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Application of Chimera/Unstructured Hybrid Grids
for Conjugate Heat Transfer

Kai-Hsiung Kao*and Meng-Sing Liou'
NASA Lewis Research Center, Cleveland, Ohio 44135

A method is presented that computes the conjugate heat transfer problem using a hybrid overset grid system.
The hybrid grids for the fluid and solid structure regions use Chimera overset structured grids and unstructured
grids, respectively. The numerical analyses require the flowfield solution and material thermal response to be
obtained simultaneously. A continuous transfer of temperature and heat flux is enforced at the interface, which
combines the solid structure and the fluid flow regions into an integral system. Numerical results are compared
with analytical and experimental data for a flat plate and a C3X cooled turbine cascade. A simplified drum-disk
system is also simulated to show the effectiveness of this hybrid grid system.

I. Introduction

REDICTION of a turbomachinery engine’s performance is a
complex process entailing the iterative execution of aerody-
namic, thermal, and structural analyses. In recent years, with ad-
vancements in performance of computing systems, as well as im-
provements in numerical schemes, computational analyses of the
Navier—Stokes equations for fluid flow and heat transfer has be-
come increasingly feasible.!~* Although important progress has
been made in solving the Navier—Stokes equations, much work is
stillneeded to achieve robustness,accuracy,and efficiency. An issue
that concerns the efficiency and accuracy of the design analysis for
engine componentsis the grid system used for the numericalsimula-
tion. For instance, the turbine blades are often characterized by high
turning geometry and large mean flow deviation from the axial di-
rection, resulting in substantially skewed grids. The operator power
requiredto generatean adequate grid system for variousengine com-
ponents is usually expensive; the procedure is inefficient. Another
issue that arises in the analysis is the thermal condition at the solid
body surface. In conventionalcomputations, the thermal conditions
at the body surface are imposed with either a constant tempera-
ture condition or a prescribed heat flux condition when solving the
Navier—Stokes equations. Even for industrial design processes, the
wall heat transfer coefficients are often calculated using a simpli-
fied one-dimensionalnetwork flow analysisand correlations. In fact,
the analysis is no longer sufficient to achieve future improvements
on engine performance without considering the three-dimensional
effectsand the multiple physicalinterferences.Consequently, modi-
fications of the one-dimensionalanalysis are needed in critical areas
based on the information from the Navier—Stokes solutions. In real-
ity, the temperature condition and the heat flux at the solid surface
are both unknown a priori and must be determined as a part of the
solution. As a result, a conjugate analysis of the fluid flow and heat
transfer must be undertakento obtain a physically realistic solution.
Among various grid systems for numerical simulation, the
Chimera overset grid method® has been shown to have the most flex-
ibility and efficiency in dealing with very complex configurations.®
Itconsistsofa set of overlappedstructured grids, which are indepen-
dently generatedand body fitted, yieldinga high-quality grid readily
accessible for efficient solution schemes. Therefore, the Chimera
grid method can be utilized to facilitate the grid generation process,
resulting in a more efficient design procedure. Considering the con-
jugate problem, the fluid flow externalto the solid body and the heat
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conductioninsidethe solid body must be solvedina coupled fashion.
As is known in solid mechanics analysis, most structural problem
can be easily resolved by using an unstructured grid method to rep-
resenta rigid body. However, dependingon one type of grid method
will not achieve adequate efficiency for fluid flow and solid heat
transfer problems. Hence, a method that properly employs a hybrid
of the Chimera and unstructured grid approaches may prove to be
fruitful. A hybrid grid system using an unstructured grid to replace
the arbitrarily overlapping region in the framework of the Chimera
scheme, termed DRAGON grid, has been developed by Kao and
Liou.” The original DRAGON grid method conserves the numeri-
cal fluxes at the grid interfaces and shows some promising features
interms of the solutionaccuracy and the grid flexibility. In this paper
we adopt the approach of Ref. 7 by using the unstructured grid to
resolve the heat conduction inside the solid body while remaining
with the Chimera overset grid scheme for the fluid flow region.

II. Governing Equations and Numerical Algorithm

The governing equations for the fluid flow are the three-dimen-
sional, compressible Navier-Stokes equations. The heat conduction
equation is used to evaluate the temperature distributions inside a
solid material.

A. Navier-Stokes Equations
The time-dependent compressible Navier—Stokes equations, ex-
pressed in integral form over an arbitrary control volume €2, are

ou
la

3 dv +

where the conservative variable vector U = (p, pu, pE)". The
inviscid flux is written as a sum of the convectiveand pressure fluxes:
F = ®u+ P, where ® = (p, pu, pH)T is the vector containing
convected variables and P = p(0, i, j, k, 0)7. The specific total
energyis E = H _ p/ p. The viscous flux is F, = (0, T, Tu+ q)7.
The stress tensor 7 and the heat flux vector q are expressed in terms
of gradient (v of relevant quantities,

] (F_F,) dS=0 (1)
0Q

T= (g T+ i+ (] @
4= np ®)

where u, and u, are the transport coefficients for momentum and
heattransfer,respectively. We denotethe vectorquantitiesexpressed
in terms of Cartesian coordinates in bold face.

1. Inviscid Fluxes

Based on the cell-centered finite volume method, the governing
equationsare semi-discretized. We use the new flux scheme AUSM*
developed by Liou® to express the inviscid fluxes at the cell faces.
The AUSM™* scheme allows the exact capture of a normal shock by



KAO AND LIOU 1473

using a suitably chosen interface speed of sound, yields a smoother
solution by way of including higher-order polynomials, and leads
to faster convergencerate.

The semidiscretized form, describing the rate of time change of
U in Q via balance of fluxes through all enclosing faces, S,/ =
1, ..., LX, whether they be in the structured or unstructured grid
regions, can be cast as

a LX
=—Ud F,
s 3o
where F,; = F;, ; and n; is the unit normal vector of S;. The task
is then to represent the numerical flux at the cell interface S;, which
straddles cells denoted by subscripts L and R. The AUSM* scheme
gives the numerical flux in the following expression:

Si|= 0 4)

Fy = M(a)/2)(Dy + D) _ |JT41 (@l A+ By (5)

In this formula, g, is the speed of sound suitably defined at the
interface to result in an exact resolutionof a normal shock. Here M
isthe interface Mach number. For detailed derivationsand numerical
evaluations of the AUSM™ scheme, see Ref. 8.

2. Viscous Fluxes

For the Navier—Stokes equations, at each interface we need to
define the stress tensor T and the heat flux vector q. The evaluation
of these quantities amounts to calculating the gradients at the inter-
faces. This can be readily achieved by the use of the Green theorem,
while maintaining consistency with the finite volume discretization.
However, auxiliary cells need to be constructed with their centers
located at the midpoint of the interface considered. Thus, associated
with each interface, there is an auxiliary cell whose center is located
at the center of the interface. The Green theorem is written as

] 7 V®F‘, dv = ﬁs ®F‘, (6)

where F, is the viscous fluxes and g is any vector product appro-
priate to F,, including inner productand dyadic product, etc. As a
result, the discretization of the viscous fluxes is equivalent to the
central differencing in the finite difference formulation.

B. Turbulence Model
The Baldwin-Lomax® algebraic turbulence model is used to cal-
culate the eddy viscosity. The effective viscosity is then given by

m= p+ = Y[l Pri) + (] Pr)] (7)

Here the subscripts/ and ¢ refer to the values in the laminar and tur-
bulentflows. In the fluid flow and the solid body regions, the thermal
conductivitiesremain unchangedthroughoutthe computations. The
Prandtl numbers Pr; and Pr, are equalto 0.71 and 0.9 for laminar
and turbulent flows, respectively.

C. Heat Conduction Equation
The conductive heat transfer in the solid structure is governed by
the integral heat conduction equation,

ot

where E = p,CT denotes the potential energy of the solid material
and q is the heat flux,

]a—Edv+] q dS=0 (8)
Q 0Q

9= iyl )

Here ; is the thermal conductivity of the material, p, is the density,
and C is the specific heat.

The preceding integral heat equation is then expressed on each
triangular cell using the finite volume method. The result is that
the heat flux through a surface is calculated depending on the tem-
perature in the neighboring cells near the surface. The change in
temperature in a cell therefore can be obtained by integrating the
heat fluxes throughoutthe surrounding cell faces. As applied in the
viscous fluxes calculation, the discretizationfor the heat flux within
the solid structure region uses central differencing formulation.

D. Time Integration

The time integration scheme updates the conservative variables
at the cell centers in both fluid flow and solid heat transfer regions.
The present method originates from the Taylor series expansion in
time, as was done by the Lax—Wendroff scheme. Then a two-step
scheme, called predictorand corrector steps, with second-ordertime
accuracy can be obtained.

Predictor:

d
Ux= U" + IBLANK ( At _EU”) (10)

Corrector:

d
U= U*+ IBLANK ( At _EU*) (11)

1 1 d
U”+1:E(U”+U**):E{U*+ U" + At EU*]} (12)

It is noted that 1) the predictor step allows a full time step, 2) only
two levels of storage are needed as U” is absorbed in forming the
residual indicated in the square bracket, and 3) both predictor and
corrector steps are identical, with no need of defining a midpoint
for the corrector step, leading to simplification of coding and the
complexity of evaluatingthe transportterms. The scheme is explicit
and, therefore, conditionally stable for Courant-Friedrichs-Lewy
numbers less than 1 and uses localtime steppingto accelerate steady
state convergence. The IBLANK values in Egs. (10) and (11) are
either 0 or 1 depending on the classification of the grid cell and will
be identified in the following section.

III. Grid Methods

The Chimera composite grid method has been shown to be very
flexible and efficient in generating body-fitted structured grids for
complex configurations. In the solid mechanics community, un-
structured grid techniques are widely used to represent structural
domains. The current method adopts the benefits of both structured
and unstructured grids to make conjugate heat transfer problems
more accurate and simple to implement.

A. Chimera Grid

The Chimera scheme™!*:!! is a grid embedding technique that
providesa conceptually simple method for domain decomposition.
For instance, a major grid, is generated about a main body element
and minor grids are then overset on the major grid so as to resolve
interesting features of the configuration. Usually the minor grids
are overset on top of the major grid without requiring the mesh
boundariesto join in any special way. However, a common overlap
region is always required to provide a means of matching the so-
lution across boundary interfaces. To increase the flexibility in the
selection of subdomains, the Chimera scheme also allows for the
removal of regions of a mesh containing an embedded grid. That is,
an embedded mesh introducesa hole into the mesh in which it is em-
bedded. Typically, a hole is defined by a creation boundary, which
contains a surface or a group of surfaces. The purpose of a hole
creation boundary is to identify points that are within this boundary.
A mesh point is considered to be inside a hole creation boundary if
it is inside all surfaces that define the boundary. The hole informa-
tion from the Chimera grid package is stored in an array, IBLANK,
which is defined for each grid cell as

IBLANK = 1, if a point is not blanked
1o, if a point is blanked

Figure 1 illustratesthe connections between composite overlapping
grids, withhole points being blanked by a prescribedcreationbound-
ary. A practicalapplicationof the Chimera grid system for the com-
plete Space Shuttle/Solid Rocket Booster geometry® is shown in
Fig. 2 (Ref. 23).

A flow solver must be modified to account for the use of multiple
meshes and the holes in the grids. These hole points must be blanked
or excluded from the flowfield solution. The main change in the
flow algorithm itself is the treatment of the hole boundaries. The
blanked solutions are updated in the interpolationroutine. With this
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Fig.2 Chimera grid used for integrated Space Shuttle geometry.2?

approach, no special routine or logic tests are required to exclude
the blanked points from the flowfield solution. Details regarding the
grid embedding technique can be found in Refs. 10-12.

B. Unstructured Mesh

The Delaunay triangulationscheme is applied to generate an un-
structured grid in the solid material region. The steps for adopting
the unstructured cells in the framework of the Chimera grid scheme
are summarized next.

1) Boundary nodes, which define the solid material region, are
first identified from the Chimera grid composite process.

2) Boundary nodes are reordered according to their geometric
coordinates.?

3) The Delaunay triangulation method is then performed to con-
nect these boundary nodes and generate triangular meshes within
the solid region based on the Bowyer algorithm.!*

4) For the unstructured grid system, there is no logical ordering
of the cells and their neighbors; connectivity matrices containing
cell-based as well as edge-based information must be introduced.
Also, the present approach requires additional matrices to connect
the structured and unstructured grids. The connectivity matrices
used in the present two-dimensional version are summarized as
follows: a) IEDGENODE(1:2, edges), two nodes for each edge;
b) ICELLEDGE(1:3, cells), three edges for each triangular cell;
¢) IEDGECELL(1:2, edges), two neighboring cells for each edge;
d) IEDGETYPE(edges), edge type (type of boundary condition);
e) IEDGEFLUX(grids, edges), edge number that connects struc-
tured and unstructured grids, where the parameter grids identifies
which structured grid; f) IFLUXINDX(grids, edges), i index of the
structured cell that shares the edge fluxes with the unstructuredcell;

Fluid Flow (Navier-Stokes)

Ty T dr Fig.3 Heat flux at the cell face
T, T q connecting the structured and
unstructured grids.

Solid Structure (Heat Conduction)

and g) IFLUXINDY (grids, edges), j index of the structured cell that
shares the edge fluxes with the unstructured cell.

The first four types of connectivities matrices are standard in
unstructured grid codes, except that we assignplus and minus values
to IEDGETYPE to indicate whether the outward normal vector of a
triangular cell face points into or out of the neighboring structured
cell that shares the same face. This information is needed as the
temperature and heat flux conditionsare enforced to be identicalon
this face.

C. Data Communication Through Grid Interfaces

In the Chimera method, communication between overlaid grids
is achieved by interpolation of boundary values from the mesh or
meshes in which the boundaries are contained. We have used the
PEGSUS codes'” ! to make interconnection of subdomains, de-
fine the holed region, and supply points to facilitate communication
among grids during the solution process. At present, the Chimera
scheme employs trilinear interpolation, which, as some simple ex-
periments have shown,'>~!3 is superiorto Taylor series expansion.

In the current work, both the structured and unstructured solver
are based on the cell centered scheme in which the quadrilateraland
triangular cells are used, respectively. Figure 3 shows the interfaces
connecting both structured and unstructured grids. As noted, the
heat flux, evaluated at the cell interface, is based on the conditions
of neighboring cells. In the conjugate problem, the temperature and
the heat flux values at the interface are enforced to be identical
according to the following relations:

T,=T=T, (13)

Here the subscripts w, f, and s denote the values at the solid body
surface, the fluid boundary, and the solid boundary, respectively.
Note that the boundary interface conditions updated in Egs. (13)
and (14) are not iterated because only steady-state solutions are
considered throughout the present computations.

IV. Test Results and Discussions

Numericalresults are validated and compared with analyticaland
experimental data for a flat plate and a C3X cooled turbine cascade.
The heat transfer coefficients and temperature distributions along
the solid body surfaces are well predicted. A simplified drum-disk
system s also simulated to show the effectivenessof the hybrid grid
method. For those test cases, a dense grid is applied on regions near
the solid surfaces to accurately resolve the boundary and thermal
layers. Typically, the numerical solutions were obtained on the Cray
Y-MP supercomputerwith 3.7 s, 10> s per grid point for each iter-
ation. No significant effect on convergence rate to steady state has
been encountered in our calculations.

A. Case 1: Conjugate Heat Transfer on a Flat Plate

The first case calculates the laminar flow past a flat plate with a
cylindrical leading edge, as shown in Fig. 4. The upstream flow
conditions are M =0.3, Re,;=10*, Pr=0.71, and T =300K.
Here /=1 m is the chord length of the plate, and the wall thick-
ness is 1.5 mm. Aluminum, with a density of 2700 kg/m?, thermal
conductivity of 211 W/m-K and a specific heat of 900 W-s/kg-K,
is used as the plate material. The inner wall temperature is 280 K
throughout the computation.
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M=0.3, Re=10*
T
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Quter Surface (heat exchanged with fluid) * _+_
Solid Wall (heat gonduction) 3 mm
/ Inner Surface (constant temperature) 4

I

Fig.4 Conjugate heat transfer on a semi-infinite flat plate.
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Fig.5 Hybrid grid system for a cooled flat plate.
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Fig. 6 Comparison of the Nusselt number between conjugated and
analytical data.

Under these conditions, the temperature along the outer wall is
nearly constant and equal to the inner wall temperature. Therefore,
the calculated Nusselt number can be compared with the analytical
values, which are given for a flat plate of zero thicknessand constant
wall temperature by Eckert and Weise!®:

Nu=0.333" Bry/Re. (Ilx) (15)

Here x is the distance from the leading edge of the plate. The com-
puted Nusselt number can be obtained by

_ q ]
M= T Ty (16)

where ¢ is the heat flux, / is the plate length, 7,, is the wall tem-
perature, T, is the adiabatic wall temperature, and x; is the thermal
conductivity of the fluid.

Figure 5 shows the hybrid grid system used for the flat plate
case. The external flowfield is first resolved using one structured
mesh with grid dimensions of 168,50. The Delaunay triangulation
method is then used to construct the unstructured grid to represent
the flat plate. In this case, we use 530 nodes and 800 triangular cells
for the unstructured grid region. The computed Nusselt numbers
along the plate surface are compared with the analytical values and
displayed in Fig. 6. The profiles are nearly identical everywhere
except near the leading edge, where the analytical results are not
valid.

B. Case 2: C3X Cooled Turbine Cascade

Inthiscase,the C3X cooled turbine cascade reported by Hylton et
al.? is simulated for the conjugate heat transfer solution. The blade
geometry considered has been shown experimentally to exhibit a
two-dimensionalresponse. The blade was instrumented with surface
thermocouplesand pressure sensors. Data on the blade surface were

acquired via a computer controlled data acquisition system, and
reduced data are tabulated and reported in Ref. 20.

A C3X test case (run 112) was selected and its setup conditions

are listed in Ref. 20. The coolant flow conditions and the experi-
mentally determined external blade wall temperature, heat transfer
coefficient, and pressure distributions are also described in that re-
port.
At the inlet, for run 112, the Mach number is 0.17, the Reynolds
number is 5.3 s, 10°, the total temperature is 783 K, and the total
pressure is 6.2ﬁPa. The blade geometry has a high turning angle,
which complicates the grid generation process. Previous grid de-
pendency studies®*2!-2 for this test case suggest that a sufficient
Chimera overset grid system would be an O-type grid (size 1394,51)
wrapping around the turbine cascade and H type (size 76 X 70) for
the fluid flow path, as shown in Fig. 7. This grid system is €asily ap-
plied, preserves high grid quality at the region near the blade body,
and maintainsthe grid periodicityat the upperand lower boundaries.
The Navier-Stokes solution was calculated with y* = 0.5 for the
first node from the wall. The Delaunay triangulationmethod is then
used to generate the unstructured grid representingthe inner region
of the blade, with a grid size of 610 nodes and 1001 triangular cells.
Note that the 10 cooling holes, are also included to simulate the
conjugate heat transfer solution with cooling effect. Also, constant
temperatureconditionsare employed for the coolingholes, and their
values are listed in Ref. 20. The solid material used for the blade
body is stainless steel.

Two types of blade boundary conditions are applied in this test
case: 1) adiabatic wall and 2) conjugate blade surface with inter-
nal cooling effect. Residual reductions in L_ -norm by two orders
of magnitude were used to obtain the converged heat transfer re-

sults. Figures 8 and 9 illustrate the Mach number contours and the
temperature distributions for the adiabatic and conjugate cases, re-
spectively. In Fig. 10, the pressure distributions vs the normalized
distance (x/ ¢) from the leading edge of the blade for both the adi-
abatic wall and conjugate wall cases indicate close agreement with
the experimental data.

As the results plotted in Fig. 11 indicate the adiabatic wall tem-
perature is significantly higher than the experimentally determined
blade surface temperature. By including internal cooling, the blade
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cade with 10 cooling holes.
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a) Adiabatic wall

Fig. 8 Mach contours for C3X turbine cascade with adiabatic and
conjugate walls: My = 1.3, Mppin = 0, and A M= 0.0165.

b) Conjugate with cooling

a) Adiabatic wall

b) Conjugate with cooling

Fig. 9 Temperature distributions in the C3X turbine cascade flows;
Tmax = 1.4, Tiyin = 0.4, and AT = 0.003 in fluid region and Ty,,x =
0.5, Tyyin = 0.4, and AT = 0.0004 in disk region.

temperaturepredictiongreatly improved. It is seen that the conjugate
blade temperature (shown in Fig. 11) agrees well with the experi-
mental data in both the pressure and the suction regions. However,
the discrepancyshown aroundthe trailingedge of the blade indicates
eitherahigher-orderturbulencemodelor refined grid resolutionmay
be needed to improve the solution of the wake flow.

C. Case 3: Simplified Drum-Disk System

A secondary flow system in a gas turbine engine is an example
of a flow that requires aero, thermal, and structural analyses. In this
test case, a simplified drum-disk flow system is simulated using
the present hybrid grid method. Rotating effects of the drum-disk
systemare not consideredin the present calculation. Inasmuchas no
experimental data is available for this simulation, the results simply
illustrate the versatility of the current method.

igbatic .
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Fig. 10 Pressure distributions along the blade surface.
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Fig. 11 Temperature distributions along the blade surface.

0

As shown in Fig. 12, the Chimera overset grid scheme is used
to represent the interior region between the drum and the disk. It
is noted that the disk grid (88+,21) is embedded on the drum grid
(116 X 61). Consequently, those grid points inside a prescribedhole
creationboundaryhave been blankedout fromthe drum grid. As also
shown in Fig. 12, an unstructured grid has been constructedto fill in
the disk body, with a grid size of 195 nodes and 301 triangularcells.

The fluid flow with M= 0.5, T = 300K, and Re = 10 is injected
fromthe left entranceand leaves the drum-disk system fromthe right
with a back pressure ratio P/ P, = 0.7. A constant surface tem-
peratureof 280K is used for the entire drum body except for the disk
region. In this test case, two types of thermal boundary conditions
are used at the disk-fluid conjugate surface, namely, the adiabatic
wall and conjugate heat transfer wall conditions. Figure 13 illus-
trates the Mach number contours within the drum-disk cavities. The
rotating motion, which causes a delicate balance between pressure,
centrifugal,and buoyancy forces, is not consideredin this drum-disk
system. It is apparent from the plots that the effect of heat transfer
has little influence on the fluid flow solution.

The computed temperaturedistributions for the drum-disk system
are shown in Fig. 14, indicating similar contours in the fluid region
except near the disk surface. Comparisons of the temperature distri-
butions along the disk body surface are plotted in Fig. 15, showing
that the average adiabatic wall temperature is much higher than the
conjugate wall temperature. Subject to the adiabatic wall assump-
tion, the heat flux is mainly convected by the fluid flow, and its value
vanishes at the disk body surface, causing a large temperature devi-
ation. With the conjugate wall condition, the heat flux is conducted
as well as convected within the fluid flow and solid body regions,
providing a better thermal exchange at the disk surface. Note that
the temperature variations along the surface of the disk body are
rather small, and this trend is consistent with the design condition in
the secondary flow system (interior data for Pratt Whitney PW4000
engine).
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Fig. 12 Simplified drum-disk system using Chimera/unstructured grids.

b) Conjugate wall
Fig. 13 Comparisons of Mach number contours for simplified drum-
disk system; M,y = 0.7, Miyin = 0, and A M = 0.03.

Fig.14 Comparisonsofthe temperature contours for simplified drum-
disk system; Tpax = 1, Tiyin = 0.6, and AT = 0.01 in fluid region and
Tmax = 0.7, Tiin = 0.6, and AT = 0.0004 in disk region.

- adiabatic wall
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0.6 Fl L 5
-1.0 1.0 3.0 5.0 7.0

Fig. 15 Temperature distributions along the disk body surface

V. Conclusions

This paper presented a method that computes the conjugate heat
transfer problem using a hybrid overset grid system. The hybrid
grids for the fluid flow and solid structure regions use Chimera over-
set structured grids and unstructured grids, respectively. During the
computational process, the method continuously transfers temper-
ature and heat flux at the cell interfaces between the fluid and solid
regions with no artificial temperature distribution or prescribed heat
transferrate. Two validation cases of a flat plate and the cooled C3X
turbine cascadehave beentested. For the flat plate, heat transferrates
indicatethe temperaturealongthe plate surface is well preserved in-
volving conjugate heat transfer calculation. For the turbine case, the
effects of heat conduction in the solid regions are shown to signif-
icantly affect the computed surface temperatures in comparison to
those obtained froma traditionaladiabatic wall assumption, indicat-
inga conjugate calculationis essentialto obtainaccurate solution. A
simplified drum-disk system illustrates the versatility of the current
grid method. With the proposed hybrid grid system, aerodynamic
analysis for designing engine components can now efficiently in-
clude aero, thermal, and structural effects as one integral system.
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