
JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER

Vol. 19, No. 4, October–December 2005

Coupling Heat Transfer and Fluid Flow Solvers
for Multidisciplinary Simulations

Q. Y. Liu,∗ E. A. Luke,† and P. Cinnella‡

Mississippi State University, Mississippi State, Mississippi 39762

The feasibility of multidisciplinary simulations for realistic geometries involving detailed physical models is
demonstrated. Specifically, a three-dimensional chemically reacting fluid flow solver is coupled with a solid-phase
heat transfer solver that includes cooling channels. Both fluid- and solid-phase models employ the integral, conser-
vative form of the governing equations and are discretized by means of two finite volume numerical schemes. To
keep the heat flux consistent, a special algorithm is developed at the interface between the solid and fluid regions.
Physical and thermal properties of the solid materials can be temperature dependent, and different materials can
be used in different parts of the domains due to a multiblock gridding strategy. The cooling channel model is devel-
oped by using conservation laws of mass, momentum, and energy, taking into account the effects of heat transfer
and friction. The coupling of the models (solid and fluid, solid and cooling channels) is detailed. A hot-air nozzle
test case is examined, and the simulated results are validated by means of available experimental data. Finally, a
more complex case is simulated, involving the water-cooled nozzle of a rocket-based combined cycle thruster. This
case employs all three models, fully coupled. The calculated temperatures in the nozzle wall and at the cooling
channel outlet are compared with experimental data and are in reasonably close agreement.

Nomenclature
A = area
cv, cp = specific heats (per unit mass)
D = diameter or hydraulic diameter
E = solid-phase energy (per unit volume)
e = roughness
Fi , Fν = inviscid and viscous flux vectors
f = friction factor
G = thermal source (per unit volume)
g = gravity constant
h = enthalpy (per unit mass)
h f = local heat transfer coefficient
k = thermal conductivity
L = length of cooling cell
ṁ = mass flow rate
Nu = Nusselt number
n = unit vector, normal to the surface A
Pr = Prandtl number
p = pressure
Q = heat per unit mass
Q = vector of conservative variables
q = conductive heat flux vector
R = numerical residual
Re = Reynolds number
r = position vector
T = temperature
t = time
V = velocity magnitude; volume
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v = specific volume
Ẇ = chemistry source term
x = position coordinate
y+ = nondimensional normal distance from solid wall

(viscous flow)
z = elevation
µ = dynamic viscosity
ρ = density
� = control volume, bounded by the control surface ∂�

Subscripts

av = average value
c = cell
cool = cooling channel
f c = face
ref = reference value
wall = cooling channel wall
1 = inlet
2 = outlet

I. Introduction

T HE goal of heat transfer studies is the accurate prediction of
temperature and heat flux distribution in space, and possibly

time, in a material and on its boundaries. The temperature field is
important when one has to consider thermal stresses and material
properties, which are the key elements for the optimal design of
thermal structures, or the development of new composite materi-
als. Numerical modeling, because of its flexibility, can deal with
irregular boundaries and complicated physical circumstances, and
has received considerable attention as a tool for finding solutions to
practical engineering problems. However, the boundary conditions
to be imposed at the surfaces to determine the heat transfer to a
solid body may not be specified easily for a practical situation. One
case in point is the thermally convective wall (heating or cooling),
where the heat transfer coefficient or heat flux should be obtained
from a solution of the coupled solid–fluid problem. Therefore, nu-
merical models have to be developed considering both solid and
fluid regions, and the solution of the coupled problem can then be
recovered.

The literature on thermally convective walls is enormous. A few
references closely related to the present effort are briefly summa-
rized in the following text. Shope1 dealt with the cooling of a nozzle
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wall for a supersonic wind tunnel. DeLise and Naraghi2 solved the
compressible boundary-layer equations and evaluated the convec-
tive heat transfer rates from high-temperature combustion gases to
the converging–diverging nozzle of a liquid-fueled rocket engine.
Janus and Newman3 coupled aerodynamic and thermal effects for
an optimization study of turbine airfoil design. Sondak and Dorney4

investigated coupled unsteady flow and heat conduction for a tur-
bine stage. Webster5 developed a heat-conduction solver and cou-
pled it with an existing flow solver. He also discussed some is-
sues related to ensuring thermal communication between solid grid
blocks. Naraghi6 developed a rocket thermal evaluation code for
regeneratively cooled rocket thrust chambers and nozzles. In this
approach, either the CET code can be used for the evaluation of hot-
gas properties assuming local chemical equilibrium, or the TDK
program can be employed,7 which is based on finite-rate chem-
istry. Then the GASP/WASP codes can be used to calculate the
coolant flow properties.8,9 Pal et al.10 investigated the heat trans-
fer characteristics of a gaseous oxygen (GO2)/gaseous hydrogen
(GH2) two-dimensional compact rocket thruster, especially in the
nozzle region. Thermocouples were buried deep inside the nozzle
wall to measure the axial temperature profile. The nozzle was heav-
ily cooled by means of several water channels during the thruster
firing. The authors also provided analytical results, using the FDNS
code (see Ref. 11) for the fluid simulation, and a one-dimensional
heat transfer model based on Bartz’s correction12,13 to calculate the
nozzle wall heat flux and temperature from the measured tempera-
ture inside the nozzle wall.

In summary, much effort has been focused on the development
of individual flow fluid or solid heat transfer models, and some at-
tention has been paid to model coupling. However, the coupling
has been typically conducted through explicit boundary conditions,
in a loosely coupled fashion. Consequently, there is a strong need
for more studies to address the issues of model coupling in vari-
ous practical applications. The present study is focused on demon-
strating that it is possible to obtain accurate simulations of heat
transfer and temperature fields in multiphase, complicated geome-
tries of engineering interest. The current work is based on the Loci
system,14−17 which was developed at Mississippi State University.
The Loci system is an application framework that seeks to reduce
the complexity of assembling large-scale finite difference, finite vol-
ume, or finite element applications. It is well known that a significant
number of errors in large-scale computational field simulations are
caused by incorrect looping structures, improper calling sequences,
or incorrect data transfers, especially between various application
components. The Loci framework solves these problems by auto-
matically generating the control and data movement operations of an
application from component specifications, while keeping data con-
sistent between components. The system connects user applications
through data models and computation rules. Detailed information
can be found in Ref. 14.

CHEM is a flow solver developed within Loci that includes com-
plex thermodynamic, chemistry, transport, and turbulent models.
A finite volume method for three-dimensional generalized grids, a
Roe-type flux discretization technique, and explicit or implicit time
integration schemes are employed. The successful development of
CHEM has demonstrated the flexibility of Loci to deal with multi-
physical models.18 It is now possible to couple heat transfer models
to the flow solver and to obtain accurate simulations of heat trans-
fer and temperature fields in both solid and fluid phases. This is the
goal of the present study. In particular, two heat transfer models have
been coupled with CHEM within the Loci system: The first is a solid
heat conduction model, the latter is a quasi-one-dimensional cool-
ing channel model. Some effort was made to develop algorithms for
the treatment of the interface, to ensure the consistency of the data
at the phase boundaries. The coupling processes, based on the Loci
data structure and computation rules, are presented here to demon-
strate the flexibility of this system for the seamless integration of
multiphysical components.

In the following text, the governing equations for both the fluid
and solid phase are summarized. Some details on the numerical dis-
cretization of the equations are provided, with emphasis placed on

the coupling between the different models. Two realistic engineer-
ing applications are studied using CHEM and the newly developed
heat transfer models. The first one involves a hot-air nozzle wall,
and the computed results are validated by means of available ex-
perimental data. The second geometry is more complex, involves
the water-cooled nozzle of a rocket-based combined cycle (RBCC)
thruster, and requires all three models, fully coupled. The calcu-
lated temperatures in the nozzle wall and at the cooling channel
outlet compare favorably with the experimental data.

II. Governing Equations
The present study is focused on the two heat transfer models

already mentioned and the issues that arise from the coupling with
the fluid flow solver. Consequently, in the following text, both fluid-
and solid-phase governing equations are briefly presented.

A. Governing Equations for Fluid Phase
A finite volume method is applied to discretize the flow equations.

After integration over a computational cell or control volume, the
governing equations in vector form can be written as follows:

d

dt

∫
�c(t)

Q dV +
∫

∂�c(t)

(Fi − Fν) dA =
∫

�c(t)

Ẇ dV (1)

where Q is the vector of conservative variables. The CHEM code
is able to accommodate a vast range of thermophysical models,
including mixtures of chemically reacting gases. Several turbulence
models have been included and validated,16 among them the one-
equation Spalart–Allmaras model19 and a family of two-equation
models including the baseline (BSL) formulation by Menter.20 More
details on the governing equations and all related thermochemical
issues can be found in Ref. 14.

B. Governing Equations for Solid Phase
The basic governing equation for the solid heat conduction model

is obtained by applying the principle of conservation of energy to a
control volume. In integral form, the final result reads

d

dt

∫
�c(t)

E dV +
∫

∂�c(t)

q · n dA =
∫

�c(t)

G dV (2)

A relationship between temperature and solid-phase energy can be
stated as

E = ρ

∫ T

Tref

cv(τ ) dτ + Eref (3)

Fourier’s law of conduction is applied to compute the local heat flux.
For isotropic materials, in which the thermal conductivity k is the
same in all directions, the conductive heat flux is written as

q = −k∇T (4)

Both cv and k can depend on temperature and location.

C. Governing Equations for Cooling Channel Flow
The governing equations for a cooling channel flow are devel-

oped by using conservation laws for mass, momentum, and energy.
The main effects of heat transfer and friction are taken into account.
Moreover, assuming that flow parameters change mostly in the flow
direction (streamwise), transverse variations are ignored. The re-
sulting quasi-one-dimensional governing equations for a cooling
channel flow can be written as follows:

ρ1V1 A1 = ρ2V2 A2

p1

ρav
+ V 2

1

2
+ gz1 = p2

ρav
+ V 2

2

2
+ gz2 +

∫ 2

1

V 2

2

f

D
dx

�Q + h1 + V 2
1

2
+ gz1 = h2 + V 2

2

2
+ gz2 (5)
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where subscripts 1 and 2 represent the inlet and outlet sections of
a cooling channel segment, ρav = (ρ1 + ρ2)/2, and �Q is the heat
lost by the solid matrix and gained by the cooling fluid.

For fully developed laminar pipe flow, the Fanning friction factor
is calculated (see Ref. 21) as

f = 16/Re, for Re ≤ 2300, Re = ρV D/µ (6)

For fully developed turbulent pipe flow, the Colebrook equation22

can be used to calculate the friction factor. Chen23 approximated it
by an explicit formula,

1

2
√

f
= −2.0 log

{
e

3.7065D

− 5.0452

Re
log

[
1

2.8257

(
e

D

)1.1098

+ 5.8506

Re0.8981

]}
(7)

which is valid for 2300 ≤ Re ≤ 108 and e/D ≤ 0.05. The thermo-
dynamic parameters are calculated based on the standard released
by the International Association for Properties of Water and Steam
(IAPWS).24 The formulation is based on the Helmholtz function
(see Ref. 8) and its partial derivatives. In the present study, values of
pressure and enthalpy are provided to the thermodynamic black box,
and values for density and temperature are recovered. Additionally,
interpolating equations are recommended by IAPWS to calculate
viscosity and thermal conductivity.25,26

Note that the present model can accommodate phase changes.
When this happens, a mixture model is applied, resulting in a single-
fluid approach. The assumption is that the two phases are inter-
penetrating and moving at the same velocity, and vapor quality is
limited to a small value. Some examples of mildy two-phase flow
in cooling channels are shown in Ref. 27. However, the application
presented in this study involves a liquid coolant.

III. Numerical Method
As already mentioned, the two heat transfer models introduced

earlier are implemented within the Loci system and coupled with
the CHEM flow solver. Loci allows each physical model to be sim-
ulated by a numerical method that is best suited for the accuracy
and robustness of the overall procedure. In this study, a finite vol-
ume method is employed for the solid heat conduction model, and
a steady-state integral method is employed for the cooling chan-
nel model. Incidentally, the flow solver CHEM is an application
template built on Loci, and some of its parts can be reused to de-
velop new models. On the other hand, new rules are required for
the interface between different physical models. Loci is designed to
generate control and data movement operations automatically, to fa-
cilitate the coupling of multidisciplinary models.14 In the following
text, numerical schemes for the solid heat conduction and cooling
channel models are given, and the coupling process with the flow
solver is presented.

A. Solid Heat Conduction
Starting from Eq. (2), written for a small control volume, the

energy integral can be approximated as
∫

�c(t)

E dV ≈ Ec(t)

∫
�c(t)

dV = Ec(t)Vc(t) (8)

where Ec(t) is the value of E at the cell centroid, Vc(t) is the control
volume, and subscript c represents a generic cell. A similar result
applies to the thermal source integral.

The surface integral representing the heat flux is discretized by
summing contributions at each face of the cell. Here, a generalized
grid can be used. Generalized grids are discretizations composed
of arbitrary polyhedra, including tetrahedra, prisms, pyramids, and
hexahedra.28 The face temperature gradient is mapped from the cell
center temperature gradient, which is constructed by a linear least-
squares fit method. (See Luke et al.18 for details.) In summary, the

numerical surface integral is approximated as
∫

∂�c(t)

q · n dA =
m∑

f c = 1

∫
∂�c, f c(t)

q f c dA ≈
m∑

f c = 1

A f c(t)q f c (9)

where q f c is the face heat flux, A f c is the area of the face, and m is
the number of faces for the given cell.

At this point, Eq. (2) can be numerically approximated by the
equation

d

dt
[Vc(t)Ec(t)] +

m∑
f c = 1

A f c(t)q f c = Vc(t)Gc(t) (10)

If the mesh is fixed, then an ordinary differential equation is derived,
which reads

dEc(t)

dt
= R[Ec(t), t] = Gc(t) − 1

Vc

m∑
f c = 1

A f cq f c (11)

Equation (11) must be satisfied simultaneously for all cells as time
changes. Therefore, a global system of ordinary differential equa-
tion results and is given by the following equation, removing the
subscript c at this juncture:

dE(t)

dt
= R[E(t), t] (12)

where E(t) represents the values at all cells at time t .
The implicit time integration scheme for Eq. (12) employs a two-

parameter family of algorithms and is given as follows:

[(1 + ϕ)�En − ϕ�En − 1]/�t

= (1 − θ)Rn(En) + θ Rn + 1(En + 1) (13)

where n stands for the current time level and �En = En + 1 − En .
In this scheme, ϕ and θ form a two-parameter family of algorithms.
For example, setting θ = 1, ϕ = 0 gives the implicit backward Eu-
ler scheme typically used for steady-state simulations, whereas a
second-order-accurate three-point backward scheme (θ = 1, ϕ = 1

2 )
can be used for time-accurate simulations.

Equation (13) is a nonlinear system of equations for the variable
En + 1, and can be solved by Newton iterative methods, as follows:

L ′(En + 1,p)(En + 1,p + 1 − En + 1,p) = −L(En + 1,p) (14)

where the superscript p denotes the Newton itartion counter and

L(En + 1) = En + 1 − En − [�t/(1 + ϕ)][(1 − θ)Rn(En)

+ θ Rn + 1(En + 1)] − [ϕ/(1 + ϕ)](En − En − 1) = 0 (15)

The Jacobian L ′ in Eq. (14) is given as

L ′(En + 1) = I − �t
θ

1 + ϕ

∂

∂ E
[Rn + 1(E)]

= I − �t
θ

1 + ϕ

[
∂G

∂ E
− 1

V

m∑
f c = 1

An + 1
f c

∂q f c(E)

∂ E

]
(16)

The Newton iteration is initialized using the preceding time-step
value (En + 1,p = 0 = En). The Jacobian matrices in Eq. (16) can be
evaluated analytically or numerically. More details can be found
in Ref. 27. Equation (14) is now linear and can be solved using a
Gauss–Seidel iteration method.

B. Coupling Fluid and Solid Models
The flow solver CHEM also employs a finite volume numerical

scheme, and has the same three iteration levels: time-step itera-
tion, Newton iteration, and Gauss–Seidel iteration. Consequently,
the solid heat conduction model can be fully coupled with the CHEM
flow solver into a seamless application within the Loci framework.
Here, fully coupled means that the two models are coupled at the
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Newton iteration level of the time integrator, as opposed to loosely
coupled stand-alone codes. Because of the tight coupling, this new
model is appropriate for time-accurate problems if needed. For un-
steady time-accurate problems, the same time step is used for flow
and solid parts, whereas for steady-state problems, different time
steps can be used for each model.

Solid and flow solvers are coupled by keeping the heat flux term
consistent at the interface between fluid and solid components. The
fluid employs the interface temperature from the solid solver to
calculate the heat flux term, whereas the solid employs the interface
heat flux to evaluate the temperature in return

↗ →→→→→→→→ ↘
qsolid ⇐ q f c ⇐ qfluid ⇐ T f c

(17)

As an example, Sutherland’s law can be applied to calculate the air
thermal conductivity, as follows:

kfluid = 2.495 × 10−3
[
T 1.5

f c

/
(T f c + 194.0)

]
(18)

Then, the fluid heat flux is given as

qfluid = −kfluid∇T (19)

At the solid side, the interface temperature T f c can be calculated
from the following relationship:

qsolid · n f c = −ksolid
Tc − T f c

|rc − r f c|
rc − r f c

|rc − r f c| · n f c = qfluid · n f c (20)

C. Cooling Channel Flow
For each cooling channel, the quasi-one-dimensional equa-

tions (5) are applied to (small) discrete channel segments (cells),
and the values at the outlet are computed. Specifically, an iterative
procedure can be applied to find pressure and enthalpy, which are
selected to be the working variables, as follows:

V n + 1,i
2 = ṁ

/(
ρ

n + 1,i
2 A2

)
, ṁ = [(ρV A)1]n (21)

pn + 1,i + 1
2 = pn

1 − dpn + 1,i (22)

hn + 1,i + 1
2 = �Qn + 1,i + hn

1 + 1
2

[
V n

1

]2 − 1
2

[
V n + 1,i

2

]2 + g(z1 − z2)

(23)

where i is an iteration counter. The pressure loss from inlet to outlet
of each cooling cell results from viscous friction, velocity changes,
and body force (gravity) and is given as follows:

dpn + 1,i = (L f /2)
[(

ρn
1 + ρ

n + 1,i
2

)/
2
][(

V n
1 + V n + 1,i

2

)/
2
]2

× [2/(D1 + D2)] + [2ṁ/(A1 + A2)]
[
V n + 1,i

2 − V n
1

]

+ [(
ρn

1 + ρ
n + 1,i
2

)/
2
]
g(z2 − z1) (24)

and the heat gain from the solid matrix is computed as follows:

�Qn + 1,i = hn
f

{
[Twall,av]n − [(

T n
1 + T n + 1,i

2

)/
2
]}

(25)

where21

h f = k Nu/D, Nu = 0.023Re0.8 Pr 0.4, Pr = cpµ/k (26)

In Eq. (25), Twall,av is the average wall temperature of the cooling
channel, and comes from the coupling with the solid matrix, to be
discussed shortly.

Equations (22) and (23) can be solved iteratively, after initial
values (i = 0) are given for pressure and specific enthalpy,

pn + 1,i = 0
2 = pn

2 , hn + 1,i = 0
2 = hn

2 (27)

and using the thermodynamic model to recover values for density
and temperature, as already mentioned.

Because the solid-phase temperatures change at each Newton it-
erative level, the computations for the cooling channel should be
repeated at each Newton iteration. However, only a steady-state
cooling channel model was implemented. Therefore, time accuracy
was not a consideration. In this case, the cooling channel computa-
tions were scheduled once per time step.

D. Coupling Cooling Channels and Solid Matrix
The cooling channels are embedded within the solid matrix. How-

ever, the discretization of the solid matrix does not feature the chan-
nels explicitly. The coupling between the two models is based on the
determination of the average wall temperature for each section of
the cooling channel, as already mentioned. Solid matrix and cooling
channels are discretized separately, and the coupling satisfies the en-
ergy conservation principle. This approach simplifies enormously
the discretization of the solid matrix. The Loci framework allows
the seamless transfer of information between the two models, which
is necessary for a tight coupling of the numerical procedure.

More details on the coupling are provided next, for the case of a
cooling channel with a circular cross section. A relationship between
cooling channel and solid matrix is developed based on the energy
conservation law, and is given as

2πrqsolid = 2πrcqcool

⇒ rksolid
dT

dr
= rch f (Twall − Tcool)

⇒ dT = rch f (Twall − Tcool)

rksolid
dr (28)

where qsolid is the heat flux in the solid, qcool is the heat flux to the
cooling channel wall, r is the distance between the centers of a solid
cell and a cooling cell, rc is the cooling channel radius, and Tcool is
the mean temperature of the cooling channel segment.

Integrating Eq. (28) to recover the cooling channel temperature
results in the following:

Twall = (rch f /ksolid)Tcool(ln r − ln rc) + Tsolid

(rch f /ksolid)(ln r − ln rc) + 1
(29)

where Tsolid is the temperature at a solid cell.
The average cooling channel wall temperature is computed as

Twall,av =
∮

Twall dl∮
dl

(30)

For the purpose of evaluating Eq. (30), a stencil of solid cells is
constructed around the cooling cell, excluding the solid cells that
contain the cooling cell.

IV. Numerical Results
The two heat transfer models introduced in this study have been

extensively tested and validated. For details, refer to Liu.27 In the
following text two realistic engineering problems are simulated, and
the numerical solutions are compared with available experimental
data. The first case involves a fully coupled solid–fluid problem.
The second case involves the coupling of all three models: fluid
flow, solid matrix, and cooling channels.

A. Air in a Cooled Converging–Diverging Nozzle
The first test case is a fully coupled fluid–solid problem involving

the flow of heated air in a cooled converging–diverging nozzle.
The analysis of this case is based on the data reported by Back
et al.29 They investigated the convective heat transfer from turbulent
boundary layers accelerated by large pressure gradients in a cooled
converging–diverging nozzle. The test nozzle is axisymmetric, has
a throat diameter of 0.0458 m, a contraction-area ratio of 7.75:1, an
expansion-area ratio of 2.68:1, a convergent half-angle of 30 deg,
and a divergent half-angle of 15 deg.

The nozzle meshes are shown in Fig. 1. The grid for the fluid
region is composed of 150 × 79 cells, and the normal space from the
first grid point to the nozzle wall is 1.0 µm. This corresponds to a y+
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Table 1 Operating parameters for nozzle flow

Parameters Values

Inlet pressure, Pa 5.171 × 105

Inlet temperature, K 843.33
Inlet density, kg/m3 2.1306
Transport model Sutherland
Turbulence model Spalart–Allmaras

Fig. 1 Nozzle and solid wall meshes.

Fig. 2 Nozzle wall outside temperature.

ranging from approximately 0.13 at the inlet to approximately 0.50 at
the oulet, based on the control volume thickness. Values based on the
position of the control volume centroid would be approximately one-
half of those mentioned. This is a fine grid for viscous calculations,
and the numerical results obtained are grid independent. (A grid
convergence study was conducted for the fluid region, featuring six
meshes: three coarser grids, the current one, and two finer grids.)
The solid region is discretized by means of 150 × 9 volumes, where
the cells are matched in the longitudinal direction.

The computed domain matches the experimental one. The operat-
ing parameters for the fluid phase are listed in Table 1. All physical
values are from the experimental apparatus29; more details on the
numerical modeling can be found in Ref. 27. The following bound-
ary conditions were employed: characteristic boundary conditions
at the inlet and outlet (subsonic inflow and supersonic outflow),
symmetry at the centerline, and no-slip for the interface. The tem-
perature of the interface was computed by means of the coupling
process with the solid matrix, as already discussed.

For the solid phase, the temperature at the external side of the
nozzle wall was specified from experimental values and is shown
in Fig. 2. The interface heat flux was extracted from the flow side,
as already discussed. The temperatures at the solid sides that cor-
respond to the nozzle inlet and outlet were specified as 299 and
283 K, respectively, as suggested by the experimental data. Compu-
tations were performed for three different American Iron and Steel
Institute (AISI) stainless steels. The physical and thermal properties
of the materials used are listed in Table 2 (Ref. 30). Because only
the steady-state solution to this problem is of interest, independent
time steps are chosen for the fluid mechanics and solid mechanics
algorithms to accelerate convergence. A time step on the order of

Table 2 Physical and thermal properties of AISI
stainless steels at 400 K

Heat Thermal
Density, capacity, conductivity,

Material kg/m3 J/(kg · K) W/(m · K)

AISI302 8055 512 17.3
AISI304 7900 515 16.6
AISI316 8238 504 15.2

Fig. 3 Convergence history for solid and flow solvers.

Fig. 4 Nozzle flow pressure (kiloPascals).

Fig. 5 Nozzle flow temperature (Kelvin).

seconds is used for the solid part, whereas the fluid part time step is
on the order of milliseconds.

The coupled convergence history is shown in Fig. 3, where the
label fd302 stands for fluid coupled with an AISI302 solid, and sd302
stands for an AISI302 solid. Note that a four order of magnitude
reduction in residuals for both the solid and gas phases is achieved.
Similar results apply to the other kinds of steel.

The nozzle flow pressures, temperatures, and Mach numbers are
shown in Figs. 4, 5, and 6, respectively. Solid wall temperature
contours are shown in Fig. 7, and coupled temperature contour slices
are shown in Fig. 8.

A comparison of the computed heat transfer coefficient with ex-
perimental results provided by Back is shown in Fig. 9. The heat
transfer coefficient is defined as the ratio between heat flux and
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Fig. 6 Nozzle flow Mach number.

Fig. 7 Solid wall temperature (Kelvin).

Fig. 8 Nozzle flow and solid wall temperature (Kelvin).

Fig. 9 Comparison of wall heat transfer coefficients.

temperature difference (adiabatic minus wall temperatures). The
comparison is satisfactory. However, results that are even more
promising are the computed wall temperatures, shown in Fig. 10.
Figure 10 shows the predicted wall temperatures from an earlier un-
coupled case and from the current coupled case. The experimental
results are also included under the label “test.” Note that the temper-
ature predictions are significantly improved by the coupling of fluid-
and solid-phase simulations. Moreover, the predicted wall tempera-
tures are very close to the experimental values. Similar results apply
for the other two kinds of steel that were investigated.

Fig. 10 Comparison of wall temperatures.

Fig. 11 Nozzle section and thermocouple locations.

B. RBCC Thruster Nozzle Simulation
A more complex computation was carried out for an RBCC

thruster nozzle. This analysis is based on the experimental data
reported by Pal et al.10 Heat transfer characteristics were investi-
gated, particularly at the throat, where the peak heat flux occurs.
This thruster has a two-dimensional section, and the geometry is
very compact, as required by packaging considerations. A schematic
of the nozzle is shown in Fig. 11. The nozzle itself has a length of
50.8 mm, a height of 44.45 mm, and a width of 76.2 mm. The nozzle
throat height is small (2.5 mm), and the outlet height is 15.24 mm.
GO2 and GH2 are used. The design includes two oxygen-free high-
conductivity copper sections welded together to make up the nozzle
flowpath, with stainless steel plates welded at the top and bottom to
strengthen the structure. The numbers ranging from 1 to 10 shown
in Fig. 11 denote each thermocouple hole. The type-K thermocou-
ples are silver brazed to the bottom of the holes, with approximately
1.27 mm of material separating them from the hot gases. Thermo-
couples 3 and 10 were not used. The remaining eight thermocouples
were employed to obtain the experimental data.10

Both the chamber and nozzle of the thruster are fully water cooled.
The nozzle is cooled on all four sides. The water cooling passages
have a diameter of 1.5875 mm and run parallel to the inside nozzle
walls. There are 24 channels positioned in each of the top and bottom
walls, and four are in each side wall. The cooling channel passages
in the top nozzle wall are shown in Fig. 12. Water enters from
the center manifolds, provides impingement cooling to the throat
region, bifurcates to cool the converging and diverging sections, then
exits through two manifolds. There are four identical independent
water circuits (two each on top and bottom) that are separated by a
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Fig. 12 Cooling channel passages in the top nozzle wall.

Fig. 13 Thruster fluid and solid grids.

Fig. 14 Cooling lines arrangement.

2.54-mm middle land region on the top and bottom walls, where the
type-K thermocouples are located. The thermocouple temperatures
and water inlet and outlet temperatures were recorded during the
experiment.

The cooling channel passages are formed by drilling and sealing
processes, and so the actual design of the nozzle wall is very com-
plex. Therefore, a simplified geometric model was utilized to reduce
the grid generation difficulties and computational cost of the simu-
lation. The computational meshes for both the nozzle flow and wall
are shown in Fig. 13, which is one-fourth of the whole geometry
due to symmetry. (The nozzle side is not shown.) The grid for the
fluid region is composed of 161 × 54 × 90 volumes, and the normal
distance from the first grid point to the nozzle wall is 1.0 µm. This
corresponds to an estimated maximum value of y+ of approximately
0.6, based on the thickness of the control volume. The grid for the
solid region features the same number of volumes (161 × 54 × 90);
moreover, the cells at the interface are matched.

The cooling channel arrangement is shown in Fig. 14. In the
computational domain, there are 12 channels cooling each of the
converging and diverging portions of the nozzle wall, plus 3 main
horizontal channels, for a total of 27 channels, as indicated in Fig. 14.
Water enters from the second (2) central channel, bifurcates to chan-
nels 4 and 5, 6 and 7, . . . , 26 and 27, then exits from channels 1 and 3.

Table 3 Inflow conditions and computational model

Parameters Values

O/F ratio 8.0
Inlet pressure, Pa 3.4476 × 106

Inlet temperature, K 3576
Inlet density, kg/m3 1.8158
H2 inflow rate, kg/s 0.034473
O2 inflow rate, kg/s 0.2758
Specific heat ratio 1.1282
Molecular Weight 15.642
Sound speed, ms 1464.4

Mass Fractions
H 0.002744
H2 0.01657
H2O 0.75654
O 0.02115
OH 0.11824
O2 0.08477
Chemistry model Finite rate
Turbulence model Menter’s BSL

Fig. 15 Specified side wall temperature.

The boundary conditions employed for the fluid domain are sum-
marized in the following text. The inflow boundary was partially de-
termined by the mass flow rate specified in the experiments. The fuel
and oxidizer were assumed to be completely mixed and in chemical
equilibrium. The equilibrium properties at the experimental cham-
ber pressure and mixture ratio were obtained using CEA31 and are
summarized in Table 3. Case 12 of the experimental sequence was
employed.10 The outflow boundary was treated as a supersonic out-
flow, whereby all variables are extrapolated from the interior of the
domain. The interface featured a no-slip boundary condition, and
its temperature was computed by the coupling process. The north
side wall boundary was specified by symmetry considerations. The
south side wall temperature was set to vary in the axial direction,
according to the profile shown in Fig. 15, which was derived from
the two-dimensional calculations reported by Pal et al.10 One more
symmetry plane completes the description of the fluid region bound-
aries (Fig. 13).

For the solid matrix, the operating parameters and boundary con-
ditions are listed in Table 4. The interface heat flux was extracted
from the nozzle flow, as already discussed. The constant values of
temperature for south, left, right, and top walls were specified as
an approximation of the experimental data. Temperature-dependent
properties were used in the solid matrix, with coefficients obtained
by fitting available data.30

The cooling channels inlet conditions are listed in Table 5. Cur-
rently, the cooling channel model can allow multiple, independent
lines, but line crossing is not modeled. Therefore, each channel
needs an individual inlet condition. All channels were assumed to be
smooth. The inlet temperature and mass flow rate set for channel 2
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Table 4 Operating parameters for thruster nozzle wall

Boundary conditions Values

South, K 300
Bottom interface
Left, K 400
North symmetry
Top, K 350
Right, K 350

Physical properties
Heat capacity, J/(kg K) 355.6(1 + 2.8 × 10−4T )

Thermal conductivity, W/(m K) 419.8(1 − 1.6 × 10−4T )
Density, kg/m3 8933

Table 5 Cooling channel inlet conditions

Channel index Values

Inlet temperature, K
1 304
2 287
3 302
4–27 287

Inlet pressure, kPa
1 477
2 500
3 481
4–27 500

Inlet mass flow rate, kg/s
1 0.2518
2 0.5036
3 0.2518
4–27 0.02098

Channel radius, m
1 0.002286
2 0.003556
3 0.002286
4–27 0.0007937

Fig. 16 Residual history for fluid, solid, and channel calculations.

were taken from the experiment, the pressure was initially set as
500 kPa; inlet temperatures for channels 4–27 were specified to be
the same as channel 2, assuming changes along channel 2 are small;
conditions specified for channel 1 and 3 were obtained from an early
two-dimensional calculation. Specifically, in the two-dimensional
model, just two channels were present: from the throat to the con-
verging and diverging sections, respectively. Their inlet conditions
were specified to be the same as channel 4. All other conditions
were kept unchanged. The outlet data obtained are now used as the
inlet condition for channels 1 and 3 in the current three-dimensional
analysis.

The residual history for this calculation is shown in Fig. 16. A
four-order of magnitude reduction in residuals for nozzle flow, solid

Fig. 17 Flow Mach number distribution.

Fig. 18 Flow temperature distribution (Kelvin).

Fig. 19 Temperature contour slices: solid wall.

Fig. 20 Temperature contour slices: solid wall.

heat transfer, and cooling channel calculations is achieved. The noz-
zle flow Mach number and temperature are shown in Figs. 17 and 18,
respectively. The results suggest that the flow is well behaved be-
cause no recirculation around the sharp corner was found. The Mach
number at the exit plane is 2.808, and the temperature drops from
3579 to 2174 K.

A sample of temperature contours in the solid phase is shown in
Figs. 19 and 20. The cooling channel path is explicitly shown in
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Fig. 21 Solid-phase temperature: cooling path shown.

Fig. 22 Nozzle and solid wall temperature contour slices.

Fig. 23 Cooling channel temperatures.

Fig. 21. Both nozzle flow and solid wall temperatures are shown
in Fig. 22. The cooling effects are evident in the local temperature
contours, which proves that the cooling channels are working well.

The cooling channel temperature along the flow direction is
shown in Fig. 23. The temperature difference between inlet and
outlet is shown in Fig. 24. The temperature changes in the channel
lines for the converging and diverging sections of the nozzle are
higher than those for the side walls. Moreover, using the outlet val-
ues of channels 26 and 25 as the inlet conditions for channels 1 and
3 is shown to be acceptable. The outlet temperatures are compared
with the experimental data in Table 6. The maximum discrepancy
is approximately 2.8%.

The computed nozzle wall heat flux is given in Fig. 25. The heat
flux peaks at the nozzle throat, due mostly to the sharp corners in the

Table 6 Cooling channel outflow temperatures

Calculated Measured
Channel index outflow T , K outflow T , K

1 307.7 316.33
3 303.939 308.63

Fig. 24 Cooling channel inflow and outflow temperatures.

Fig. 25 Interface heat flux.

nozzle profile and the flow acceleration. The computational results
are higher than previously reported results,10 which were obtained
from a combination of a one-dimensional analytical model and two-
dimensional numerical predictions. The computed wall temperature
is shown in Fig. 26, and the temperatures at the thermocouple posi-
tions are shown in Fig. 27, together with the measured results. The
computed temperatures at the thermocouple locations are higher
than the experimental data. The discrepancy is probably due to the
differences between the real and modeled geometries of the nozzle.
As already mentioned, the cooling passages were formed by first
drilling, then sealing at the appropriate place to match the dimen-
sion requirements. Holes for burying thermocouples were drilled
on the top and bottom nozzle walls. The resulting nozzle structure
was fully three dimensional. The byproducts of machining and the
channels in the side walls were not considered in this study, due to
the difficulties of generating a grid for such a geometry. It is likely
that the instrumented nozzle wall was cooled more than the com-
putational model. A more complete simulation of the instrumented
nozzle requires more work on grid generation and probably a gen-
eralized grid.28
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Fig. 26 Interface temperature.

Fig. 27 Thermocouple temperatures.

Overall, the simulations provided reasonable results that validate
the models developed and implemented. Moreover, the ability to
tackle realistic engineering applications was demonstrated.

V. Conclusions
The present study was focused on the coupling of three different

physical models, all of which are necessary for the accurate simu-
lation of heat transfer problems in propulsion systems. By the use
of a flexible application framework to reduce the complexitity of
assembling disparate algorithms, the three models were fully cou-
pled. Results from two test cases were presented, and compared
well with available experimental data. The RBCC thruster nozzle
test case was very challenging from a geometrical point of view,
requiring some simplifications to be made. However, a reasonably
representative model was developed, and the results obtained are
very encouraging.

Coupling the cooling channel flow model with the solid-phase
heat transfer and fluid dynamic models provides a good starting
point for further extensions to more complex physical models, such
as the inclusion of thermal stress analysis, or the introduction of
composite materials. Whereas the results of this study look quite
promising, there is much left to address. Cooling channel networks
can be very complex, and the channels might cross each other. In
such cases, the simplifications adopted in the model would have
to be carefully reexamined, and the grid generation strategy would
become significantly more difficult. Fully coupling physical mod-
els from several disciplines and spatial domains will require fur-

ther enhancements in both physical modeling and grid generation
technology.
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