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ABSTRACT
This article deals with the development of an implicit and conservative
method for conjugate heat transfer at solid-fluid interfaces. The technique
is applicable for both conformal and non-conformal meshes. The method,
which is implemented within a fully coupled in-house code, is symmetric
in its treatment of the solid and fluid regions and is shown to be very
robust for highly complex configurations. To demonstrate the performance
of the method, two compressible turbulent conjugate heat transfer test
cases, the Mark II and C3X with film cooling, which are benchmarks for
simulating the hydrodynamic and thermal fields around and inside turbine
blades, are used. Numerical results generated are in good agreement with
available experimental measurements.
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1. Introduction

In many engineering applications, understanding the thermal interaction between the fluid and
solid parts is crucial, especially when associated with complex flows and geometries. The design
of gas turbine blades represents such a challenge, where controlling the blade temperature is crit-
ical for ensuring efficient performance and extended blade lifetime. To evaluate the blade tem-
perature, heat transfer in the fluid region has to be coupled to that in the solid region, including
the flow in the cooling channels. Other areas where such coupling is also critical comprise,
among others, heat exchangers, nuclear reactors, cooling of electronic equipment, and biomedical
systems [1]. This class of problems is generally referred to as conjugate heat transfer (CHT) [2]
and continues to be the focus of development and research [3]–[6].

The numerical approaches used for solving CHT problems can be divided into two main catego-
ries denoted in the literature by loose coupling [7, 8] where the coupling between the fluid and solid
parts is treated explicitly, and tight coupling where the coupling is treated implicitly [9]–[13].

In loose coupling methods the energy equation is discretized independently in the solid and
fluid zones, with a special thermal boundary condition enforced at the solid-fluid interface. This
approach allows a certain level of flexibility in solving the solid and fluid zones but can only
account for the effect of each zone on the other through a kind of repeated Picard iteration
between zones that allows for the exchange of information at the interface [14, 15]. In addition,
distinct fluid and solid solvers can be used with periodic exchange of data. However, the conser-
vation of the fluxes at the solid-liquid interface is only satisfied at convergence. This makes the
approach less performing.
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In tight coupling methods, the energy coupling is treated implicitly, i.e. by forming one system
of equations across the solid and fluid domains. In this approach, the loss in flexibility is com-
pensated for via a much better performance. With an implicit resolution of the interface, the
solution of the fluid and solid domains takes place using a coupled system of equations, and the
conservation conditions are implicitly accounted for as part of the discretization procedure of
the interface.

The conservative CHT method described in this article belongs to the tightly coupled group. It
is fully implicit and is implemented within the coupled solver of the authors [16]–[25] with its
performance and accuracy evaluated for a range of applications.

Nomenclature

auC, a
uu
C , :: coefficients in the discre-

tized equations
buC, :: source term in the discre-

tized u equation
C main grid point
cp specific heat at con-

stant pressure
dFf , :: vector joining the grid

points F and f,.
dFf , :: magnitude of dFf ,.
D turbulence destruc-

tion term
~D modified turbulence

destruction term
E component of the surface

vector in the direction
of dFS

E magnitude of E
fb body force per

unit volume
F refers to neighbor of the C

grid point
g geometric interpol-

ation factor
ho specific total enthalpy
I identity matrix
k turbulent kinetic energy
p pressure
P turbulence produc-

tion term
~P modified turbulence pro-

duction term
Pr Prandtl number
Prt Turbulent Prandtl number
_q heat flux
_qv heat generation per

unit volume
qf total heat crossing element

face f
~Reht transition momentum

thickness
Reynolds number

S surface vector
T Tangential component of

the surface vector

t time
T temperature
u velocity vector

Greek Symbols

x dissipation per unit turbulence
kinetic energy

l dynamic viscosity
lt turbulent viscosity
C effective thermal conductivity
q density
rk,rw, :: coefficients in turbu-

lence model
c intermittency
k thermal conductivity
kt turbulent thermal conductivity
s deviatoric stress tensor

Subscripts

C refers to main grid point
f refers to element face
F refers to the F grid point
k refers to k equation
x refers to x equation
c refers to c equation
ht refers to ~Reht equation
NB refers to the neighbors of the

C grid point
o refers to reference condition

Superscripts

p refers to pressure
u refers to the u-vel-

ocity component
v refers to the v-vel-

ocity component
T refers to the temperature
ho refers to the specific

total enthalpy
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In the remainder of this article, the various issues related to coupling the solid and fluid
regions are described. The presentation starts with a brief overview of the discretization used in
the coupled solver, followed by a detailed description of the fully implicit CHT approach. Then,
the performance and accuracy of the developed method are evaluated by reporting results for two
complex test problems.

2. Governing equations

2.1. Fluid domain

In the fluid domain, the prediction of compressible turbulent flows requires solving the continu-
ity, momentum, energy, and turbulence model equations. In this work solutions are generated
using the four-equation transitional k� x SST [26]–[28] turbulence model. The conservation
equations of the various variables are given by

@q
@t

þr � quð Þ ¼ 0 (1)

@qu
@t

þr � quuð Þ ¼ �rpþr � s (2)

@qho
@t

þr � quhoð Þ ¼ �r: _qþ @p
@t

þr � s � uð Þ þ fb � uþ _qv (3)

@qk
@t

þr � qukð Þ ¼ ~Pk � ~Dk þr: lþ rkltð Þrk
� �

(4)

@qx
@t

þr � quxð Þ ¼ aq
Pk
lt

� Dx þr: lþ rxltð Þrx
� �þ 2 1� F1ð Þqrx2

x
rk � rx (5)

@qc
@t

þr � qucð Þ ¼ Pc � Ec þr: lþ lt
rf

� �
rc

� �
(6)

@q~Reht
@t

þr � qu~Reht
� 	

¼ Pht þr: rht lþ ltð Þr~Reht
h i

(7)

where q is the density, u is the velocity, p is the thermodynamic pressure, ho is the total enthalpy
per unit mass, k is the turbulence kinetic energy, x is the dissipation per unit turbulence kinetic
energy, c is the intermittency to trigger transition locally, ~Reht is the transition momentum thick-
ness Reynolds number, s is the viscous stress tensor, and _q is the diffusion heat flux. The expres-
sions for s, ho, and _q are given by

s ¼ lþ ltð Þ ruþ ruð ÞT
n o

� 2
3

lþ ltð Þ r � uð ÞI� 2
3
qkI (8)

ho ¼ cpT þ 1
2
u � u (9)

_q ¼� CrT ¼ � kþ ktð ÞrT (10)

where l is the laminar fluid viscosity, lt the turbulent viscosity, C the effective thermal conduct-
ivity, k the thermal conductivity, and kt the turbulent thermal conductivity calculated as

l ¼ lo
T
To

� �0:7

lt ¼ q
k
x
C ¼ kþ ktk ¼ lcp

Pr
kt ¼

ltcp
Prt

(11)
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Moreover, in Eq. (11) cp is the constant pressure specific heat, Pr is the Prandtl number, and Prt
is the turbulent Prandtl number. The meanings of other terms are as given in the nomenclature.

The modified production ~Pk and destruction ~Dk terms, which are used with the transitional
k� x SST model, are obtained from the original production Pk and destruction Dk terms used
with the k� x SST model [24] through the following relations:

~Pk ¼ ceff Pk ~Dk ¼ min max ceff , 0:1
� 	

, 1:
� �

Dk (12)

Further, the turbulence model coefficients and the expressions of ceff and other terms in the tur-
bulence model equations can be found in [26]–[28].

For incompressible flow with constant specific heat, the energy equation can be written in
terms of temperature T as

@qcpT

@t
þr � qcpuT

� 	 ¼ �r: _qs (13)

2.2. Solid domain

In the solid domain the energy equation is written simply as

@qcpT

@t ¼ �r: _qs
(14)

_qs ¼� CrT ¼ �ksrT (15)

When solving for compressible flow with CHT, the energy equation in the solid region is refor-
mulated in terms of the total enthalpy so as to have one variable for the set of equations formed
across the solid and fluid domains. Details of this transformation will be presented in a
later section.

3. Coupled solver

The continuity and momentum equations are discretized in the fluid domain using a fully impli-
cit approach [7]–[11], whereby the velocity and pressure fields are assembled and solved as one
fully coupled system. This allows for a better resolution of the pressure velocity coupling that is
present in the Navier-Stokes equations. The discretized equations can be represented by a system
of algebraic equations at each element in the following form:

auuC auvC auwC aupC
avuC avvC avwC avpC
awuC awvC awwC awpC
apuC apvC apwC appC

2
66664

3
77775

uC
vC
wC

pC

2
66664

3
77775þ

X
F¼NB Cð Þ

auuF auvF auwF aupF
avuF avvF avwF avpF
awuF awvF awwF awpF
apuF apvF apwF appF

2
66664

3
77775

uF
vF
wF

pF

2
66664

3
77775 ¼

buC
bvC
bwC
bpC

2
66664

3
77775 (16)

In these equations, the effect of the various variables on each other is represented by the off-diag-
onal coefficients on the left-hand side and are thus treated implicitly. This is in contrast with the
segregated approach where the velocity components and pressure field are solved sequentially
with the influence of the other variables accounted for only explicitly as part of the right-hand
side source term.

For incompressible flow, the energy equation in the fluid and solid regions is discretized to
give for each control volume an algebraic equation of the form
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aTCTC þ
X

F¼NB Cð Þ
aTFTF ¼ bTC (17)

For compressible flow, the energy equation in the fluid region is written in terms of the specific
total energy and its discretized form is given by

ahoC hoð ÞC þ
X

F¼NB Cð Þ
ahoF hoð ÞF ¼ bhoC (18)

In the solid region, since Eq. (9) leads to an algebraic equation in terms of temperature, its dis-
cretized form is reformulated and written in terms of total enthalpy in order to have one variable
for the set of equations formed across the solid and fluid domains. Its final form is written as

aTC hoð ÞC þ
X

F¼NB Cð Þ
aTF hoð ÞF ¼ bTC � aTC TC � hoð ÞC

� 	þ X
F¼NB Cð Þ

aTF TF � hoð ÞF
� 	� �

(19)

The discretization of the turbulence model equations results in equations similar to Eq. (18),
which are solved along with the energy equation sequentially after solving the coupled system of
momentum and continuity equations. This coupled approach has proven quite successful in terms
of robustness and performance for a wide range of applications.

4. Coupling strategy at a solid-fluid interface

While the flow solver resolves the momentum and continuity equations in the fluid regions in a
coupled manner, the coupling in the energy equation is effected across the fluid and solid regions.
This means that the energy equation in the fluid and solid regions are connected implicitly to
form one set of equations that are solved simultaneously. For incompressible flow the energy
equation is expressed in terms of temperature in both the solid and fluid regions. However, for
compressible flows, the total enthalpy is the variable used in the fluid region while the tempera-
ture is used in the solid region. Despite that, both sets are coupled across the interface and solved
as one system, as described earlier.

For the coupling between the solid and fluid domains, two important conditions have to be
satisfied at the interface: (i) the temperature should be continuous across the interface, and (ii)
the heat fluxes on either side of the interface should be equal in magnitude. This can be written
mathematically as

Tf ¼ Ts and _qF ¼ _qS (20)

In the implicit approach the energy equation should be discretized in such a way that these two
conditions are satisfied at the interface between the solid and fluid domains while yielding a con-
sistent system of equations that straddle all solid and fluid domains. To this end these conditions
need to be enforced implicitly into the discretization process [9]–[13].

Figure 1a shows the general case of two non-orthogonal elements situated at a solid-fluid
interface. Further, assume the flow at the fluid side to be turbulent and compressible. Then the
heat flux qf across the interface, in the fluid and solid sides, can be written as

qf ¼ CfrTf � Sf ¼ CFrTF � Sf ¼ �CSrTS � Sf (21)

where the solid diffusion coefficient represents the solid thermal conductivity, while the fluid dif-
fusion coefficient represents the sum of the fluid laminar and turbulent thermal diffusivities. In
addition, Sf is the interface surface vector, and the subscripts S, F, and f represent the centroids
of the solid element, fluid element, and solid-fluid interface, respectively. The discretized form of
Eq. (21) is obtained by first decomposing the surface vector at the solid-fluid interface into two
components Ef and Tf such that (Figure 1b)
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Sf ¼ Ef þ Tf ¼ EFf þ TFf ¼ � ESf þ TSf
� 	

(22)

where EFf is in the direction of the line joining F and f , and ESf is in the direction of the line
joining S and f : To fix their magnitudes, an additional condition is required. For example, if it is
required to maximize their lengths [29], then Sf � TFf ¼ Sf � TSf ¼ 0 leading to the following

Figure 1. (a) Non-orthogonal elements located at a solid-fluid interface. (b) Heat flux and surface vector at a solid-fluid interface.
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expressions for EFf and ESf :

EFf ¼
Sf � Sf
Sf � dFf dFf ESf ¼

Sf � Sf
Sf � dSf dSf (23)

then TFf and TSf can be calculated. Using this decomposition of the surface vector, Eq. (21)
becomes

CFrTF � EFf þ CFrTF � TFf ¼ �CSrTS � ESf � CSrTS � TSf (24)

or

CF
Tf � TF

dFf
EFf þ CFrTF � TFf ¼ �CS

Tf � TS

dSf
ESf � CSrTS � TSf (25)

Solving for Tf , one obtains

Tf ¼
CFEFf dSf

CFEFf dSf þ CSESf dFf
TF þ

CSESf dFf
CFEFf dSf þ CSESf dFf

TS

� dFf dSf CFrTF � TFf þ CSrTS � TSf
� 	
CFEFf dSf þ CSESf dFf

¼ wFf TF þ wSf TS þ wFS

(26)

Substituting Eq. (26) in Eq. (21), an expression for the heat flux at the fluid solid interface is
obtained as

qf ¼
CF wFf � 1ð ÞEFf

dFf
TF þ

wSfCFEFf
dFf

TS þ
CFwFSEFf

dFf
þ CFrTF � TFf

¼ aFf TF þ aSf TS þ aFS
(27)

For compressible flow, Eq. (27) is rewritten in terms of total energy as

qf ¼ aFf hoð ÞF þ aSf hoð ÞS þ aFf TF � hoð ÞF
� 	þ aSf TS � hoð ÞS

� 	þ aFS
¼ aFf hoð ÞF þ aSf hoð ÞS þ ~aFf

(28)

For incompressible flows, Eq. (27) is used in the discretization of the energy equation allowing
the heat flux at the fluid-solid interface to be expressed in terms of the temperatures straddling
the interface. For compressible flows, Eq. (28) is used to couple the solid to the fluid regions.
This approach can be generalized further for non-orthogonal nonconforming interfaces as
described in the next section.

It is to be noted that for the case of orthogonal grid Eq. (21) simplifies to

CF
Tf � TF

dFf
Sf ¼ �CS

Tf � TS

dSf
Sf ¼ Cf

TF � TS

dFS
Sf (29)

and leading to the following expression for Tf :

Tf ¼
CFdSf

CFdSf þ CSdFf
TF þ

CSdFf
CFdSf þ CSdFf

TS (30)

Substituting back in Eq. (29) and rearranging, an expression for Cf is obtained as

Cf ¼ CSCF

CF
dSf

dSFþdSF
þ CS

dFf
dSFþdSF

¼ CSCF

CFg þ CS 1� gð Þ (31)
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For uniform grids, Eq. (31) reduces to

Cf ¼ 2CSCF

CF þ CS
(32)

which implies that the interface diffusion coefficient is obtained as the harmonic mean of the dif-
fusion coefficients straddling the interface. Thus, the method can be viewed as a generalization of
the harmonic interpolation for the calculation of the diffusion flux into unstructured non-orthog-
onal grid systems, which is known to be conservative.

5. Fluid-solid domain interaction: Nonconforming interfaces and domain tagging

In order to achieve flexibility in computations, two main algorithms are introduced: (i) noncon-
forming interfaces, and (ii) domain tagging.

Nonconforming mesh interfaces are essential for calculation flexibility. In most applications,
the mesh requirements for solid and fluid domains are completely different, targeting dissimilar
mesh structures and element types. For this reason, the ability to couple different grid systems
for CHT applications with non-conformal meshes (Figure 2a) is necessary.

For the case of nonconforming grid across a fluid-solid interface, a procedure similar to a
fluid-fluid interface [17] is developed. The basic idea is to build an interface treated as a sequence
of internal faces, where the heat flux is calculated using Eq. (27) or (28). The discretization of the
diffusion flux across a nonconforming fluid-solid interface is performed following the procedure
explained next by discretizing the heat flux for an incompressible fluid along element face f24,
shown in Figure 2b, that connects element C of the solid region (Domain 1) to elements F1 and
F2 of the fluid region (Domain 2). The heat flux is computed as

qf24 ¼ C52 rTð Þ52 � Sf24�52 þ C78 rTð Þ78 � Sf24�78

¼ a52f24�52T52 þ a24f24�52T24 þ a24�52 þ a78f24�78T78 þ a24f24�78T24 þ a24�78
(33)

with its general expression given by

qfi ¼
Xn
j¼1

ajfi�jTj
� 	þ Ti

Xn
j¼1

aifi�j þ
Xn
j¼1

aij (34)

For compressible flows, Eq. (34) is modified as

qfi ¼
Xn
j¼1

ajfi�j hoð Þj

 �

þ hoð Þi
Xn
j¼1

aifi�j þ
Xn
j¼1

aij þ
Xn
j¼1

ajfi�j T � hoð Þj

 �

þ T � hoð Þi
Xn
j¼1

aifi�j (35)

Since the discretization now involves elements from different blocks, a global element index is
defined to ensure proper assembly into the global matrix of coefficients across regions.

Together with nonconforming interfaces, the concept of tagging the mesh domains is introduced
(Figure 3a). In order to achieve full flexibility for MPI distributed parallel computing, the fluid and
solid meshes are merged together and treated as a single mesh during mesh decomposition. Then, in a
second step, cells are tagged by assigning them IDs that differentiate fluid regions from solid regions.

During the discretization of the u� p system, Eqs. (1) and (2) are deactivated over cells with
IDs that define solid regions. In this case the rows of the corresponding block matrix are deacti-
vated zeroing the extra diagonal coefficients and setting the zero-default value for pressure and
velocity in the solid domain. In addition, nonconforming interfaces are treated as walls.

Nonconforming interfaces are used for the discretization of the energy equation (Eq. (3)),
which is solved in both domains simultaneously as explained above. Moreover, by setting the vel-
ocity to zero in the solid region, the convection contribution in Eq. (3) is automatically removed,
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Figure 2. (a) A physical domain composed of two regions denoted by Domain 1 and Domain 2 that are independently meshed
resulting in nonconforming interfaces. (b) Notation and topological information used in the discretization of heat fluxes along
fluid-solid interface faces.
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eliminating the need for any special handling of the matrix of coefficients for the
energy equation.

The advantage of this approach is more evident in the presence of many interfaces and many
fluid-solid domains. While part of the memory allocated for the u� p system is not used, the

Figure 3. (a) Example of tagging the meshes of a solid turbine blade and its surrounding fluid region. (b) Domain decomposition
for parallel computations showing the possibility for a partition to be composed of fluid and solid elements.
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advantage of the suggested treatment is high flexibility during assembly and more importantly
during domain decomposition (Figure 3b) for distributed parallel simulations. In fact, by treating
the fluid and solid domains as one mesh, the parallel decomposer can work at its best minimizing
the MPI exchange, like in a standard fluid flow simulation. The result is a parallel efficiency that
is not affected by conjugate heat transfer.

6. Numerical simulations

To assess the robustness and accuracy of the fully implicit method, two standard CHT test cases
for turbine blade simulation, the Mark II [30] and C3X with film cooling [31], are used. The
Mark II blade was studied experimentally in 1983 to develop a practical analytical tool that per-
mits gaining more information about the heat transfer in airfoils and improve the design of gas
turbine blades. The C3X blade was designed in 1988 to test the capabilities of downstream film
cooling with and without showerhead cooling. Since then, both data sets have become a bench-
mark for testing and validating conjugate heat transfer and transition turbulence models
[32]–[35]. In this work, the two cases are simulated using the transitional k� x SST four-equa-
tion model [27, 28] and the results obtained using the fully implicit conjugate heat transfer
method are compared with the experimental measurements reported by Hylton [30, 31]. The
details of the numerical setup and simulation results are presented next.

7. Internally cooled vane: Mark II

The coordinate system and a three-dimensional view of the blade used in the Mark II case along
with the different types of applied boundary conditions are shown in Figure 4a–c, respectively. The
physical configuration is divided into three regions: the hot gas flow approaching the blade, the cool-
ant airflow inside the cooling channels, and one solid domain representing the vane body. The tur-
bine vane is made of ASTM 300 stainless steel and is cooled with ten radial air-cooling channels
(Figure 4b). The Steel density q and the specific heat cp are assigned the constant values 7900 Kg/m3

and 586:5 J/Kg.K, respectively, while the thermal conductivity is considered to be a function of tem-
perature and is calculated using the following polynomial equation [33,34]:

ks ¼ 6:811þ 0:020176� TsðKÞ (36)

The hot gas flow and coolant flow are both modeled as ideal gases characterized by piece-wise
polynomial specific heat, and Sutherland thermal conductivity and viscosity given by [36]

cp ¼ a0 þ a1T þ a2T
2 þ a3T

3 þ a4T
4 (37)

l ¼ lo
T
To

� �2
3 To þ S
T þ S

(38)

k ¼ ko
T
To

� �2
3 To þ S
T þ S

(38)

Where, lo ¼ 1:7894� 10�5 pa.s, ko ¼ 0:0261 W/m.K, To ¼ 273:11 K, S ¼ 110:56, a0 ¼ 116:482,
a1 ¼ �2:36881, a2 ¼ 0:01485511, a3 ¼ �5:034909� 10�5, a4 ¼ 9:92856� 10�8:

The mesh used for the Mark II cases consists of a total of 1,292,320 hybrid elements (Figure 5).
Figure 5a and b show the mesh systems for the solid (blade) based on tetrahedral elements and fluid
(around the blade) regions based on high-quality hexahedral elements, while Figure 5c displays the
full mesh used.

The two test runs 42 and 43 are selected from the reported experimental data of Hylton [30]
to simulate supersonic and subsonic flow at the outlet from the domain, respectively. For both
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cases, the flow over the blade is transonic characterized by the formation of shock waves.
Boundary conditions applied on the main flow inlet include a specified static pressure, tempera-
ture, turbulence intensity, and viscosity ratio as specified in Table 1. For the cooling channels, the
inlets are set to a fixed mass flow rate and specified static temperature with their values extracted
from the available experimental data [30]. For turbulence modeling, measurements report only
the turbulence intensity, while the turbulent viscosity ratio is assumed and set for the main gas
flow at 30 and for the flow in the coolant channels at 5. At the outlet from the domain, a speci-
fied pressure boundary condition is applied with its value computed from Eq. (39), while the
pressure at outlet from the cooling channels is set to 1 atmosphere.

Figure 4. (a) Global coordinate system of the Mark II turbine blade. (b) 3-D view of the turbine blade body with ten cooling
channels (Hylton, 1983). (c) Boundary conditions specified on the Mark II blade computational domain with periodic boundary
conditions applied at the blade sides to simulate the experimental setup.
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Figure 5. (a) Mark II blade computational mesh, (b) mesh of air region around the blade, and (c) the full mesh showing the local
refinement around the blade wall and suspected shockwave locations.
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Table 1. Simulation flow conditions specified for run 43 and 42 for Mark II turbine cascade (Hylton, 1983).

Run no. Pref (KPa) Tref (K) Tu (%) TVR P2 (Pa) M2

Run 43 (subsonic) 342.255 784 6.5 30 204 559 0.89
Run 42 (transonic) 337.085 788 6.5 30 169 853 1.04

Figure 6. Comparison of predicted and measured normalized (a) pressure and (b) temperature profiles along the mid-span of
the vane surface for subsonic outlet (run 43).
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p2 ¼ p0

1þ c�1
2 M2

2


 � c
c�1

(39)

In equation (39) p0 is the measured total pressure at the inlet, and M2 is the measured Mach
number at the outlet of the main flow. The sides of the domain are modeled with translational
periodic boundary conditions to simulate the arrangement of the blades in the experiment. In the
following plots, all displayed field profiles are along a contour at vane mid span and the pressure
side corresponds to negative x/L values, while the suction side corresponds to positive x/L values.

Figure 7. Mach contours along a meridian plane passing through the vane mid-span for subsonic flow at outlet (run 43).
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Results for subsonic flow at outlet (run 43) are reported in Figures 6 and 7. Figure 6 compares
predicted normalized pressure (Figure 6a) and temperature (Figure 6b) profiles along the vane
mid-span with measurements. The inlet pressure and temperature presented in Table 1 are used
as reference values for normalization. As shown, the computed normalized pressure profile is in
excellent agreement with experimental data, with the shock wave developing on the suction side
of the blade well predicted. The numerical and experimental normalized temperature profiles
reported in Figure 6b are also in good agreement validating the newly developed treatment at a
fluid-solid interface. The hydrodynamic and thermal fields over the entire domain are depicted

Figure 8. Comparison of predicted and measured normalized (a) pressure and (b) temperature profiles along the mid-span of
the vane surface for supersonic outlet (run 42).
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via Mach contours in Figure 7. These contours clearly show the formation of the shock wave at
the leading edge, near x/L¼ 0.4, on the suction side of the blade and are in excellent agreement
with similar results reported in the literature [34].

For the case of supersonic flow at the outlet (run 42), results are reported in Figures 8 and 9.
As in the previous case, computed normalized pressure and temperature profiles are compared

Figure 9. Mach contours along a meridian plane passing through the vane mid-span for supersonic flow at outlet (run 42).
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Figure 10. (a) Geometry and boundary conditions and (b) computational mesh for the C3X vane.

Table 2. Simulation flow conditions specified for the test run 44344 for C3X turbine
cascade (Hylton, 1988).

Parameter Value

Inlet total pressure, P0(KPa) 285.13
Inlet total temperature, T0 (K) 701
Inlet mass flow rate m1 (Kg/s) 0.216328
Inlet turbulence intensity, Tu (%) 6.5
Inlet turbulence viscosity ratio, TVR 10
Outlet pressure, P2 (KPa) 170.416
Outlet Mach no. M2 0.89

Table 3. Film cooling plenums flow conditions (Hylton, 1988).

Parameter Average inlet temperature (K) Coolant flow rate (Kg/s)

Suction side 592.76 0.00257692
Leading edge 599.73 0.00132914
Pressure side 578.809 0.00144615
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with similar profiles generated experimentally in Figure 8a and b, respectively. As shown, com-
puted values are in good agreement with measurements. The two shock waves on the suction
side of the vane are correctly predicted with one located, as in the previous case, near the leading
edge at x/L¼ 0.4, while the second is located at the blade trailing edge. These shock waves are
reflected by the sharp increase in pressure and temperature depicted in Figure 8a and b, respect-
ively. This is further revealed by the Mach number contours presented in Figure 9. The formation
of the shock waves on the suction side of the blade is easily seen by the condensed contours at
their locations, which is in excellent agreement with measurements.

8. Internally and film cooled vane: C3X

In this case, the vane is internally cooled by ten radial cooling holes in addition to film cooling
arrays on the leading edge (LE), pressure side (PS), and the suction side (SS) with each supplied
by a separate plenum [31]. Figure 10a presents the model geometry showing the inlet, outlet,
periodic boundaries, and the solid vane body. In this configuration a full nonconforming interface
is used for the simulation. The plenums inside the blade are thermally insulated; thus, conduction
can be assumed to take place only in the blade part that consists of the cooling channels [33].
The blade physical properties including specific heat, viscosity, and thermal conductivity are the
same as in the MARK II case.

The C3X meshed geometry is composed of 1,373,255 linear hexahedron elements (Figure 10a),
already used in previous work [33]. The test run 44344 from the report by Hylton [31], is simu-
lated. The mainstream inlet was set to specified pressure and temperature while the inlet to the
plenums and the cooling channels were set to specified mass flow rate and temperature. On the
other hand, the outlets for the main flow and the cooling channel were set to specified pressure
outlet. Values of the main hot gas and film cooling boundary conditions are presented in Tables
2 and 3, respectively. The boundary conditions for the cooling channels were not reported by
Hylton [31], however, specified mass flow rates and temperatures were imported and used, fol-
lowing an inverse procedure, to calculate the unknown data [33, 37]. For turbulence modeling,
the turbulent intensity and viscosity ratios for the film cooling plenums were specified at 5% and

Figure 11. Comparison of predicted and measured normalized temperature profiles along the mid-span of the vane surface for
the C3X case.
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10%, and for cooling channels, the turbulent intensity was set at 5% and the hydraulic diameter
was used as the second parameter for turbulence.

Computed results are displayed in Figures 11 and 12. Figure 11 compares predicted normal-
ized temperature profiles along the vane mid-span with measurements. Computed profiles along
the pressure (x/L< 0) and suction (x/L> 0) sides are seen to be in good agreement with

Figure 12. Mach contours along a meridian plane passing through the C3X vane mid-span.
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measured data. The predicted temperature is slightly off compared to the experimental values in
the pressure side region and close to the leading edge of the blade. As previous authors men-
tioned [33], the discrepancy can be attributed to the imperfect insulation of the plenums in the
experiments affecting the results slightly in that region. The hydrodynamic and thermal fields
over the entire domain are depicted via Mach contours in Figure 12. These contours are in excel-
lent agreement with similar ones reported in the literature [33] validating the newly developed
treatment at a fluid-solid interface.

9. Closing remarks

An implicit and conservative method for dealing with conjugate heat transfer at solid-fluid inter-
faces was developed. The technique is applicable for both conformal and non-conformal meshes
and was implemented within a pressure-based fully coupled OpenFOAM# compatible code. The
performance of the new approach was demonstrated by solving two compressible turbulent flow
problems involving conjugate heat transfer in complex geometry. Results generated were com-
pared with available experimental data and were found to be in good agreement.
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