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Abstract Dy, D  Backward, forward activation energy
The thermochemical and transport models con- D Diffusivity
tained in the Wind computational fluid dynamic EO Molecular internal energy
(CFD) code have been m9d|f|ed and extended over E < Reaction (1), third body (s), efficiency
the last several years. This paper documents these ' . . )
updates; included are improvements to thermody-  AGy Gibbs function for complete reaction
namics models, the addition of an effective binary g Gibbs free energy
diffusion model, and improved numerical solution of 0
: . H Enthalpy
the chemical source terms. Implementation of the
newest NASA thermodynamic curve fits is described K Equilibrium constant
including computation of multicomponent properties Thermal conductivity
derived from these functions. Computation of trans- .
port properties from the Lennard-Jones parameters Ke, Reaction (1), forward rate
and the subsequent computation of the multicompo- Kp,r Reaction( )r, backward rate
nent effective bmary diffusion coefficient are pre- L, Lewis number
sented. Implementation of the parasol method for _
solving the species conservation equations with ~ Ms Third-body molecule
chemical source terms is described. Species- Mi molecular We|ght of Species |
dependent, third-body efficiency that previously has
P . . y y. P y Pr Prandtl number
been available in only one reaction model has been
included in all the reaction models. The influence of p Pressure
third-pody efficiency is investigated for supersonic Universal gas constant
reacting flow over a Mach 4.0 wedge. Computa- ]
tional results comparing the effective binary diffu- ' Distance between molecules
sion model and the Wilke model are presented. Sp Backward rate temperature exponent
Nomenclature St Forward rate temperature exponent
s0 Entropy
ajg Thermodynamic curve fit coefficients Sis Molecular species
by, by Thermodynamic curve fit coefficients T Temperature
Eb, Cs Backward, forward rate coefficients B Ratio of enthalpy to internal energy
C Vector of molar concentrations - " . "
o § Effective gamma
Cp Heat capacity at constant pressure Y Ratio of specific heats
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K Boltzmann's Constant
Viscosity

Reactant i stoichiometric coefficient

(O Product i stoichiometric coefficient
& Number of degrees of freedom

&ij Molecules i,j attractive energy

P Density

c Collision diameter

ij intercollision parameter

X Mole fraction of species i

il Molar concentration of species i
g Molar production rate of species s
Qp jj Nondimensional collision integral

Superscripts

0 Standard state
Subscripts

b, f Backward, forward
ij,s Specie index

r Reaction index
miX Mixture

ns Number of specie

Introduction

Although there are a vast number of applica-
tions for a single-component ideal gas computer
program, the restriction to a single component
excludes simulation of many important multispe-
cies flows in the aerospace industry. The removal
of this restriction requires the inclusion of multi-
component, chemically reacting models in the sim-
ulation. Inclusion of a multispecies capability in a
computational fluid dynamics program is an
entrance into multidisciplinary modeling that results
in a plethora of physical and numerical models that
may or may not be included in the simulation.
Because of the complexity and number of models
that could be included in a multispecie program, it
is desirable to begin with a well planned computa-
tional framework in which models can be modified,
added, or deleted with relative ease. Therefore,
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these programs are generally not static and are
continuously being upgraded to include improve-
ments and to satisfy new requirements.

The Wind program1 is designed to allow a vari-
ety of equation and variable sets. The modular
structure and the memory allocation method make
it relatively easy to add or modify submodels. The
multicomponent thermal, transport, and reaction
computations are located primarily in a directory
(chem) that is separated from the Navier-Stokes
equation solution directory (struct).

Several modifications to the multispecie chemis-
try models have been incorporated since Wind
became an NPARC Alliance flow solver. These
modifications include: updated thermodynamic data;
beta/gamma corrections; computation of the equilib-
rium constant from thermodynamic data; debugged
Wilke diffusion; addition of an effective binary diffu-
sion model; variable third-body efficiencies; Pade
solution of the ordinary differential equations gov-
erning species equations, with chemical kinetics;
and a preprocessor chemistry input manager.

Thermodynamic Models

The curve fit format for thermodynamic data
was updated to allow the option of using either the
original Wind format or the current format used and
supported by NASA Glenn. This new format as
prescribed in NASA TP3287, and a slightly modi-
fied version in the CEA program user’s manual® is
defined as follows:

-2 -1 2
Cg:alT +a,T "+az+a,T+agT

@
+ a6T2+a7T4+a8T5
0
H () - —alT_2 + azT_llnT +ag+ a4I
RT 2 )
2 3 4 5 p
T T T T 1
+a +a.— +a +a,— +—=
> 64 7’5 86 T
ST L
S (M) b,—a;—-a,T "+azInT+a,T
RT 3)
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These coefficients are contained in the thermo
files that are supplied for input with several current
NASA chemistry programs. The format for specify-
ing the thermodynamic data and the definition of
input data are defined in the CEA manual. This for-
mat is invoked in the Wind Chemistry (.chm) files
by inserting a line, starting in column one, contain-
ing “NASA3287” after the line specifying the num-
ber of species and before the beginning of the ther-
modynamic data. The new input is much more flex-
ible than the existing format in that the temperature
ranges and number of coefficient sets can vary
with specie. To be consistent with the complete
input data set, the units in the above curves are
Joules, moles, and deg Kelvin.

The original Wind format that defines specific
heat as shown below is still supported:

CO

P _ 3 4 4
R a;ta,T+azT +a,T +agT

(4)

For this format, the "a" coefficient definitions given
by Gordon* must now be used to compute
enthalpy as:

0

MD: —+ +% 2+a_4 +a_5 4+
_T a;InT+a,T 2T 3T 4T a; (5

and entropy (needed for the equilibrium constant) as:

T3 4

0
T+ a3 * a5TI +a-(6)

(T) a
S (T =a1InT+a2T+—?’
R
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The heat of formation is computed internally
from these curves as the species enthalpy at
298.15 K of temperature.

In the new version of the Wind code we have
distinguished between y and . The former is used
for the calculation of sound speed and the later for
calculation of enthalpy or pressure from the con-
served energy. Gamma is calculated from the ther-
modynamic data in all Wind versions as:

__C(M

T M-RT 7

Beta, which originally was defined as:
[cy(Mat/[dT

B = ®)
(Je,(mdt/[dT)-R

3

has been redefined as:

HO H

p= == 9)
HO-RT E°

o

It is not uncommon for temperature to be less
than the minimum range of the thermodynamic
curve fits in high Mach number flow. Currently,
exceeding the lower or upper temperature range
causes the program to stop with an error message.
The thermal properties can be extrapolated beyond
the limits by invoking test option 71. A process to
automatically extend the thermodynamic data
beyond the low-temperature range may be consid-
ered for future versions. However, currently the
best method to handle low-temperature flow is to
compute an additional temperature range to the
thermodynamic data. Generally, for monatomic
molecules the lowest temperature range can be
recopied with the temperature limits replaced by the
lower range to obtain the additional range. Usually
for diatomic molecules C, is nearly constant or
slowly varying so that its curve fit can be reduced to
either an a; coefficient (constant Cp,) or a; and a
coefficients (linear Cp) with respect to Egs. (4-6).
The value of C,, at the lowest temperature can be
obtained from the JANAF tables or can be esti-
mated using the number of molecular degrees of
freedom, &, from statistical mechanics as shown
below:®

C=§;—2R

) (10)

The ag and a; coefficients must be set to match
the enthalpy and entropy, respectively, at the mini-
mum temperature of the adjacent temperature
range.

Reaction Models

Two general types of chemical reactions are
allowed: dissociation and exchange.

Dissociation reactions in Wind are of the form:
V) [S1]1+Mg & V[S,] +v5[S3] + Mg (11)

or

Vi [S11+V,[S,] +Mg e vi[Sal + Mg (12)
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While exchange reactions are of the form:
Vi [S11+V5[S,] & Vi[S3] +v5[S,]  (13)

The law of mass action gives the molar produc-
tion rate of a molecular species due to all reactions
included in a chemistry model as

] nr

ws = Mg 2 (Vs,r_vs,r)
r=1

ns i ns

Vs Vsr
kf’r H [Xs] _kb,r H [Xs]

s=1 s=1

(14)

Wind contains three methods of computing the
reaction rate coefficients, R and ky, ,, for finite rate
chemistry. All of the reaction options in Wind com-
pute the forward kinetic rate coefficient using the
modified Arrhenius form

S; —Dy/(xT)
ke, = CT ‘e (15)

The first method computes the backward rate
as the quotient of the forward rate coefficient and
the equilibrium constant which is obtained from a
fourth-order, temperature-dependent polynomial:

Ky r = K¢ /K (16)

, I

where
2 3 4
K = exp(a;+a,Z+azZ" +a,Z" +agZ") (17)
and
Z = (10000)/T (18)

Since the equilibrium constant here does not
appear to be a function of pressure, if the number
of moles of reactant does not equal the number of
moles of product in a given reaction, there will be
some error in the equilibrium constant. If the reac-
tion occurs at the reference pressure, generally
one atmosphere, then no correction is required.

The second method also computes the back-
ward rate coefficients but uses the modified Arrhe-
nius equation

Sy —Dp/(xT)
k,,=C,T "e (19)

A third method, used only for one- or two-equa-
tion global reactions, calculates only the forward
rate coefficient.

Quite often parameters for computing reaction
rate coefficients are reported for only one direction
and coefficients for computing the equilibrium con-
stant from a polynomial are difficult to find. How-
ever, the thermodynamic data contain enough
information to compute the equilibrium constant
and thus the reverse rate coefficient without further
input. The relationship between Gibbs function and
the equilibrium constant is documented in text-
books. The Gibbs function for a reaction at stan-
dard pressure is obtained from the thermodynamic
data as:°>®

AGR(T7 po) = zvpgp_zvrgr (20)

where

0 0
0 H* S
T = | ——-=|RT 21
g(T,p) (RT R) (21)

Here v, and v, are the stoichiometric coeffi-
cients of the reaction products and reactants
respectively. The molar concentration equilibrium
constant is then given by Ref. 5:

o= o j( Ry

(22)
AGR(T. p%)) 0.012186) >0 2"
= exp RT ( T )
when R = 82.05 cm® atm g-mole™1K~! and p°

equal to one atmosphere of pressure.

The computation of the above thermodynamic
properties had been included as code fragments in
subroutines where they were needed. In the cur-
rent versions of Wind, the thermodynamic proper-
ties Cp, H, S, and g (the specific heat, enthalpy,
entropy, and Gibbs function, respectively) are com-
puted in function routines. The NASA curve fits by
Gordon, et. al.* or McBride, et. al.? should be used
for this reaction option. If the older, five-coefficient
C, model is used, it should be put into the Wind
format. The computation of C,,, H, and log K, from
the NASA 3287 curve fits for H,O have been com-
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pared with tabulated JANAF' results, and excellent
agreement is achieved as shown in Fig. 1. Com-
puted NASA SP-273 curves were nearly identical
to the result shown with the exception that this
lower-order fit extrapolated C, better at low tem-
perature than did the newer fits.
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~
o

Cp, H, and Log K

0 1000

2000
T

3000 4000 5000
Fig. 1. Comparison of H,O Curve Fit Thermo Prop-
erties with JANAF Table

For dissociation, the reaction rate depends on
both gas temperature and the collision partner, M.
To account for this dependence, when the Arrhe-
nius collision parameters, C; and C,,, are multiplied
by molar concentration, three forms may be used:

ns

[C1= Y [%IC, . (23)
s=1
R ns
[Cr] = CI’ 2 [XS]EI',S’ (24)
s=1
or
R ns
[C1=Cr Y [xel. (25)

s=1

Here [C,] represents the product of the molar
concentration of the third bodies with the forward or
backward reaction rate coefficient. These coeffi-
cients are seen to increase the order of depen-
dence on molar concentration when they are sub-
stituted into the species production equations,
above. Only the first rate method, which computes
the equilibrium constant from a fourth-order polyno-
mial and applies Eq. (23), includes variable third-
body efficiencies for kinetic rates in the currently

5

released versions of Wind. Alternately, this method
can also use the third form above, Eq. (25), with an
average collision coefficient. The other methods
allow only an average collision coefficient. How-
ever, reaction rate data sets often use the second
form, Eq. (24), above, to include the effect of indi-
vidual third body efficiencies, where a nominal colli-
sion coefficient is specified and efficiency multipli-
ers, E, g, are specified to account for variations
among the specie. This method of accounting for
specie-dependent, third-body efficiencies has been
programmed into the last two reaction rate methods
in a developmental version of Wind, and a test case
has been computed to examine the effect of third-
body efficiency model differences.

Transport Models

There are four transport models in Wind: 1) Con-
stant viscosity, 2) Sutherland’s formula, 3) Keye's-
Sutherland’s formula, and 4) Wilke’s mixing rule.
The first three models apply to a single-component
gas. Viscosity is computed or set by these models
with the thermal conductivity, k, and diffusivity, D,
being computed from the Prandtl and Lewis num-
bers, respectively, as

k =uC,/P, (26)

D = kL¢/pC,, @7

The last three models all use Sutherland’s law
to calculate viscosity as follows:

3
Lo
Uo TOM 1_+'Sp

In the Keye's-Sutherland’s method, the above
formula is blended with Keye’s formula to give vis-
cosity below temperatures of 180°R as:

1
2

o =( T ) (TOMK+SMK)
TO“K T+S“K

(29)
Kok

The Wilke's mixing rule method also computes
the thermal conductivity using Sutherland’s rule:

3
2

L (L) (Tok_+5k)
ko \Tow \ T+Sy

(30)
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Wilke’s mixing rule,® which is the only option
that accounts for the actual composition of the gas,
caused an error in early versions of the code but is
fully operational now and is recommended for gas
mixtures and single-component gases that are not
similar to air. Wilke's method is applied by first
computing the viscosity, y;, and thermal conductiv-
ity, k;, of each molecular species using Suther-
land’s equations (above); then the mixture proper-
ties are obtained as

ns
Mmix = X n:wi (31)
Y a0
and j=1
ns
Kmix = D, nsX|—k| (32)
Y a0

j=1
where the intercollision parameter ¢; is given by

2
I Y R LU

ij [8(1+Mi/Mj)]1/2

(33)

The mixture diffusion coefficient is determined
from the thermal conductivity, Eq. (32), and the
Lewis number, which is assumed to be equal to 1,
as

D.. =k

mix mixLe/(pmixCpmiX)

(34)
= I(mix/(pmixcpmix)

In a real mixture of gases, each molecular spe-
cies diffuses at a rate determined by the concentra-
tion of each species and its binary diffusion rate
with respect to every other specie. Approximating
the molecular diffusion with a single mixture diffu-
sivity can cause inaccuracies when large variations
in molecular weight and/or large variations in
bimolecular collision integrals exist. The complete
solution of multicomponent diffusion requires com-
puting the binary diffusivity of every molecular pair
and the binary diffusion of every molecular pair.
Because full multicomponent diffusion is computa-
tionally expensive, an effective binary diffusion

6

model approximation is often used. In the effective
binary diffusion model, the “effective binary” diffu-
sivity of each species with respect to the mixture is
computed thus:®

ns -1

I:)i,mix = (1-x) ZXJ'/DU'

j#i

(35)

The diffusivity of each species within the mix-
ture can be computed by the Chapman-Enskog
formula® for an ideal gas as:

T3 i + i)
M, M
D, = 0.0018583———L
J 2
PoiLp jj

(36)

The units for D; are cm?/sec with p in atm and T
in K. The effective collision diameter, cj, in Ang-
stroms, is computed as

o. =

ij (37)

1

E(Gi +0j)
If the intermolecular potential of the molecular

pair is represented by Lennard-Jones function:

S G

where ¢g; is the maximum attractive energy
between molecules i and j, and r is the distance
between the molecules, then the nondimensional
collision integral, Qp j can be computed as a func-
tion of KT/e; only where g; is computed as:
gjj = /ei+ej. In turn, Qp;; can be calculated by
the Neufield relation:

(38)

(T*)B exp(DT*)
E G

+ +
exp(FT*) exp(HT*)

Qp

]
(39)

where T* = kT/gj, A = 1.06036, B = 0.15610,
C=0.19300, D =0.47635, E = 1.03587, F = 1.52996,
G =1.76474, and H = 3.89411.

Thus, to compute the binary diffusion coeffi-
cients, the only additional input to Wind is the Len-
nard-Jones parameters, o; and g;, for each mole-
cule; these are tabulated in a number of references
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(for example Bird, Stewart, and Lighfoot®). Effec-
tive binary diffusion enters into the species conser-
vation equation through the term:

V-pD Vp,/p. (40)

i, mix
where pi/p is the mass fraction of the i" species.
Operator Splitting Method

The original implementation of the chemistry
model in the Wind code is explained in Ref. 10 and
is a direct inclusion of the production term from the
species continuity equations as source terms for
the chemistry equation set. The addition of these
source terms for certain chemical reactions can
make the system of equations stiff. This stiffness
usually arises from the disparate time scales
between the chemical reaction time and the fluid
dynamic time scale. In the stiff system of equations
the chemical time step is usually several orders of
magnitude smaller than the fluid dynamic time
scale. One approach that was successfully used in
Ref. 11 is to separately integrate the reaction
source terms with an Ordinary Differential Equation
(ODE) solver. In this approach the chemistry
source term in each cell is treated as an ordinary
differential equation and is integrated over the fluid
time scale.

The rational Pade approximation has been
employed to integrate the chemistry production
term over a fluid time step. In this approach, subit-
erations may be performed to improve the equation
set stability. The description of this approach can
be found in Ref. 11.

If the vector of the species conceﬂtrations at a
particular location is represented byC(t) and the
production terms are given by E(C,T), with T
being the local temperature, then the fifth-order
Pade approximation is

-1

2 N
At Jz) C, (41)

N _ N A_t At”
C(t+At) = C(t)+At(I 2+ 35

Where | is the identity matrix and J is the Jaco-
bian aé/(ac:). The Jacobian is computed analyti-
cally during the generation of the reaction rates.
Note that this evolution relation is at constant tem-
perature whereas the actual physics occurs at con-

stant enthalpy. In the future an additional solution
loop can be added to the present scheme to ensure
that enthalpy is conserved; however, this is not
believed to be necessary for current applications.

Previous investigators have applied various fil-
ters to the species concentration and source terms.
We have not implemented any filter because of the
Wind framework, which sweeps through the I-
planes in a zone to determine the chemical source
terms. This capability can be invoked through test
option 92. The value of this test option represents
the number of subiterations of the Pade approxi-
mation to be performed for each fluid time-step.

In order to investigate the impact of the operator
splitting on a stiff system of chemically reacting
equations, we have chosen to resolve the pre-
mixed H,-air flow through an axisymmetric nozzle.
The inflow conditions are Mach = 1.4, T = 1900K,
p = 0.081 Mpa, and fuel/air ratio= 0.3. The nozzle
radius is represented by r(x) = 0.5 + 0.5 sin(nx/4),
for 0 < x < 2; x is in meters. An axisymmetric grid of
5 x 101 was used to approximate the quasi-1D the-
ory. The results at the nozzle centerline are com-
pared with the results obtained by Drummond.!?
The operator-splitting scheme showed significant
improvements with the Wind point implicit scheme.
The full implicit scheme showed no advantage over
the point implicit scheme and requires more CPU
time than the former. The normalized CPU times
required to reach steady state at different CFL
numbers with different numbers of operator split-
ting subiterations are shown in Table 1. The nor-
malized time is based on the time required (1300
sec) by the baseline scheme to reach steady state
without any operator splitting.

Table 1. CPU Time Per Node-Iteration (microsec)/

Normalized Time To Convergence for Var-
ious Solutions To the Axisymmetric Nozzle
Case Using the Point Implicit Time Inte-
gration Operator

Subiterations CFL =0.10 CFL =0.15 CFL =0.20
1 Solution Diverged
2 228/0.336 Solution Diverged
3 332/0.510 Solution Diverged
4 445/0.885 508/0.391 452/0.337

* This simulation was performed using double precision for the
chemistry source terms.
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Figure 2 shows the convergence of the govern-
ing equation with and without the operator splitting.
The operator splitting has no impact on the conver-
gence or on the stability of the governing equations
in the explicit mode. However, it has a substantial
impact on the convergence and stability of the gov-
erning equations in the implicit mode. Figure 3
compares the results with and without the opera-
tor-splitting scheme vs. the results from Ref. 12.
The Wind results without the operator-splitting
scheme agree well with the quasi one-dimensional
results of Ref. 12. The results with the operator-
splitting scheme show a delay in the reaction time.

Test (92) =0, CFL = 0.05
Test (92) =5, CFL = 0.05
— —— Test (92) = 10, CFL = 0.20, Point Implicit

_10 1 1 1 1 1 1
0 800 1600 2400 3200 4000 4800 5600

Iterations
Fig. 2. Convergence History for Axisymmetric
Nozzle with Different Subiterations
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Fig. 3. Comparison of H, Dissociations with Differ-
ent Schemes

This delay in reaction happens with the opera-
tor-splitting whenever there is no geometric flame
holder to fix the ignition point; it needs to be consid-
ered when this type of computation is performed.

The CHMGR (Chemistry Manager) Utility

As can be seen from the preceding paragraphs,
three types of data are needed to execute a chem-

8

ically reacting computation: 1) thermodynamic data,
2) finite rate coefficients, and 3) transport proper-
ties. The CHMGR, a utility program supplied with
Wind, has been written to facilitate the assembly of
this data and to create the required .chm file. This
program can either create a .chm file from scratch
using included databases or modify an existing
.chm file. The program can be run in a menu-driven
text mode or through a user-friendly Graphical User
Interface (GUI). The GUI generates the text menu
commands and user input needed by the CHMGR
executable. The menu driver allows easy access to
various user-supplied or Wind library data sources.

To construct the thermodynamic data for the
.chm file from scratch, the user selects the thermo
data input option. Wind or NASA GRC can be
selected as the thermodynamic data file format to
be read. The data can be written out in Wind or
NASA GRC format. The NASA TP 3287 format is
not currently read or written by the chemistry man-
ager. A C, curve fit manager can also create the
thermo data. Tabulated values of C/R versus tem-
perature are input from a source such as the
JANAF tables to use this option. The data are fit to
a fourth-order polynomial in temperature. If data
are to be read, the directory containing the input
file is selected, and then the input file is selected.
The chemistry manager lists the specie names
contained in the file. Species can be added to or
deleted from the list. The specie data can come
from multiple databases if desired.

The transport property and the kinetic reaction
data are created similarly. The transport data can
be read in Wind or NASA GRC format. Construc-
tion of the reaction data for the .chm file is not fully
operational.

An option exists to select a Wind chemistry file
as a baseline model. The procedures outlined
above for creating chemistry files can also be used
to modify a baseline file. Detailed instructions for
using the CHMGR utility are given in the Wind Utili-
ties section of the online documentation.

Demonstration Cases

Two demonstration cases were computed to
examine the influence of third-body reactions and
effective binary diffusion on the flow-field solution.
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Mach 4.0 Shock-Initiated Combustion

The first case is a 10-deg wedge with a
freestream Mach number of 4.0 at 1 atm of pres-
sure. The gas is premixed H/air at a stoichiometric
ratio of one and at a temperature of 900 K, which is
below the ignition temperature of the mixture. This
case, previously computed by Shuen!® and Chi-
somboon,# indicates the effect of chemistry model
on temperature, pressure and molecular concentra-
tions. The chemistry model used by Shuen was a
14-step reaction set obtained by Hitch!® by reduc-
ing a more complete set compiled by Westbrook.16

No experimental data were given for this case.
Wind computations employed three different reac-
tion sets for this example: 1) the 17-reaction West-
brook model, 2) the 14-reaction Hitch model with
variable third-body efficiency,!” and 3) the 14-reac-
tion Hitch model with unity third-body efficiency.
Note, that the 1986 Hitch model used by Shuen
was derived from a Westbrook set, while the 1988
Hitch model was derived mostly from a Tsang reac-
tion set.’® The 1986 Hitch model was not obtained,
but it is assumed that it is not the same as the 1988
Hitch model. The Westbrook and Hitch reaction
sets input to Wind are shown in Tables 2 and 3,

Table 2. Westbrook Hydrogen-Air Reaction Model

Reacti St Dsfx Cs
eaction Sb Db/K Cb

O, = 0] + 0 0 5.7870E+04 5.12E+15
-0.28 0 4.67E+15

Ho = H + H 0 4.8309E+04 2.19E+14
0 0 3.02E+15

HO = OH + H 0 5.2838E+04 2.19E+16
-2.0 0 1.41E+23

OH = @] + H -1.0 5.2194E+04 7.94E+19
0 0 1.00E+16

HoOp = OH + OH 0 2.2896E+04 1.20E+17
0 —2.551E+03 9.12E+14

HO, = H + Oy 0 2.3097E+04 2.29E+15
0 -5.030E+02 1.66E+15

0O, + H =OH +0O 0 8.4430E+03 1.86E+14
0 3.4219E+03 1.47E+13

Ho + 0 =OH +H 1.0 4.4786E+03 1.82E+10
1.0 3.4973E+03 8.32E+09

H,O + O = OH + OH 0 9.2341E+03 3.38E+113
0 5.5300E+02 3.16E+12

HO + H = OH + Hy 0 1.0215E+04 9.54E+13
0 2.5916E+03 2.19E+13

HOo, + OH = HO + HOp 0 9.0579E+02 1.00E+13
0 1.6500E+04 2.82E+13

HO, + O =OH + Oy 0 5.0322E+02 5.01E+13
0 2.8487E+04 6.45E+13

HO, + H = OH + OH 0 9.5611E+02 2.51E+14
0 2.0179E+04 1.20E+13

HO, + H = Ho + Oy 0 3.5225E+02 2.51E+13
0 2.9086E+04 5.49E+13

HO, + OH = H)O + O 0 5.0322E+02 5.01E+13
0 3.7167E+04 6.31E+14

H,O, + O) = HO, + HO 0 2.1457E+04 3.98E+13
0 5.0322E+02 1.00E+13

HO, + H = HO, + Hp 0 1.8871E+03 1.69E+12
0 9.41022+03 7.24E+11
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Table 3. Hitch Hydrogen-Air Reaction Model with Third Body Efficiency

Reaction S¢ Di/x Cs
H + H = H, -1.30 0 5.44E+18
Third Body Efficiency 2
H0 18.3
Ho 2.5
H + OH = H»xO =2.0 0 2.21E+22
Third Body Efficiency 2
H0 6.3
Ho 2.5
H + 02 = HO, -1.62 0 2.08E+20
Third Body Efficiency 2
H,0 16.25
Ho 2.6
HO» =0 + OH -0.43 3.2206E+04 6.80E+19
Third Body Efficiency 0
Ho0» = OH + OH —4.86 2.6776E+04 1.29E+33
Third Body Efficiency 2
H,0 6.0
Ho 25
Ho + OH =H,0 +H 2.0 1.4890E+03 6.38E+06
(o)) + H = OH + O -0.9 8.7459E+03 1.69E+17
Ho + O = OH + H 2.80 2.9780E+03 1.08E+04
HO, + H = Hy, + Oy 0 1.0693E+03 6.62E+13
HO, + H = OH + OH 0 4.3971E+02 1.69E+14
HO, + O = OH + Oy 0 -1.998E+02 1.75E+13
HO, + OH = H,0O + O, -1.0 0 1.45E+16
H,O, + H = HO, + H, 0 3.9715E+03 4.82E+13
HO> + HOy = HyOr + O3 0 0 1.81E+12
respectively. These tables are in Wind format with = Z G
the exception of the representation of the stoichio-
metric equations. Only the nonunity values of third- T = 900K
body efficiency are shown in the Hitch table as indi- p: =0.101325 Mpa
cated. M, =4
o=1

A plot of the pressure contours computed by
Wind is shown in Fig. 4 to define the case geome-
try and indicate the shock location. The overall
dimensions of the solution domain are 3 x 2 cm.
The wedge starts at 1 cm and is 2 cm long. The
dark, thick group of contour lines indicates the
location of the shock wave that initiates combus-
tion by increasing temperature.
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Fig. 4. Wind Static Pressure Contours on Mach Wedge
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Figure 5 shows the effect of variable third-body

efficiency on the extent of the combustion region.
In this plot, the results for third-body efficiency = 1
have been flipped 180 deg for comparison with the
variable third-body model.

The combustion regions lie under the dark

group of H,O contours. It can be seen that the
higher third-body efficiencies of H,O and H,, and
thus increased dissociation reaction rates, create a
thicker combustion zone. The computation was
also run with variable third body efficiency and the
Wilke diffusion model instead of the effective
binary diffusion model. Since there was very little
difference in contours for the two diffusion models,
the Wilke contours are not plotted.

In Figs. 6 through 9, the results of the Wind

models are compared with each other and with the

results presented in the paper by Shuen. Figure 6
shows the predicted pressures along a line 0.13
cm above the lower wall. The Wind results with
variable third-body efficiency and effective binary
diffusion are indicated by the curve labeled Hitch
3BD. The Wind results without these models are
labeled Hitch. It can be seen that the Hitch curve is
closer to the Shuen curve, while the Hitch 3BD
curve is closer to the Chitsomboon curve. The
beginning of the pressure rise is similar for all the
curves, and the rise in pressure is similar for all but
the Chitsomboon curve. The final pressure of the
Hitch curve is highest, while the Chitsomboon and
three-body curve result in almost the same peak. It
is unexpected that the faster, third-body rates
would lower the final pressure. However, these
results are only along a single line, and the peaks
for the whole flow field were close.

Variable Third Body
Efficiency and
Effective Binary
Difusion Included

Efficiency Multiplier =1

H,O Mass
Fraction
0.197

0.131

0.066
0.000

Fig. 5. Effect of Variable Third Body Efficiency on Combustion Region
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Chitsomboon et
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35
3.0
25
2.0
15
1.0
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0 ! 1
0 3
X, cm
Fig. 6. Comparison of Pressure 0.13 cm off
Lower Wall
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Fig. 7. Comparison of Temperature 0.13 cm off
Lower Wall
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Fig. 8. Comparison of H,O Concentration 0.13 cm
off Lower Walll

Figure 7 shows the nondimensionalized tem-
perature results along the same 0.13-cm line. The
first four curves in the legend are Wind results for
four different chemistry/diffusion models. The first
two curves include variable third-body efficiency
with and without effective binary diffusion. Effective
binary diffusion shifts the temperature curve very
slightly upstream. There are some oscillations near
the inflow boundary in the Shuen and Chitsomboon
curves, but the onset of combustion is essentially
the same for all curves at approximately 1.4 cm
from the inlet boundary. The Wind results ramp up
later than the two other computations in the 2-cm
region. The Wind Hitch results level off at about the
same final value as the twp reaction global model
used by Chitsomboon, while the Westbrook reac-
tion model temperature continues to climb similar
to the results of Shuen. The Hitch models with vari-
able third-body efficiency are seen to significantly
shift the temperature curve upstream compared to
the Hitch model with constant efficiency. However,
a slightly lower temperature peak results. All the
Wind Hitch models result in a flat constant temper-
ature section near the outflow boundary. These
curves appear to have hit a limit. It is suspected
that this is the result of using the equilibrium con-
stant predicted from the thermodynamic data to
obtain the backward rate coefficient, since the
Wind Hitch model used the thermodynamic equilib-
rium constant, while the Wind Westbrook model
used both forward and backward Arrenhius rates.
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Fig. 9. Comparison of H, Concentration 0.13 cm
off Lower Wall

The amounts of H,O predicted along the 0.13-
cm line are shown in Fig. 8. The Shuen computation
results in the highest concentration of H,O, while
the Chitsomboon curve is substantially lower than
the rest. Since models with and without effective
binary diffusion were very close, only one variable
third-body curve is shown. The model with variable
third body efficiency is seen to peak lower than the
model with constant efficiency. The shapes of all
the curves except the two-reaction global model are
similar. Ignition is delayed in the Shuen results com-
pared to the Wind results; however, the major ramp-
up of H20 is approximately half a centimeter further
upstream for the Shuen curve.

The consumption of H, along the 0.13-cm line
is indicated in Fig. 9. The results are consistent
with the H,O production curves. It can be seen that
the global reaction model used by Chitsomboon
again deviates substantially from the other compu-
tations. The other models agree reasonably well
with the same trends as the H,O curves. The vari-
able third-body efficiency is seen to result in less
H, consumption along this line.

Subsonic Diffusion

A low Mach number mixing layer case was
computed to examine the influence of diffusion
model on molecular concentration. The demonstra-
tion case is for axisymmetric mixing of air with
hydrogen. For this case, hydrogen is injected at
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Mach 0.043 through a 0.381-cm radius tube at the
center of a 15.25-cm radius pipe in which air is
flowing at Mach 0.043. As indicated above, Wilke's
formula computes an averaged diffusion coefficient
that is applied to each species, while the effective
binary diffusion model computes an individual diffu-
sion coefficient for each species with the mixture.
The previous high Mach number premixed case
showed little sensitivity to the diffusion models con-
sidered. However, in Fig. 10, where the zero H,
contour line indicates the mixing layer thickness, a
substantial difference is seen between the two
models. Not only is the mixing layer much thicker
for binary diffusion, but the layer is also more sta-
ble, as indicated by the wavy contours near the
axis of symmetry for the Wilke case. Figure 11
shows a cross-stream plot of the H, concentration
at the outflow boundary. It is seen that the binary
centerline value is 20 percent lower than the Wilke
value and that the effective binary curve extends
beyond the Wilke curve.

Future Upgrades

While Wind has a very general chemistry capa-
bility, there remain some improvements that might
be desirable. The option to include third-body effi-
ciency should be included in the next Wind release.
Also, a default method of computing thermody-
namic properties beyond the low-temperature
range may be included. Inclusion of turbulence
chemistry interactions may be desirable, especially
for low Mach number application.

A large difference in molecular weights on
highly stretched grids has been known to reduce

0.8
0.7 —_— = - Wllke. .

\ — Effective Binary
0.6

Mass Fraction H,
°© o o
w » a1

©
N}

0.1

15

Y,cm

Fig. 11. Concentration of H, at the Outflow Boundary

stability in some cases. It may be desirable to
investigate methods of increasing robustness for
these cases. Full, implicit solution of the bulk flow
conservation equations together with the specie
conservation equations and additional or improved
smoothing might also increase robustness.

The multicomponent thermodynamic properties
should be fully implemented for post processing.
Accurate computation of multispecies total condi-
tions requires computation of entropy to evaluate
isentropic processes. Computation of entropy
using the curves above should be included in post
processors.

A multiphase module is currently being added to
increase the range of application. The model being
added employs Lagrangian particle tracking and
will include drop evaporation and spray injection.

P =145

T =300 Effective Binary Diffusion Edge of Diffusion Layer

M = 0.043

_____ S
,/" I S

P=145

;::%0843 Wilke Diffusion Edge of Diffusion Layer

== e ——— — —————

Ocm 90 cm

Fig. 10. Comparison of H, Diffusion Layer Thickness for Mach 0.043 Flow
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Summary

A number of updates have been incorporated in
Wwind to improve the efficiency, accuracy, and
robustness of the flow solver. Thermodynamic
properties can be included using current NASA
GRC formats. Third-body efficiency and binary dif-
fusion models have been developed, and the influ-
ence of these models has been examined. The
Pade method, which accounts for disparate time
scales in systems of ordinary differential equations,
has been incorporated in order to solve the species
conservation equations in an efficient and robust
manner. The Wind program continues to be
upgraded as more efficient and/or accurate meth-
ods become available.
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