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Abstract

Numerical Simulation of Unsteady Hypersonic Chemically Reacting Flow

by David E. Taflin

Chairman of Supervisory Committee: Professor D. Scott Eberhardt
Dept. of Aeronautics and Astronautics

The goal of this research is to develop and evaluate a new algorithm for the numerical
solution of the axisymmetric Navier-Stokes equations for unsteady hypersonic flow with
chemically reacting gas species. The LU-SGS algorithm with a diagonal approximation to
the chemical source Jacobian is extended to encompass a logarithmic form of the species
conservation equations. It is then further extended to allow time-accurate calculations
without inversion of block diagonal matrices. The algorithm is combined with second-
order upwind differencing for convective fluxes and central differencing for viscous fluxes
to produce an algorithm which is second-order accurate in space and time. This new algo-
rithm is then applied to both steady and unsteady experimental results by employing both
an eight-species, nine-reaction model and a nine-species, nineteen-reaction model for the
combustion of hydrogen and oxygen. Excellent agreement is achieved in both cases, con-
firming the accuracy of the algorithm. The efficiency of the algorithm is then compared
with results of other researchers. Its computational expense per iteration is shown to be
nearly linear with the number of chemical species, where the expense of other algorithms
varies with the cube of the number of species. This advantage is reduced by a slower con-
vergence rate per iteration. Its memory requirements are also shown to be linear with the
number of species, where those of other algorithms vary with the square of the number of
species. As a result of these properties, the new algorithm is shown to be competitive with
other algorithms in terms of computational expense, and vastly superior in terms of mem-

ory requirements.
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Chapter 1: Introduction

Recent interest in hypersonic vehicles, as well as continuing development of reentry vehi-
cles and of the Ram Accelerator, have created the need for efficient numerical methods to
predict the effects of chemical reactions in high speed flows. Due to their superior stabil-
ity, many implicit algorithms have been developed to solve for steady-state flows. These
algorithms have generally not been time-accurate, so explicit algorithms have been largely
relied on for the calculation of unsteady flows. Since explicit algorithms introduce signifi-
cant time-step restrictions, however, it is desirable to develop implicit algorithms capable

of calculating unsteady flows.

1.1 Background

There has been much recent interest in high-speed vehicle development. Much of this
effort, of course, has involved the Space Shuttle and other reentry vehicles, such as the
aeroassisted orbit transfer vehicle (AOTV). Other efforts have been in the area of single-
stage-to-orbit (SSTO) vehicles and other supersonic/hypersonic vehicles with air-breath-
ing propulsion plants. These vehicle concepts introduce at least two areas where chemi-
cally-reacting flow may exist. First, at high supersonic speeds, oxygen begins to
dissociate, producing atomic oxygen and other radical species. These radicals may signifi-
cantly affect the characteristics of the flow, especially the temperature distribution near the
stagnation point on the forward portion of the vehicle, which has obvious thermal protec-

tion design implications.



Secondly, non-conventional air-breathing engine designs are required for flight
beyond about Mach 5.1 Perhaps the most highly favored engine concept is the supersonic
combustion ramjet, or scra.mjet.2 In this type of engine, air is compressed by a shock or
system of shocks prior to entering the engine inlet, but remains supersonic relative to the
vehicle. Fuel is the injected, and combustion takes place. Due to the extremely short resi-
dence time of the fuel/air mixture, however, this combustion process continues beyond the
engine outlet, and the combustion products expand against the after portion of the vehicle,
providing forward thrust. The combustion process involves many chemical species, and
many reactions which take place at time scales similar to the fluid dynamic time scales.
Thus, it is necessary to model these chemical reactions as finite-rate processes, as opposed
to equilibrium processes. In addition, the mixing of the fuel with the air may involve
Kelvin-Helmholtz or other unsteady phenomena, which must be studied in order to opti-
mize the mixing process.3'5
Another concept which has characteristics similar to the scramjet is the Ram Acceler-

ator, being developed at the University of Washington and elsewhere.o17

Tube wall

| Combustion

i products

{ | S >

‘ Combustible
! gas

Figure 1-i:A Schematic of a Ram Accelerator

Figure 1-1 shows a schematic of this device, in which a projectile is fired at supersonic
speeds into a tube filled with a combustible mixture of gases. When the projectile is flying
faster than the detonation speed of the gas mixture, the shock wave pattern which forms
around the projectile ignites the gas mixture. The resulting combustion increases the pres-
sure on the aft portion of the projectile, accelerating it up to several kilometers per second.

Intended applications of this concept include launching projectiles into low Earth orbit.



To maximize the performance of the Ram Accelerator at various projectiie speeds, the
gas mixture is altered at different stations in the tube, separated by thin diaphragms. The
projectile’s transition from one gas mixture to the next is an interesting unsteady problem,
as is the start-up of combustion when the projectile first enters the combustible mixture.

Another fluid flow problem which involves unsteady chemically-reacting flow is the
Pulse Detonation Engine (PDE),18 rumored to be used in the latest reconnaissance aircraft,
the Aurora. Figure 1-2 shows a schematic of a PDE taken from Bussing ez al.!’® In this
engine concept, a detonable gas mixture is admitted to a detonation chamber via an inlet
and a mixer. In the mixer, fuel, and possibly an oxidizer, are mixed with the air. Distribu-
tion manifolds are designed to ensure thorough mixing. The detonation chamber is then
(usually) sealed at the forward end. A detonation is initiated at the forward end of the
chamber, and thrust is generated as the combustion products exit the after end of the
chamber through a nozzle. This type of engine offers good performance from zero to high
supersonic speeds. It can achieve higher efficiency than gas turbine engines due to its
approximation of the constant volume Humphrey cycle, compared to the Brayton cycle
seen in gas turbine engines.18 It also contains few moving parts, in stark contrast to gas

turbine engines.
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Figure 1-2:A Schematic of a Pulse Detonation Engine



Another possible area involving high-speed unsteady flow with chemical reactions is
the shock wave reactor concept, being studied at the University of Washing,rton."m'22 The
shock wave reactor is intended to replace conventional methods for the production of eth-
ylene, an important chemical precursor to many commercial products. It involves the
supersonic flow of a pre-heated gas mixture through a diverging nozzle, where a normal
shock occurs which suddenly heats the gas, forming ethylene. The gas is then rapidly
cooled, and the ethylene is extracted. Much remains to be learned about the details of the
flow through this device.

1.1.1 The Ram Accelerator

Experimental work on the Ram Accelerator has been ongoing for several years at the Uni-
versity of Washington.G'11 The work has included photographing the projectile in flight to
determine the location of the combustion processes, as well mapping in detail the pressure
distribution along the wall of the tube. These detailed measurements provide an excellent
opportunity to validate computational fluid dynamics codes intended for the calculation of

hypersonic, chemically-reacting flow.

Computational studies of the Ram Accelerator have been performed by Yungstof:r,lz’13

Chuck,'*1° Oran et al.,)7 Soetrisno et al.,23 and others. Yungster performed steady simu-
lations of inviscid flow, while Chuck simulated viscous flow. Both used a point implicit
method (to be discussed in §3.2). Chuck, in addition, used a variant first proposed by
Eberhardt which eliminates much of the storage requirements of the point-implicit method
and reduces the computer time required for steady-state calculations. This method was
further implemented by Eberhardt and Imlay24 in an implicit algorithm which showed dra-
matic savings in computational expense. This method has been further applied to Ram

l.,23 and a modification to it has been intro-

Accelerator configurations by Soetrisno et a
duced by Candler.2>2% Eberhardt’s algorithm, which involves a diagonal approximation to
the chemical source Jacobian, appears to offer significant reductions in both storage
requirements and computational expense for steady flow, and its use in unsteady calcula-

tions will be examined in this work.



1.1.2 The Pulse Detonation Engine

Much of the work being done on PDE’s is either proprietary or covered by other restric-
tions.! It is clear, however, that this is an active area of current research, both numerical
and experimental. Experimental work has recently been outlined by Ting et al..”” and Hin-
key et al?® Computational work has been performed by Bussing et al.,l? Sterling et al..”?
and Lynch et al. 30 Bussing et al. and Sterling et al. used a one-dimensional algorithm to
study the unsteady behavior of the gas within the detonation chamber. Lynch ez al. per-
formed axisymmetric unsteady calculations for hydrogen mixtures using an implicit algo-
rithm which allowed larger time steps than would have been allowed by a point-implicit
approach. This approach, however, required inversion of block-banded Jacobian matrices,
the expense of which prevented them from using this technique for larger reaction models,

for which they resorted to the point-implicit scheme.

1.1.3 Lehr’s Experiments

An interesting set of experiments involving unsteady phenomena is the work per-
formed by Lehr.3! Lehr fired both sphere-cylinder and cone-cylinder projectiles into pre-
mixed stoichiometric hydrogen-air and hydrogen-oxygen gas mixtures. Depending on the
speed of the projectile relative to the detonation velocity of the gas, different shock and
combustion patterns emerged. At speeds above the detonation velocity in hydrogen-air, a
coupled shock-deflagration formed near the centerline of the body. Further away from the
centerline, at the point where the velocity normal to the shock fell below the detonation
velocity, the combustion front separated from the shock. The induction zone (the distance
between the shock and the combustion front) was thea used to determine the ignition
delay time. Figure 1-3 depicts this case.

At projectile speeds just below the detonation velocity, Lehr observed a remarkable
unsteady phenomenon. The interaction of alternating compression and expansion waves
near the stagnation line with the shock and combustion processes resulted in a very regular
“ringing” behind the shock. McVey and Toong32 proposed a model to explain this phe-

nomenon. This model will be outlined in Chapter 4.



Wilson,?> and Wilson and Sussman,>* developed a numerical algorithm which was
able to reproduce Lehr’s unsteady results. It employed a new logarithmic form of the spe-
cies conservation equations first proposed by Sussman and Wilson.3> The advantage of
this form will be discussed in §2.6. Numerical reproduction of this unsteady experiment

gives an excellent validation for unsteady CFD algorithms.

Shock

Combustion front

Projectile

Figure 1-3:A Schematic of Lehr’s Superdetonative Hydrogen-Air Case

1.2 Present Work

The advantages of implicit, time-accurate methods for the calculation of chemically-react-
ing flows have been demonstrated by the work of Sterling et al.,?® Shuen et al., 3¢ Yungster
and Radhakrishnan,?” and Ju.3® All of these approaches, however, involve at a minimum
the inversion of a block diagonal matrix for each time step. The blocks of this matrix are
composed of Jacobians of both the convective flux terms and the chemical source terms,
and are of the same order as the number of chemical species. The computational expense
of this inversion varies with the cube of the number of species. Further, as the number of
chemical species becomes large, the storage requirement can become prohibitive. These
factors motivate the development of algorithms which avoid the use of full diagonal
blocks.



Eberhardt’s algorithm eliminates storage and inversion of the block diagonal, but
destroys time accuracy. It is possible, however, to reintroduce time accuracy through the
same sub-iterative approach used by Shuen ez al. The present work is intended to develop
and examine the effectiveness of this modification. Further, since the logarithmic form of
the species conservation equations of Sussman and Wilson appears to be a highly useful
technique, Eberhardt’s algorithm is extended to the use of these equations.

The resulting algorithm reduces the amount of computational grid required for flow
problems involving shock-induced combustion, thereby significantly improving an algo-
rithm which is already highly efficient. It is fully implicit, yet requires no matrix inver-
sions. Its memory requirements and computational expense per iteration scale linearly
with the number of chemical species, where for other algorithms (aside from Eberhardt
and Imlay’s original algorithm) they scale with the square and the cube of the number of
species, respectively. Thus, the algorithm gives increasing benefit over other algorithms as
the number of species increases.

The algorithm is validated against the steady and unsteady experimental results of
Lehr using both an eight-species, nine-step reaction model and a nine-species, nineteen-
step reaction model for hydrogen-air combustion. It is also compared to computational
results from Yungster and Rabinowitz>® for the computation of a combusting methane-air
mixture using their twenty-species, fifty-two-step reaction model. The algorithm is found
to give highly accurate results for complex flow fields. Its performance is measured
against other published results, and it is found to be competitive in terms of CPU time, and

superior in terms of memory requirements.



Chapter 2: Governing Equations

The first step in numerical solutions is to define the equations which will be solved. In this
chapter, non-dimensional variables will be introduced, followed by a transformation of the
governing equations to generalized curvilinear coordinates. The resulting equations will
then be shown in detail. Chemical reactions will be discussed, and finally, the logarithmic

form of the species conservation laws will be introduced.

2.1 Nondimensional Variables

Nondimensional variables are formed by dividing the dimensional variables of the prob-
lem by certain variables or combinations of variables which have the same dimensions as
the variables of interest, and which typically characterize the physical problem in some
way. For example, the flow speed may be nondimensionalized by dividing it by the free
stream flow speed or by the free stream speed of sound. One advantage of nondimensional
variables is that most are of order one, thus reducing round-off error. In some cases, it
becomes easier to specify free stream and boundary conditions when nondimensional
variables are used. In particular, when the flow speeds are nondimensionalized by the free
stream sound speed, specifying the free stream flow speed reduces to specifying the free
stream Mach number, a significant advantage. The use of nondimensional variables may
also allow results to be more readily interpreted and generalized to similar flows.

The following definitions define the nondimensional variables used in this work.

Dimensional variables are indicated with a tilde (~), and free stream (dimensional) quanti-

ties have the infinity (o) subscript.
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In the above equations, x and y are the spatial coordinates — x for the axial direction, and

y for the radial direction. ¢ represents time. p is density, p; are species densities, and 4 and

v are the flow speeds in the x- and y-directions, respectively. e is the total energy per unit

volume, p is the static pressure, and T is the static temperature of the gas mixture. R is the

gas constant, and <, and c, are the gas specific heats at constant pressure and constant
volume, respectively. W is the coefficient of dynamic viscosity,  is the coefficient of ther-

.. 0. . . . .
mal conductivity, &; is the species specific heat of formation per unit mass, and w; repre-

sents the production of species i due to chemical reactions. L is a length scale factor,

normally chosen to be the length of the body about which the flow solution is to be calcu-

lated. 1y is the ratio of specific heats, and a represents sound speed.

2.2 Coordinate Transformation

The axisymmetric Navier-Stokes equations can be expressed as a system of partial differ-

ential equations, in the following form:
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ayQ'  oyF’ ayG'_ayF'v dyG',
3t ox T ay _ ox oy

Q’ represents the vector of conserved variables, mass, momentum, and energy, and F’ and

+H +yW' 2-2)

G’ represent the convective fluxes of these quantities. F’, and G’, are the fluxes due to

molecular transport, H’ represents source terms due to axisymmetry, and W’ represents

source terms due to chemical reactions. These terms will be examined in detail in §2.3.
Numerical solution of the Navier-Stokes equations in the form of equation (2-2)

requires that the problem be sclved on a uniform mesh, making solutions about arbitrary
bodies difficult (see Figure 2-1).40

Figure 2-1:A Cartesian Computational Grid

Although this type of approach is sometimes used, it requires careful treatment of the

boundaries, and makes the solution of problems involving boundary layers impractical. It
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is desirable, therefore, to use a grid which can be conformed to the shape of the body, or

the boundaries of the physical domain. Figure 2-2 shows an example of a body-fitted grid.

LA

Figure 2-2:A Body-Fitted Computational Grid.

|

To allow solutions to be done on body-fitted grids, equation (2-2) is transformed to a gen-

eralized curvilinear coordinate system, (&, 1, T) . The chain rule for differentiation gives,

for example,

20’ _ 3079, 909 , 909
ot  odtodt 9Edr 9In ot

Setting T = ¢, the transformation can be expressed as

1§, m,) |9,

= (0 gx Ny aé

0 éy n, 0

with the definitions

_ 9 =9 = 9%
g"_ax éy_ay gt_at
_am o _am
“x“ax TI)_ay n’_at

(2-3)

(2-4)

(2-5)



12

Reversing the roles of dependent and independent variables in equation (2-4) gives

d, 1 x.y||9,
8§ =10 x; ¥ d, (2-6)
d 0x, > ay
with the definitions
NN RN
T T3 7 o9n
@7
=9 - =
=5 BTE MM T o
Comparing equation (2-4) with equation (2-6), it can be immediately deduced that
-1
1 ét n, 1 Xz Ve xéyn_xnyg _xfyﬂ+xny‘c x‘fyé_xgy‘c
0 Y;y n, 0x,y 0 —Xp X
with J, the Jacobian of the transformation, defined by
-1
J = XeYn — XnYe 2-9)
This results in the following relations:
& = J(=xy,+x,y) &, =Jy g, = —Jx
t ™ Nt x n Y n (2-10)

N, = J(xye—%y,) N, = Iy n, = Jx
Once a computational grid is defined, all of the terms in equations (2-9) and (2-10) can be
calculated. For ease of calculation, each grid node is assigned a consecutive integral value
of & and n, so that between neighboring grid cells, A = Any = 1.
For a grid which does not move in time, §, = 7, = 0. The transformed equations are
formed by expanding each of the terms in equation (2-2) using equation (2-4), giving the

following for a non-moving grid:
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F G dyG’
4B B BT e B

dyF’, oyF', ayG ayG
<38 *gn toHaE

Equation (2-11) is in 2 non-conservative form, and must be put back into conservation law

(2-11)

v+H'+yW'

form. This is done by multiplying by J! and again invoking the chain rule for each term,

for example:

ayF _ ar'eyF _ATE

J éx & = 3E -yF 3 (2-12)
This gives, after combining like terms,
270 + ST G F +£,6) + 27y (nF +1,G)
o1 ag on
-y (F - F)(agj §+ J 1]) (term I)
(2-13)

-y (G- G)(aﬁj § +3 J ’r]) (term 2)
d . 1 -1
& (§ +§,G)) + nJ y(n ,tN,G) +J H +J yW
The terms labeled term I and ferm 2 above are invariants of the transformation, and are
identically zero. With the definitions
-1 . -1 . " -1 . .
Q=7yQ  F=ly(EF+EGHY  G=J y(mF +n,G)
1 . , -1 . .
F,=J y(&F,+&G,) G,=J" y(m,F,+1,G,) (2-14)
H=J"'H WEJ_lyW'

equation (2-13) becomes

30 JF 3G 3Fv
T T TET

Equation (2-15) is the form of the axisymmetric Navier-Stokes equations which will be

+H+ w (2-15)

solved. The individual terms in this equation set are discussed in section (2.3).
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2.3 Navier-Stokes Equations

The axisymmetric Navier-Stokes equations represent the conservation of mass, momen-
tum, and energy. To allow for multiple species with chemical reactions, the continuity
equation can be replaced by species conservation equations, one for each species. In gen-

eralized curvilinear coordinates and non-dimensional variables, they are given by

aQ oF 3G _10F, -@G

+SEt e = R gp R g tHAW (2-16)
with the definitions
P p,U p,V
i} i} ‘U _ v
0=7s"yP| F=sly| Pn G=Jry| Pn
pu puU+¢&.p puV+m.p
pv pvU+ §yp pyV+mp
| €] | U(e+p) ] | V(e+p) ]
"plfjl -p1f/l
F,= 1| Pl G, ="y PV
ExT+ 8Ty M T F 1,7, 2-17)
g.7c‘ty:c + E-‘)’Ty}' nxtyx + nytyy
£8,+88, 1,8, +1,8,
_ 0 -
w,
: 0
1l . 29,
W=J y/"n H=1] Box
0 4 v 2 du 2 ay
g =3k 30573
|0 2( 9 J )
i 3($].Luv +a—yu.v |
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R, is the Reynold’s number based on free stream sound speed, and is given by

a L
K,

It appears in equation (2-16) due to the nondimensionalization of the equations. U and V

(2-18)

are the contravariant velocities, which are flow speeds normal to grid lines, scaled by grid

metric terms. They are defined as:
Uzgxu+§yv V=nu+ny (2-19)

U and V are species diffusion contravariant velocities, functions of the species diffusion
velocities and given by expressions identical in form to those of equation (2-19). Because

species diffusion is not significant in the types of problems to be examined here, it will be

neglected. The bulk viscosity is assumed to be zero, leading to A = —%u. With this

assumption, and heat conduction given by g = —kV T, the remainder of the diffusive flux

terms become:

T =‘_1 2 = 4 g =T.= +v,)
xx 3uux - 3uv)' T)'.V - §uv>‘ - 31-“‘;5 Ty = TS : (uy Ve (2-20)

B,=ut + VT, +kT, By =ut, + VT +kT,

2.4 Chemical Reactions

W in equation (2-16) contains species source terms due to chemical reactions. A typical

chemical reaction is shown below:
' \ 1"t "
VA’jA+vB,jB<—>vC,J.C+vD,J.D (2-21)
Here v', j atoms of species A combine with V'p ; atoms of species B to form v" - ; atoms

of species C and V"p, ; atoms of species D. A general chemical reaction can be expressed

as
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ns ns
Y vix e v 2-22)
i=1 i=1
where X; is chemical species i, and ns is the number of chemical species.
If a single chemical reaction is in equilibrium, one constant, usually called X, or K,
can be used to calculate the concentrations or mass fractions of the involved species. For

example, K, is defined by

=i=l (2-23)

where [X;] is the dimensional molar concentration of species i, calculated from

PP;
[X,-] = 7 (2-24)

1]

M; is the molecular weight of species i. Equation (2-23) is one form of the famous Law of

Mass Action, and its use allows direct calculation of all species mass fractions from state
variables and other information known a priori. If more than one equilibrium chemical
reaction is present, more sophisticated techniques, such as Gibbs free energy minimiza-

tion, must be used. Nevertheless, all species mass fractions can be calculated directly.

Chemical equilibrium is normally observed in a flow if all the chemical reactions
occur at a rate far exceeding that of any other changes, such as those due to fluid dynam-
ics. Another limiting occurrence is frozen flow, where chemical reactions occur so slowly
compared to other changes in the flow that species mass fractions remain essentially
unchanged. If neither of these cases is true, and chemical reaction rates approach those of
other changes in the flow, then chemical non-equilibrium results. In this case, species mass
fractions can no longer be calculated solely from state information, and must be repre-

sented by additional differential equations. This is accomplished, as noted before, by solv-
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ing a continuity equation for each chemical species, and representing species production
due to chemical reactions by source terms in these equations.

Instead of a single constant, non-equilibrium chemical reactions involve both a for-
ward and a backward reaction constant to describe individually the progression of the
reaction in either direction. Note that the word “constant” is a misnomer, because these
parameters are normally functions of temperature. For the example reaction in equation

(2-21), the forward and backward reaction rates, rfand ry, would be calculated from

D,j

v Aj A\ B,j v C.j \Y
re=kJAX,1 7 [Xp] ry =k [X] IXp) (2-25)

where kf and k, are the forward and backward reaction constants, respectively. The total

species production is the forward rate minus the backward rate, multiplied by the net spe-
cies production for the reaction. If a given reaction produces more of a given species than
it consumes, then the production of that species will be positive if r¢is greater than r,, such
that the reaction progresses to the right, and negative if the reverse is true. In general, the

production of species m is calculated from

nr ns v ns v
W= MY =V ) e TT XD -k, [T X (2-26)

j=1 s=1 s=1
where nr is the number of reactions and ns is again the number of chemical species. These
source terms are non-dimensionalized as described in section (2.1), giving
L .
W= w (2-27)

The forward reaction constants, kf, are calculated from Arrhenius expressions,

C
ke = AT T (2-28)

where A, B, and C are constants which are different, in general, for each reaction. These
may also be supplied for the reverse reaction. Otherwise, k,, is calculated from the equi-

librium constant for the reaction, given by:
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(i)

k _ ~ ns 0
=< - (rD"! _ _ymEs i
K = = (RT) exp( El(vs Vs)Ri) (2-29)
s=

S

' : : 0 13
where R' refers to the universal gas constant in atmospheres, and the g  are the “one

atmosphere” Gibb’s free energy values, given by gg = h - Ts - The calculation of A_
and s is described in §3.3.

Some chemical reactions involve a “third body”, which can be any chemical species.
An example of this type of reaction is the following, for the dissociation/recombination of

oxygen:

0+0+M& 0,+M (2-30)

M may be formed by summing the molar concentrations of all species. Some species,
however, are more efficient catalysts for a particular reaction than are other species. This
effect is accounted for by using third-body, or collision, efficiencies. Rather than sum the
species concentrations directly, each concentration is first multiplied by its collision effi-
ciency for that reaction, and the results are summed. This must be repeated for each third-

body reaction.

2.5 Chemical Reaction Models

A significant challenge in computing chemically-reacting flows is determining which
chemical species and chemical reactions are important. A mixture of hydrogen and air
may produce over twenty species, and involve over a hundred chemical reactions. Many
of these species, however, may only appear in insignificant quantities. These species and
the associated reactions, therefore, may have little influence on the overall reaction and the
flow. Various combustion models have been proposed which attempt to isolate only those
species and reactions which significantly impact the flow. It is important to note that dif-

ferent flow conditions may require different reaction models.
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Two reaction models for hydrogen-air combustion are used in this work. The first is a
subset of the mechanism suggested by Waldman.*! Waldman investigated methane/air
combustion with pollutant formation, and recommended twenty-six reactions for sixteen

species. Pratt*?

extracted a subset of these for hydrogen/oxygen combustion, involving
eight species and nine reactions. He found that this model effectively predicted ignition
delay in the temperature range represented in Lehr’s experiments.

The second combustion model is a simplification of Jachimowski’s hydrogen-air
model.*3 It involves thirteen species, and in its original form had thirty-three reactions.
Wilson,3® however, modified the model. Noting that there is some uncertainty in the
experimental determination of chemical reaction rates, Wilson “tuned” one of these rates
within the range of uncertainty to cause his computations to match Lehr’s experimental
data. He also replaced one reaction, and deleted another which Jachimowski advised was
probably unimportant. Yungster37 further modified the model by determining that the
reactions involving nitrogen (as other than a third-body) do not significantly affect the
ignition delay, rate of heat release, or equilibrium temperature in the flows to be consid-
ered here. After eliminating these, the result is a set of 9 species and 19 reactions. This
reaction model] was also used by Matsuo et al#

These combustion models are detailed in Appendix A.

2.6 The Logarithmic Species Conservation Law

Sussman and Wilson, > noted that the exponential variation of chemical species mass frac-
tions commonly seen in reacting flow can lead to significant errors in convective flux cal-
culations. These errors can inhibit proper resolution of flow phenomena, such as an
induction zone between a shock and a combustion wave. This observation led to their

development of a logarithmic transformation of the species conservation law. In this for-

mulation, the species densities, p;, are replaced by 7, =p ln(%i) = plnc;. The species

conservation law then becomes
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d d

J 7t,+ J"an+ TIJ-‘nV Jlw (2-31)

95

The expression of w_; follows from the derivation of the logarithmic variables, which will

now be outlined. The continuity equation in one dimension for species i is given by

dp; dp,u
g'l'ﬁ— = Wl- (2‘32)

We first replace p; with pc;, and divide the equation by c;, giving

19p¢;  19pcu  w;
A TIMPR PRy (233)
The time derivative on the left-hand side is distributed as follows:
apc; de; dinc; dplnc
124 _ %, 0% _dp, ,70% 9 PRG 9 (2-34)
c; ot a " c,0t oz or o ot ‘ot
Performing the same manipulation on the spatial derivative and rearranging the result
gives
dp apu) (ap apu) dplnc; dplnc; u _w ]
(32+20)- e[ B0+ 20 B0 2 s (2-33)

The terms in the parentheses are recognized as the continuity equation, identically zero.
The term plnc; is the logarithmic variable 7;. With this definition, equation (2-35)

becomes

on; omu

FrAr

Wi

— (2-36)
¢

from which it can be seen that the chemical source terms for the logarithmic variables are
simply the sources for the species densities divided by the species mass fractions,

Wni =

(2-37)

w;
C

The advantage of the logarithmic species is that exponential variations of species mass

fractions become linear variations in the new variables. Wilson found that far fewer grid
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points were required to adequately resolve the induction zone in his numerical reproduc-

tion of Lehr’s experiments when he used the logarithmic species conservation law.

One drawback to this approach is that it does not guarantee conservation of atoms. To
remedy this, some of the species conservation equations are replaced with elemental con-
servation equations. These take a form identical to the original species equations, but
describe the conservation of all atoms of a particular element, which are typically distrib-
uted among several different chemical species. The mixture density can then be calculated
by summing these atom densities. With these modifications, the conserved variables and

convective fluxes in equation (2-16) become:

Pl Pl PV
U v |4
Rty 1+1 _ Tcn1+l _ nl+ 1
0=J'y "3* F=Jy G=J"y (2-38)

7;,15 TcIIS'[J nnSV

pu puU+&€.p puV+m,p

pv va+§yp pyYV+mp

| € | U(e+p) | V(e+p) |

p” represents the density of the atomic species, and will have no chemical source terms,
since the chemical reactions do not alter the number of atoms of a particular element
present. nl is the number of atomic species present. Note that the total number of equa-

tions is the same in both forms of the equations. Wilson and Sussman also observed that

pressure remains a homogeneous function of the conserved variables, so that

_9op. i
P‘aQQ (2-39)

This allows use of conventional flux splitting schemes, which will be discussed in the fol-

lowing chapter.
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2.7 Summary

In this work, the axisymmetric Navier-Stokes equations are numerically approximated in
generalized curvilinear coordinates. Multiple chemical species with finite-rate chemical
reactions are solved using a logarithmic transformation of the species conservations laws.
Previously validated chemical reaction models are used to evaluate the numerical algo-
rithm.



Chapter 3: Numerical Methods and Program Features

3.1 Discretization

The Navier-Stokes equations are a set of non-linear partial differential equations for which
there is, in general, no closed-form solution. Thus, they must be approximated. The flow is
first divided into many small “finite volumes” by defining a computational mesh, or grid,
about the body. The equations are then solved in an approximate sense at each individual

grid point.

3.1.1 Computational Grid

There are two basic types of computational grids, the structured and the unstructured grid.
The simplest form of structured grid is the cartesian grid, where Ax and Ay are uniform
throughout. An example of this type of grid was shown in Figure 2-1. A general structured
grid can be thought of as a cartesian mesh which is deformed to fit around a body, such as
that pictured in Figure 2-2. The advantage of a structured grid is that the grid points are
stored in an orderly manner, so that determining a grid point’s neighboring points is trivial.
As a result, calculations on structured grids tend to be more efficient per grid point than on
unstructured grids, especially on vector machines, where structured grid calculations tend
to vectorize readily. Structured grids can, however, be very difficult to generate for com-
plex bodies.

Unstructured grids are formed by distributing points about a body, and then connect-
ing them to form triangles or quadrilaterals (or possibly other shapes). The advantage of

unstructured grids is that they are very easy to generate. Since a point’s neighbors must be
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somehow determined and explicitly stored, however, calculations on an unstructured grid
take longer per grid point, require more storage, and do not vectorize as readily.

For this work, a structured grid is used. It is formed by specifying points around the
boundary of the desired domain, and then solving an elliptic differential equation which
smoothly distributes the remaining grid points. This smooth distribution reduces discreti-

zation errors. Figure 3-1 shows a coarse grid of the type used.

[i20) 1i Prntil_3 Nov 1994 1j dat 1| SURFACE GRID
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Figure 3-1: A Computational Grid

3.1.2 The Riemann Problem and Godunov’s Method

The computational grid divides the flow into a number of small volumes. Each time step,
or iteration, the fluxes of conserved quantities at each cell boundary are calculated. The
changes in the conserved quantities in each cell are then calculated by summing these
fluxes. A significant portion of the effort in developing CFD algorithms has been to deter-
mine a suitable method by which to calculate fluxes at the cell interfaces from ihe values
of the conserved quantities within the cells. A common approach is to treat each cell inter-

face as a Riemann problem, and to calculate the fluxes based on the solution to this prob-

lem.



25

A Riemann problem is a situation where a gas initially contains some sort of jump
discontinuity. A common example of this is the pressure jump across the diaphragm of a
shock tube, but the discontinuity could also be one in density or some other variable. In
any case, when the diaphragm is ruptured, any or all of three distinct phenomena may be
observed: a shock wave, an expansion fan, and a contact surface. Using the method of
characteristics, the time-varying behavior of the gas in a Riemann problem may be com-
pletely described.® It is, in fact, a self-similar solution, where the properties of the gas are
a function of the single variable x/#, where x is the distance from the initial discontinuity,

and ¢ is time. Figure 3-2 shows a typical Riemann problem.

!

— Contact surface

Expansion fan ~

X ——p

Figure 3-2: A Riemann Problem

An important aspect of the Riemann problem is that although the solution is unsteady in
general, it is constant at x=0.36 Thus, the fluxes of the conserved variables will also be
constant at x=0. This fact is the basis of the flux calculations for many CFD algorithms. A
first-order Computational Fluid Dynamics (CFD) algorithm treats the fluid as if its proper-
ties were uniform throughout each volume in the grid. This assumpticn of piecewise con-
tinuity leads to a Riemann problem at each cell interface. Each time step, the fluxes at
every interface are calculated by solving the Riemann problem. Provided the time step is
small enough that neighboring Riemann solutions do not interfere, these fluxes remain

constant throughout the time step, and the net fluxes of conserved variables across the
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boundaries of each cell can be calculated. These net fluxes are then used to update the cell
average quantities, and the calculations for the time step are complete, aside from the
imposition of boundary conditions at the edges of the domain, and other considerations to
be addressed later.

The algorithm just described is commonly referred to as the Godunov Scheme, after

the mathematician who introduced it.%’

3.1.3 Approximate Riemann Solvers

A disadvantage of the Godunov Scheme is that it is computationally expensive, some-
times requiring an iterative process to determine the interface fluxes.*® The goal of reduc-
ing this computational expense has led to a class of algorithms known as Approximate
Riemann Solvers, which involve approximate solutions to the Riemann problem, or alter-
natively, solutions to a problem which approximates the Riemann problem. In these
schemes, the interface fluxes can be calculated directly from the flow variables in the
neighboring grid cells.

There are two families of Approximate Riemann Solvers, Flux Vector Splitting (FVS,
sometimes simply called Flux Splitting), and Flux Difference Splitting (FDS). FVS
involves a point-wise splitting of fluxes calculated from cell values. Fluxes are calculated
from the cell values, and then split into right- and left-running fluxes, which are applied to
the right and left interfaces of the cell. FVS schemes are very computationally efficient,
and are widely used. They are generally regarded as inferior to FDS algorithms where vis-
cous solutions are desired,*® however, because they have had difficulty properly resolving
boundary layers, although recent developments in FVS have reduced this disadvantage.so

Flux Difference Splitting involves calculating and splitting the difference between the
fluxes based on neighboring cell values, and applying the split flux difference to the cell
fluxes to determine the interface flux. Among FDS schemes, the two most well-known are
those of Roe>!2 and of Osher.5 Of the two, Roe’s scheme is probably the most widely

used, and is readily extensible to multiple gas species.
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3.1.4 Roe’s Scheme

Roe’s scheme replaces the Riemann problem between neighboring grid cells with an

approximate linear problem. The original problem, in one dimension,

aQ oF
En ax =0 -1
can be written as

9g  ,90 _

3 +A ax =0 (3-2)
with A, the flux Jacobian, defined by A = 8 Q Roe’s scheme replaces equation (3-2) with
an approximate equation,

99 ;90 _ -

ar T4% T )

where A is now constant between neighboring grid cells. Equation (3-3) can be solved
directly, and with a particular definition of A, gives the following equivalent expressions

for the interface flux:

F | =F+AF |
l+§ l+§

= F,, - AF*
T e (3-4)

1
= §(Fi"'Fi+1‘|AF|. 1)

with the definitions

2

g _ 2%
AFi 1 _Ai+%(Qi+l—Qi)

|AE| = AF*— AR (3-5)

= l4l(©;,,-2)
The final definition in equation (3-4) allows some flexibility in the definition of A, and is

the form used in this work. A* represents a splitting of the flux Jacobian matrix based on
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its eigenvalues. To calculate |A}, A is first diagonalized by

A = RAR! (3-6)
where R contains the right eigenvectors of A as its columns, A is a diagonal matrix con-

taining the eigenvalues of A , and R™! contains the left eigenvectors of A as its rows. Then

;1. 1+|;1|. 1
Ai _ z+§ z+§
i+1 2 G3-7)
4] = RIAlR

where |.7\.| indicates a diagonal matrix of the absolute values of the eigenvalues of A . The
flux Jacobian matrix A and its diagonalization are detailed in Appendix B for the logarith-
mic form of the species conservation law. The fluxes in two dimensions are calculated in
an identical fashion, involving the diagonalization of the Jacobian matrices of the fluxes in
both directions.

The carets (*) in the above expressions indicate matrices calculated from some sym-
metric average of the flow variables in the neighboring two grid cells. To calculate A, Roe

defines a unique, density-weighted average as follows:

£ = u(x)EA/Eixi'i' Div1%is1
i+3 «/5;'+«/pi+l

where x represents the flow speeds u and v, and the total enthalpy H. For a single species

(3-8)

ideal gas, A and its diagonalization can be calculated from these three variables. For mul-
tiple species, however, the situation is more complicated because the derivatives of pres-
sure are no longer purely a function of «, v, and H. Various researchers®+>° have outlined
averaging schemes which exhibit some, but not all, of the following properties: They (a)
obey Roe’s “property U”, such that AF = AAQ, (b) reduce to Roe’s scheme for a single
species ideal gas, (c) are stable, or (d) are easily calculated. Shinn et al.,% tested several
different averagings, including that of Carofano.%! and did not note significant differences

in the resulting steady-state solutions, although there were some differences in stability. In
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this work, the method introduced by Abgrall62 is used, and is summarized below:

i =pn(u
vV=pn()
H=pH) (39
2‘,‘ = I—L(C[)
T=pm

where U again represents Roe’s averaging. Other interface values required are the frozen
speed of sound, &, and the partial derivatives of pressure with respect to species density

and total energy, Pp ;and P, . These are calculated by:

ns

R=" 2R,
i=1
ns
e, = ¥ &c, (D
i=1
T
a 0
h; = _[c,,,-(D dT +h; (3-10)
0
p, =R
cp—R

& = (1+P)RT
where R, and ¢, are the mixture’s specific gas constant and specific heat at constant pres-
sure, respectively, 4; is the species enthalpy per unit mass, and h? is the species heat of
formation. Once these variables are calculated, the related quantities for the logarithmic
form of the equations are calculated from them, as detailed in Appendices B and C. This
method reduces to Roe’s averaging for an ideal gas, and exhibits good stability.
In generalized curvilinear coordinates, various metric parameters, such as J_l , must

also be calculated at the interface. In a finite difference formulation, used here, these
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parameters are calculated with an arithmetic average of the values on either side of the

interface, e.g.

-1 1
J = 5(']"—1+J'-11) (3-11)

i+ i+
2

Once the interface fluxes are calculated, a time step is completed by calculating and apply-
ing changes to the conserved variables for each cell. Roe’s scheme then becomes
AQ. . - . N A
_w=_(p -F +6 -G 1) (3-12)
where F represents the Roe fluxes in the & direction, and G represents those in the 1

direction.

3.1.5 The “Entropy Fix”

Roe’s scheme replaces the non-linear Riemann problem with a linear approximation. It
therefore treats all waves as discontinuities, where the true Riemann solution might
involve expansion waves. This approximation is usually quite good (see Leveque:46 for
details), but introduces significant error in the particular case of a transonic rarefaction.
Since the self-similar Riemann solution for a transonic rarefaction gives an expansion fan
which straddles the cell interface, clearly an approximation which treats this wave as a
shock, and therefore lying completely on one side of the interface, will be inaccurate. As a
result, Roe’s scheme allows the existence of expansion shocks, which violate the entropy
condition and are therefore non-physical. Thus, a “fix” is required to guarantee a physical

solution.

To remove expansion shocks, Yee®3 and others ernaploy eigenvalue smoothing, where
the eigenvalues used to calculate |A| at the cell interfaces are not allowed to become
smaller in magnitude than a specified value. To enforce this requirement, a smoothing

function is defined as follows for eigenvalue A:

Al Al >3

2) = |2, <2 3-13)
v A58 p<s (
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The definition of & is given in the following section.

3.1.6 The “Carbuncle Phenomenon”

Another artifact of Roe’s scheme is the so-called “carbuncle phenomenon,” characterized
by the distortion of a bow shock, usually near the stagnation line. Although it is not well
understood, it can frequently be eliminated with the eigenvalue smoothing parameter 6. In

this work, Yee’s®* expression for 6 is modified following the approach of Imlay ez al.%:

U+ V+a(J§3+§y2+Jn§+ny2)]
2

8 = (g, +&,|AVp| +&|AVT)) [

P 3—2p +p

i+= i+= i—-=

AVp= 2 2 2
P 3+2p +p (3-14)
l+§ l+§ l_§
T ,-2T ,+T |
i+§ i+§ i_i
AVT =
T ,+2T +T
l+§ l+§ l_i

With €, and €, set to zero, the above becomes Yee’s expression. This expression for &
adds a small amount of dissipation to the algorithm, but has a minimal effect on the flow
solution, aside from eliminating the carbuncle and preventing expansion shocks. €, is
given a value between 0.1 and 0.3, and €, and &, are typically set to unity. The terms
AVp and AVT are near zero everywhere except near shocks and combustion fronts,

where they augment the smoothing parameter somewhat.

3.1.7 Extension to Second-Order Spatial Accuracy

The preceding algorithm is first-order accurate, that is, the leading error terms are multi-
ples of Az, Ax, and Ay. Second-order accuracy is desirable to allow more accurate solu-
tions on coarse grids, and more rapid convergence to the exact solution as the grid is
refined. Harten, Yee, and Shin, and others have developed various schemes by which the
conservation equations may be approximated by second-order central differences in
smooth regions of the flow, while reverting to Roe’s scheme near discontinuities.63:6466-70

These schemes are of a class called Total Variation Diminishing (TVD). Actually, they are
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only TVD in one dimension (indeed, it has been shown that TVD schemes in more than
one dimension can be at most first-order accurate46), but TVD schemes are well-behaved
when applied to multiple dimensions, even though they lose their TVD property.

The TVD scheme selected for this work is the Symmetric TVD scheme of Yee, 0
which is second-order accurate in smooth regions of the flow, is relatively robust, and is

computationally efficient. The interface flux is defined as follows:

- 1 -
F == F.. ... .—R 3-15
i+%,j Z(F"J-*-FHI’J ¢i+%,j) ( )

where ¢ is defined as:

¢i+-1- = W(IAIHI ')(ahl _—mznmod(oni_l 5 a”l 5 ai+§ ))
2,1 2,] 2:] 2:] 2yJ 2;]

L (Y9-G0, (-16)
1T BT
rz 2\ 3 Ui+

To achieve monotone solutions near shocks, it is necessary for the scheme to revert to
first-order in the vicinity of the shock. The minmod function above is equal to zero if the
three values of o are not all of the same sign, and is otherwise set to the minimum value
in magnitude of the three. In smooth regions of the flow, o will be approximately con-
stant, and the above expression will become a central difference. Near discontinuities or
rapid changes in the flow, the minmod function will return a small value or zero, and equa-

tion (3-16) will revert to Roe’s first-order scheme.

Yee et al%* observed that the values of o in equation (3-16) are proportional to
changes in density when the standard definition of R~! is used. Since the density ratio
approaches a limiting value for shocks of increasing strength, They recommend that R~!
be multiplied by the sound speed, and that R be divided by it. This modification is allow-
able because the right and left eigenvectors of a matrix are not unique, so the resultant
matrices still diagonalize A. The modified R results in values of o proportional to pres-

sure changes, which allows the above algorithm to detect shocks better in hypersonic flow.
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3.1.8 An Approach to Efficient Calculations

Much of the computational expense in the present method is involved in calculating the
convective fluxes at the cell interfaces and the chemical sources and Jacobians thereof. It
is advantageous, therefore, to examine ways of maximizing the efficiency of these calcula-
tions. In this section, details of the calculations for Roe’s scheme are given.

Roe’s scheme and the second-order methods based on it involve matrix-vector multi-
plications for each grid point. In general, the computational expense of such operations
scales with the number of equations squared. This turns out not to be the case, however,
when multiple species are involved. The following outlines an approach which scales lin-
early with the number of equations in the limit of a large number of species. The approach
is shown here for the logarithmic form of the species conservations equations, but nearly
identical expressions apply to the standard (species density) formulation. First, o is calcu-

lated for each grid point from

o= (3-17)

g pAu—E pAv
1 -~ ~ [} " [} A
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with the definitions

ns+3
Ap= Z §£Aq,. pAu=Apu—aAp pAv=Apv—DAp (3-18)
dq;
i=1
where Ag;, Apu and Apv are spatial differences in the conserved variables, e.g.,
Apu = (pu);, - (pu);, and Ap = EAp;‘. Note that the above terms include the

factor of &2, as recommended by Yee. Then the elements of the vector @ are calculated

from
9, = ‘I’(?Lm)Locm—QmJ (3-19)
where ¥ (A,)) represents the smoothed eigenvalues and O, is calculated by
0 = minmod(a PO 0 3) (3-20)
m, 1+ E i—- 5 i+ i i+ 5

The upwind correction to the interface flux is then calculated from

p;
¢1 + T)—KI

Pl
0, + ?"Kl
7tn;+ 1
(RD) | = N 'p‘_K 1 (3-21)
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with the definitions

Kl Ec])ns+2+cl)ns-s-3

nl
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i= X i=nl+1 ) (3-22)
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Finally, the interface fluxes are calculated from
f:H% = %(Fi+Fi+1— (ch)i+%) (3-23)

Examination of the above approach reveals that the computational effort scales linearly

with the number of equations, in the limit of a large number of chemical species.

3.1.9 Efficient Calculation of Chemical Source Terms

Equation (2-26) showed the general form for calculating chemical source terms. For each
reaction, two summations over all species are required. In both of these summations, each
species is raised to an integral power. With increasing numbers of reactions and species,
this process becomes very expensive, motivating a more efficient approach. To maximize
the efficiency of the chemical source calculations, the approach of Pratt and Wormeck’! is
employed. They recognized that most chemical reactions involve at most six chemical

species, and frequently only three, so that the exponents for many species are zero for a
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given reaction, and can be eliminated from the expression. They accomplish this by classi-
fying reactions according to how many species are involved. For each type of reaction,
only the involved species are used in calculating the source terms. This approach also
replaces the exponentiations with multiplications, as will be shown below. Four types of

chemical reactions are considered:

1.LA+B( +C) ©D+E( +F)
2A+MeoB+C+M
3.A+B+ M C+M

4 A+MeB+M

(3-24)

where M represents the sum of all species, and other terms represent individual chemical

species. The parentheses in reaction type 1 indicate that the enclosed terms are optional.

To see the advantage of this approach, consider the reaction

20HH,0+0 (3-25)

with a forward reaction constant kf, and a backward reaction constant kb . This is classi-

fied as reaction type 1, with A and B both equal to OH . The source term for OH is
Woy = — f[XOH] [Xon] +K, [XH20] [Xo] (3-26)

If equation (2-26) were applied, [X,,,] would be squared and multiplied by all other spe-
cies raised to the zeroth power (i.e. unity) for the first term on the left-hand side. Here, all
of these exponentiations are replaced by a single multiplication, saving significant compu-

tational expense.

3.1.10 Geometric Conservation Law Terms for Axisymmetry

In §2.2, certain groups of grid metric-related terms, the invariants of the coordinate trans-
formation, were held to be identically zero, and were cancelled out to yield the conserva-
tion equations in generalized curvilinear coordinates. Discretization of those equations,
however, replaced their partial derivatives with finite differences, as a result of which, the
invariants can not be assumed to be zero, and in fact, may not be. The effect of the result-
ing errors is usually small, and can be neglected. In the axisymmetric formulation, how-

ever, these errors become significant near the line of symmetry, resulting in the algorithm
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not preserving uniform flow. Following the approach of Gielda and McRae, ? this is cor-
rected by analytically applying the algorithm to uniform flow, noting the terms which do
not cancel out, and subtracting these terms from the right-hand side. This is related to the
identity called the geometric conservation law by Thomas and Lombard.” With the defi-
nitions
-1 -1
g, = 8§J yE, + 811‘] yn,
g, = y( 8.7, + anflny) (3-27)
2 ~1 -1
g = 8§J y&y + 8nJ' n,
where & indicates a central difference, the terms to be subtracted from the right-hand side

become
* 1
p;(ug,ﬁ vgy)
1
T\ U8, + 2
2 1
(pu +p)gx+ puvg,
21 2 -1
y(puvgx +pv g,.) + (gy -J )p

1
u(e+p)g,+vie+p)g,

(3-28)

For two-dimensional flow, y is set to unity in the above expressions.
In practice, these terms have a negligible effect on the flow except on the first one or
two grid lines away from the line of axisymmetry, where they eliminate undesirable oscil-

lations.

3.1.11 Boundary Conditions

To properly solve for a given flow, it is extremely important to treat the boundaries cor-
rectly. Roughly speaking, flow variables at a boundary must be calculated from informa-
tion taken from upstream of that boundary. More accurately, the direction of wave
propagation, given by the eigenvalues near the boundary, determines what and how many

pieces of information must be taken from each side. If the flow is supersonic to the right,
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for example, then all waves flow to the right, and all information must be taken from left
of the boundary. In subsonic flow, there are eigenvalues going in either direction, and the

right amount of information must be taken from either side of the boundary.

In the problems considered here, all boundaries are very simple except for the body
surface. The inflow boundary is supersonic everywhere, and is set to free stream condi-
tions. The outflow boundary is also supersonic, so the solution is extrapolated from the
interior of the flow regime to the boundary. For viscous flow this is still justified, even
though the flow inside the boundary layer becomes subsonic.” At the line of symmetry,
the grid collapses and there is no flux across it, so no conditions need be specified there at
all. The surface of the body requires more careful consideration.

For inviscid flow, the velocity at the wall is calculated by extrapolating the tangential
velocity from the interior, and setting the normal velocity to zero at the wall. For an

T = const boundary, the tangential velocity is calculated by

_ -y

JnZ+n2

Vt is calculated from the flow and metric terms near the wall. u and v are then backed out

v, (3-29)

by evaluating the following expressions using metric terms at the wall:

u= A Vi
Ny (3-30)
v = _nth

/ 2.m2
Ny +1My
For viscous flow, the velocity is set to zero at the wall.

Species mass fractions are calculated by assuming zero gradient at the wall, equiva-
lent to assuming a non-catalytic wall. For an 1} = const wall this gives the following

expression for species i:

(M,8,+n,8)) G+ (MmZ+n2) ¢ =0 (3-31)

Equation (3-31) contains derivatives for the species mass fraction in both the & and
directions. The derivative in the 1 direction (normal to the wall) is approximated by a
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one-sided finite difference, while the derivative in the & direction may be approximated
using a one-sided difference or a central difference. A one-sided upwind difference was
used in this work, because it gives more stable results for flows with a clearly identifiable
upwind direction. Equation (3-31) is set up and inverted for each species mass fraction at
the wall.

For inviscid flows, the wall is assumed to be adiabatic (ideally insulated), giving a
zero temperature gradient condition at the wall. This assumption results in an expression
for temperature identical to that for species mass fractions. For viscous flows, the insu-
lated wall assumption may also be used, but an isothermal wall option is added, allowing a
uniform wall temperature to be specified.

For both inviscid and viscous flows, pressure is calculated by solving the normal
momentum equation. The form used here is derived from the conservative form recom-
mended by Hoffman and Chiang: ">

nfo1 puU)g + nyLJ‘Iva),—; + nx(f‘puv}n + ny(f‘pvvjn

-1 ~1 -1 -1
+"1x(f &xp)g +nx(1 'ﬂxp),, +ny(J éyp)g +ny(f nyp),, =0
Note that equation (3-32) requires values for density at the wall. Conventionally, the value

(3-32)

of density calculated from the previous time step would be used. This technique can
impair stability, however. Instead, density is eliminated from the expression by noting that

it can be replaced using the perfect gas law,

P

p = (3-33)

Since T has already been calculated, R may be calculated from the species mass fractions,
and all other terms aside from pressure are already known, this reduces equation (3-32) to

an equation for pressure only:

w7 (e gl o5 1),

~1 vV ~1 |4
en 7 (no i )p) o (7m0 55)) = 0

The & and m derivatives in the above expression are approximated with finite differences

(3-34)
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as with temperature and species mass fractions, and the resulting algebraic expression is
inverted to yield pressure at the wall. The two thermodynamic variables, T and P, the spe-
cies mass fractions, ¢;, and the flow speeds, « and v, are then used to calculate all of the

conserved variables at the wall.

3.2 Implicit Schemes

3.2.1 Point-Implicit Method

The chemical source terms, represented by W in equation (2-16), are usually very stiff,
meaning that the time scales required for relaxation of the chemical reactions can be very
much shorter or longer than the characteristic time scales of the fluid flow. The result of
this stiffness is an extreme time step limitation for explicit schemes.

An explicit scheme is a scheme where AQ is based only on information at the current

time level. In other words, for

AQ=Q"*1-Qn = (-R+H+W)At (3-35)
where R represents the flux differences in equation (2-16), all terms in R, H and W are cal-
culated from Q" . In an implicit scheme, some or all of the terms in on the right-hand side
are calculated from Q"+1, where Q" *1 represents the next time level to be calculated. A
common implicit scheme in chemically reacting flow is the so-called point-implicit

scheme, introduced by Bussing and Murman.’6

The point-implicit scheme is an explicit scheme modified to treat only the chemical
reactions implicitly. It takes the form
A0 _ R W] (3-36)
AT
Since Q"*! is not yet known, W”*! is approximated as follows:
ow|"

Wrel=wre 55| (@t1-0m = WrezraQ (3-37)
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The final term above is taken to the left-hand side, giving the following:

(é-z")AQ = R +H +W (3-38)

Equation (3-38) is the point-implicit scheme, and requires that the matrix (ZI'-I: -z ) be
inverted at each grid point to solve for the change to the conserved variables at that point.
Z" is the Jacobian of the chemical source terms with respect to the conserved variables.
Neglecting nondimensionalization, it is calculated as follows for the species density for-

mulation:

awm a - " ] [ - viyj it virj
Zpyn = 32 = 7n(Mmz V=V ) | jH [X,] —kb,jH [X,] D

" j= L =1 i=1

n

M, 3 ) : i i - Vi j
= 15T 20 Vi~ Vm l:kﬁjl_“[Xi] —kb,jI-I [X,] ]
=t =1 (3-39)

M k.. ok . N v. .
- _m "y f,J 1 9% ij
M v m, j Vm,j) [( [X] +kﬂja [X] JI I [X;]

" i=1

n

kb,j _1_ akb,j Vi
'( sapeiray ILE

i=1

The calculation for the logarithmic species formulation is given in the following section.

da[X,] a[X ]
perature, which is, in turn, a function of the conserved variables. In practice, these terms

The terms exist because the reaction constants are functions of tem-

are commonly neglected, and are neglected in this work.

3.2.2 The Chemical Source Jacobian for the Logarithmic Species Formulation

To calculate the chemical sources and source Jacobian matrix for the logarithmic species

variables, these quantities are first calculated for the species densities, and then converted
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to the new variable set by:

w. = Wi
=7
I, 3d (3-40)

where the repeated index k indicates summation, and the prime (‘) indicates the old (spe-

cies density) variable set. First, it is noted that

ow,, 3 M
E—aqk[ ] aqkl: Zp]

[aw +w 1 S ],kSns (3-41)
_ ap k m
- ow'
i——,—m, k>ns
¢, 99,
ow',,

where 8_' is recooru%ed as the chemical source Jacobian matrix in the old variable set,
representecf as Z,, aq * must then be calculated by expressing the old variables as

functions of the new ones,'f'md taking the Jacobian of the result. First, density is calculated

by summing the atomic densities:

p=0p; (3-42)

For species represented by a logarithmic variable, the species density is then calculated

from

TC.
p;=1p eXP(E’) (3-43)

Calculating the remaining species densities is more involved. In general, it is necessary to

invert a matrix of the same order as the number of atomic elements present. First, it is
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noted that the molar concentration of atomic species k can be calculated from

ns ns

%) = ;’; = Yl = Yz (3-44)
s=1 s=1

where M ,’: 1s the atomic weight of element %, and n ks is equal to the number of atoms of

element k in species s. Since the densities of some species can be calculated from equation

(3-43), the final term in equation (3-44) is divided up into known and unknown species

densities. All unknown quantities are taken to the left-hand side, and the resulting equa-

tion is multiplied by M, giving

" M; n
k
> Py 9 = 0L M 2 oS (3-45)
s=1 s=nl+1
This equation is written for each element , resulting in the following matrix equation for

the remaining species densities:

M M M7 s
"upr. Mepr o Miair [ ] My Z p‘
1 2 al| | P1 s=nl+]
= : (3-46)
My My M) [Py
P13 a2y Puiniyy po—-M
| 1 2 nl] n
B s-nl+1

The matrix on the left-hand side of equation (3-46) is a constant matrix, so it can be
inverted once and stored. If each of the unrepresented species (species not represented by
a logarithmic variable) consists of only the corresponding atomic element, this matrix

becomes the identity matrix, and the procedure is simplified.

The momentum and total eneigy are the same in both forms of the equations. Finally,

the Jacobian matrix 3—3 is calculated from these expressions, and applied to equation (3-
40). This Jacobian matrix is presented in Appendix C.



3.2.3 Steger-Warming Implicit Formulation

The point-implicit scheme treats only the chemical source terms implicitly. Many
schemes, however, treat all terms in the right-hand side implicitly. In this section, the first-
order Steger-Warming77 algorithm will be put into implicit form. Although the Steger-
Warming algorithm is not used in this work, this will serve to introduce the actual implicit
algorithm used, which will be developed in the following two sections. In one dimension

with no source terms, the Steger-Warming algorithm is given by

AQ 1 _ - + +
~ = _A—X(FHI—F#FZ. —Fi_1) (347
with the definitions
F+ - A+Q
F =A0Q (3-48)
¢ -2

An implicit formulation advances all terms on the right-hand side of equation (3-48) to
time level n+1 using a linearization similar to that in the point-implicit algorithm, for
example

n

+
P p e S pp 2 " a9 a0 (3-49)

09
Taking all AQ terms to the left-hand side gives

Ax

- n
TI+14 ,.)AQ,. +4;,,AQ,,, =R, (3-50)

+
-A;_1AQ; "‘(

Equation (3-50) is one line of 2 matrix equation; the matrix is formed by writing this equa-
tion for each point in the grid, and collecting all AQ terms into a vector. For non-reacting

flow in two dimensions, this equation becomes (in generalized curvilinear coordinates)

+ + I
B j-18Cs 1A, Ayt (Ec +l4l, ;+ |B|i,j)AQi,j 35

- - n
+A; 1,841, B j 180 1 =R,
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Equation (3-51) represents a block penta-diagonal matrix equation, which is computation-
ally expensive to invert directly by Gaussian elimination or related methods. One way to
avoid this expense is to approximately invert the equation. A common approximate inver-

sion technique is the Gauss-Seidel algorithm.

3.2.4 The Symmetric Gauss-Seidel Algorithm

The Gauss-Seidel algorithm for a general matrix equation Ax = b expresses the matrix A
as the sum of three matrices, the diagonal, and the lower and upper triangular portions of

A le.,

A=D-L-U (3-52)
The original equation is then approximately inverted by taking either L or U to the right-
hand side, multiplied by the initial guess of x. The remaining portion of A is then either
lower or upper triangular, and can be inverted very cheaply to produce a refined estimate

of x. For example, taking U to the right-hand side gives

(D-L)x' = b+ Ux" (3-53)

This process can then be repeated with L taken to the right-hand side, giving

(D-U)x* = b+Lx' (3-54)

Equations (3-53) and (3-54) together are the Symmetric Gauss-Seidel (SGS) algorithm.

This sequence can be repeated to successively refine the values of x. It will converge only

if A is diagonally dominant, meaning that the diagonal elements of A must be greater in
magnitude than the sum of the rest of the elements on each row.

The SGS algorithm can be applied to equation (3-51) in a block-wise manner. Rather

than defining D to be just the scalar diagonal of the implicit operator, it is defined to be the

block diagonal, giving

I
D = -+l ;+IBl, (3-55)

Performing the SGS relaxation on the implicit operator, then, requires the inversion of the

block diagonal. This is much cheaper than inverting the entire implicit operator, and can
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save much computational expense. The expense can still be considerable, however, a fact

which motivates the LU-SGS algorithm, developed in the next section.

3.2.5 The LU-SGS Algorithm

To develop the LU-SGS algorithm, the SGS algorithm in equations (3-53) and (3-54) will
first be expressed as an approximate lower-upper (LU) factorization of the original matrix
A (which here signifies a general matrix, not to be confused with the flux Jacobian matrix).

If x0 is taken as zero, equation (3-53) becomes

(D-L)x' =b (3-56)
Subtracting this from equation (3-54) gives

(D-U)x" = Dx' (3-57)

Solving for x' and applying the result to equation (3-56) gives

(D-L)D” (D-U)x* = b (3-58)
which can be viewed as an approximate LU factorization of the original matrix. The claim
was previously made that the SGS algorithm will converge only for diagonally dominant
matrices. This fact can be seen if the matrices in equation (3-58) are multiplied out. This

gives

(D-L-v-107'0)¢ = (a-LD7'U )P = b (3-59)
from which it can be seen that an error term of LD U is introduced. When more than one
SGS iteration is performed, the expression becomes more complicated, but clearly a single
SGS iteration will give a good approximation to the inversion of the original equation if

the diagonal terms dominate the matrix.
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The LU-SGS algorithm of Yoon and Jameson’® is formed by performing an SGS iter-
ation on the implicit operator in equation (3-51), and making the following approxima-

tions:

+ + 1
A = (AirAI) B zQ(Bi"BI)

N =

(3-60)
|A| = r,I |B| = rpl
r, and rp are larger than the spectral radii of the flux Jacobian matrices A and B. The
spectral radii are equal to the magnitude of the largest eigenvalues, and are known analyt-
ically. The diagonal block in equation (3-51) now becomes itself a diagonal matrix. That
is,
L
AT

1
+IAIi’j+lBli’j—>(A—T+rA+rB)I (3-61)

Inversion of this diagonal is therefore trivial, and the major portion of the computational
effort required to perform an SGS iteration on the implicit operator has been eliminated. In
addition, it is diagonally dominant, ensuring that the SGS algorithm will produce a good
approximate inversion. The LU-SGS algorithm, expressed as a lower matrix inversion fol-

lowed by an upper matrix inversion, becomes (expressed in matrix form)

n

1 1 1 _
[—§(B+r31)i’j_l S@+rd, (1A = R
Loa_ ip_ 2 (3-62)
[(4rg+r) I 3(A-r,D 5B rBI)i,j“]AQ

1
= (1+r,+rg)AQ

To improve spatial accuracy, R in the above expression is usually replaced by a more
accurate spatial difference than the Steger-Warming differencing shown in equation (3-
47). The previously introduced Symmetric TVD algorithm is used in this work.

It should be noted that the approximations made to the flux Jacobian matrices above,
while dramatically reducing the computational effort per iteration, also slow the steady-
state convergence rate per iteration. This is a trade-off which must be considered when
selecting an implicit algorithm. The author’s experience indicates, however, that the bene-

fits of this scheme outweigh the disadvantages in a wide variety of problems.
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3.2.6 The Diagonal Approximate Chemical Source Jacobian

The LU-SGS algorithm is an extremely efficient algorithm for the computation of non-
reacting flow. When chemical reactions are introduced, however, a complication arises.
For stability, it is necessary to treat the chemical source terms implicitly. Yet if this is
done, as was introduced with the point-implicit method, the diagonal blocks in equation
(3-62) are no longer diagonal, because they have the full source Jacobian matrices (Z)
added to them. This motivated the development of the diagonal approximation to the

source term Jacobian by Eberhardt, and Imlay.24

Eberhardt’s algorithm replaces the full chemical source Jacobian with a diagonal
matrix, where each diagonal term represents a characteristic rate associated with the
chemical reactions which produce and destroy the corresponding chemical species. The
original formulation was to take the L2-norm of each row of the source Jacobian, place the
result on the diagonal, and zero the rest of the row. With this modification, the diagonal
blocks once again become purely diagonal, and the LU-SGS algorithm can be used with
chemical reacting flow while maintaining the extremely cheap inversion described above.

The LU-SGS algorithm with Eberhardt’s approximate source Jacobian is extremely
efficient per iteration. Some researchers, however, have reported difficulty in achieving
convergence to steady-state or unacceptably slow convergence.26’79 Candler’s solution to
this problem was to replace some of the species continuity equations with elemental con-
servation equations, similar to what was described in §2.6, although retaining the remain-
ing species density equations. This has the advantage of conserving elements, and resulted
in a more stable and rapidly-converging algorithm.

Through numerical experimentation, Imlay®® arrived at another form for the approxi-
mate source Jacobian which, in the author’s experience, appears to produce results similar
to those of Candler. Imlay noted that, neglecting the derivatives of the reaction constants

with respect to temperature, the source Jacobian can be expressed as

;% MIIX)
mr " 3p,  M,0IX,]

(3-63)

where p, and X,, indicate the production of these quantities by chemical reactions. Not-
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ing that the L2-norm of each row is placed on the diagonal, where the ratio of molecular
weights disappears, Imlay removed all molecular weight ratios from the Jacobian, and
took the L2-norm of the result. Thus, his expression for the approximate source Jacobian

is given by

ns
: M, Y\
Zpn = Z[ JTJ—Z"""J (3-64)

s=1> "
When this modification is made, the chemical species are seen to relax much more quickly
than in the original formulation, leading to faster convergence to steady-state, while still
maintaining stability.

It should be noted that Imlay and Eberhardt employ a technique called “Damkdohler
limiting,” where chemical reactions are artificially slowed to time scales closer to the fluid
dynamic time scales. Even with the above modification to Eberhardt’s and Imlay’s
scheme, this technique proved necessary for adequate performance. Damkoéhler numbers
are typically set between 10 and 100. This technique was not used with the extension of

this algorithm to the logarithmic formulation presented in the next section.

3.2.7 Application to the Logarithmic Species Conservation Law

In §3.2.2 the approach for calculating the full Jacobian of the chemical sources for the log-
arithmic variables, Z, was discussed. Eberhardt and Imlay’s algorithm is now applied to
this Jacobian matrix. Through numerical experimentation, the following form of the

approximate Jacobian was found:

ns g 2
Zm,n = Z(q_m m,n) (3-65)

s=1

where Zmy » is the diagonal approximation of the Jacobian matrix, and ¢, and g,, are the
atomic densities and logarithmic variables introduced in §2.6. Of several tried, this is the
only form of Eberhardt’s algorithm which proved successful for the logarithmic species
variables, and its use gives performance similar to Imlay’s implementation for the stan-

dard flow variables, even though Damkdéhler limiting is not used.
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3.2.8 Extension to Second-Order Time Accuracy

A drawback of Eberhardt’s algorithm (and LU-SGS) is that it is not time accurate. Time
accuracy can be restored, however, with a simple modification. Shuen et al.,36 Ok,gl and
others have introduced second-order time accuracy with a sub-iterative method based on a

three-point backward time discretization, expressed as

n+l

n n-1
%—g -390 “;[ﬁ +0 (3-66)

Yungster37 implemented a similar approach, but allowed for a variable time step:

1) n+1 1\ .n n-1
E_)_Q=(2+Z)Q —(2+A+Z)Q + (A)Q
ot (1+A)AT" (3-67)
A= A:—l
AT

where At" and At"" ' are the current and the previous time steps. A fully implicit algo-

rithm using this time differencing is given by

(2+%)Qn+l—(2+A+%)Qn+ o'

(1+A)AT
If a vector X ( Q" * 1)is defined to be the left-hand side of equation (3-68) minus the right-

hand side, a Newton iteration can be performed to find the value of o ! which will sat-

1
=R BT ewT (368)

isfy this equation. This Newton iteration takes the form

BX! Q"+l !SQ _ —X(Q"+l)

aQn+1
Qn+l - Qn+l+5Q

. . 1.
80 is repeatedly calculated to refine the estimate of Q" "% until the sequence converges.

(3-69)

Time is then advanced by A7, and the process is repeated for a new time step. It is impor-
tant to note that Q'z and Qn_1 have already been calculated, and are fixed. Thus, X is

. . 1
considered a function only of the vector Q" i
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A closer examination of the terms in X will reveal why this represents a simple modi-
fication to the previously discussed scheme. X is given by the expression
1) n+1 1) 2 n—1
(2+—)Q —(2+A+Z)Q + (A)Q

x=> 4

1
- +R_ET LW (370)
(1+A)AT

so the Jacobian of X is calculated by

1
ox _ _*"A ok _oH_aw (3-71)
30" (1+a)ar” 92 92 90

and equation (3-69) becomes

A dR 0H oW n+l +1
8 R 9 9N sy = R W
(1+A)A7" 92 92 dQ

(3-72)
1) .n+1 1\ .n n-1
) (2+Z)Q _(2+A+Z)Q + (A)Q
(1+A)AT"
Comparison with a conventional, first-order implicit method,

I JdR OH aW) n n
—ta— 2D = - w -73
(M+8Q 36" 30/22 RE+H'+ (3-73)

reveals that the two are nearly identical in form. Thus, time accuracy can be achieved by
defining a sub-iteration in 8Q to calculate Q" *1 for each successive time step, and this
sub-iteration can be performed with the algorithm presented in the previous sections, only
slightly modified. With second-order spatial differencing for the terms in R, this algorithm

becomes second-order accurate in space and time.

3.3 Thermodynamic Calculations

3.3.1 Specific Heat, Enthalpy, and Entropy

The specific heat of the gas mixture is calculated by mass-weighting the species specific
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heats. Specific beats are generally a function of temperature. It has been shown that is nec-
essary to account for this variation in order to solve accurately flows involving wide tem-
perature variations, such as high-speed flow, or flow involving strongly exothermic
reactions, such as combustion.82 Each species specific heat is calculated from fifth- or sev-
enth-order polynomial curve fits, taken from various sources. For the seventh-order fits,
this takes the form

C

P, 2y 2 ~ 22 -3 -4

f.l = %—12+12+z3+z4T+z5T +2T +2,T (3-74)
1

where the tilde (~) is used to emphasize that the temperature is the dimensional value, in

Kelvin. Once each species specific heat is known, the mixture specific heat is given by

ns
= Y 5, (3-75)
s=1
The enthalpy, likewise, is a mass-weighted average of species enthalpies. These are calcu-
lated by integrating the species specific heats and adding the heat of formation, resulting
in
h; 2, % 4~ 2522 26

ﬁ=—?+?lnT+Z3+2T+3T ZT+5

27~4
2T+ 7, (3-76)

In general, the change in the entropy of a system is given by

dh _dp C,,dl dp
CT_RYEE - _Rp% 277
T R p T R )/ (3-77)

For these calculations, however, the second term is neglected, and the so-called “one-

ds =

atmosphere” entropy is then calculated by integrating the first term over temperature, giv-
ing
s, Z; 2z ~2 2
i _ 1 _2_ 67
i 2T

These values are used only to calculate equilibrium constants of chemical reactions, so no

27~4
57, +47 +z (3-78)

mass-weighted average is required.
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3.3.2 Temperature

The temperature of the gas mixture is calculated by a Newton iteration, where the temper-
ature is “backed out” from the value of internal energy calculated from the conserved vari-

ables. Internal energy is equal to the mixture enthalpy minus RT . Thus,

ns

£ = g—%(u%,vz) - ch[ _[ (cpS—Rs)dT+ hf] (3-79)

s=1
The appropriate non-dimensionalization has been neglected in this expression for clarity.

A Newton iteration now gives

AT = —==1 (3-80)
Z cs( cps - RS)

This iteration is repeated at each grid point until the temperature converges to within sin-

gle-precision epsilon of the calculated value of T, usually within 2 or 3 iterations.

3.4 Molecular Transport Properties

3.4.1 Viscosity
The viscosities of individual gas species are calculated from curve fits by Blottner, of the
form
b, = 01exp[( AInT+ B JinT+ C7]. (3-81)

b b . . . .
where A, B_, and Cf are the curve fit coefficients for species s. To find the mixture vis-

cosity, Wilke’s mixing rule is then applied, giving

= zX‘”‘ (3-82)
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where X s is the mole fraction of species s, and

172 1
< w (M, ZAE
0.2 2nn e [
m=1

3.4.2 Thermal Conductivity

The species thermal conductivity is calculated from the species viscosity using the Euken

correlation (discussed in Reid ez al.83),

5
ks = us(icv’ €+, e) (3-84)

where ¢, . is the species translational specific heat at constant volume, and ¢, andc, ,
are the remaining contributions to the specific heat. The mixture thermal conductivity is
then calculated from Wilke’s mixing rule, as is done with viscosity. A potentially more
accurate approach employing the Lennard-Jones (6-12) potential can be found in Hir-
schfeider et al.,®* but the approach given here is considered adequate to demonstrate the

viability of the algorithm.

3.4.3 Species Diffusivity

The diffusion of chemical species is not considered important in the types of problems

14,85

examined here, so its effects are neglected.

3.5 Other Considerations

A computation can only resolve flow features of the same scale as the grid spacing, or
larger. Any sub-grid scale features desired to be accounted for must therefore be modeled.
The most common modeling in CFD is that of turbulence, which can occur at scales
orders of magnitude smaller than typical CFD grids. Turbulence modeling has met with
some success, but the problem becomes more complicated in the presence of chemical
reactions. Because chemical reaction rates are often exponentially dependent on tempera-

ture, temperature fluctuations due to turbulence can have a significant impact on the
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progress of these reactions. The modeling of this turbulence/chemistry interaction, which
often takes the form of a probability density function describing the temperature fluctua-
tions in the flow, is in its infancy, and is beyond the intended scope of this work. For this

reason, the effects of turbulence are neglected.

3.6 Graphical User Interface

In concert with this work, a library of Fortran-callable routines, ICFD Tools, was written
which allows a Motif-based Graphical User Interface (GUI) to be quickly added to many
existing flow solvers. This library was of significant benefit in the development of the
algorithm presented in this chapter. It has also been used in introductory and advanced
Computational Fluid Dynamics graduate courses. It allows the programmer or program
user to observe the flow solution as it is generated, though contour and line plots, to stop
and restart the flow solver, and to change solver parameters during the course of its execu-
tion. It also includes a Postscript® driver which allows printing of the solution plots to
many laser printers.

Figure 3-3 shows an example of the ICFD Tools GUI. The top of the window contains
a menu bar containing pull-down menu items to allow plot definition, printing, changing
of parameters, etc. The left-hand side of the window contains buttons for control of the
flow solver execution (Start, Stop, Step), as well as redrawing of the screen (Update).
Below these buttons is a list of all plot variables, with the value of each of these variables
at a particular point in the computational grid. To change this “probe” location, the user
simply clicks on the desired location with the pointer (mouse). The remainder of the win-
dow contains the selected plot, in this case temperature contours, and an indicator of how

many iterations have been performed. The user can zoom in on a portion of the plot by
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drawing a rectangle with the pointer and selecting “Zoom” from the View menu. The

scrollbars then allow scrolling to different areas of the image.

i
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Figure 3-3:ICFD Tools Graphical User Interface

All of the above features can be added to many existing CFD programs through the use of
as few as three subroutine calls from the ICFD Tools library. Other features and a com-
plete description of the library routines are contained in the user’s manual, included in
Appendix D.

3.7 Summary

In this chapter, the original algorithm of Eberhardt and Imlay has been expanded to
encompass Sussman and Wilson’s logarithmic transformation of the species conservation
law. It has then been further expanded with a sub-iterative approach to allow time-accurate
calculations. The memory requirements and computational expense per iteration of the

resulting algorithm scale linearly with the number of chemical species.



Chapter 4: Resuits

This chapter presents test cases used to evaluate the algorithm developed in Chapter 3.
Both steady and unsteady computations are matched against Lehr’s experiments, and flow

solver performance issues are discussed.

4.1 Lehr’s Experiments

The first case computed is that of a blunt projectile 1.5 cm in diameter flying at 2,605 m/s
through a stoichiometric mixture of hydrogen and air. The detonation speed is 2055 m/s,
making this a superdetonative case. The free stream temperature and pressure are 291.59
Kelvin and 320 torr, respectively, and the soundspeed is 403 m/s, giving a Mach number
of 6.46.

Figure 4-1 shows a shadowgraph taken by Lehr of his experiment for these condi-
tions. Near the stagnation line, the bow shock and the combustion front are coupled. Fur-
ther away from the stagnation line, the bow wave curves, dropping the normal component
of the Mach number. At the point where the component of the flow speed normal to the
shock falis below the detonation speed, the shock and the combustion front separate, and
continue to separate further as the shock angle decreases with respect to the free stream
flow. For the given flight Mach number, the separation point is located where the shock is
inclined about 38° from vertical.

Calculations of this case are performed on a 50 by 40 grid, which was shown in Fig-
ure 3-1. The flow is first initialized to free stream conditions. The flow solver is then run at

an infinite time step, giving an approximate Newton iteration. To avoid instabilities due to
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large starting transients, the first 100 iterations are performed without chemical reactions.
r, and rg, the implicit damping terms introduced in equation (3-60), are set to 1.2 times
the spectral radius of the flux Jacobian matrices A and B. The flow solver is run until the

solution has converged seven orders of magnitude, roughly single precision machine zero.

Figure 4-1:Lehr’s Mach 6.46 Hydrogen-Air test case

Figure 4-2 shows density contours for two numerical simulations of this case using
Waldman’s reaction model. Note that the grid has been non-dimensionalized with respect
to body diameter. Both figures contain data points indicating the location of the shock and
the combustion front which Lehr observed. The figure on the left shows a calculation done

with the standard form of the species conservation laws. The shock and the combustion
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front are coupled, and the shock appears to be significantly displaced from its experimen-
tally obseived location, resembling an oblique detonation. The use of a 100 by 80 grid
made no noticeable difference in the solution. The figure on the right, by contrast, is done
with the logarithmic species variables, and shows proper shock location, as well as a good
representation of the induction zone separating the shock and the combustion front.

It is clear from these calculations that the species density formulation introduces sig-
nificant error. Specifically, it is unable to properly resolve the induction zone. This is not
altogether surprising, because the species mass fractions are changing exponentially in
this region, and a suitable grid should have enough points to resolve significant changes in
the flow. The logarithmic formulation avoids this problem by using variables which
change only linearly in the induction zone, requiring fewer points for proper resolution.
The drawback to this approach, as Wilson points out, is additional numerical diffusion
which may distort contact surfaces. This distortion does not become important in the prob-
lems examined here, however, and use of the logarithmic variables allows accurate com-

putations .»f flows with far fewer grid points than would be required otherwise.

" Experimental Locations:
1.5}~ oCombustion Front
| 2Shock
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0.5

0.0

-0.5 0.0 0.5

Figure 4-2:Numerical Simulations of Lehr’s Mach 6.46 Case
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Figure 4-3 shows contours of temperature and water mass fraction for this case. The tem-
perature contours show both the shock and the combustion locations, while the water mass
fraction contours show the region where combustion is complete. Lehr notes that the slope
of the combustion front continues to decrease further downsiream, having no limiting

value above horizontal.
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Figure 4-3:Temperature and Water Mass Fraction for the Mach 6.46 Case

Figure 4-4 shows the L2-norm of the total energy residual versus iteration number for the
logarithmic species reacting flow, and a non-reacting case for comparison. Although the
chemical reactions clearly slow the convergence, this comparison demonstrates that the
approximation made with the chemical source Jacobian is not having an overly adverse

impact on the convergence rate.
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Figure 4-4:Convergence Rate for Lehr’s Steady Mach 6.46 Case

The above demonstration provides a good validation of the present method for inviscid
steady-state calculations. In addition, it shows the advantage of the logarithmic variables,
and the potential pitfalls of using the standard variables in the presence of exponential
variation of species mass fractions. To validate the unsteady capability of the present

method, an unsteady case also studied by Lehr is calculated.

Lehr noted that an unsteady phenomenon occurs when the projectile’s velocity is just
below the detonation velocity of the gas mixture. McVey and Toong86 studied this phe-
nomenon and proposed a wave interaction model to explain it. This model consists of four
distinct steps, all of which occur near the stagnation line:

(1) A compression wave traveling away from the body joins the shock and strength-
ens it. The shock then moves away from the body, and a rarefaction and a contact discon-
tinuity travel toward the body. On the upstream side of the contact discontinuity, the gas is
hotter due to the stronger shock. The rarefaction is ignored.

(2) The hotter gas on the upstream side of the contact discontinuity has a shorter igni-
tion delay time, so the gas begins to burn prior to reaching the existing combustion front.
This creates compression waves which travel both upstream toward the shock and down-

stream toward the body.
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(3) The new combustion front reaches the previous combustion front, and extin-
guishes. This sends rarefaction waves (an expansion fan) upstream and downstream.

(4) Rarefaction waves begin to reach the shock and weaken it. As this happens, the
shock moves back to its original location, a series of weak pressure waves travel down-
stream, and the fluid downstream of the shock cools to its original temperature. This
restores the original ignition delay and combustion front location.

The above sequence of events completes one cycle. Note that the compression wave
from step (2) reaches the shock prior to the rarefaction of step (3). In fact, before this com-
pression wave reaches the shock, the rarefaction from the previous cycle reaches it and
weakens it. Thus, the shock is subjected alternately to compression and rarefaction waves.
The effect of the shock alternately strengthening and weakening causes the movement of
the combustion front, which in turn generates compression and rarefaction waves to per-
petuate the process. Figure 4-5 shows a schematic of this model. The complexity of this
flow field represents a significant computational challenge, and an excellent test of the

accuracy of the current algorithm.

Combustion Front

Time Burned Gas

ontact Discontinuity

Expansion Fan

-

X
Figure 4-5:A Schematic of the Model of McVey and Toong
Figure 4-6 shows a shadowgraph taken from one of Lehr’s unsteady cases. The shock

appears smooth, because the deflections due to the compression and expansion waves are

small. The combustion front, in contrast, has a corrugated appearance due to the unsteady
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process convecting away from the stagnation line. By measuring the distance between the
waves, Lehr estimated the frequency of the pulsations. Note that the vertical lines seen

below result from the axisymmetry of the pulses.

Figure 4-6:Lehr’s Unsteady Mach 4.79 Case

In this case, the projectile is flying at 1,930 m/s, Mach 4.79. The calculation was per-
formed on a 155 by 155 grid. It was observed that if the flow is initialized at free stream
conditions, the time accurate solution exhibits a large transient due to ignition near the
nose of the projectile which pushes the bow shock to the outer boundary of the grid. To
avoid this, the flow solver was run at an approximate Newton iteration for 700 iterations,
allowing the gas behind the shock to ignite. From this point, the solver was run in time
accurate mode for an additional 20,000 subiterations. For each time step, 40 sub-iterations
were performed. The time step was adjusted to ensure that the residual is reduced by six
orders of magnitude during the course of these sub-iterations. The resulting Courant num-

ber varied between about 2 and 5. At the conclusion of the run, 500 time steps had been
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calculated, for a total of about 20 pis, and 11 clearly identifiable pulses had been observed.

Figure 4-7 shows density contours produced at the end of this time period.
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Figure 4-7:Density Contours from a Numerical Simulation of Lehr’s Mach 4.79 Case
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Figure 4-8:Temperature and Water Mass Fraction Contours for the Mach 4.79 Case
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The perturbations in density take a form similar to those seen in Figure 4-6, although they
are smeared out near the outflow boundary due to numerical damping. Figure 4-8 shows
temperature and water mass fraction contours for this case. The locations of the shock and
the combustion front conform to the model outlined above. Note that small deformations
of the shock are visible in these plots. This computation can be compared with McVey and
Toong’s model by examining plots of density and pressure along the stagnation line as a

function of time. These plots are shown in Figure 4-9.
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Figure 4-9:Density and Pressure Along the Stagnation Line for the Mach 4.79 Case

The density contours show the location of the shock and the combustion front, as well as
interactions between the two. By comparing the density and pressure contours, we see that
a compression wave indeed emanates from the beginning of the advanced combustion
front. When this wave reaches the shock, the shock moves outward, producing a contact
discontinuity visible in the density plot. At the point where the advanced combustion front
reaches the existing front and extinguishes, the pressure plot reveals a rarefaction, which
travels to the shock and restores it to its original position. Thus, the basic mechanism pro-
posed by McVey and Toong appears to be correct, a result which has also been verified by

other researchers. 333437
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An interesting feature of this unsteady flow is the compression waves which travel
downstream from the advanced combustion front (these were neglected in McVey and
Toong’s model). These compression waves reflect off the body, and apparently combine
with and augment the compression waves which travel upstream from the advanced com-
bustion front. Yungster noted these, and also noted that the relative timing of these two
compression waves is not precise, leading to small irregularities in the pulsations. These
irregularities were apparent in a movie produced from the present computation, but are not
obvious in the above figures.

To evaluate the time accuracy of the algorithm, the duration of the final six pulses of
the present computation was measured. The resulting frequency of 717KHz compares
quite favorably with the experimentally determined frequency of 720KHz. By compari-
son, Yungster>’ calculated a frequency of 701-716 KHz, Matsuo et al. calculated a fre-
quency of 725 KHz, Wilson and Sussman>* calculated a frequency of 530 KHz, and
Hosangadi et al. found a frequency of 450-500 KHz. Yungster suggests that errors in the
results of Hosangadi et al. may be due to the simpler 7-species model used. The cause of
error in the work of Wilson and Sussman is not clear. They reported that the frequency did
not change as they further refined the grid, and suggested that errors in the chemical reac-
tion model might be the cause. The present work, however, as well as that of Yungster and
of Matsuo et al., achieved accurate results using a simplification of Wilson and Sussman’s
reaction model, clearly indicating that the problem lay elsewhere.

The above calculations demonstrate that the present algorithm is capable of accu-
rately predicting both steady and unsteady cases of shock-driven combustion. The effi-

ciency of the algorithm will now be examined.

4.2 Performance Measurements

The performance of the present algorithm is evaluated by three criteria: (1) the computa-
tional efficiency for a problem of a given size, (2) the grid economy permitted by the use

of the logarithmic species conservation law, and (3) the memory requirements.
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4.2.1 Computational Efficiency

Computational requirements of the present algorithm are compared with results published
by Wilson and Sussman,3* and by Yungste137 for reproductions of unsteady Lehr cases.
Wilson and Sussman reported a requirement of approximately 2.8 X 10 CPU seconds
per time step per grid point on a Cray Y-MP. Due, perhaps, to time step limitations of their
point-implicit algorithm, they performed between 10,000 and 20,000 time steps. On the
155 by 155 grid used here, this would result in a run time of between 18 and 36 hours on a
Cray Y-MP. Yungster reported that a typical calculation required approximately 4,000
time steps and 7.5 hours of CPU time on a Cray C-90 for a 220 by 220 grid. On the grid
used here, this would scale to about 3.7 hours of CPU time on the Cray C-90. By compar-
ison, the present algorithm was run on an IBM RS/6000 3AT for 500 time steps, which
took about 48 hours of CPU time. Direct comparisons of these results are obviously
impossible, but estimates of the speeds of the machines involved can give a good indica-

tion of the relative performance of these three algorithms.
Yungster reported that his algorithm runs at about 250 MFLOPS (Million FLoating-

point Operations Per Second). A reasonable estimate of the performance of a Y-MP is 170
MFLOPS. The RS/6000 3AT has a Linpack double precision rating of about 50 MFLOPS,
but an operation count revealed a sustained performance of 30 MFLOPS for the unsteady
Lehr case. Using these figures, the total number of floating-point operations required to
perform the unsteady calculation were estimated, and are displayed in Figure 4-10. These
numbers, divided by the speed of a particular machine, give the total CPU time for a cal-
culation.

It would appear that the present algorithm takes about 1.5 times as much CPU time as
Yungster’s algorithm, and one-half as much CPU time as the algorithm of Wilson and Sus-
sman. In spite of some uncertainty in this comparison (especially in light of the dramatic
difference in the number of time steps computed), it appears that the present algorithm is

slower than that of Yungster, and faster than that of Wilson and Sussman.
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Figure 4-10:Total Floating-Point Operations for the Unsteady Lehr Case

In this comparison, the relative computational efficiencies are primarily the result of two
differences seen among the three algorithms just discussed: (1) the degree of implicitness,
and (2) the use of a full versus an approximate chemical source Jacobian. Wilson and Sus-
sman used a point-implicit approach (refer to §3.2.1), where only the chemical sources are
calculated at the new time level. In contrast, the present algorithm and that of Yungster are
fully implicit—all terms on the right-hand side of the conservation equations are calcu-
lated at the new time level.

The present algorithm makes use of an approximate Jacobian of the chemical sources,
while the others use the full Jacobian. This has the benefit of using less CPU time per iter-
ation, but there is the danger of slowing the convergence rate to the point of not being ben-
eficial.” For the nine species case tested here, inversion of the full Jacobian is apparently
advantageous.

The advantage of the approximate Jacobian may become more important as the num-
ber of species is increased. The computational expense of inverting the full Jacobian
scales with the number of species cubed. In contrast, the expense of inverting the approxi-
mate Jacobian increases linearly with number of species. The result is that the expense of

the entire algorithm is nearly linear in the number of species, as is shown in Figure 4-11,
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where the CPU time required per iteration is plotted for increasing numbers of species

with a constant number of chemical reactions.
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Figure 4-11:CPU Time per Iteration vs. Number of Chemical Species

To test this possibility, a computation was done with a methane-air reaction model pro-
posed by Yungster and Rabinowitz.3° The model consists of 20 species (including nitro-
gen) and 52 reactions. In this case, a cylinder with a diameter of 3mm moves through a
stoichiometric mixture of methane and air at the superdetonative speed of 2,330 m/s

(Mach 6.61). The temperature and pressure ar 295K and 0.51 bar, respectively.

The methane-air test case was computed on a 91 by 91 grid. It was run for 12,000 iter-
ations, taking about 29 hours on an RS6000 workstation. The solution converged only
about four orders of magnitude, after which the residual oscillated. This may indicate the
need for refining the approximate Jacobian for use in cases with methane combustion. Fig-
ure 4-12 shows temperature and water mass fraction contours of the resulting solution.
The shock and combustion front locations calculated by Yungster and Rabinowitz are
indicated on the plot of temperature contours. The shock location of the present computa-
tion agrees well with that of Yungster and Rabinowitz. The location of the combustion
front agrees well near the stagnation line, but diverges toward the outflow boundary.
Although experimental data for this case are not available, it seems likely that Yungster

and Rabinowitz’s results are more accurate due to the convergence difficulty noted above.
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Yungster and Rabinowitz did not report on the convergence for this case, but Yungster88
indicated that full convergence may not be possible. The calculation of Yungster and
Rabinowitz required 7 to 10 hours on a Cray C-90, indicating that the present algorithm
may be faster on this problem.
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Figure 4-12:Methane-Air Test Case

4.2.2 Grid Economy

Lehr’s steady Mach 6.46 case is computed here on a 50 by 40 grid, and achieves very
good comparison with Lehr’s experimental results. A computation with the species den-
sity formulation, even on a grid twice the size, is not able to successfully reproduce these
results. In one-dimensional simulations, Sussman®® showed that the logarithmic transfor-
mation allows the use of as few as 10 grid points within the induction zone between the
shock and the energy release front to reproduce unsteady phenomena accurately. By con-
trast, the conventional formulation requires about 40 points. Without grid adaption, then, it
would appear that for flows with shock-induced combustion, the present algorithm may be
able to use only one-fourth as much grid due to its use of the logarithmic variables. In real-

ity, this is problem-dependent. The steady case mentioned here highlights the advantage,
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but for Lehr’s unsteady Mach 4.79 case, additional grid was required to capture other
details of the flow, reducing the advantage of the logarithmic transformation. This obser-
vation was also made by Wilson and Sussman.3* In general, however, the use of the loga-
rithmic variables has significant benefit in the computation of flows with shock-induced

combustion.

4.2.3 Memory Requirements

The present algorithm makes very efficient use of memory by avoiding storage of the
chemical source Jacobian matrices, whereas all other algorithms mentioned must store
them or their inverse. This becomes significant as the number of chemical species is
increased, since the size of these matrices increases with the number of species squared.
For the hydrogen-air reaction model used by Yungster, the storage of these matrices
requires 81 floating-point numbers per grid point. For a methane-air model used by Yung-
ster and Rabinowitz,3® this becomes 361 numbers per grid point, and easily dwarfs all
other memory requirements of the algorithm. Storage of the approximate Jacobian, by
contrast, only requires one number per species per grid point, offering increasing advan-
tage as the number of species grows. In the extreme case of a complex hydrocarbon com-
bustion model, such as that presented for methane-air combustion by Ranzi et al., 0 nearly
1000 megabytes of memory would be required for the full-Jacobian methods on the 155
by 155 grid, while only about 80 megabytes would be required by the present algorithm.
The linear dependence of the present algorithm is illustrated by Figure 4-13, where

the memory required is plotted for increasing numbers of species for a 46 by 34 grid. Also
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shown in this figure for comparison is the memory requirement for a typical full-Jacobian

method.
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Figure 4-13:Memory Requirements for Increasing Numbers of Species

4.3 Discussion of Performance

The preceding section demonstrated that the present algorithm is superior to other algo-
rithms in terms of memory usage, but not necessarily superior in terms of CPU time. Since
increasing computing power continues to enable the consideration of larger and more
complex problems, a discussion of the relative performance of this algorithm on larger

problems is in order.

Problems may become larger due either to increasing grid size, or to increasingly
complex reaction models. For all algorithms discussed here, CPU time and memory
requirements will scale linearly with grid size (neglecting vectorization issues, memory
bank conflicts, and other arcane details). Increasing the size of the reaction model, how-
ever, has a more complicated effect. Although computations were obviously not done with
the reaction set of Ranzi et al. (the author would still be waiting for the results!), it will be

used as an example of a complex reaction model.
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The computational expense of inverting the left-hand side of the implicit equation has
been emphasized. Yet the calculation of the chemical source terms themselves may also
represent a significant expense, since they involve exponentiations. The largest hydrogen-
air reaction model used here contains 9 species and 19 reactions. Ranzi et al. propose 70
species and more than 1600 reactions for methane-air combustion. Although many of
these can be eliminated for most computations, these numbers may be realistic for more
complex hydrocarbon combustion cases. Now we consider how the computational
expense of the present algorithm would be affected if such a large model were used. It was
noted that the expense of flux calculations scales linearly with the number of species.
Likewise, the cost of inverting the implicit equation scales linearly with species. The
expense of calculating the chemical source terms, however, scales linearly with the num-
ber of reactions. Thus, the computational expense related to flux calculations and inverting
the implicit equation would increase by a factor of about 8 for Ranzi et al.’s model, while
the expense of calculating the chemical sources would increase by a factor of 84. Clearly,
the source term calculations would dominate the expense of the algorithm as a whole.

Now we consider a method, such as Yungster’s, which inverts the full chemical
source Jacobian. The cost of calculating the chemical sources would still increase by a
factor of 84, but the cost of inverting the implicit equation would increase by a factor of
about 470! The expense of these methods, then, becomes dominated by the expense of
inverting the left-hand side. Since the expense of the two approaches scales differently as
the size of the reaction model is increased, we may expect that each will have its advan-
tages. Specifically, the advantage of using the full Jacobian for small numbers of equations
to improve the convergence rate may become outweighed by the advantage of cheap
inversion of the left-hand side with the approximate Jacobian for increasing numbers of
species. The preceding methane-air computation gave evidence to support this hypothesis,
but further investigation, beyond the intended scope of this work, is called for to confirm it

for larger reaction models.



Chapter 5: Conclusions

The approximate chemical source Jacobian matrix of Eberhardt and Imlay was adapted for
use with Sussman and Wilson’s logarithmic transformation of the species continuity equa-
tions. Time accuracy was then introduced through a sub-iterative correction procedure.
The resulting algorithm was tested on both steady and unsteady cases of hypersonic
shock-driven combustion in hydrogen-air mixtures, and the performance of the algorithm
was compared against other published results.

The algorithm was found to be capable of accurately reproducing both steady and
unsteady cases of hydrogen-air shock-driven combustion. For steady cases, an accurate
prediction of both shock and combustion front locations at super-detonative speed was
obtained on a 50 by 40 grid. This was a much smaller grid than can be used with the orig-
inal form of the species conservation equations, demonstrating the advantage of the loga-
rithmic transformation. For unsteady cases, an accurate prediction was obtained for the
frequency of the unsteady interaction of the combustion with the bow shock around a
blunt projectile at near-detonation speed. Again, the logarithmic transformation allowed
use of a smaller grid, although this advantage was reduced somewhat by the requirement
to adequately resolve the finely detailed structure of the flow.

The new algorithm was found to be competitive in terms of CPU time. It was superior
to a point-implicit method, but was inferior to a fully-implicit method which uses the full
chemistry Jacobian. The full-Jacobian method apparently converges quickly enough to
offset the added expense of inverting the Jacobian. To test the method for larger reaction
models, a steady sub-detonative methane-air case was computed. The present method was
more competitive with the full-Jacobian method for this case because its expense per iter-

ation scales nearly linearly with the number of species, whereas the expense for the full-
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Jacobian method scales with the number of species cubed. However, the new algorithm
did not converge fully, indicating a necessity to refine it for methane combustion.

Since it does not store the full Jacobian of the chemical sources, the new algorithm
requires much less memory than other algorithms. This advantage was shown to increase
dramatically as the number of species is increased.

With refinement, future applications of the new algorithm could include its use with
larger chemical reaction models, such as those seen in hydrocarbon combustion. The algo-
rithm is also well-suited for use as a smoother in multi-grid methods, although care should
be taken to use a multi-grid method capable of solving flows with strong shocks. Its low
expense per iteration also makes this algorithm a likely candidate to be a preconditioner
for conjugate gradient-type algorithms. The use of such algorithms, however, would elim-

inate the primary advantage of this scheme, its limited memory usage.
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Appendix A: Chemical Reaction Models

Nine reactions are taken from Waldman to describe hydrogen/oxygen combustion. The
units for these expressions are moles, centimeters, seconds, and Kelvins. In this table and
the one which follows, the values of E, (in calories) are given instead of C, to be consis-

tent with the original references. C is calculated by

Ea
c=2 (A-1)

The reactions from Waldman are listed here with expressions for the forward reaction

constants:
Table A-1:Waldman’s Combustion Model

Reaction A B C
1.OH+0 < H+0, 250x 1013 0.0 0.0
2.H+OH&H,+0 8.00x10° 1.0 7,000
3.0H+H, < H+H,0 250x 10 00 5,200
4.0H+OH«H,0+0 6.00x 102 0.0 1,000
5.H,0+M=OH+H+M 3.00x 10" 0.0 105,000
6.H+O+M<OH+M 8.00x 102 0.0 0.0
7.0,+M&0+0+M 2.50x 10"  -1.0 118,700
8. H+HO, <> OH + OH 250x 10 0.0 1,900
9.H+0,+M & HO,+M 1.50x 101 0.0 1,000

Jachimowski’s hydrogen/air combustion model included 13 species and 33 chemical
reactions. Wilson modified the reaction constants for reactions 2 and 6, deleted one reac-
tion, and replaced another. The results are shown below. Yungster, as well as Matsuo, et.

al., eliminated reactions 20 through 32, leaving 9 species and 19 reactions.
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Table A-2:Jachimowski’s Combustion Model

Reaction

-H,+0,+HO,+H
.H+0,<0H+0
.O+H,~OH+H
.OH+H, < H,0+H

OH+OH<—>H20+O

.H+OH+M<—>H20+M

H+H+M<—>H2+M

. H+O+Me<OH+M
.H+0,+M©HO,+M
.HO, +H+< OH + OH
.HO,+H<&H,0+0
-HO,+0+0,+OH
.H02+OH<-:~H20+O2

- HO,+HO, < H,0,+0,
-H+H,0,H,+HO,
.0+H,0, > O0H+HO,
.OH+H,0, < H,0+HO,
.H,0,+M< OH+OH+M
.0+0+M<0,+M
.N+N+M& N, +M
.N+O,&NO+0O
.N+NO&N,+0

. N+OH< NO+H
.H+NO+M < HNO+M
.H+HNO < NO+H,

. O+HNO < NO+OH

. OH+HNO < NO +H,0
.HO,+HNO < NO +H,0,
.HO, +NO <> NO, + OH

.H+N02<->N0+OH
.O+N02<—>NO+O2
.N02+M<—>NO+O+M

Third-body efficiencies:

Reaction 6. HZO = 6.0
Reaction 8. H20 =50
Reaction 10.H20 = 15.0

A
1.00 x 1014
2.60 x 1014
1.80 x 1010
2.20x 1013
6.30 x 1012
2.20 x 1022
6.40 x 1017
6.00 x 1016
2.10x 10%°
1.40 x 1014
1.00x 1013
1.5x 1013
8.00 x 1012
2.00 x 1012
1.40 x 1012
1.40x 1013
6.10 x 1012
1.20 x 1017
6.00 x 1013
2.80 x 10%7
6.40 x 10°
1.60 x 1013
6.30 x 10!
5.4x 101
4.80 x 1012
5.00 x 1011
3.6x 1013
2.00 x 1012
3.40 x 1012
3.50x 1014
1.00 x 1013
1.16 x 1016

B
0.0
0.0
1.0
0.0
0.0

-2.0
-1.0
-0.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-0.75
1.0
0.0
0.5
0.0
0.0
0.5
0.0
0.0
0.0
0.0
0.0
0.0

Reaction 7. HZO = 6.0
Reaction 9. HZO = 16.0

a
56000
16800

8900
5150
1090

-1000
1080
1080
950

3600
6400
1430
45500
-1800

6300

H, = 2.0
H, = 2.0
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Appendix B: Convective Flux Jacobian Diagonalization

The Euler equations are given by

00  OF L 9G _
3t "ot Tan

When the logarithmic form of the species continuity equations is used, Q, the vector of

0 (B-1)

conserved variables, and F and G, the convective fluxes of these variables in the £ and 7

directions, are given by

p p}*U p;V
Pl Pul PuV

Toet MU Tprs1V

0 =J1 " F=J1 G=J1 (B-2)
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pv va+E,yp pyV+m,p

L € | U(e+p) | | V(e+p)

The jacobian matrices are defined as

_oF, 36,
Am,n=aQn Bm,n=§Q_n

(B-3)

The elements of A are given on the following page. B may be calculated by replacing &
with 1, and U with V in these expressions.



86

-9

a NN.A.W
2 N\ﬂw

0

Cd+1)n ‘dpa-g%g

; d d
don-g*9  Vdp ¥dp Atl*u &vb Atl*_ &vb

: d d
Cd-1 :.J +0N u«?.ﬂw - >>u vn&aw mz%ﬁw +L &.ﬂw +na- x! &.ﬁw +4-—
: , d
Cd-1)n"q+n P $d*g +t d9+n-

da*y - :bw
dg

n

0




87

To implement an upwinding scheme, the flux jacobians A and B must be diagonalized.
A matrix diagonalization is an expression of a matrix as a similarity transform of a diago-

nal matrix, that is,

A = RAR™ (B-5)
where the columns of R consist of the right eigenvectors of A, the rows of R-! consist of

the left eigenvectors, of A, and A is a diagonal matrix of the eigenvalues of A. A is given
by

u (B-6)

U+a /§3+§§
U-a /§§+§yz_

The elements of R and R-! are given on the following two pages for A. Again, for B, these

may be calculated by replacing £ with 1, and U with V in these expressions.



88

(8-9)

(L-€)

a9+ = n

&£ X,
3+23"

r

d
2
d
Ty

£ ..w

d

9

c_aw —-a c._ﬁw +4

p 9-n v 9+n

Lo . X
73+ N,w\
X =

N0 —~H v+ a4 9-n19

19~
9
0

wd

: 9 T; = |Ev§+ *d = ()
SuONTUYOp oY) M
QNN UN\ &HN m .\v& ml
@d Vd L (tn) T L (Ip)
0 0 a a
0 0 n n
I 0 0 0
0 I 0 0
0 0 I 0
0 0 0 I
.;




89

SOANRALISP 91} 104 ‘paiinbal a1e so[qerIRA PaAIdSUOD [[e 03 Joadsar Yiim ainssaid Jo seanealIop ay) ‘seomew uipasaxd oy uf

[ 9T (@ v e e? P NT P (4 p 2 \e(2 P I
% GasliGsh W% & |[F®Ellawm)
T (2P DNT P v NT (T e v P e (p_ P\
9 Gami =i = & (a=flaif
0 Fo- fq 0 0 afaenfg- 4"9+n'y-
?d 29 P»d 2d Pd Pd P
(6-9) d¥u ’daPy ®dnty V' tu « gy +29 vy 197y
Pd 24 ki P d Pd . PId P
2dty ?daty 2dnty Sy LSy *Naam&. «! a&m&
Pd_ P I @wd P d Pd P b 2 d_
°dtd da®d dntd atd Blatd 429l 19,2
vd_ 29 A T ? 9 ? d
dld “dald “dnld Ydld Bald +2941d 19414




90

with respect to momentum and energy, these are the same as for the species density formu-

lation, and are given by

Py = —UP,
Pn = 7VPe (B-10)
=2
e cv

The definitions of p, and p, have already been substituted into the matriccs. For the
remaining derivatives, the derivatives of pressure with respect to species densities are cal-

culated, and then transformed to the logarithmic variable set with the transformation

dp _ opdQ
oL = B2 -11
where Q' represents the species densities, and Q represents the logarithmic species vari-

ables. The matrix g—g is presented in Appendix C.



Appendix C: Jacobian Matrix of Species Density Vari-
ables with Respect to Logarithmic Variables

O represents the conserved variables for the logarithmic species formulation, and Q’
represents the species density formulation:

Py
* pl
pnl
T
Q - J-ly nl+1 Q, - J—ly pn (C—l)
pu
Kns pv
pu | e
pv
b e -

The Jacobian matrix 3—% is desired, so Q” is first expressed in terms of Q. This was

detailed in §3.2.2. The Jacobian is then taken with respect to Q, the result of which is
given below, with the definition

ns
* n
Sp=M, Y Tc(l-lnc) (C-2)
s

s=nl+1
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Appendix D: ICFD Tools User’s Manual

ICFD Tools is a library based on Motif and the X Window System which allows CFD pro-
grammers to quickly and easily add a graphical user interface to their programs. Its devel-
opment was begun as this author’s Master’s thesis, and it was further refined to enhance
CFD instruction at the University of Washington. It has proven to be extremely useful not
only in the instructional capacity, but also as a debugging tool, because it allows users to
observe and interact with their programs. The users can observe line and contour plots of
the data while the program is running (with full zooming and scrolling), stop the program
or execute one iteration at a time, save their data to a text file, and print plots on Postscript
printers or to a text file. Through optional subroutines, the interface is customizable. Pro-
grammers can design their own dialog boxes to access program parameters and change
them “on the fly,” and create pull-down menu items which will invoke FORTRAN subrou-
tines they write (such as an initialization subroutine to allow resetting the program to ini-
tial conditions). Use of this package significantly aided the development of the algorithm

presented in this work. The ICFD Tools User’s Manual begins on the following page.
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ICFD Tools

Interactive Graphical User Interface Tools
for

Computational Fluid Dynamics

D.1 Introduction

ICFD Tools is a set of six FORTRAN-callable subroutines which allow CFD pro-
grammers to add an X Window-based graphical user interface to their programs. It sup-
ports 1-D or 2-D, structured grid, single or multiple zone CFD programs. These tools can
generally be added to existing programs with little or no further modification to the pro-
grams. Only the first three subroutines are required for basic control (start, stop, data dis-
play, and printing and saving functionality), while the other three subroutines allow
significant enhancements, such as the ability to change your program’s variables without

interupting program execution.

D.2 CFD Program Requirements

ICFD Tools provides a powerful graphical user interface through a simple set of sub-
routines. It is able to do this by making certain basic assumptions about your CFD pro-
gram. The following list sets forth the requirements your program must meet in order for
you to use ICFD Tools:

- You must have at least one array which holds spacial coordinates (i.e. x-axis values),
which.

- You must have at least one array which holds the dependent variable or variables for

the problem you are solving (e.g. an array of flow velocities).
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- Your program must solve for these dependent variables by executing a DO-loop or
similar loop in which the dependent variabies are repeatedly updated.

- For two-dimensional calculations, only “structured grids™ are allowed (if you don’t
know what this means, your grid is probably a structured one).

If your program meets the above criteria, you are ready to enhance it with ICFD

Tools!

D.3 Getting Started

Only three of the six subroutines are required to begin using ICFD Tools: ICFDINIT,
ICFDZONE, and ICFD. The following sections explain how to use these subroutines.

D.3.1 ICFDINIT

ICFDINIT must be called only once, after you dimension your arrays, and before

your program enters its main DO-loop.

The FORTRAN declaration for ICFDINIT would look like this:

SUBROUTINE ICFDINIT( NARRAY, NTYPE, ANAME1, ANAME2, ...)
INTEGER NARRAY, NTYPE
CHARACTER*(*) ANAME1, ANAMEY, ...

The ellipses (...) indicate that ICFDINIT can take a variable number of arguments.
NARRAY is the number of array names which follow; because you must have at least an
array of spacial coordinates and a dependent variable array, NARRAY must be at least 2.
NTYPE indicates how the arrays are dimensioned - NTYPE = 1 indicates the arrays are
integer arrays, NTYPE = 2 indicates single-precision floating point (REAL*4), and
NTYPE = 3 indicates double precision (REAL*8). The character strings ANAMEI,
ANAME?, ...are the names for your variable arrays. For convenience, you should have

your spacial array(s) (e.g. your array of X values) first. Note that these names do not need
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to be the same as the names you chose for your arrays when you dimensioned them. The

following are some examples:

PROGRAM MYPROG

DIMENSION X(100), U(100)
CHARACTER*20 XNAME, UNAME
XNAME = ‘X

UNAME = ‘Flow Velocity’

CALL ICFDINIT(2, 2, XNAME, UNAME)

DO11=1,500

In the above example, the character strings are explicitly dimensioned before being
passed to ICFDINIT. This actually isn’t necessary. The next example shows a simpler

way:

PROGRAM MYPROG
DOUBLE PRECISION X(100), RHO(100), MOM(100), ENERGY(100)
CALL ICFDINIT( 4,3, X, ‘Density’, ‘Momentum’, ‘Energy’)

DO11=1,500

Note that :;my characters can be used within the character strings, including special
characters such as *?” and *-’. It is not a good idea to begin a variable name with a special
character, however -- that will cause problems with TECPLOT™, if you choose to save
your data to a TECPLOT-compatible text file (more on that later).

D.3.2 ICFDZONE

ICFDZONE must be called once for each zone, after ICFDINIT and before your
main loop. It provides ICFD Tools with your program’s arrays (or for you Computer Sci-
ence folks, pointers to the first element of each array). If you don’t understand what is

meant by a “zone”, then you probably have only one, and need call this routine only once.
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The FORTRAN declaration for ICFDZONE would look like this:

SUBROUTINE ICFDZONE(ZNAME, IDIMV, JDIM, IMIN, IMAX, JMIN, IMAX,
ARRAY1, ARRAY?, ..))

CHARACTER*(*) ZNAME

INTEGER IDIM, JDIM, IMIN, IMAX, JMIN, JIMAX

DIMENSION ARRAY 1(IDIM,JDIM), ARRAY2(IDIM,IDIM), ...

ZNAME is the name you by which you wish this zone to be called. IDIM and JDIM
are the sizes you have dimensioned your arrays (note: all arrays in a given zone must be
dimensioned the same size and type, e.g. real*4). IMIN, IMAX, JMIN, and JMAX are the
index ranges you wish to be plotted. These can be changed during program execution, as

will be described later. The following is an example:

DIMENSION X(100,50), Q(100, 50, 3)

CALL ICFDINIT(4, 2, X, ‘Density’, ‘Momentum’, ‘Energy’)
CALL ICFDZONE("Zone 1’, 100, 50, 1, 100, 1, 50, X, Q(1,1,1), Q(1,1,2), Q(1,1,3))
DO11=1,500

As you pr.obably noticed, this example includes a 3-dimensional array. Although
ICFD Tools can only handle 1- or 2-dimensional data, some programmers find it more
convenient to store all of their dependent variable arrays in one higher-dimensional array.
If your program does this, the first index or indices in the array declaration must be the
length(s) of each array, i.e. IDIM (and JDIM, for 2-D arrays). This ensures that each array
is stored in a contiguous block of memory. In place of the names of individual arrays,
then, pass the first element of each array, as shown above. Please also note that each array
must be the same size. Passing arrays smaller than IDIM by JDIM will cause serious prob-

lems!
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D.3.3ICFD

ICFD must be called every iteration within your main loop. It is normally best to call
it at the very beginning of the loop. It must, however, be called at a point where your data

is ready for viewing.
The FORTRAN declaration for ICFD would look like this:

SUBROUTINE ICFD(T, TFINAL, ITER, IFINAL)
REAL T, TFINAL
INTEGER ITER, IFINAL

T is the problem time, as calculated by you program, and TFINAL is the problem
time at which you wish ICFD to halt execution. Pass 0.0 for these values if you do not
wish to use them. ITER is the iteration number (probably the index of your main loop),
and IFINAL is the iteration at which you wish ICFD to halt execution. Pass O for these
values if you do not wish to use them. Note that you can pass positive values for T or
ITER while still passing zeros for TFINAL or IFINAL, although if you pass zeros for both
TFINAL and IFINAL, ICFD will not be able to halt execution for you. Also note that the
values passed are REAL*4. This is an important distinction, and will require special atten-

tion if your default real values are double precision. The following is an example:

IMPLICIT DOUBLE PRECISION(A-H,0-2)
DIMENSION X(100), Q(100, 3)
REAL*4 TM

CALL IdFDlNlT( 4,3, ‘X, ‘Density’, ‘Momentumy’, ‘Energy’)

CALL ICFDZONE(Zone 71°, 100,1,1,100,1,1,X,Q(1,1),Q(1,2),Q(1,3))
1=0

DO 1 WHILE ((TRUE.)

CALL ICFD(0.0, 0.0, |, 500)

I=1+1
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Note that we passed REAL(0.0) instead of just 0.0 for TFINAL. This is only necessary
when your FORTRAN compiler promotes floating-point constants to double precision, but
we show it here just in case you need to use it. And why did this example use an infinit DO
WHILE loop? Since we passed an IFINAL of 500, ICFD will halt execution when I
equals 500, so the only thing we need to ensure is to increment I each loop.

D.4 Compiling and Running Your ICFD Application

Once you have inserted ICFDINIT and ICFD into your program, the following com-
mand will compile and link your program. You must ensure that the file libicfd.a resides in
your current working directory. Insert the name of your FORTRAN source file in place of
myprog.f:

f77 myprogf -L./ -licfd -IXm -IXt -IXI1

You may also have to use the option -IPW (right after the -1X11 above) on some
machines. The compilation and linking will take a minute or two. From any workstation or
terminal running X Window, you can then run your prograim:

a.out

After a short delay, a new window should appear on your screen, looking something
like this:
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Figure D-1: The ICFD Window

The window has several different areas, including four control buttons, a panel for
point data display, a data plot, a timeline panel, and a menu bar.

The menu bar lies across the top of the window and offers four pull-down menus. The
File menu allows you to save data to a TECPLOT™-compatible text file, to print the cur-
rently displayed plot to a PostScript™ printer or to save it to a PostScript disk file, and to
exit the program. Selecting the Save data as... or the Print to disk... option brings up a
dialog box which allows you to specify the name of the file you wish to create or over-
write. The Print option sends PostScript output to the printer specified by your PRINTER
environment variable, or the default printer if PRINTER is undefined. When you have the
UNIX™ C-shell system prompt (a % prompt), you can set this variable with

setenv PRINTER xxxxx

Under the Bourne shell or Korn shell (a $ prompt) simply enter

PRINTER=xxxxx

where xxxxx is the name of the printer. See the /etc/printcap file on your computer for
a list of printers.

The View menu allows you to display various plots of any of your arrays. For 2-D
data, both contour and line plots are available, and a contour plot will be the default. For

1-D data, only line plots are available. Selecting one of the variables causes that variable
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io be plotted. The View menu also has four scaling options, Zeom, Fit, Y-Compressed
fit, and Specify scale. Fit fits the plot just inside the boundaries of the plot area, while Y-
Compressed fit (only available for line plots) will compress the plot in the y direction.
Zoom can only be selected after a box has been drawn on the plot. To draw a box, position
the cursor in the plot area, press and hold down the left-hand mouse button, drag the cur-
sor in the desired direction, and release the mouse button. A box will be drawn, to which
you can then zoom by selecting Zoom from the view menu.

Selecting Specify Scale pops up the following dialog box:

i
|
| i
0]

g o

O Proportional

Figure D-2: The Specify Scale Dialog

This dialog allows you to specify the area to be viewed in the current plot. The ‘Pro-
portional’ toggle button, when selected, forces the plot to have equal scales in the X and Y
directions. Because this is only meaningful for contour plots, it is not available when the
current plot is a line plot.

The Options menu offers three options. Periodicity allows you to adjust the update
interval, that is, whether to redraw the plot every iteration (the default), or to “skip” a
specified number of iterations between updates. Selecting this option brings up a dialog
box which allows you to change this update interval. Use of this option can greatly
increase the speed of execution by reducing the number of screen redraws.

For each variable, ICFD maintains information which describes one line plot and one
contour plot. Making changes to the line plot for a particular variable does not affect the
contour plot for that same variable, and vice versa; they are two separate entities. The fol-
lowir.3 options from the View menu allow you to customize these plots. Their use may not

be necessary, however. The index information you provided in your call(s) to ICFD-
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ZONE, combined with some intelligent guessing by ICFD, may provide you with the
plots you desire.
The Options -> Line plot options menu option brings up the dialog box show in fig-

ure D-3, which allows you to specify various parameters for line plots.

SR ne plot aptions_popup

x-ais: [ % o ot Zone:

Index Emits: & Zone 1

Plot fines of constant: [

uJ

< Apply only to current variable
@ Apply to all 2onal variables
W Apply X-axis scrolling and zooming to all zonal variables

Figure D-3: The Line Plot Options Dialog

The X-axis pop-up menu allows you to specify the variable versus which the line
plots will be plotted (i.e. the X-axis variable). Below this, you may specify the minimum
and maximum indices of your arrays to be plotted. The default values which appear for
Imin and Imax are those you supplied in your call to ICFDZONE. Entering a value of 0
for Imax or Jmax will use the maximum available size (Idim and Jdim, which you pro-
vided in your call to icfdzone). If your arrays are 1-D, do not change the values of Jmin
and Jmax! Further below, you may specify line of constant I, constant J, or both. To the
right, you may specify which zone is to be plotted. In this example, there is only one zone,
called “Zone 17, so no other selections are available. Finally, you may choose whether to
apply these settings to the line plots of all zonal variables, or just the currently plotted
variable. If you

FIGURE 3:
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choose to apply them to all zonal variables, you have the further option of specifying
uniform X-axis scrolling and zooming. Selecting this option automatically adjusts the X-
axis range to be viewed for all line plots when you adjust it for the current plot (by scroll-
ing, zooming, or using the View -> Specify dialog box).

The Options -> Contour plot options menu option is only available when your zonal
data is two-dimensional. It pops up a sub-menu with two or more options. The first is

called All zones, and pops up the dialog box in figure D-4.

X-axis: Y-axis: Plot Zones:
Number of contours: B Zore 1

O Apply only to current variable

9 Apply to all zonal variables

B Apply scrolling and zooming to all zonal variables

Figure D-4: The ‘All Zones’ Dialog Box

This dialog allows you to specify information which affects the contour plots of all
zones. Similar to the line plot dialog, you can select the X- and Y- axis variables, and
select whether to apply these setting to all zonal variables, or only to the current one. For
contour plots, uniform scrolling and zooming affects both the X- and Y- axis locations and
scales, that is, with this option selected, the area plotted will automatically be the same for
all zonal variables. You can also set the number of contours to be plotted, and which zones
will be plotted. Note that, unlike line plotting, contour plotting allows simultaneous plot-
ting of multiple zones.

The Options -> Contour plot options submenu also contains an entry for each zone.

Selecting one of these displays the following dialog box:
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Index limits:

O Show grid

Figure D-5: The Zonal Contour Plot Options Dialog

As in the line plot dialog, this dialog allows you to specify the index limits to be plot-
ted for each zone. The default values which appear for the indices are those you supplied
in your call(s) to ICFDZONE. You can also choose whether to plot the grid for this zone.
Note that each of these dialogs applies only to its own zone, and all zonal variables for that
zone are affected by the dialog.

Once you have defined the plots you desire for each variable, you can easily switch
between them using the View menu options.

The Special menu is empty. Using subroutine calls described in the next section, you
will be able to add your own items to these menus.

Below the File menu are the control buttons. These allow you to control the execution
of your program. They are activated by positioning the cursor in the desired button, and
pressing and releasing the left-hand mouse button (hereafter referred to as a “left-click™).
Go begins execution of your program, Stop halts it, and Step will execute one iteration. If
you have specified an extremely long update interval, Update will force an update of the
plot without halting program execution.

Below the control buttons is an area where a specific value of each of your variables
is displayed. This acts as a “probe” in the flow, and as the solution changes, these values
will be updated. To change the location of the probe, left-click once in the data plot. For a
line plot, the (interpolated) values of your variables corresponding to the X-axis location
of the click will be displayed. For a contour plot, the values will correspond to the the X-

and Y-axis locations of the click.
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The data plot is accompanied by scroll bars, which allow you to scroll around the plot
if you zoom in on a particular area.

Finally, the timeline panel draws up to two timelines to graphically indicate the
progress of your CFD code. If your pass zeros for T, TFINAL, ITER, and IFINAL, this
panel will be blank. If you pass a value for either T or ITER, but pass a zero for the corre-
sponding FINAL value, only that value will be displayed. If you pass both T and TFINAL
(or ITER and IFINAL), a timeline will be drawn for it.

When you press the Go button, your program will begin executing, and the updated
solution will be displayed every iteration, along with updates to the timelines, if any, and
the probe values. If a timeline is displayed (i.e. if you are passing TFINAL or IFINAL to
ICFD), ICFD will ensure that these values are not exceeded -- it will halt execution at the
appropriate time or iteration number. This aliows you to print or save your solution before
quitting, or possibly to execute more advanced features described in the next few sections.
You can then terminate the program by selecting Exit from the File menu.

An important point to note is that all plotting each iteration is done when your pro-
gram calls ICFD. Therefore, it is important to call it at a point in your program where your

data is displayable (and meaningful}.

D.5 Enhancing Your ICFD Application

Once you are comfortable with the basic functions provided by ICFDINIT, ICFD-
ZONE, and ICFD, you are ready to begin enhancing your user interface. ICFDVARI-
ABLE allows you to dispiay the value of a variable (not an array) your program
calculates. ICFDDIALOG allows you to create a dialog box and insert it intc the Special
menu. This will allow you to change the values of your program parameters without halt-
ing execution of the program. ICFDSUBROUTINE allows you to make a FORTRAN
subroutine you write directly callable from the user interface, inserting its name into the

Special menu.
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D.5.1 ICFDVARIABLE

ICFDVARIABLE prints the name and value of a variable you supply just below the
probe values. It must be called once for each variable you wish to display, before your
main loop. It can be called before or after ICFDINIT.

The FORTRAN declaration for ICFDVARIABLE would look like this:

SUBROUTINE ICFDVARIABLE(NAME, ITYPE, VALUE)
CHARACTER *20 NAME
INTEGER ITYPE
EITHER

INTEGER VALUE

OR
REAL VALUE

OR

DOUBLE PRECISION VALUE

As before, NAME does not have to be the same as the variable’s name in your pro-
gram; call it anything you like. ITYPE indicates whether VALUE is an integer or a real
number. Pass 1 if VALUE is an integer, 2 if it is a real number, and 3 if it is double preci-

sion. The following shows an example with two different variables to be displayed:

PROGRAM EULER1D
REAL ANORM
INTEGER IMAX

CALL ICFDVARIABLE(“2-NORM", 2, ANORM)
CALL ICFDVARIABLE(*IMAX", 1, IMAX)

DO 11=1,500
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D.5.2 ICFDDIALOG

ICFDDIALOG allows you to set up a dialog box, callable from the Special menu,
which allows you to change the values of variables in your program. It must be called

once for each dialog box you wish to implement, before your main loop. It can be called
before or after ICFDINIT.

The FORTRAN declaration for ICFDDIALOG would look like this:

SUBROUTINE ICFDDIALOG(DNAME, NITEM, NAME1, ITYPE1, VALUET1,
& NAMEZ2, ITYPE2, VALUE2, NAMES3, ITYPES, VALUES, ...)
CHARACTER "20 DNAME, NAME1, NAME2, NAMES, ...
INTEGER NITEM, ITYPET, ITYPE2, ITYPS, ...
--—--INTEGER, REAL, DOUBLE PRECISION, or LOGICAL*4 declarations for VALUEs------

DNAME is a name for the dialog box, which will also be inserted into the Special
menu. NITEM indicates how many dialog items follow it. The remaining parameters are
groups of three: a NAME, an ITYPE, and a VALUE. NITEM represents how many of
these groups of three parameters there are. The NAMEs are names you choose for each
value to be displayed in the dialog box. Simliar to ICFDVARIABLE, the ITYPE parame-
ters indicate whether their associated VALUE is an integer or a real variable, but also
allows logicals and option menu definitions; 1 for an integer, 2 for a real variable, 3 for
double precision, 4 or 5 for logical*4, 6 for an option menu, and 7 for the options to be
placed in the option menu (more on this later). Logical variables will be represented by
toggle buttons. For an ITYPE of 4, the toggle buttons will be the one-of-many type, which
allow only one of a given group of toggle buttons to be set (or .TRUE.) at any give time.
Successive dialog items of ITYPE 4 will be considered one group of toggle buttons. The
next example demonstrates this for two buttons. An ITYPE of 5 indicates a logical vari-
able which will be represented by an n-of-many toggle button (any number of this type of
button may be set in a given group). The VALUE parameter is, of course, the variable
itself.

ICFDDIALOG adds DNAME to the Special menu. When you select this menu item,

a dialog box appears with the names and the values of the variables you passed it. You can
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then edit the values using the mouse and the keyboard (left-click on the value you wish to
change). Left-clicking on Ok puts the changes into effect, while left-clicking on Cancel

makes no changes to the variables. An example follows:

PROGRAM EULER1D

REAL COURANT, TFINAL

INTEGER NSTEPS

LOGICAL SHOCK, NOZZLE

VOLATILE COURANT, TFINAL, NSTEPS, SHOCK, NOZZLE
C See the explanation below for the ‘volatile’ declaration

CALL ICFDDIALOG('Values', 5, ‘Courant’, 2, courant,
& ‘Number of iterations’, 1, nsteps,
& ‘Shock tube’, 4, shock,
& ‘Nozzle', 4, nozzle,
& ‘Final time’, 2, ffinal)

1=1
DO 1 WHILE(.TRUE.)

When “Values’ is selected from the Special menu, the above example would produce

a dialog box like that pictured below:

Figure D-6: A Dialog Box

Notice that there is an extra dialog item labeled “Show as floating window.” This item
is automatically added to each dialog you define. Selecting this item creates a movable

“floating window” in the plot area which displays the dialog’s values. This floating win-
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dow can be moved to any portion of the plot by clicking and dragging it with the pointer.
If you choose the File -> Print menu option while one or more floating windows are dis-
played, they will be printed as well.

Also notice in this example that the variable which will control the number of itera-
tions performed is a parameter in the ICFDDIALOG call. Using this mechanism, the
number of iterations to be performed (the IFINAL parameter in the ICFD call) can be
changed during program execution. If you use a DO-loop, the number of iterations is fixed
at the beginning of the loop’s execution, and cannot be char;;ged. Changing your program’s
main loop to a DO WHILE-loop eliminates this problem, and allows you added flexibility.
The example also shows problem time, which can, of course, also be used to control pro-
gram execution. Any other program parameters can also be put into dialog boxes, to allow
them to be changed during program execution.

An option menu is very similar to a pull-down menu, except that it does not appear in
the menu bar. In this case, it will appear in your dialog box. The ITYPE value 6 lets you
define an option menu, and the ITYPE value of 7 (which must follow an ITYPE 6!) lets
you specify the options to appear in the menu, and the integer values which correspond to
each option. Consecutive options (ITYPE 7) will all be added to the option menu (ITYPE
6) which precedes them. Let us say that you have an integer variable calied ‘method’,
which takes the value 1, 2, or 3 (these values have some meaning to your program). Add-
ing the following code fragment to your cail to ICFDSUBROUTINE will create an

option menu in the resulting dialog box:

. & ‘Method’, 6, method,
& ‘Forward Euler', 7, 1,
& ‘Backward Euler’, 7, 2,
& ‘MacCormack’, 7,3, ...

When this dialog is displayed, it will have an option menu labeled ‘Method’, and
there will be three options available in the menu, ‘Forward Euler’, ‘Backward Euler’, and
‘MacCormack’. When you click OK, the value corresponding to the selected option will
be assigned to the variable ‘method’ in your program. For example, if you select ‘Back-

ward Euler’ and click OK, method will be given the value 2.
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One potential hitch with dialogs is with optimizing compilers (such as f77 on DECs-
tations). The optimizer can play “tricks” with variables which could interfere with the dia-
log box’s operation, preventing changes from actually being made to the variables. The
VOLATILE declaration tells the optimizer to leave these variables alone, ensuring proper
functioning of the dialog box. This declaration is not required, and is not always neces-
sary, but it is a good idea where available.

Generally speaking, though, if you want to reset the iteration number or the problem
time to zero, you are also going to want to reset the dependent variables to their original
state. This requires a subroutine call, specifically, a call to whatever subroutine you have
written which initializes your dependent variable arrays. ICFDSUBROUTINE provides
this capability, and will be discussed next.

One final note is a strange bug which, for reasons too in-depth to cover (i.e. the author
doesn’t know why), cause problems with ICFDDIALOG. The bug only occurs when a
dialog is named ‘Parameter’. So don’t name your dialog ‘Parameter’. ‘Parameters’ is ok,

just not ‘Parameter’. ‘Nuff said?

D.5.3 ICFDSUBROUTINE

ICFDSUBROUTINE must be called once for each user-callable subroutine you wish
to implement, before your main loop. It can be called before or after ICFDINIT.

The FORTRAN declaration for ICFDSUBROUTINE would look like this:

SUBROUTINE ICFDSUBROUTINE(NAME, SUBRTN, NPARAM, PARAM1, PARAM2, ...)
CHARACTER *20 NAME

EXTERNAL SUBRTN

INTEGER NPARAM

----------------- PARAMSs can be any type of FORTRAN variable
NAME is the subroutine name as you wish it to appear in the Special menu. SUBRTN

is the actual subroutine name in your CFD program. NPARAM is the number of parame-
ters you are supplying for your subroutine (the number of parameters which follow
NPARAM). The PARAM:s are the parameters that you want to be passed to your subrou-
tine. When you select NAME from the Special menu, SUBRTN is called with all of the
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PARAMs as arguments. Confused? This is not a simple concept, but the following exam-

ple might help.

PROGRAM EULER1D
EXTERNAL INIT
DIMENSION X(100), U(100)
INTEGER MAXITER

CALL ICFDSUBROUTINE(Reset, INIT, 3, MAXITER, X, U)
DO 1 WHILE(.TRUE.)

1 CONTINUE
END

SUBROUTINE INIT(MAXITER, X, U)
INTEGER MAXITER

DIMENSION X(100), U(100)
MAXITER =0

RETURN
END

The EXTERNAL declaration tells the FORTRAN compiler that you have a subrou-
tine in your program that you want to pass as an argument to another subroutine. ICFD-
SUBROUTINE makes this subroutine available as a menu option, inserting, in this case,
‘Reset’, into the Special menu. For this example, selecting ‘Reset’ from the Special menu
would call INIT with the parameters MAXITER, X, and U. A warning here is that, due to
compiler optimization, it may not be safe to pass constants (i.e. actual numbers rather than
variables) in the list of arguments for your subroutine. It would be better to declare a vari-

able, assign it the desired value, and pass it as a subroutine parameter.
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D.6 Tying It All Together

To further clarify the uses of the six subroutines which have been discussed, a com-
plete example CFD program is presented here which makes use of all of these subroutines.
The program solves the one-dimensional, first-order wave equation, with U as a function
of X and time. If you are having difficulty implementing any of the subroutines, please

examine this example, or type it in and run it.

program wave
dimension x(100), u(100), du(100)
integer iter, niter, imax
real anorm, courant, speed, t, tfinal, dx, dt
external init
volatile t, iter, niter, courant, speed, tfinal
¢ Remember that the ‘volatile’ declaration is not applicable to all compilers

niter = 500
imax =100
speed=1.0
tfinal = 3.14159
courant=0.5
call init(iter, t, x, u)
dx = x(2) - x(1)
call icfdinit(2, 2, ‘X', ‘Flowspeed’)
¢ Remember the ‘2’ in icfdvariable denotes a real*4 variable
call icfdvariable(2-Norm’, 2, anorm)
call icfddialog(‘Parameters’, 4,
‘lterations?’, 1, niter,
‘Final Time?’, 2, tfinal,
‘Courant number:’,2, courant,
‘Wave speed’, 2, speed)
call icfdsubroutine(‘Reset’, init, 4, iter, t, X, u)
call icfdzone('Zone 1°,100,1,1,100,1,1,x,u)
do 1 while(.true.)
call icfd(t, tfinal, iter, niter)
du(1)= -courant/2.*(u(2)-u(imax-1))
& +courant**2/2.*(u(2)-2.*u(1)+u(imax-1))
do 2 i=2,imax-1
du(i)= -courant/2.*(u(i+1)-u(i-1))
& +courant™2/2.*(u(i+1)-2.*u(i)+u(i-1))
2 continue
du(imax)=du(1)
anorm = 0.0
do 3 i=1,imax
u(i)=u(i)+du(i)
anorm = anorm + du(i)™2

o o £o o
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3 continue
anorm = sqrt(anorm)
iter =iter + 1
¢ dt is recalculated every iteration because the dialog box
¢ could change it!
dt = courant * dx / speed
t=t+dt
1 continue
end

subroutine init(iter, t, x, u)

integer iter

real t

dimension x(100), u(100)

iter=0

t=0.0

pi=2."asin(1.)

do 1i=1,100
x(i)=float(i-1)*pi/99.
if(x(i).1t.0.5) then

u(i)=0.0
elseif(x(i).le.1.0) then
u(i)=1.0
else
u(i)=0.0
endif
1 continue

return
end
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