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Unstructured adaptive grid flow simulation is applied to the calculation of high-
speed compressible flows of inert and reactive gas mixtures. In the present case, the
flowfield is simulated using the 2-D Euler equations, which are discretized in a cell-
centered finite volume procedure on unstructured triangular meshes. Interface fluxes
are calculated by a Liou flux vector splitting scheme which has been adapted to an
unstructured grid context by the authors. Physicochemical properties are functions of
the local mixture composition, temperature, and pressure, which are computed using
the CHEMKIN-II subroutines. Computational results are presented for the case of
premixed hydrogen—air supersonic flow over a 2-D wedge. In such a configuration,
combustion may be triggered behind the oblique shock wave and transition to an
oblique detonation wave is eventually obtained. It is shown that the solution adaptive
procedure implemented is able to correctly define the important wave fronts. A
parametric analysis of the influence of the adaptation parameters on the computed
solution is performed. © 2000 Academic Press

Key Wordsgas mixtures; reactive flow; unstructured grid methods; finite volume.

1. INTRODUCTION

The use of unstructured grids has received considerable attention in the past few year
to the desire to treat complex flow topologies [1-3]. As flowfields of interest become m
complex, it is accepted that only triangular grids in 2-D, or tetrahedral grids in 3-D, poss
the degree of flexibility necessary to efficiently discretize the computational domain.
some cases, even if the geometry of the computational domain is simple, complex flow
configurations can arise due to physical phenomena. Combustion, for instance, may le
strong heat release together with chemical species transformations in localized regiol
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the flowfield. In the present work an adaptive unstructured grid flow simulation capabi
is applied to the calculation of high-speed, compressible flows of inert and reactive
mixtures.

A clear advantage of unstructured grids is that they allow more natural and effici
implementation of solution adaptive refinement procedures, which also are a powerful
in the simulation of flows with embedded discontinuities. In particular, for reactive flow
different time and length scales are present in the solution and these must be accut
resolved. The characteristic time scale of the slowest chemical reaction may be several
of magnitude larger than that of the fastest one. Thus, the slowest reaction determine
dimensions of the computational domain and the duration of the computation, while
minimum mesh size required is fixed by the fastest time scale. Moreover, due to the h
activation-energy chemical kinetics associated with the combustion process, fast cher
reactions occur only in a small portion of the space. These considerations naturally
us to envisage the use of local grid refinement procedures in the present context. .
procedures must be based on adaption strategies that define (i) which regions of the
are to be refined; (ii) how the mesh enrichment process is to be performed; (iii) how
information about the new mesh points is to be stored; and (iv) if any post-processin
the new mesh is needed.

The problem of primary interest in the present case is the supersonic flow of a reac
mixture of hydrogen and air over a two-dimensional wedge. Inert and reacting gas fl
over this configuration are considered. The onset of combustion downstream of an obl
shock wave stabilized by a wedge has been studied numerically previously by var
authors [4—6] using structured mesh solvers. These references show that, even thoug
geometry of the problem considered is extremely simple, the transition that occurs betv
the oblique shock wave stabilized by the wedge and the oblique detonation wave invc
fairly complex flowfield configurations. In particular, these papers show that heat rele
due to combustion occurs after an induction length downstream of the leading shock w
Then, the onset of combustion is responsible for a change on the flow conditions downst
of this initial shock, which leads eventually to the formation of an oblique detonation wa

In the present case, the flowfield is simulated using the 2-D Euler equations, which
discretized in a cell-centered finite volume procedure on unstructured triangular me:
[7, 8]. Interface fluxes are calculated by a flux vector splitting procedure which guarant
monotone behavior throughout the flowfield [9]. Higher-order spatial accuracy is sough
the use of an extrapolation procedure in which the limited values of the gradients with
cell are used to reconstruct flow properties at the cell interfaces. The adaptation proce
which is used to locally refine the computational mesh consists of three steps. First,
computational cells within which the gradients of some prescribed variables exceed a g
threshold are marked. Then, each of the edges of each cell is halved, so that a marke
is divided into four new ones and its neighbors are divided into either two or four new ce
A smoothing procedure which displaces the cell vertices in order to decrease unwantec
size variations is then applied.

Flows with variable chemical composition and finite rate chemistry are consider
Physicochemical properties are functions of the local mixture composition, temperature,
pressure, which are computed using the CHEMKIN-II subroutines [10]. A detailed chel
cal kinetics mechanism for hydrogen—air combustion (9 species, 18 elementary react
[11] is used in order to accurately describe all the relevant time scales. The perform:
of the adaptation procedure is analyzed for both inert and reactive flow computatic
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Comparisons are made between structured and unstructured mesh solver results f
oblique shock wave/oblique detonation wave transition problem.

2. THEORETICAL FORMULATION

The 2-D Euler equations for a chemically reacting gas mixture can be written in intec
form for a 2-D Cartesian coordinate system [7] as

E// dedy—l—/(Edy—Fdx):// Qdxdy. (1)
ot \Vi S \%

Here,V represents the area of the control volume &tislits boundary. The vector of con-
served quantitie® is given by

Q=I[p pu pv & pYi-- pYy_q]'. )

The expressions for the convective flux vectdsandF, are

pu oV
pU + p puv
puv pv2+p
E=¢E+pu,, F=<(E+pv,. 3)
oYU pY1v
pYi_1U pYi_1v

The chemical source vector can be written as
Q=[0 0 0 0 W - &j_1W;_4]". (4)

The nomenclature used here is the standard one, such tisathe densityu andv
are Cartesian velocity componentsjs the static pressuré, is the total energy per unit
of volume, andYj, @;j, andW; are the mass fraction, the molar production rate, and tt
molecular weight of specigs respectively. The mass fraction of species calculated by
Y;=1-— Zf;ll Y;j. Equation (1) must be supplemented by the equations of state

p=pRT EJ Yoy Yie + 1(u2+ 2), wheree h°+/Tc a7 - P
:10 —_— —_ = N oH — v s Po= s _ .
J:le P4 2 J : To : p
(5)

In these equationd, is the static temperatur® is the universal gas constant, agdh?,
andcy, are the internal energy, the standard-state enthalpy, and the specific heat at cor
pressure per unit mass of specigsrespectively. The specific heat at constant pressu
and the standard-state enthalpy for each species are functions of the temperature [10]
chemical kinetics scheme used involves nine specigDk H,O, OH, O, H, HQ, H,0,,
and N, and is due to Balakrishnan and Williams [11]. The use of such a detailed chem
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mechanism is needed to obtain a correct prediction of the different time and length sc
presentin the reactive flowfields of interest, as well as their variation with the flow conditic
[5, 6, 12]. The molar production rates are given by the Arrhenius law and calculatec
using the CHEMKIN-II package [10].

3. SPATIAL DISCRETIZATION ALGORITHMS

3.1. First-Order Upwind Scheme

The upwind spatial discretization algorithm implemented in the present work compt
interface fluxes using the Liou [9] Advection Upwind Splitting Method (AUSM+). The
convective operatof; (Q;), can be written in the present cell-centered case as

3
C(Q) =) (EiAyik — FikAXi), (6)
k=1
whereAxjx = Xk, — Xk, and Ayix = Yk, — Yk, - Figure 1 shows a sketch of a generic triangle
layout, including a definition of edg® n, and associated trianglesndk.
The Liou AUSM+ scheme considers that the convective operator can be expressed
sum of the convective and pressure terms [9]. The inviscid flux vectors can be written

E=u¢+PX=anq)+ Px,
)
F=v0b+P,=Mad+P,

where thed, Py, andPy vectors are defined as

0
pu
oV
CD = pH P)(
oY1

®)

O O O ©To
- O O T o o

0 0

oY1

In the previous expressions] is the total specific enthalpyly =u/a, and My =v/a,
wherea is the speed of sound.

n2

nl

FIG. 1. Sketch of the triangle layout.
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The approach followed in the present work in order to extend Liou’s ideas [9] to t
unstructured grid case consists in defining alocal one-dimensional coordinate system nc
tothe edge considered. The reason for this can be perceived if one observes, based on E
that the contribution of thi&k edge to the convective operator can be written as [8]

contrib. of ik edge= Ejx Ayix — Fik AXik
= (EikNy, + FiNy, ) Cik. 9)

where thei;, normal to thelk edge, positive outwards with respect to thie triangle, is
defined as

- R R AVik .~ AXik
Nik = Ny, I + Ny, J = ﬂ - —IkJ (10)
Klk glk
Here,¢ik is the length of thék edge. Hence, one can write
contribution ofik edge= (F{ + Pi) £, (11)

where, for now, it is sufficient to writ€&" and Py as

FiY = (un + vnyd)ix,

(12)
Pk = (Puny + Pyny)ik = Pix

For the construction of the first-order scheme, one must identify the left)(state, as
defined in Ref. [9], as the properties of tita triangle and the right (oR) state as those
of the kth triangle (see Fig. 1). Hence, the convective operator, as defined in Eq. (6),
finally be written as

3

C(Qi) Z Fid + Pi) i) (13)

where

i = %Mikaikm + @r) — %|Mik|a4k(d>R—c1>L), (14)
and P, has already been defined in Eq. (12). The interface Mach nuMheand pressure
pix are defined according to the AUSM+ [9] scheme. Further details of the algoritt
implementation can be found in Ref. [8] for the ideal gas case. The second-order sch
follows exactly the same formulation, except that the left and right states are obtainec
extrapolation of primitive variables as described in the following section.
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3.2. Higher-Order Accuracy

Second-order spatial accuracy is sought in the present case using MUSCL extrapol
[13] of primitive variableg p, u, v, T, Y;). Such an extrapolation is performed by computin
the gradients of the primitive variables within the cell using Green’s theorem. The con
volume for this integration is chosen to be the computational cell itself. Then, the value
the primitive variables at the cell interfaces are obtained by linear extrapolation from
cell centroids. For the 2-D advection model problem such a procedure is found [14] tc
at least as accurate as the one proposed by Barth and Jespersen [15].

In order to avoid oscillations, the extrapolated states must be limited. In the present
a multidimensional limiter [15] is adopted for all the computations present here. Furt
details of the limiter construction formulation can be seen in Ref. [14]. However, for so
of the different flowfields that have been computed [8], the convergence of the solut
measured in terms of both the,, and theL, norms of the residue, seems to stop afte
two to four orders of magnitude decay. A limiter freezing procedure [16] is implement
in a perfect gas version of this code that led to machine zero convergence on evalua
performed in inert cases. For the reactive cases, one can only reduce the residue by t
three orders of magnitude regardless of the limiter used [7]. A still open question is whe
a limiter freezing procedure could improve the convergence of the reactive computat
or whether physical reasons prevent achieving machine zero convergence in those ca
must be emphasized that the inert and reactive flowfields presented here are not subj
further evolution, and they are thus converged in a macroscopic sense.

4. TIME DISCRETIZATION METHODS

The Euler equations, fully discretized in space by an upwind method and assumir
stationary mesh, can be written as

dQ

1 .
at =—ViC(Qi)+Q(Qi)~ (15)

Time advancement of the solution from time stepp n + 1 is achieved by the use of
Strang’s time-step splitting procedure [17]

QM = L(At/2C(ADL(AL/2)QP, (16)

which separately integrates the fluid dynamics operétand the chemistry operatcr

at each cell. This procedure is second-order accurate and gives the flexibility of choo
specialized integrators for the chemical kinetics and the fluid dynamics. A more deta
discussion on this subject can be found in the work of LeVeque and Yee [18].

The present work uses a fully explicit, second-order accurate, five-stage Runge—K
time-stepping scheme [2] to advance the fluid dynamics part of the governing equatior
time. The time integration scheme can therefore be written as

O©_ qgn
I 1

© _

At;
0 = QO — a0

c(Q“?) ¢=12....5 (17)
Vi

n+1 (©)
Qi = i

)
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where the superscriptsandn + 1 indicate that these are property values at the beginnir
and at the end of theth time step, and the particular values of theoefficients used are
those suggested by Mavriplis [2]. For steady state, inert gas problems, a local time-step
option has been implemented in order to accelerate convergence [7]. In the reactive
case, one cannot use a space-varying time step. However, some convergence accele
can be achieved by recalculating a global time step at each iteration as the minimum o
local At;’s obtained from the CFL condition.

The use of a time-step splitting procedure allows the adoption of a specialized so
for the integration of the chemistry operatoin Eq. (16). This corresponds to a separate
integration of the ODE

dQ
dt

It can be noticed from Egs. (18) and (1)—(4) that such a time-step splitting procedure re:
in a constant volume thermal explosion problem in each computational cell. The autt
have chosen to perform the integration of Eq. (18) using VODE [19], which is an OL
solver tailored for the solution of problems which include stiff source terms. VODE us
a variable time-step, variable order, backward differentiation algorithm, together witl
modified Newton method whose Jacobian matrix is evaluated numerically. This last fea
is of particular value when different chemical kinetics schemes are used. A further advan
of using this stiff ODE solver is the fact that it has no stability limits on the choice of tf
time step. Therefore, only the fluid dynamics requirements constrain the chatde of

= Q(Q). (18)

5. ADAPTIVE REFINEMENT

The concept behind using an adaptive mesh strategy is to refine regions where large
dients occur. For many problems, the regions that need to be refined are small compar
the size of the computational domain. Therefore, one can reduce storage and CPU rec
ments by the use of adaptive refinement, when compared with a fixed fine mesh. In ©
to identify the regions that require grid refinement, a sensor must be defined. The se
used in this work is based on gradients of flow properties. Its general definition could
expressed as

[V &mli

’;mmax - gmmin

(sensoy; = mgx( ); ¢m=(p,u,v, T,Y)), (19)

where¢m, . and¢n,,, are the maximum and the minimum values on the whole flowfield ar
|VZmli is the magnitude of the gradient of thg property in the th control volume. As will
be seen below, the use of more than one variable to define the sensor is essential to
good shock and detonation wave resolution.

5.1. Mesh Enrichment

The first step of the adaptive procedure is to compute the flow on an existing cos
mesh. With this preliminary solution, one can calculate the sensor as previously descri
The code marks all triangles in which the sensor exceeds some specified threshold
(the threshold value will be denoted s the present paper), and the marked triangles al
refined. A new finer mesh is then constructed by enrichment of the original coarse gric
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FIG.2. Schematic representation of (a) the three possible triangle subdivision processes and (b) a single
smoothing pass.

The mesh enrichment procedure consists of introducing an additional node for each
of a triangle marked for refinement. For interior sides, this additional node is placed at
mid-point of the side whereas, for boundary sides, it is necessary to refer to the boun
definition to ensure that the new node is placed on the true boundary. After this initial p
the code has to search all triangles to identify cells that have two or three divided sif
Each of these cells is subdivided into four new triangles. This subdivision may eventu
mark new faces. Therefore, this process has to be performed until there are no triar
with more than one marked face. In order to avoid hanging nodes, the triangles that
one marked face should be divided by halving. Figure 2a illustrates the three possible \
of subdividing triangles. In the current implementation of the mesh enrichment proced
history information about the subdivision process is not stored; i.e., the father trian
identity is given to one of the children. Although this procedure minimizes storage spe
it lacks the flexibility which would be desirable in order to introduce mesh coarseni
strategies [20]. This feature is certainly a setback if one is to study propagative or unst
phenomena, which is not the case here, and the issue of mesh coarsening will be addr
in the future.

5.2. Successive Triangle Halvings

The second part of the refinement process consists of identifying all triangles which w
refined by halving. This information is stored for the next refinement step because, if the
again an attempt to subdivide these triangles by halving, this is not allowed. The experit
has shown [21] that repeated triangle division by halving has a strong detrimental ef
in mesh quality. Therefore, if the next refinement step tries to divide by halving a trian
which was obtained by a previous division by halving, the logic in the code forces f
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original triangle to be divided into four new triangles before the refinement procedure
allowed to continue. When the mesh enrichment procedure has been completed, the
control volumes receive the property values of their father triangles and the flow solve
re-started.

5.3. Mesh Smoothing

After the mesh enrichment process is achieved, one or more mesh smoothing pe
may be performed. The goal of the smoothing process is to smooth out abrupt variat
of cell size which, as will be shown below, may occur after several enrichment passes.
smoothing procedure adopted here considers all the triangles that share a common v
This vertex is then displaced to the centroid of the polygon formed by the triangles. The
process is schematically represented in Fig. 2b. It is clear that the mesh connectivity rem
unchanged when smoothing is performed. Applying a very large number of smooth
passes would destroy the benefits of the enrichment process. Therefore, an optimum nu
of smoothing passes exist that preserve the desired decrease of cell size at selected r
of the computational domain, yet allow for a gradual transition from the smallest to t
largest meshes. This optimum number of passes is found to be on the order of 5 to 1
should be noticed that nodes lying at the boundary of the computational domain are
displaced by the smoothing process.

6. RESULTS AND DISCUSSION

6.1. Flowfield Configuration and Initial and Boundary Conditions

The computational procedure described above is applied to the prediction of the su
sonic flow of a hydrogen—air mixture around a two-dimensional wedge. The geometn
the computational domain is shown in Fig. 3. The outer boundaries of the domain are ei
parallel or perpendicular to the wedge surface. The mixture enters the domain from the
and upper boundaries with a given Mach numbErpressurep, temperaturdl’, equiva-
lence ratio and angle of attaék The angle of attack is equal to the negative of the wedg
half-angle. These conditions are held fixed during the computations presented here. Fui
more, these same values specified as boundary conditions for the left and upper bounc
are used as initial conditions in the whole field to start the calculations. At the wedge ¢
face zero normal temperature gradighif {0y = 0) and non-catalyticXY; /0y = 0) and slip

computational domain ~ (Xmax, ymax)

H2+Air shock wave

8
(0,0) \5 ; wedge X

FIG. 3. Schematic representation of the computational domain.
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FIG. 4. Initial mesh and temperature (K) field obtained after convergence.

boundary conditionsau/dy = v = 0) are imposed. At the right (outflow) boundary of the
computational domain, characteristic boundary conditions are used [22].

Allthe computations presented here were performed for the flow bf an8, T = 300K,

p = 85 kPa stoichiometric hydrogen—air mixture around a wedge with a half-angle8sf 23
The initial mesh used contains 1504 triangles and 816 nodes, as shown in Fig. 4.
computational domain spans over, y) = (0:12 0:4) cm.

Such flow and boundary conditions, which lead to stable oblique shock waves for ir
gases, may give rise to a complex flow topology in the presence of combustion. As wil
seeninthe forthcoming sections, when ignition of the reactive mixture occurs downstrea
the leading oblique shock wave, an oblique shock wave/oblique detonation wave trans
is observed.

6.2. Inert Flow

Before we present the results in which chemistry is taken into account, it is usefu
examine the calculations performed for an inert gas flow. The results in Fig. 4, where
initial mesh and the temperature contours obtained after convergence are plotted, sho
the shock wave is resolved within three computational cells. Due to the coarseness of
mesh, the actual thickness of the obliqgue shock wave is comparable to the dimensiol
the computational domain. In order to obtain a smaller ratio of shock thickness to domn
dimension, three passes of adaptive refinement are performed. In this case, a sensor
on the gradients of the primitive variablép, u, v, T) is used. The value of the threshold
ist= (0.1, 0.1, 0.05) for each refinement pass. Convergence of the result on each mes
achieved before mesh refinement. The final refined mesh contains 7630 triangles and
nodes. Figure 5 shows the mesh and the temperature field for the converged solution i
final refined mesh. In this case, smoothing of the mesh after each mesh enrichment p
not active. It can be seen in Fig. 5 that mesh refinement leads to a dramatic reductic
the thickness of the numerical shock wave. It should be noticed, though, that the numb
computational cells across the shock remains unchanged when the mesh is refined.

Figure 6 shows the final adapted mesh and the temperature contours when three
enrichment passes are performed, after each of which 10 smoothing passes were mac

=]
g

¥ fem)

¥ {em}

n
“MWARG DN DD
g
SRR

] il 12

3
 {em)

FIG.5. Adapted mesh and the corresponding temperature (K) contours with no mesh smoothing, adapt
on(p,u,v, T),t=(0.1,0.1,0.05).
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FIG. 6. Adapted mesh and the corresponding temperature (K) contours with 10 smoothing passes after
mesh enrichment pass, adaptation(pnu, v, T), ¢ = (0.1, 0.1, 0.05).

the other flow and solver parameters used are the same as above. The numbers of nod
volumes in this resulting mesh are 3969 and 7748, respectively. Even though the quali
the solution is not affected by the smoothing procedure, the spatial distribution of cell si
varies more gradually, when compared to the results shown in Fig. 5. A distinctive feat
of this smoothed mesh is the secondary mesh clustering that occurs by spots. As sho
Fig. 7, those spots are found to lie near the boundary of a mesh enriched region. Inc
the nodes in these regions have more connections toward one preferential direction. T
the mesh smoothing procedure displaces a given node toward this direction, leading t
observed clustering.

The history of thd_, norm of the residual, corresponding to the results in Figs. 5 and
is shown in Fig. 8. A sudden increase of these norms is observed each time the me
adapted. Then, the residuals gradually decrease, eventually reaching a constant val
frozen limiter procedure [16], notimplemented in this version of the computer code, lead
machine zero convergence for ideal gas calculations under similar flow conditions. It she
be noticed that the convergence process is stalled sooner when the mesh is not smo
This is found to be a direct consequence of the secondary clustering of mesh poin
reduction in the minimum cell size is observed when smoothing is performed. Indeed,
ratio of minimum characteristic mesh sizes (defined by the radius of the inscribed cir
for the non-smoothed and the smoothed meshes is 2.9: 1. In the present constant time
computations, the benefits of mesh smoothing seem to be counterbalanced by this mini
cell size decrease. This is not the case when the variable time-step option is used.

6.3. Reacting Flow

The supersonic flow of a reactive mixture over 2-D wedges has been studied both
merically [4—6, 12] and experimentally [5, 23, 24] in the past few years. In these ca:¢
delayed transitions from oblique shock waves (OSW) to oblique detonation waves (OC
were obtained which involve strong couplings between compressibility and high activat

FIG. 7. Adapted mesh corresponding to (a) no smoothing and (b) 10 smoothing passes after each |
enrichment pass; enlarged view of Figs. 5 and 6.
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FIG. 8. Logarithm of theL, norm of the residual, inert flows.

energy, exothermic, chemical kinetics. A typical example of such a transition is showi
Fig. 9, in which the fields of KO and OH mass fraction, pressure and temperature &
plotted for the same flow and geometrical conditions used for the inert computations. Tl
results are obtained using a second-order, upwind structured mesh solver based on the
flux splitting method [5, 6, 12] on a uniform Cartesian grid containing 2A20 points.
The results presented in Fig. 9 are considered a baseline calculation for comparison
the unstructured mesh computations, since the mesh spacing is of the order of the mini
cell size obtained after two refinement passes, starting from the mesh shown in Fig. 4
The computational results presented in Fig. 9 show that, when wedge-stabilized O
ODW transition occurs, the resulting flowfield may be divided into three regions [4-6, 1

1. Aninduction region where an OSW whose angle is identical to the one obtain
in the inert case exists. The thermodynamic conditions prevailing in this region are fixec
the jump conditions across the leading OSW. Chain initiation and chain branching react
dominate the chemical process, with negligible heat release.

2. Atransition region where the sudden onset of chain termination reactions leads
an increase of the flow temperature at the vicinity of the wedge surface. Pressure w:
which are fed by this temperature increase, propagate towards the leading OSW, modif
the flow conditions downstream of this shock wave. A decrease of the chemical induc
time results, which, associated with the coalescence of pressure waves, is responsible 1

3
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FIG. 9. Fields of temperature (K), pressure (atm), and OH ap@ Hhass fractions for a baseline structured
mesh computation.
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formation of a detonation wave in the shocked gas region. This detonation wave interc
the initial OSW in a triple point from which a slip line and an expansion fan emanate.

3. Adetonation regionwhere the initial ODW that was formed in the transition regior
relaxes towards the strong overdriven detonation corresponding to this given wedge &
and flow conditions. Such a relaxation is due to the interaction between the ODW and
wedge-reflected expansion fan. The slip line that originates at the triple point separ
gases that have crossed the final ODW only from the burned mixture that crossed botl
leading OSW and the transition region.

In this context, one of the major motivations for the work described here is to implem
an adaptive refinement capability which would allow further focusing on the regions
interest without an excessive increase in the computational cost. This adaptive refinel
capability, embedded in the overall unstructured grid approach, should allow the crea
of new control volumes only in relevant portions of the flow and, therefore, a higher level
refinement and understanding of the physical phenomena in the transition and deton
regions. The present paper, however, does not attempt to exploit yet the capability in o
to improve the understanding of the physical process, but is mostly concerned with
validation and test of the proposed unstructured grid capability for high speed combus
applications.

The adaptive refinement procedure described in the previous sections is influencec
(i) the choice of the variables which will be used to define the sensor; (ii) whether smoott
is allowed or not; (iii) the threshold Moreover, the number of refinement passes is
crucial parameter, since the accuracy of the computed results depends on the mesh
The influence of these parameters on the computed solution is examined now.

6.3.1. Influence of the Choice of the Sensor Variables

Depending on the choice of the variables used as sensors in Eq. (19), the mesh enrict
procedure halves the triangle edges in different regions of the flowfield. In Figs. 10-12
final adapted mesh, the pressure, the temperature, and the OH mass fraction are plottec
(p,u, v, T), (p,u,v, T,Y)), and (p, pu, pv, £, pY;) are used as sensors, respectively
Three adaptive refinement passes are made,wit(0.2, 0.1, 0.05), each followed by 10
smoothing passes. The final numbers of volumes and nodes are (7,154 and 3,665), (
and 5,019), and (10,475 and 5,346), respectively.
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The comparison of these figures shows that the overall features of the flowfield, i.e.,
induction length, the transition region, and the ODW angle, are in good agreement with
results of the baseline structured code shown in Fig. 9. On the other hand, the result obt:
when the sensor variables are, u, v, T) has a lack of mesh resolution in the transitior
region. The transition region is found to be correctly resolved both when the primit
(p, u, v, T, Yj) and when the conservéd, pu, pv, £, pY;) variables are used, the former
leading to a smaller number of nodes and volumes. The use of the mass fraGtiomly
as sensors was not attempted, since this would lead to a coarse mesh for the leading
which is clearly an undesirable feature. These results clearly show that adaption base
the mass fraction¥; is essential to the rendering of the OSW/ODW transition. This is dt
to the fact that, within the transition region, the chemical process inva\ég changes in
the mass fractions with only moderate variationgjmu, v, T.

It can also be seen in Figs. 10—12 that the enrichment process does not refine the
around the slip line which emanates from the triple point. Indeed, as it is shown belo\
smaller value of the parameter is needed, since the gradients there are much smaller
those across both the OSW and the ODW.

6.3.2. Influence of the Mesh Smoothing

In Fig. 13, the final adapted mesh, the temperature and OH mass fraction fields obte
using the primitive variable&p, u, v, T, Y;) as sensors and= (0.2, 0.1, 0.05) are plotted.
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No smoothing passes are performed. The final mesh contains 11,168 triangles and
nodes. The results shown in this figure were obtained using exactly the same flow
solver parameters except for the smoothing passes, as those presented in Fig. 11.
when smoothing is not performed, the final mesh is found to have 15% more nodes.
tendency, although contradictory to the one observed for the inert cases, has been obs
in all the reactive flow computations that have been performed by the authors. These fig
show good agreement between the results computed with and without smoothing.
benefits of smoothing on the quality of the solution are only evidenced at the end of
transition region and the vicinity of the wally, y) = (7, 0)], where the contour plots are
slightly jagged for the unsmoothed case.

As already noticed in the inert computations, smoothing of the mesh leads to a decr
in the minimum triangle size, which in the present case is 0.56 mm without smoothing :
0.30 mm for the final smoothed mesh. The corresponding time steps are also on the :
0.54 ratio. Thus, as can be verified in theresidual plots of Fig. 14, the convergence of the
non-smoothed mesh is almost two times faster than that of the smoothed mesh. There
the forthcoming comparisons do not include smoothing of the computational mesh.

Convergence of the reactive flow simulations also seems to stall after a few order
magnitude decay in the residue, regardless of whether mesh smoothing is used or nc
discussed in Section 6.2, the use of limiter freezing procedures may lead to machine
convergence. Furthermore, previous experience with the structured mesh calculations [¢
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FIG. 14. Logarithm of thel, norm of the residual, reactive flows.
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FIG. 15. Final adapted mesh, temperature (K), pressure (atm), and OH mass fraction field for adaptatic
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has presented similar behavior as far as the convergence of the residual for reactive
simulations is concerned. It must be noticed, though, that as meshes become increa:
fine, the detailed reactive flow result should capture the inner structure of detonation we
which include unsteady transverse and longitudinal waves. The onset of these waves
be responsible for the, norm of the residual not reaching machine zero.

6.3.3. Influence of the Threshold

In order to evidence the influence of the thresholBigs. 15 and 16 present the results
of the computations performed when the value of the threshold is halved either at the
or at the last adaption £ (0.1, 0.1, 0.05), (0.2, 0.1, 0.025)], respectively. All the other
flow and mesh adaption parameters are the same as those of Fig. 13. The final nur
of volumes and nodes are (11,524 and 5,872) and (12,062 and 6,144), respectivel
expected, decreasing the value of the threshold increases the number of added nodes
cases show an improvement in the number of volumes at the burned gases region, le
to a better mesh resolution around the slip line.

A detailed comparison of the final adapted mesh plotted in Figs. 13, 15, and 16 shows
the spatial extent of the triangles added by the adaption process is larger when the thre
tis reduced at early stages of the computation. Thus, decreasing the value of the thre
at the later stages of the adaption procedure is a more effective way of distributing the r
points. This is due to the fact that the new volumes are smaller than those added durin
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FIG. 16. Final adapted mesh, temperature (K), pressure (atm), and OH mass fraction field for adaptatic
(p,u, v, T,Y)),t=(0.2,0.1,0.025, no mesh smoothing.
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FIG. 17. Final adapted mesh and pressure fields (atm) after three (a and c) and four (b and d) adapt
passes, adaptation ¢p, u, v, T, Y;), t = (0.2, 0.1, 0.025 0.01), no mesh smoothing.

initial stages of adaption and thus have a greater contribution to the spatial resolution o
physical phenomena. This is of particular interest in the present OSW/ODW computat
where the spatial extent of the shock waves is decreased with successive refinements

6.3.4. Influence of the Number of Adaption Passes

Departing from the results shown in Fig. 16, a fourth adaptation pass is performed u:
t=0.01. The final mesh contains 37,168 triangles and 18,744 volumes. This supplemer
mesh adaption passis unnecessary, as far as the overall flow structure is concerned. How
some of the details of the computed solution are subject to change. For instance, this c:
verified in Fig. 17, where enlargements of the mesh and the pressure field in the trans
region are plotted. These results are obtained once steady state is achieved after thre
four adaption passes. Thisis furtherillustrated in Fig. 18, where the evolution of temperat
pressure, and mass fractions of OH and H across the oblique detonation wave is plo
This figure shows that the finer mesh brings no change either in the final values of tt
variables or in the peak values ©fandYoy. On the other hand, the peak value of H mas
fraction andp increase nearly 13 and 6%, respectively. A similar trend is also observ
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FIG.18. Temperature (K), pressure (atm), and OH and H mass fraction evolution as a function of the diste
normal to the ODW. Starting poirik, y) = (1102, 2.17); results after (- - -) three and (—) four mesh adaptation
passes.
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for HO, and HO; radicals. An expected effect of the finer mesh is the observed shar
shock capture. It should be noticed that the characteristic cell size corresponding tc
finest mesh, which is on the order of 0.3 mm, is still too large to capture details of the in
structure of the detonation wave. Further refinement is not deemed practical at this p
since the CPU time to convergence on this last mesh is on the order of 20 days on «
PA-7200 120-MHz processor. Three approaches to reducing this prohibitive execution 1
should be envisaged: (i) processor architecture oriented optimization, such as impro
data locality on the cache; (ii) mesh coarsening, with the additional benefit of decrea
storage requirements; and (iii) code parallelization.

7. CONCLUDING REMARKS

Computational results were presented for the case of premixed hydrogen-air flow |
a 2-D wedge. In this case, combustion may be triggered behind the oblique shock v
and transition to an oblique detonation wave is eventually obtained. Attention was focu
on sharp resolution of both the shock and detonation waves. Comparisons were made
independent calculations and good agreement was observed for the range of paran
investigated. Although the use of unstructured adaptive meshes is commonplace in :
dynamic applications today, the same is not true for combustion in supersonic flows.
unstructured adaptive solution procedure implemented was able to correctly define the
portant wave fronts while still offering a computationally efficient option for complex floy
topologies. Moreover, the results also verify that the capability of using solution adap
meshes has provided a far better resolution of such waves than previous calculatior
Azevedo and Figueira da Silva [7]. Mesh adaption based on fluid and chemistry varia
was found to be essential to the correct prediction of OSW/ODW transitions. From a pt
ical point of view, however, additional mesh adaption passes would be desirable to act
a detonation wave which is resolved to the smallest spatial scales. This will be the sul
of future work together with improved mesh smoothing after refinement.
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