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As an interim step towards the development of a hybrid upwind structured/unstructured solver for
combusting/multiphase flowfields, the TRI3D unstructured code of Barth has been extended to analyze
multicomponent combusting flows. The extensions mimic the Roe/total variation diminishing (TVD) based
thermochemical extensions in the structured solver, CRAFT, and entail a strong coupling of chemical
species equations and complete linearization of the chemical source term, treated in a fully implicit
manner. Issues regarding the quality of solutions obtained using locally one-dimensional Riemann flux
procedures and TVD limiters are more. pronounced in unstructured formulations and are dealt with in
depth in this article. Comparative studies of structured and unstructured analyses of laminar premixed
flames, ducted shock-induced combustion, and blunt-body shock-induced combustion serve to delineate
these issues and the need for solution adaptive gridding and improved flux limiters to capture flame zones

properly.

Introduction

VER the past several years, the development of struc-
tured Navier—Stokes codes has matured to the point that
they now include advanced thermochemical and multiphase
_ capabilities within an upwind/implicit framework. In contrast,
unstructured codes have generally been explicit and applied to

ideal-gas flowfields, with much of the developmental work fo-

cusing on the unstructured aspects of data structure and con-
- nectivity algorithms. The application of unstructured codes to
propulsive/combustion flowfields entails the inclusion of real-
gas thermophysics and chemical kinetics. The compatibility of
both numerics and thermophysics between structured and un-
structured codes is critical in providing a framework for the
development of hybrid structured/unstructured (S/U) schemes
for propulsive applications. Hybrid schemes are optimal for
complex problems involving multibody interactions and/or
transient dynamic flows, since they combine the advantages of
structured implicit numerics about each body and unstructured
explicit numerics in the intervening free shear regions, per-
mitting the use of adaptive embedding techniques. An unstruc-
tured solver with an upwind flux procedure for generalized
multispecies systems would provide a stepping-stone towards
the development of a hybrid solver, addressing the issue of
numerical compatibility at the structured/unstructured interface
where discontinuities and waves cross S/U domains. The need
for a generalized unstructured solver for a variety of applica-
tions has been the impetus for the research described in this
article, which emphasizes the complex problem area of shock-
induced combustion.
~ The extension of unstructured algorithms to real-gas flows
is an area of current interest and is being pursued indepen-
dently by several researchers.'~® Applebaum et al.' present a
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flux-split* upwind methodology for real-gas flows, which al-
lows for nonequilibrium between the vibrational and the trans-
lational/rotational energies. However, the time-integration pro-
cedure updates primitive nonconservative variables rather than
the conservative variables. While this is computationally less
intensive, since it eliminates the need for an iterative temper-
ature decoding procedure, nonconservative dependent varia-
bles are not ideal for high Mach number flows with strong
shocks. Weiss and Murthy® employ a preconditioned equation
system that preserves a well-conditioned system from low
Mach numbers to mildly supersonic flows. The flux compu-
tation procedure employed is not an upwind formulation, and
flux limiting is not enforced on the higher-order gradients; both
of these factors make it more sensitive to artificial viscosity
issues at higher Mach numbers. Yu et al.® present a finite ele-
ment based scheme for extremely low-speed flows where a
constant pressure condition is assumed, and the species and
energy diffusion equations are solved. The primary drawback
of the finite volume schemes discussed previously (Refs. 1 and
2), as a vehicle for further development, is that their data and
flux computation structure are cell-face-based. While a face-
based scheme is the natural choice for two-dimensional cal-
culations, it becomes impractical for three-dimensional cases.
As discussed next, an edge-based scheme provides a more ef-
ficient framework for three-dimensional geometries and was
chosen as the basis for our scheme.

The unstructured framework adapted for our scheme is an
edge-based cell-vertex data structure with a finite volume dual
defined for each vertex. For three-dimensional cases, the edge-
based data structure is significantly superior to a cell-centered,
face-based data structure.’™® In an edge-based scheme, the
number of vertices is smaller than the number of cells, and the
number of edges are lower than the number of faces, thereby
reducing both the memory requirements as well as the flux
computations significantly.’ In the research described, the
edge-based data structure has been taken from Barth,® who has
formulated efficient vectorized and parallelized edge-based op-
erations for viscous® and inviscid fluxes, and has also incor-
porated a preconditioned sparse implicit solver for ideal-gas
flows. The work described utilizes only the explicit run option.
The focus of this study is on the numerical and physical issues
entailed in incorporating generalized thermochemistry within
this edge-based formulation; an in-depth study of the numer-
ical accuracy of unstructured solvers for shock-induced com-
busting flows is described. For all of the cases presented in
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this article, the fidelity of the unstructured solution is compared
with that obtained from the structured code, CRAFT, which
has similar numerics.'"®"' This critical evaluation of the two
reacting solutions for similar grid resolution permits us to as-
sess the relative accuracy of the two procedures and highlights
the need for dynamic grid adaption in unstructured solvers on
a routine basis.

In the following sections, a brief overview of the edge-based
cell-vertex data structure for three-dimensional tetrahedral
cells is provided, followed by a description of the governing
equations, chemical kinetics procedure, and flux-differencing
for this system where the fluid, species, and other scalar equa-
tions (e.g., turbulence transport) are solved in a strongly cou-
pled conservative form. Subsequently, an in-depth discussion
of numerical dissipation and total variation diminishing-
(TVD-) limiting issues within the unstructured framework is
provided. The accuracy of captured flame zones in high-speed
flows is found to be sensitive to the specifics of the flux limiter
employed, and modifications to the baseline limiter for react-
ing flow cases are presented that provided marked improve-
ments. The modified flux formulation is employed to compute
representative shock-induced combustion cases. For these cal-
culations, we compare both with experimental data (where
available), and, with solutions obtained using the structured
code, CRAFT, with similar grid resolution. We conclude by
discussing future work with multiphase formulations and hy-
brid S/U interfacing, steps toward developing a comprehensive
tool for propulsion/combustion applications.

Edge-Based Unstructured Framework

In this section, we give a brief overview of the edge-based
connectivity logic derived from Barth’s unstructured code
TRI3D,>*'* and refer the reader to his works for additional
details. The flow variables are defined at the vertices of each
unstructured cell (Fig. 1); in this article we have restricted our
attention to tetrahedral cells while the framework permits gen-
eralized unstructured cells. The scheme is based on a finite
volume procedure wherein an appropriate dual or control vol-
ume is defined around each vertex (see Fig. 1). Barth® defines
the control volume as a polyhedron obtained from the union
of all tetrahedra that are incident to the given vertex. This
definition allows all operations to be based on edge-based in-
formation that may then be adapted for either vector or parallel
machines for efficient computing (see Ref. 10 for details). The
flux is computed at each dual face using the higher-order es-
timates of the dependent variables at each dual face.

The higher-order estimate of the dependent variables at the
dual face is obtained by computing their gradient at the cell
vertices and using this value to extrapolate the variables to the
dual face. A number of different options have been developed
to evaluate the flow gradients including the Green—Gauss pro-
cedure,>" linear reconstruction, and other higher-order gradi-
ent procedures."*® For the work described, we have employed
a linear reconstruction gradient calculation procedure as pro-
posed by Barth.” The gradient is computed assuming that the

a’ - Midpoint of segment a-c

b’ - Centroid of triangle a-b-¢

¢’ - Centroid of tetrahedron a-b-c-d
d’ - Centroid of triangle a-c-d

Fig. 1 Contribution to vector area s, from -tetrahedron a-~b-
c—d.

flow-dependent variables Q are varying linearly within the
dual and provides second-order accuracy at the interface. To
suppress spurious oscillations, the gradient is limited to yield
a TVD scheme. The implementation of the TVD procedure is
most critical for reacting flows because of its impact on the
smearing of the contact surfaces and the flame front. This issue
is discussed in detail in a later section.

Governing Equations

The integral form of the conservation equations over each
vertex dual () is given as follows:

d@vy, ,
de

a0,

F(Q, n) ds =f D dv 1
Q

Following standard notation, @ is the vector of dependent var-
iables, F(Q, n) is the flux vector expression for a given Q and

-local dual vector area n, and D is the chemical kinetic source

term. Attention is focused on the inviscid flux vectors in this
article while noting that the viscous fluxes have been formu-
lated within the edge-based formulation.” The vectors Q, F,
and D are defined as
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Here, the first five equations are the conservation of mixture
mass p, the three components of momentum, and total internal
energy per unit volume e, {e = p[h + 0.5@> + v + w?)] —
P}. The subsequent equations solve for the partial densities p,
for (NS — 1) chemical species out of a total of NS species
that are solved. The partial density of the NSth species pys, is
determined by the mass balance for the mixture density:

NS—-1
(2 ps t pus = p)

s=1

In the flux vector F(Q, n), the volumetric flux through each
dual face U is defined as (U = nu + nyv + nw), where n,,
n,, and n, are the components of the vector dual area in the x,
y, and z direction, respectively. In the source term D, @ is the
chemical production term.

The equation of state for the gaseous mixture follows Dal-
ton’s law of partial pressure given as follows:

p—T NS ¢ -1
petl n-(35) ] ®

s=1



496 HOSANGADI ET AL.

Here, c, is the mass fraction of the ith species (¢, = p,/p). The
enthalpy of the mixture is obtained from the following sum-
mation of the individual enthalpies:

NS
h=Y, clh? + h(T),

T
[h,(T) = f Ce(T) dT] C))
§=1 (]
Note that the species enthalpy includes the heat of formation
hZ in addition to the sensible enthalpy A/(T), and implicitly
defines the heat release when reactions occur. The specific heat
[Cp(T)] of each species is allowed to vary as a function of
temperature. The enthalpy and specific heats are specified in
tabular form using the JANNAF thermochemical data bank.
The tabular values are then fitted with a cubic spline to obtain
a generalized functional relationship. To decode the tempera-
ture from the internal energy at each new time step, an iterative
Newton-Raphson procedure is employed.
The chemical source term is specified by restricting our at-
tention to conventional laminar chemistry, given by the law of
mass action for each reaction,

=M, D O = V') (Kf [Te-x]] a”") ®)

where (a; = p,/M;) is the molar concentration of species s, and
v', v are the stoichiometric coefficients for each chemical re-
action. The forward and backward are specified in Arrhenius
form as

K(T)=exp(n C, + C,JT + C; n T) ®)

where reaction rates C,, C,, and C; are selected from gener-
alized reaction data banks. For the reacting cases presented in
this article, we selected a hydrogen—air chemistry set from the
data bank. The specific set employed is a reduced mechanism
described by Evans and Schnexnayder,'* which models seven
species and eight reactions (see Table 1).

Upwind Flux Computation

The first step in the evaluation of the flux is to obtain higher-
order estimates of the flow variables at the dual face. To obtain
this estimate, the gradient reconstruction is performed on the
following nonconservative variable set:

O=@, u, v, W, T,C1y ooy Cor vy Cns1) (Cs=pslp)  (T)
Note that the primitive variable temperature is chosen because
the enthalpy at the dual face is obtained as a simple summation
of individual species enthalpies. The more appealing choice,
from a physical viewpoint, is to work with the total enthalpy
since the total enthalpy varies linearly across strong velocity
gradients (making the linear reconstruction exact), while the
temperature does not. However, this would be prohibitively

expensive since the temperature would have to be decoded

Table 1 Hydrogen—-air rates, k = AT" exp(—O®/T)

Evans and Schnexnayder*

Reactions A n (C)
1.0H + H, - H + H,0 2.0 X 10® 0 2600
22H+ 0O0,—- 0+ OH 2.19 x 10 0 8455
33.0+H,—>H+ OH ) 7.5 X 10 0 5586
4 H+OH+M->HO+M 4.39 X 10®° -1.5 0
S H+H+M->H +M 1.799 X 10" -1.0 0
6H+O+M—->0OH+M 7.1 X 10%® -1.0 0
70+0+M—->0,+ M 40 x 107 -1.0 0
8. OH + OH - O + H,0 5.3 X 10 0 503

iteratively at each dual face. Having computed the gradient J,
the reconstructed values at the dual face are obtained as

Qr; = QO + (VQ)vo'(rm - ro)
Q': =Qo + (VQ)V,'(rm —-r)

Here, r,, = 0.5 X (r, + r) is the median of the edge e, as-
sociated with the dual face. Both O, and Q;, are the discon-
tinuous estimates of the flow variables on either side of the
dual face, which now readily lends itself to a Riemann prob-
lem.

The Riemann problem at the dual face is computed with a
Roe-averaged, flux-differenced solver,'* which defines the flux
F, as

®)

F,, = 3[F(Qn, no) + F(Qm, no) + AF (QRoes 1)
+ AF(QFRees No)] ®

where ny; is the vector area of the dual face crossing edge ey;
and the subscript Roe denotes Roe-averaged variables. The
flux differences AF~ and AF™* are given as

AF* (O, o) = $[RELA + |ADre 205 — On)  (10)
AF ™ (Qler 10) = HIRE(A — |ADroeL Q3 — Q7)) (1D)

Here, R and L are, respectively, the right and left eigenvector
matrices, while A is the diagonal eigenvalue matrix. The flux
differences defined in Eqs. (10) and (11) require well-posed
eigenvalues. To prevent the eigenvalues from going to zero,
the entropy fix is invoked by defining the absolute eigenvalues
to be

Al =VA + & 12)

where & is a small number typically set to 0.1. The Roe-av-
eraged variables required to compute the flux differences are
not defined for real-gas mixtures, with the original derivation
by Roe™* being valid for a single-component ideal-gas.

In our study, an approximate quadrature formula is em-
ployed following the analysis of Liu and Vinokur.'® Liu and
Vinokur have derived an approximate procedure to satisfy Roe
criteria for real-gas mixtures that yields the correct acoustic
speed at the interface and retains the shock-capturing features.
This derivation was first implemented by Molvik"” in his three-
dimensional structured code, TUFF, which formed the basis
for CRAFT,'™! the structured code used in this study for val-
idation and comparison purposes. For a real-gas mixture, the
velocities, total enthalpy, and species mass fractions continue
to be averaged in the classical Roe format as

e YVt +y Ve
T VP + Vo

[ye @, v, w, Hoc,...,co...,0n-1)] (13)
(Note that in the previous equation, and for the subsequent
discussion here, the subscript m is dropped for simplicity of
notation.) In addition to these variables, additional Roe-aver-
aged thermodynamic variables required at the interface (for
defining Rge, Lro, and Ag,) are v, acoustic speed a, and a
variable D,, defined as follows: -
D;=(y— Dh, — (WRTIMy), (s=1,NS) (14
These Roe-averaged quantities are obtained by first making an
initial guess, and then projecting these approximate values
onto a hyperplane in state space such that they satisfy the Roe
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criteria. The initialized values for these variables are given as
the following simple arithmetic averages:

a=(@ +a)2, 9=+ )2, D,=®f + D)2
as)

Using these initial estimates, the Roe-averaged value of these
thermodynamic variables is obtained as

D, — a*Ap,8PIx

—arery C=UN® 09

Ds.Roe =

-1
=t
Yoo =T 2pary T | an

where the A operator is defined as A(y) = y* — y~. The op-
erators 8P and y are given as follows:

NS

8P = AP + D) D,Ap, — (7 — DIA(ph) — AP]  (18)

s=1

NS
x=2 @Ap) + (APY (19)

s§=1

The Roe-averaged Vg and D; g, Values finally yield the acous-
tic speed of the mixture at the dual interface as

NS
QRoe = \/('Ykoe - l)hRoe - 2 cs,RoeDs.Roe (20)
=1

The computational efficiency of the upwind procedure out-
lined previously depends primarily on our ability to vectorize
the matrix multiplications (LAR) within the constraints of the
edge-based formulation. Vectorization is particularly important
for the strongly coupled formulation employed here, where the
block size of the matrices increases as [S + (NS — 1)] X
[5 + (NS — 1)1, where NS is the number of species being
modeled. The edge-based formulation sorts the edges into bins
such that no two edges in a bin come to a common vertex
point. Having colored the edges in this fashion, the flux op-
erations are carried out for all edges with the same color.
Hence, to vectorize operations within each colored bin, the
matrix multiplication loops would have to be unwound by the
compiler. On the Cray C-90, the maximum loop size unwound
is 5, preventing the real-gas formulation from vectorizing. To
overcome this problem, R, L, and A were subdivided into
smaller matrices where the block size of each matrix is no
greater than 5 (see schematic in Fig. 2). The net product was
obtained as the sum of the submatrix products that now un-
wind and allow the outer edge loop to vectorize. The speed
up obtained with this procedure was a factor of 5, with the
code operating at an average of 270 Mflops for the real-gas
formulation.

The time-integration of Eq. (1) is performed with an explicit
four-step Runge—Kautta procedure. The chemical source -term
is treated implicitly to overcome source-term stiffness for fast
reactions. The complete source-term Jacobian is evaluated in-
cluding its dependence on mixture temperature and individual
species concentrations. For the supersonic cases presented. in
this article, freestream conditions were imposed at the inflow
specifying all of the flow conditions. At the supersonic outflow
boundaries, all flow properties are extrapolated from within
the flow domain. At solid walls, standard reflection conditions
are imposed to ensure zero normal convective flux. For other
applications involving subsonic inflow and outflow, we have
incorporated characteristic-based, nonreflective boundary con-

ditions that allow waves to cross the boundaries without gen-
erating oscillations."

TVD Limiting and Numerical Accuracy Issues

In this section, we discuss numerical accuracy and dissipa-
tion issues that arise with unstructured algorithms. The quality
of solutions obtained using upwind unstructured algorithms is
adversely affected by the following two numerical issues: 1)
the locally one-dimensional Riemann flux procedure at the
dual faces and 2) TVD-limiting technique for higher-order
schemes. Both of these issues are of major concern in struc-
tured grid solvers as well. However, these problems are ex-
acerbated in unstructured algorithms where the grids are in-
herently skewed with respect to the wave/shock propagation
fronts. We elaborate on both of these issues in our discussion
and present techniques on alleviating their impact.

The first issue with the flux computation arises because the
upwind procedure in this code (and other upwind codes in
general) is based on a locally one-dimensional Riemann prob-
lem, which assumes that the shockis propagating normal to
the face at which the flux is being computed. If this assumption
is incorrect and the face is skewed relative to the propagation
direction, we introduce an error because we are applying nor-
mal shock relations rather than the correct oblique shock re-
lations. In a structured grid, for relatively simple flow geom-
etries, we attempt to align the grid with the approximate
propagation direction, thereby reducing the error in the flux at
the faces. However, this is not possible in an unstructured tet-
rahedral grid where grid faces are inherently skewed relative
to the wave propagation direction. Consider, for example, a
simple one-dimensional shock-tube problem. A structured
solver employing a quadrilateral element will have zero net
flux even if a strong shock passes through the element because

the normal vector ‘
1 00
n=|0 1 0
0 0 1

zeros out the fluxes in the other directions.

2
O S O
K

However, for an unstructured tetrahedral element, when a
shock passes through the element, the sum of the Roe-averaged
net flux at the dual edges does not necessarily zero-out, and
numerical error occurs.

Shock

P (

F o x€¢—

p+Ap

me
This numerical error increases the smearing around the shock
front and also deteriorates its convergence to steady state. To
alleviate this problem within the current flux procedure, the
unstructured grid would routinely have to be adapted around
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Fig. 2 Schematic diagram of matrix subdivision process illus-
trated for vectorized matrix multiplication AAQ.

strong gradients to reduce the amplitude of the spurious ve-
locity spikes. A longer-term solution entails utilizing a more
physically correct multidimensional upwinding procedure,
which is an area of current research interest.'®

The numerical dissipation and convergence characteristics
of the scheme are also affected by the specifics of the TVD
limiter employed. In particular, for reacting-flow cases, the
TVD procedure is a critical factor in computing the flame front
location. This was particularly true for high-speed, shock-in-
duced combustion cases, where TVD procedures originally
proposed for ideal-gas cases generated smaller flame induction
zones because of the smearing of the contact surface, even
though the shock itself was captured fairly accurately. The
TVD procedure had to be modified to reduce the smearing of
the scalar species equations and obtain the correct flame sep-
aration from the shock.

The TVD limiter is designed to enforce a monotonic behav-
ior by enforcing the restriction that the reconstructed value not
exceed the maximum and minimum of neighboring nodal val-
ues. For instance, consider a variable ¥ whose gradient is com-
puted as Vi, at node 0. Let u; be the reconstructed value of u
at a dual face; it is defined as

u;=uo + (Vu)-(r; — ro) 21)

To obtain a monotonic scheme, the gradient Vu is multiplied
by a limiting value ¢, (Ref. 5), such that

. w> —u .
min (1,—0—-——°—>, if w,—u>0

U — up + &
" — u
®o=1 min 1, 22—, if w—u<0 @2
u; — up + &
1 if w,—u=0

where ¢ is a small number to prevent spurious limiting in
regions of constant value.

The drawback of the limiter given in Eq. (22) is that it limits
the gradient Vu even in regions of smooth, but sharp, gradi-
ents, such as is the case for the radical species mass fraction
in the flame induction zone. As a result, in regions of sharp,
but continuous, gradients, the scheme reduces to first-order
accuracy. To illustrate this, consider supersonic inflow into a
duct with a bump of 8.5 deg. Figure 3a shows the shock train
resulting for an inflow Mach number of 3. Figure 3b shows
the contours of the limiting factor ¢ in the duct for this flow.
The minimum value of ¢ in this contour plot is approximately
0.35. More importantly, the limiting is clearly not confined to
the shock regions, but extends into the regions with smooth

flow gradients as well. The limiting factor in the smooth

regions was approximately 0.7, and therefore, reduces the or-
der of accuracy of the solution. To rectify the problem of the
limiter triggering in smooth regions of the flow, Eq. (22) was
modified as follows:

R max + KA .
mm(l_____) o w>0
U, — Up + €

& = m(l,w), ifow—up<0 3)
u; — us + &

1 if w,—u=0

In Eq. (23) we have essentially prevented the limiter from
triggering as long as the gradients are of the order of 1 (and
u; — up = 0(Ar), Ar being a characteristic length for the dual
under consideration), even if this implies that the difference
exceeds the criteria set by wg™* and u3"". An arbitrary constant
K is set by the user to relax this condition; for the runs reported
in this article, K was set at 0.1. To illustrate the less stringent,
but still monotonic, behavior of the modified limiter, we replot
the limiting factor ¢ in Fig. 3c. It is readily apparent that the
limiter is triggering locally in regions of the shock and is not
limiting the value in the regions of the smooth gradients. Fur-
thermore, the minimum limiter value even in the shock region
is only 0.7, compared to about 0.35 for the original limiter.
The pressure along the walls, as shown in Fig. 3d, clearly
shows that the overall accuracy of the solution is enhanced
with the modified limiter; the peak pressure values at the
shocks with the original limiter are significantly lower than
either the CRAFT solution or the solution with the new limiter.

The modified limiter presented here proved to be essential
for reacting flow calculations. In high-speed shock-induced re-
acting flows, there is a sharp flame induction zone behind the
shock where the free radicals grow exponentially. The flame
induction zone is extremely sensitive to the numerical dissi-
pation; if the free radical species mass fractions are smeared,
the flame tends to burn too fast and not separate enough from
the shock front. This was observed to be the case with the
original limiter that was being triggered in the induction zone.

To illustrate the effect of the limiter on the flame capturing,
we computed a one-dimensional laminar flame for a premixed
hydrogen—air mixture with an inflow Mach number of 4 and
a temperature of 1300 K. Figure 4 shows the grid-converged
solution for the unstructured grid (dashed line) with the orig-
inal limiter, and the solid line shows the grid-converged so-
lution obtained using CRAFT, with the same limiter. For this
simple case, the unstructured flame burns too fast and an ex-
amination of ¢ indicates that the limiter is indeed kicking in.
The solution with the modified limiter is overlaid on Fig. 4
(dashed—dot line) and we now get nearly identical results for
the structured and unstructured code. Furthermore, an inspec-
tion of the limiter values indicates that the ¢ values are 1,
which indicates that the limiter is not being triggered after the
steady-state solution has been achieved. The limiter does not
influence the quality of the structured solution that has optimal

_grid alignment.

" As a final observation, we note that neither of the limiter
formulations [Eqs. (22) or (23)] is differentiable. The limiting
values ¢ discontinuously trigger around shocks, thereby af-
fecting convergence while eliminating oscillations even for
strong shocks. A number of researchers have implemented
modified forms of the van Albada limiter,'* which is continu-
ously differentiable. However, while this limiter improves con-
vergence significantly, it does not preserve a monotonic solu-
tion around shocks. Clearly, the formulation of more efficient
limiters at high speeds is an area of continuing research.

Validation—Nonreacting Case

Transonic flow over a sphere—cylinder geometry is com-
puted using the real-gas formulation for air (the mass fraction
of N, is 0.767 and the mass fraction of O, is 0.232). The
freestream Mach number of the gas is 0.95. The unstructured
grid was generated with 1581 nodes on each axisymmetric
plane with the grid extending 10 radii into the freestream. The
pressure distribution on the body is compared with experi-
mental data (taken from Ref. 20) in Fig. 5. The pressure at the
stagnation point and along the sphere face matches the ex-
perimental value well. The expansion zone along the cylinder
is slightly underpredicted by the unstructured solution, but is
consistent with other Euler-structured code predictions re-
ported in the literature.?” '



HOSANGADI ET AL. . 499

10.0

6.0 - 8.0 10.0

5.0

CRAFT
----------------- unstructured, original timiter

——————— unstructured, modified limiter

4.0 +— X\ &

3.0

P/Pinf

201

il ! .
0.0 } f T }

0.0 2.0 4.0 6.0 8.0

d) - X

Fig. 3 Comparison of unstructured prediction with experimental surface pressure data: a) pressure contours, b) original limiter contours,
¢) modified limiter contours, and d) shock train inside two-dimensional duct.

Shock-Induced Combustion Calculations

In this section, we present calculations for shock-induced
combustion in premixed hydrogen—air flowfields. For both of
these cases, we have used the seven-species/eight-reaction
mechanism described in Ref. 17. The first test case is for a
supersonic inflow over a sphere—cylinder geometry for which
there is experimental data to validate the combustion results
against. The second calculation is for supersonic inflow into a
duct with a bump where the resulting shock train ignites the
mixture. We note that although both flowfields are essentially
two dimensional, they were run as three-dimensional calcula-
tions. In these calculations we focus on the numerical accuracy
of the unstructured solver and for both calculations, we have
compared the unstructured code results with a corresponding
solution using our structured code, CRAFT, with similar grid
resolution.

Sphere-Cylinder Case

Shock-induced combustion in a stoichiometric mixture of
hydrogen—air moving at Mach 6.46 into a sphere—cylinder

geometry is computed. The diameter of the sphere is 15 mm.
This computation simulates experiments performed by Lehr,?!
where visualization data is available to validate the numerical
results. The premixed gas is at a pressure of 0.42 atm and a
freestream temperature of 292 K. We note that this case, which

. has also been simulated by other investigators, is a rigorous

test of the numerical accuracy of the thermochemical formu-
lation; the location of the shock and flame front downstream
(along the cylinder) is extremely sensitive to how well the
induction zone is captured upstream on the spherical nose
where the flame front is very close to the shock. Therefore,
this test case gives us an opportunity to evaluate the effective-
ness of the modified TVD limiter in regions of a sharp induc-
tion zone where the original limiter was inadequate. To con-
duct a careful assessment of the accuracy of the unstructured
solver for specified grid resolutions, we have also used the
solutions obtained from the structured code CRAFT as a
benchmark. To make back-to-back comparisons, the unstruc-
tured code was run using two azimuthal planes of the struc-
tured grid, wherein each hexagonal cell was broken into six
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Fig. 4 Laminar flame in one-dimensional premixed H,-air flow:
a) original and b) modified limiters.
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Fig. 5 Transonic missile, surface pressure comparison.

tetrahedral cells by drawing additional diagonal planes within
the cell.

To obtain the baseline-structured solution and grid resolution
for comparison, we computed this problem using CRAFT on
an adapted 71 X 71 grid, shown in Fig. 6a, which is clustered
in the region between the shock and the flame front. For this
adapted grid, excellent comparison is obtained with the ex-
perimental data (Fig. 6b). The flame front separates from the
shock downstream, indicating that the induction zone is cap-
tured adequately in the normal shock upstream. We note that
the adapted grid was critical to obtain the correct solution for
the structured code as described in Ref. 10.

The unstructured code was first run on the equivalent un-
structured grid (5041 nodes on an azimuthal plane) using the
identical nodal positions. Figure 7a shows the corresponding
solution. Clearly, the flame front does not separate out ade-
quately from the shock. Consequently, the shock does not turn
as strongly either, and is located further away from the cylin-
drical surface of the body. This indicates that for similar grid
resolutions, the unstructured solver is more dissipative than the
corresponding structured solver with otherwise similar flux
calculation procedures.

To evaluate grid-resolution sensitivity, the unstructured code
was run by doubling the number of radial nodes, i.e., each
azimuthal plane has 10,011 nodes corresponding to a 71 X
140 structured grid. The solution obtained with this finer grid
is shown in Fig. 7b. Excellent agreement is now obtained with
the experimental data. This would seem to indicate that the
unstructured code needs almost twice as much resolution as an
equivalent structured solver to capture the flame induction
zone. The fact that the solution improved with grid resolution
also indicates that the increased dissipation in the unstructured
solver is coming from the inherent skewness of the unstruc-
tured grids while the modified TVD limiter is functioning ad-
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Fig. 6 CRAFT simulation of blunt-body shock-induced combus-
tion: a) structured adaptive grid and b) comparison of density
contours with data.
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Fig. 7 TRI3D simulation of blunt-body shock-induced combus-
tion: a) same grid resolution as CRAFT, 5041 nodes and b) refined
grid resolution, 10,011 nodes.

equately. We base this observation on the fact that in the earlier
one-dimensional premixed flame calculation (Fig. 4, with the
original TVD limiter) increased grid resolution did not im-
prove the solution since the dissipation associated with the
limiter was overriding the dissipation generated by the grid
skewness.

Duct Flow Problem

A supersonic duct geometry and the representative unstruc-
tured grid is shown in Fig. 8. The three-dimensional grid was
obtained with taking two parallel planes of this grid and split-
ting the resulting prismatic elements into tetrahedrons by add-
ing a node point at the centroid. The length of the duct is 10
cm and its height is 1 cm, with the bump having an effective
angle of 8.5 deg. The Mach number at the inflow plane is 3
and the properties of the mixture are as follows: P = 1 atm, T
= 1000 K, H, = 0.3 (mole fraction), O, = 0.15, and N, = 0.55.
The calculations were first performed using CRAFT, and a
grid-converged solution was obtained for a 401 X 51 grid
(20,451 nodes). The unstructured code TRI3D was also run
for a grid with the identical number of nodes (20,451), so that

Fig. 8 Duct geometry and unstructured grid.
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Fig. 9 CRAFT simulation of shock-induced combustion in duct:
a) density, b) water mole fractions, and ¢) OH mole fractions.
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Fig. 10 TRI3D simulation of shock-induced combustion in duct:
a) density, b) water mole fractions, and c¢) OH mole fractions.

comparisons could be made for similar grid resolutions. The
CRAFT solution is shown in Fig. 9. The density contours in
Fig. 9a indicate that combustion is initiated after the fourth
shock, as it reflects from the top surface, at approximately x =
6 cm. The separation of the flame front from the shock is
clearly evident both from the shock as well as the mass frac-
tion contours for water and OH radical. As the temperature
rises behind the flame front, the Mach number drops, and con-
sequently, the shock angle reduces and a kink is generated in
the density contours. ’

The corresponding results obtained using the unstructured
TRI3D code are shown in Fig. 10. The results from the un-
structured code generally compare well with the CRAFT so-
lution. However, a closer inspection indicates that the flame
front does not separate from the shock. This is consistent with
our earlier calculation, which also indicated that the unstruc-
tured solver is generally more dissipative than the structured
code for similar grid resolutions. This indicates that dynamic
grid adaption is routinely required in unstructured solution pro-
cedures to capture gradients accurately. This is particularly the
case for contact surfaces and flame fronts, more so than
shocks, which appear to be not affected as strongly.

Concluding Remarks

This article has focused on the methodology developed to
extend the cell-vertex based unstructured TRI3D code of Barth
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to accurately analyze gas-phase combusting flowfield prob-
lems. Comparative studies of complex three-dimensional aero-
dynamic flow problems (missile, aircraft, and rotorcraft) have
been performed with TRI3D for ideal-gas cases by Barth,
Strawn, and coworkers. For aerodynamic problems with strong
discontinuities (e.g., hypersonic flows), the Riemann-based up-
wind methodology in TRI3D provides more accuracy on a
point-to-point basis than codes with pressure-based solvers or
solvers using central-difference numerics. However, previous
studies, and this study, indicate that the accuracy of unstruc-
tured solvers, in general, is below that of structured solvers
with comparable numerics because of grid alignment and flux
construction issues. Significant attention has been paid to this
aspect as it impacts the analysis of combusting flows with thin
flame zones. The requirement for solution-adaptive gridding
and improved flux limiters is clearly indicated. Comparative
studies of structured and unstructured solutions of combustion
flowfields, both using the same Roe/TVD flux construction,
highlight differences and the need for additional care in ex-
tending unstructured solvers to this class of flows. With im-
proved flux limiters, comparable solutions were achieved, but
the grid density of unstructured solutions was always higher.
Unstructured solvers with comparable numerics for combus-
tion problems are presently unavailable for comparative stud-
ies. Studies have been limited to simple geometries and non-
complex flows in the work presented. However, the code is
applicable to the analysis of complex three-dimensional flows,
and work towards analyzing such problems is now in progress.

The work described represents a major step towards the de-
velopment of a three-dimensional hybrid structured/unstruc-
tured solver utilizing upwind numerics. The structured solver,
CRAFT, already contains advanced thermochemical capabili-
ties for multiphase combusting flows,"' but has limitations in
analyzing flows with complex geometries, with complex dy-
namics, and/or with multiple-body characteristics, steady or
dynamic. For complex flows, a hybrid approach that would,
for example, utilize a structured solver about each body and
connect the intervening domain with an unstructured solution,
appears most practical and is a significant improvement over
chimera-based solutions. Towards this end, S/U coupling has
been formulated and tested, and preliminary particulate capa-
bilities have: been incorporated into the unstructured solver as
described in Ref. 22. Work is continuing towards the devel-
opment of this generalized S/U solver.
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