wall pressure distributions for total pressure ratio p¤ = 0:085
in comparison to several results from literature.13;17;19;20

The tertiary downstreamvortex is barely visible but is mandated by
the direction of the � ow.

Because the experiment performed by Aso et al.17 is considered
as a two-dimensional test case, there are many different numerical
comparisons found in the literature. In Figs. 7 and 8, the computed
wall pressure distributions for two different injection pressures are
compared to the experimentaldata, as well as to previouslyreported
computations including an algebraic turbulence model,18 two two-
equations models,13;19 and a Reynolds stress turbulence model.20

The separation of the boundary layer is marked by a strong pres-
sure gradient followed by a pressure plateau corresponding to the
relatively constant � ow conditions inside the upstream bubble. The
pressurepeakis causedby the conjunctionof primaryand secondary
vortices. Downstream of injection, a pressure minimum is reached
that rapidly rises toward a relative maximum in the vicinity of the
recompressionshock. The experimentalvalues show a pressure rise
before separation that is caused by unsteady in� ow conditions and
spillage.19;20 In addition, the experimental measurements miss the



1344 REINARTZ AND KOSCHEL

pressure peak caused by the two upstream vortices due to an in-
suf� cient number of pressure tabs. However, the existence of the
maximum is supported by all computations presented as well as
other measurements.21

Supersonic Combustion Chamber

The experimental combustor con� guration investigated in the
framework of the German–Russian cooperation on scramjet
technology8 is presented in Fig. 9. The inlet � ow conditions of the

Fig. 8 Wall pressure distribution for total pressure ratio p ¤ = 0:31 in
comparison to several results from literature.17¡ 20

Fig. 9 Variable scramjet combustor geometry tested in the frame-
work of the German–Russian cooperation with adjustable diverging
angles (® = 1 and 2 deg, ¯ = 0 and 1 deg) and two injection locations
(xinj = 0:388, 0.712 m).

Fig. 10 Temperature contour plot (without injection) for the lower-half of the combustion chamber with a 16-mm-thick wall made of CrNi–steel
(x–y ratio: 1:5).

Fig. 11 Temperature contour plot with injection for the lower-half of the combustion chamber with a 16-mm-thick wall made of CrNi–steel (x–y
ratio: 1:5).

test case analyzedin the computationare M1 D 3:0, pt D 2:33 MPa,
and Tt D 1701 K. The incoming air mass � ow is 1.6 kg/s and was
heated by precombustion (gO2 D 0:25). Gaseous hydrogen was in-
jected for 5 s at a sonic velocity of 1180 m/s and with a temperature
of 280 K at the � rst injector location.

In the ideal-gas computation, the injection is simulated by a
cold air jet with the same enthalpy � ux as the hydrogen injection
(Minj D 1:05, pt;inj D 1:6 MPa). The combustor structure consists of
a 16-mm-thick CrNi–steel wall, which is not cooled during the ex-
perimentand, for the steady-statecomputations,is kept at a constant
ambient temperatureof 300 K at theoutside.Figures10 and 11 show
the computed temperature distributions in the lower-half of the
symmetric combustion chamber and combustor wall. The � uid–

structuralinterface is markedby the developingtemperaturebound-
ary layer. In case of injection, the wall downstreamof the injector is
cooledby the cold injectedair. In addition,the nodesalong the inter-
face located inside the injectorare kept at the constant injectiontem-
peratureof 280 K, thus functioningas a heat sink for the surrounding
domain. In Fig. 12, the wall temperature shows a very inhomoge-
neous distributionalong the combustor that can only be obtainedby
a coupled solution method without predeterminedenergy boundary
condition. The computational grid in the vicinity of the injection
(marked by two bars) is shown in Fig. 13. The correspondingMach
number contours are presented in Fig. 14. Here, the domain is mir-
rored along the symmetry line to enhance the presentation of the
Mach re� ection caused by the two separation shocks. Behind the
Mach re� ection, there is a small domain of subsonic � ow caused
by the � ow blockage due to the transversal jets. However, the � ow
rapidlyacceleratesagainand reattachesdownstreamof the injection.

During the experiment, static wall pressure and wall heat � uxes
were measured by pressure taps and differential thermocouples,
respectively. Figures 15 and 16 yield the computed wall pressure

Fig. 12 Distribution of the wall temperature along the combustor
length.
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Fig. 13 Hybrid grid in the vicinity of the injection slot (marked by two
vertical bars) with the combustor wall (lower section of unstructured
triangular elements) as well as the boundary-layer region (structured
quadrilaterals), and the inviscid � ow portion (upper section of unstruc-
tured triangles).

Fig. 14 Mach number contour plot of the injection area mirrored
along the symmetry line.

Fig. 15 Distribution of the computed wall pressure along the combus-
tor length in comparison to the measurements.

Fig. 16 Distribution of the wall heat � ux alongthe combustor length in
comparison to the measurements and a heat � ux prediction method de-
termined from the experimental pressure correlation22 for aerodynamic
heating.

Fig. 17 Distribution of the wall pressure along the combustor length
in comparison to the experimental measurements with fuel injection.

Fig. 18 Distribution of the wall heat � ux along the combustor length
in comparison to the experimental measurements with fuel injection.

and wall heat � ux distributionfor pure aerodynamicheatingwithout
injection. The wave distribution is caused by expansion waves re-
sultingfrom the differentdiverginganglesof the combustor.In com-
parison, the scattering of the experimental data is high, especially
in the front part, where the injector induces separation. However,
the error bars presentinggraphicallythe minimum and maximum of
� ve subsequentpressuremeasurementsshow that the � ow� eld itself
is steady. The measured expansion corresponding to the diverging
section of the combustor as well as the subsequent compressionare
in good agreement with the computed distribution. The measured
heat � ux distribution shows an unexplaineddecrease in the diverg-
ing section of the combustor not present in either the computation
or the heat � ux predictions obtained by the compressible Reynolds
analogyand the experimentalpressuredata (see Ref. 22). Figures17
and 18 present the wall distributionsfor the case of combustion.The
injection results in the typicalpressurepeak distributionwith subse-
quent re� ection of the pressurepeak at the oppositewall. The steady
pressure rise in the constant combustor section is caused by the heat
addition due to combustion.The experimental pressure distribution
is the average of three measurement series, and again the error bars
indicate a steady � ow behavior.The wall heat � uxes compare favor-
ably with the experimental data, also obtained by three subsequent
measurements.A comparisonwith resultsof the correlationmethod
is not shown because the method cannot account for the heat sink
due to the cold injectedair and the heat addition due to combustion.
The two peak � uxes upstreamof the injectorcorrelatewith the steep
pressure rise due to separationand the peak pressuredue to the con-
junction of the two upstream vortices, respectively.Downstream of
the injection, the wall heat � ux is strongly reduced by the cold air
injected in the main � ow.

Conclusion
A coupled � uid–structural solver has been successfully applied

to compute turbulent heat � uxes along diabatic walls including
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shock/shock and shock/boundary-layerinteraction,as well as trans-
verse wall injection. Although the applied program package con-
siders only two-dimensionaleffects, the computationof the thermal
load of the modeled scramjet combustor approximates the experi-
mental resultsclosely.Therefore, themain � ow featuressuch as heat
addition due to combustion and heat loss due to the cold injection
are modeled correctly by the nonreactive solver. The conjugate al-
gorithmfor thermal interactionbetween � uid and structurepresents
a new advanced predictionmethod for thermal loads on high-speed
engine components needed for improved computationalengine de-
sign studies.
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