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1 Introduction

Direct Numerical Simulation (DNS) of turbulent combustion involves the solution of the augmented
Navier—Stokes equations without modelling of the turbulence, and with an adequate treatment of the
chemistry and the molecular transport of momentum, heat and mass. Ideally the chemical reaction
mechanism would be represented in fully detailed form, as would the various mechanisms of molecular
transport, and a separate balance equation would be solved for the mass fraction of every chemical
species present in the reacting gas mixture. Such a full treatment remains computationally unaffordable
for practical simulations, and some degree of compromise is necessary in order to make progress.

The SENGA2 code was derived from the earlier SENGA code [1] which remains in use for DNS with sim-
plified chemistry. The purpose of the SENGA2 code is to facilitate combustion DNS with any desired level
of chemistry, from single-step Arrhenius mechanisms through all classes of reduced reaction mechanisms
up to fully detailed reaction mechanisms wherever this is feasible computationally. Molecular transport
can be represented using any type of Fickian diffusion law or more complex treatments. A simple treat-
ment of radiation heat transfer is included. The Navier—Stokes momentum equations are solved in fully
compressible form together with the continuity equation and a conservation equation for the stagnation
internal energy, as well as any required number of balance equations for species mass fraction. Each
component of the reacting mixture is assumed to obey the equations of state for a semi—perfect gas.
Boundary conditions are specified using an extended form of the Navier—Stokes Characteristic Boundary
Condition (NSCBC) formulation [2, 3], and available boundary condition types include periodic as well
as several varieties of walls, inflows and outflows.

The numerical framework is based on a high—order finite-difference approach for spatial discretisation
together with a Runge—Kutta algorithm for time—stepping. Spatial differencing schemes are implemented
in the code through a set of modular spatial differentiator routines, and examples of those tested include
Fourier spectral schemes and high—order Padé finite—difference schemes [4]. High—order explicit schemes
are preferred due to their speed of execution and ease of parallel implementation, and a 10th order
explicit scheme is standard for interior points. The accuracy of the scheme is reduced to 8th, 6th and 4th
order as a non—periodic boundary is approached. For time—stepping, the Runge-Kutta algorithm may be
adjusted to have any number of sub—steps in order to achieve the required order of accuracy. Adaptive
time-stepping is available with error control using an embedded Runge-Kutta scheme. The standard
time-stepping algorithm is a five—step fourth—order explicit Runge-Kutta method with a third—order
embedded scheme [5] together with a PID—type time step controller [6]. The code is fully parallel using
domain decomposition over a Cartesian topology.

The chemical and thermodynamic data required for each simulation is handled in a compact tabular
form in order to maximise computational efficiency during a simulation. A pre—processor code called
PPCHEM is available to convert the chemical and thermodynamic data from a simple text—based format
into the required form for input to SENGA2. Another pre—processor code called PPDIFF is available to
convert the data required to treat molecular transport using a mixture—averaged formulation.

2 Mathematical Formulation

2.1 Governing Equations

The governing equations to be solved using DNS are the partial differential equations for compressible
reacting flow, consisting of the continuity equation
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and the internal energy equation
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supplemented by an equation for the mass fraction of each of the N chemical species present in the
reacting gas mixture
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The thermal equation of state for the mixture is
N
Y.
=pRT Y = 5
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while the caloric equation of state provides the definition of the stagnation internal energy as

N
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where the enthalpy of species « is defined as
T
he = / CpadT + h2, (7)
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in which Cj, is the mass—based specific heat capacity of species o and h? is the species enthalpy at the
reference temperature Ty. The viscous stress tensor is given by
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In the energy equation (3), the quantity ¢ is the heat flux vector and is discussed in section 2.3, while
the quantity ¢r is a radiation heat transfer term discussed in section 2.4. The species mass fractions are
subject to the compatibility condition

N
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while the diffusion velocities must satisfy the compatibility condition

N
> pVarYe = 0. (10)
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For a reaction mechanism involving M steps of the form
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the chemical production rate w, for species « is expressed as
M N
Wo =Wa Y (Vi = Vi) k(D) [ ¢4 (12)
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where the specific reaction rate coefficient k,,(T) is given by the Arrhenius expression

km(T) = ApT"™ exp <%) (13)



and the concentration cg of species 3 is related to mass fraction by

pY;

For the reaction rates the compatibility condition is

N
> wa =0, (15)

2.2 Thermodynamic Quantities

For a semi—perfect gas, the molar specific heat capacity at constant pressure C_'pa is known to depend on
temperature, and for present purposes the dependence is represented in an approximate manner using a
polynomial of the form

J
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where the degree J — 1 of the polynomial is typically taken to be 4 or 5. The polynomial coefficients
ag? may take different values for each species « in different intervals [ of temperature. For example, the
popular CHEMKIN database [7] uses polynomials of degree 5 with two temperature intervals: for most
species the intervals are 0 < T' < 1000K (I = 1) and 1000K < T < 3000K (I = 2). The molar enthalpy
for each species is given by integrating over L successive temperature intervals [ = 1,..., L to yield the

recursive formula
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where the reference temperature Tj has been taken at 0K, and h((lL_l) denotes the enthalpy at the lower

end of the current (Lth) temperature interval. The last two terms may be combined to form a single
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and the final form for the molar enthalpy becomes
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Similarly, the molar entropy for each species may be found using the definition
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substituting for C'pa and integrating over successive temperature intervals to give
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where once again the formula may be applied recursively, and s&Lil) is the entropy at the lower end of

the current temperature interval. Combining the last three terms to form a single coefficient a((f.)] 4o, the
final form for the molar entropy is

)
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The mass-based specific heat capacity Cp, is given by

Cpo = 2 a® i1 _ Za(l) Ti-1 (22)

where the mass-based polynomial coefficients are defined as
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Then the mass-based specific enthalpy for each species is
I o&)
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and the mass-based specific entropy for each species is
o)
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2.2.1 Temperature
The temperature may be obtained using the caloric equation of state (6) in the form
al 1
E= Z Yaha = BT + Sukus (26)
where the specific gas constant for the mixture is
N
=Y YR (27)
a=1
Substituting the polynomial form of the species enthalpy h, from (24) gives
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and gathering terms in successive powers of T produces the polynomial
1 N
1
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which may be used to form the non-linear algebraic equation f(7T) = 0 whose solution determines the
temperature.



2.3 Molecular Transport
2.3.1 Constant Lewis Numbers

By default, the molecular transport coefficients are represented using the relationship [8]
A T\"
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for the mixture thermal conductivity A, where Cj, is the mixture value of the specific heat capacity at
constant pressure, and Ay, r and T are constants. Then the mixture dynamic viscosity p is given by
A
= —Pr 31
aires (31)

where Pr is the mixture Prandtl number which is taken as a constant.

The diffusive mass flux for species a may be represented using Fick’s law as:
oY,

VakYo = —pDg, 32
PVok PDag (32)
in which the diffusion coeflicient D,, for each species is given by
A
Dy=——F— 33
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where Le, is the Lewis number. The standard approach assumes that Le, is constant for each species.

In this approximation the heat flux vector is given by

N
oT
dk = 7)\6—% + pVa,kYaha (34)

a=1

2.3.2 Mixture Averaged Transport

As an alternative, the molecular transport coefficients for the mixture are assembled from molecular
transport data for each individual species. This approach is more accurate, and also allows for greater
generality in the treatment of molecular transport phenomena. For the diffusive mass flux, Fick’s Law is
replaced by
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where D, is now the mixture—averaged diffusion coefficient for species o, The quantity dAmk is given by
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where W, is the effective molar mass for the mixture given by
N
1 Y,
W= W (37)
a=1
The second term on the right-hand side of (35) represents the thermal diffusion flux or Soret effect. The
quantity é&T) is the mixture—averaged thermal diffusion ratio for species a. The heat flux vector is written
as
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where A is now the mixture—averaged thermal conductivity, and the final term represents the diffusion
thermal flux or Dufour effect. For completeness it should be noted that the viscosity (see eq.8) is also
now a mixture—averaged quantity.

Values of the viscosity p, and thermal conductivity A, for each species, together with values of the
binary diffusion coefficients D,g and thermal diffusion ratios éi? for each pair of species, are obtained
using a set of polynomial fits to molecular data. The polynomials take the form [9]
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while the form of the polynomial for the thermal diffusion ratio is slightly different due to its weaker
dependence on temperature:

J
0 =" cap 1971 (40)

The polynomial coefficients aq,j,ba,;, cag,; and dag,; are constant, and are precomputed and stored. Note
that all of the polynomial fits are evaluated relative to a reference temperature T and for the binary
diffusion coefficients, also relative to a reference pressure pg. For pressures other than the reference
pressure, the binary diffusion coefficients are given by

Po
Dag = Dgpgo)g (41)

A set of combination rules is used to obtain the mixture—averaged transport coefficients from their
species or species—pair values. For the viscosity, the combination rule is [10]
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where X, = Y, W,,/W, is the mole fraction of species «, and
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For the thermal conductivity, the combination rule is [11]
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and for the mass diffusivity, the combination rule is [12]

N
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Finally, the combination rule for the thermal diffusion ratio is [13]
N
00 = 3" 0 X, (46)
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2.3.3 Diffusion Correction Velocity

Using either constant Lewis numbers or mixture—averaged transport does not guarantee that the con-
tinuity equation will be recovered when all N of the species mass fraction equations (4) are summed.
Instead, this procedure yields
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where the compatibility conditions (9) and (15) have been applied to the mass fractions and reaction
rates respectively. The quantity mG is not the true diffusion velocity but instead is an approximate value
resulting from the use of either constant Lewis numbers or mixture—averaged transport. In general, the
approximate value Va, 1 does not not satisfy the compatibility condition (10). Hence, by comparison with
the continuity equation (1), it is clear that the quantity on the right-hand side of (47)is an error term.
This term can be removed by making a correction to the approximate diffusion velocity according to [14]:

PV = PV + pVi9 (48)

where the diffusion correction velocity Vk(c) is given by the expression

N
PV == pVasYa (49)
a=1

Applying the compatibility condition (10), the modified form (48) ensures that the continuity equation
(1) is recovered as required.

2.4 Radiation Heat Transfer

A simple approach to radiation heat transfer is implemented using the assumption that the reacting
mixture is optically thin. It is also assumed that most of the thermal radiation interaction arises from a
small subset of the species in the mixture. The rate of radiation heat transfer is given by [15] as

Gr = —4ospKg (T* — T) (50)

where ogp is the Stefan—Boltzmann constant, Tt is the reference temperature and K is the Planck mean
absorption coefficient for the mixture. The Planck mean absorption coefficients for individual species are
obtained from a polynomial expression:

J
Kpo = Z A jT71 (51)
j=1

where the coefficients A, ; are constant. For the data provided in [15] the number of coefficients J = 6
for each participating species (taken as CHy, CO, CO5 and H20O). For all other species Kr, = 0. The
combination rule for the Planck mean absorption coefficients is

N
Kr=> Kgopa (52)

a=1

where p,, is the partial pressure of species « in the mixture.



2.5 Reaction Rate

Evaluation of the chemical production rate w, for species mass fraction makes use of the general formu-
lation expressed by (12)-(14). There is a summation over all steps in the reaction mechanism

M
Wo = Wa Z wa,m (53)
m=1

where W, m, is the molar production rate of species a in the step. Each step in the reaction mechanism
may involve one of several possible special cases.

2.5.1 Forward Reaction Rate

For a forward reaction step as expressed by

N N
Z l/(;,m./\/ta — Z l/g,m./\/la (54)
a=1 a=1

the molar production rate Wy, is given by

N
Daim = (Vi = Vi) b (T) ] €57 (55)
B=1
with k,,(T') given by (13) and cg by (14). This is the simplest and most common type of reaction step.

2.5.2 Backward Reaction Rate: Gibbs Function

In cases where a reaction step m is specified using the equilibrium notation

N N
! 1
Z Vo mMa = Z Vil mMa (56)
a=1 a=1

the molar production rate for a single species is given by

N N
Dom = (Vo = Vi) | Kpm (D) [[ 5™ = Fom(T) [] 2 | - (57)
B=1 B=1

Often, only the data for the forward rate coefficient ks ,,,(T") are supplied, and it becomes necessary to
evaluate the backward rate coefficient ky, ,, (1) using the equilibrium constant for concentrations

N
Ko = [ ) = Kp.m. (58)
c,m — 11 o = kf,m

The relation between K. ,, and the equilibrium constant for partial pressures Kg,m is given by

Ko = KO (P0)" (59)
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where p is a reference pressure used to make K, dimensionless, and Av,, = 25:1(%/,771 — Vgm) is the

difference in the total number of moles between reactants and products. In turn, Kgm is related to the
change in the molar Gibbs function according to

N
RTIKY, =AGm = Ga(Vil = Vi) (60)
a=1
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where G, = ho — T3, is the molar Gibbs function for species .. Using (18) and (21), g, can be expressed
conveniently as
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Writing &y, and kp., in Arrhenius form according to (13), and using (58) together with (59) and (61)
yields a set of expressions for the parameters of the backwards reaction rate coefficient

InAy,m = InAg,,
N P,
+ Z(Vg,m - V&,m) |:a‘g¢L,1) - a((xL.)]-l-Q +1 (R%>:|
a=1
— WA}, (T) (62)
N
Nom = MNfm — Z(Vg,m - V;,m) [@é,l + 1} (63)
a=1
N
Ep E¢m _
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a=1

Note that there is a non-Arrhenius contribution to (62) denoted by In A7, (T'). This term arises from
the temperature dependence of Cp., and is given by

In Ay, (T) = (65)
a:l J(J + 1)

J:2

Due to this term the backward rate coefficient kj ,, has a temperature dependence over and above that
indicated by the Arrhenius form. This means that the contribution In AY (T) cannot be computed
in advance and hence ky ,, must be evaluated “on the fly” during a simulation. This may be done by
combining (58)-(61) to yield

In ke = 1nkfm+z v (lgg‘T-i—ln%—lT) (66)

2.5.3 Third Bodies

In cases where a reaction step m is of the form
N N
S VoMo +M =D VL Mo+ M (67)
=1 a=1
the molar production rate for a species « is given by
N ’
Wam = (Vg,m — V;,m) km (T)enr H cﬂﬂ' . (68)
where the concentration cp; of the “third body” M is given by
N
CM = Z Mo, M Cox (69)
a=1
in which the coefficients 1, as are the third-body efficiencies for M.
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2.5.4 Lindemann Forms

Some three-body reaction steps may have a specific reaction rate coefficient & which depends on pressure
as well as temperature. The simplest representation is the Lindemann form [16]:

P
= F
kL,m koo,m <1 + PT) m (70)

where koo m is the rate coeflicient in the limit of high pressure and F,, is a constant normally taken equal
to unity although other values may be specified instead. The quantity P, is a “reduced pressure” defined

as

P = bo.m M (71)

koo,m

where kg ,, is the rate coefficient in the limit of low pressure and cj; is the third-body concentration as
defined in (69). Both koo m and ko, have the standard Arrhenius form (13). A Lindemann reaction step
requires the specification of seven values, i.e. the three parameters A, n and E for each of ks, and
ko,m, together with the value of F,.

2.5.5 Troe Forms

For some pressure-dependent three—body reaction steps the Lindemann form is found to be insufficient
and the Troe form is preferred [17]. The Lindemann representation (70) is retained with the reduced
pressure P, defined as in (71), but now F), is specified as a function

-1

log P, + ¢ 2
log F,, = |1 log Feen 72
o " <n—d(10gPr+C)> o8 Heent 2
The quantities ¢ and n are defined as:
c=c1 —clog Feent; 1 =n1 —n210g Feent (73)

where the standard values are ¢; = —0.4, co = 0.67, n; = —0.75, no = 1.27 and d = 0.14. The function

Fient is given by
T T T
Feent = (1 — @) exp < T***) + aexp (ﬁ) + exp ( T > . (74)

A total of fifteen values must be specified for a Troe step, consisting of the three parameters A, n and F
for each of ko and ko m, the quantities o, T, T* and T™**, and the constants c1, ¢z, n1, ne and d.

2.5.6 SRI Forms

A third form for pressure-dependent three-body reactions is due to SRI International [18]. Again the
Lindemann representation defined by (70) and (71) is retained, but now the function F, is defined as

= o () e (-2)] 1 -

where d and e are normally set to unity, and X is given by

1

= — 76
1+ log?® P, (76)

Each SRI step requires eleven values, which are the three parameters A, n and E for each of k ,, and
ko,m, together with the five constants a, b, ¢, d and e.
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2.6 Boundary Conditions

The boundary conditions are specified according to the NSCBC (Navier—Stokes Characteristic Boundary
Condition) formalism [2, 3]. At the boundary, the governing equations may be restated in conservative

form as [3]
ou (n) ®

ot + V) C"+ V- CY =D+s (77)
where the vector of conservative variables is given by U = {p, pu, pv, pw, pE, pYo}T, and where C is
the vector of convective fluxes, D is the vector of diffusive fluxes, s is the vector of source terms and
the subscripts (n) and (¢) denote the normal and tangential directions to the boundary. The NSCBC
formalism operates within the Local One-Dimensional Inviscid (LODI) approximation, in which the
tangential convective terms and all molecular transport terms are neglected for the purposes of the
boundary-condition analysis. The conservative form of the LODI equation set is:

aa—ttj + V(n) . C(n) =S (78)
in which C™ = {pup,, punus + pn1, prna + pdn2, puntis + péns, pun E + pin, pun Yy }” is the boundary-
normal convective flux vector and s = {0,0,0,0,0, wa}T is the vector of source terms.

The characteristic analysis proceeds using a vector of primitive variables which may be defined in
terms of pressure as U = {p,u, v, w,p, Y,}T. Derivatives of the convective and primitive variables are
related using the Jacobian matrix P given by

Tl 0O 0 0 0 0 O 0 7
u p 0 0 0 0 0 0
v 0O p 0 0 0 0 0
w 0 0 p 0 0 O 0

P— U _| E-CT pu pv pw ﬁ ph1  pha phn (79)

ou Vi 00 0 0 p 0 0
Ya 0O 0 0 0 0 p 0

L Yw o 0 0 0 0 0 .. p |

where C, is the specific heat capacity at constant volume for the mixture

N
Cy =Y YaCha, (80)
a=1

~ is the ratio of specific heats for the mixture

— CP _ Zivzl YO‘CPQ

=—P — 81
Co a1 YaCua o
and hq is the augmented species enthalpy given by
~ R,
ho = ho — CpyT—. 82
TR (5

The boundary-normal convective fluxes C™ may be related to the spatial gradients of the primitive
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variables according to C(™ = Q™). (V(n)S) where the matrix Q™) = 9C™ /9U =

U, PO1n Pon PI3n 0 0 0 0 T
UL Uy, p(tn + u161s) puidoy pu1dsy d1n 0 0 0
Uy, pu2d1y p(un, + u2d2y,) pu2d3y d2n 0 0 e 0
U3 Uy, PU301y pu3zdon p(tn +usdsn)  Isp 0 A 0 L OA
un(E — C,T) Q5,2 Q5,3 Q5.4 1 punhy punhe ... puphy
unYl pY151n pY1 5271 pY1 5371 0 PlUn 0 e 0
Un YN pPYNO1n pPYNOon pPYNO3n 0 0 0 . Pun |

in which the terms Qs i+1 = (pE + p)oni + punu; fori=1,...,3.
Using these definitions the LODI equations (78) may be expressed in terms of primitive variables as

ou
E + A(n) : (V(H)U) =S (84)

where the matrix A(™ is given by

_ Unp P51n 05271 p(SSn 0 0 0 0 i
0 un 0 0 6w/p 0 0 0
0 0 Un 0 Ganfp O 0O 0
0 0 0 Up  O3n/p 0 0 0

Al — P’lQ(”) = 0 ypdin YPé2n YPI3n Un, 0 0 0 (85)

0 0 0 0 0 U, 0 0
0 0 0 0 0 0 up 0

L0 0 0 0 0 0 0 ... wuy |

and the corresponding vector of source terms for the primitive variables is s = {0,0,0,0,s,, wo }7 where
N
Sp = 7(7 - 1) Za:1 hawWe.

A final transformation into characteristic form is achieved through the decomposition A(") = S A(?) (S(”)) !
where A is the diagonal matrix of the eigenvalues of A(™. The eigenvalues are listed in order as

)\Sn) = (Up — @), Un, Up, Upyy (Up, + @)y Uy .o Uy With 7 = 1,... N + 5, in which a is the speed of sound
for the mixture given by a®> = yR,,T. The columns of the matrix S are the right eigenvectors of A(™):
[ 1/a® 1 0 0 1/a> 0 0 0
751n/p0, 0 1- 51n 0 51n/pa 0 0 0
752n/p0, 0 51n 5371 52»”/[)(1 0 0 0
753n/p0, 0 0 1-— 5371 53»”/[)(1 0 0 0
g(n) — 1 0 0 0 1 00 0 (86)
0 0 0 0 0 10 0
0 0 0 0 0 0 1 0
L 0 0 0 0 0 0 0 ... 1]

The characteristic form is obtained by premultiplying (84) by (5(7‘))71 to yield

ou™
oA pn) _ g(n)
5 +L S (87)

13



where the vectors oU™ /ot, LM and S are given by

1¢) Oy ] (un—a) ( Op Oun _ _
( = pa%) (65” Pz, 35
9 _ 19p u, (2o — 1 op L
ot — a? ot n\ 3z, ~ a? Oz, “azsp
o) _0
ot (u1 + (UQ — U1)51n) Bm ( (V51 + (UQ — U1)51n) 0
o) o)
a7 (U3 + (UQ — U3)53n) Un 75— (U3 + (UQ — ’u,3)53n) 0
au(n) ot Oxy,
o0 = | 1(2 4 palee LY = e (o peon) |3 ST = L,
t 2 ot T P75 2 an P, 2
oYy w, oYL w1
ot 9y,
oY dYs wWo
ot M Oxy, .
BYN BYN L wN -
L ot - L Ungz, Oxp, _

(83)

In physical terms the vector OU(™ /Ot describes the amplitude variations of waves travelling across the

boundary at the speeds given by the eigenvalues A?'. The vector £

=AM (SM) ™. (V(,,)U) describes

the contribution to the amplitude variations due to spatial gradients of the primitive variables, while the
vector S(™ describes the contribution due to chemical reaction.

The vector £ is of central importance to the NSCBC formalism. The elements £§”> and Eé") describe
the left-running and right-running acoustic waves respectively, while the remaining elements describe

the convective transport of entropy (Eg")), transverse velocity components (Egn)

and Ei")), and species
mass fraction (Egi)a) Manipulation of these elements allows for many different boundary conditions to
be set in a physically consistent manner, as described below. Once the manipulation is complete, it is
necessary to reconstruct the boundary-normal convective flux vector C™ in the conservative form of the

equations. This is commonly done in two stages by pre-multiplying the characteristic form (87) by the

matrix S to yield

where d(™ = §(™) £(n)

tive form (78

(87) by the matrix product PS(™) =

ou
ot

+d™ =5

(89)

= A(m)- (V(n)U), and then by pre-multiplying (89) by P to return to the conserva-
). Alternatively the same procedure may be carried out in a single step by pre—multiplying

T 1/ 1 0 0 1/a? 0 0 0
(u—adin)/a®  u  p(l—61p) 0 (u+ adn)/a®> 0 0 0
(v —aday)/a® v pO1n pO3n, (v + adan)/a® 0 0 0
(w— adsp)/a®  w 0 p(l = 63,) (w+ads,)/a® O 0 0

Es5 Es9 Es3 Es4 Ess ph1  ph phn (90)
Y1 /a? Y 0 0 Y1 /a? p 0 0
Ya/a? Ys 0 0 Ys/a? 0 p 0
L YN/a2 YN 0 0 YN/(I2 0 0 14
where
E-C,T u v w 1
E51 = ) - _5171 _5271 _6371 + —
a -1
Esy = E—C,T
Ess = plu+ (v—u)din)
Ess = p(w+(v—w)dizn)



E-C,T

u v w
Ess = ——5—+ —01n+ —02n + —03n +
a a a a

1
—_— 91
— (o1)
Finally the new value of C("™) obtained using the LODI analysis must be used to replace the original term
in the full conservative form of the equations (77).

It should be noted that it may be necessary also to impose boundary conditions on the diffusive flux
terms D in order to meet the theoretical requirements for the Navier—Stokes equations [2]. This is done
in an ad-hoc manner as indicated below.

2.6.1 Outflow Boundary Conditions

Subsonic Non—reflecting Outflow
An acoustically non—reflecting outflow boundary condition may be imposed by allowing outgoing acoustic
waves to leave the domain while setting the amplitude variation of any incoming acoustic waves to

zero. On a left-hand boundary the right-going wave amplitude variation is Eg"), while on a right-hand

)

boundary the left-going wave amplitude variation is L',g" . The non-reflecting outflow boundary condition

is then given by
L = Sy (left);
£ = 8 (right). (92)

Often it is desirable to impose a partially—reflecting boundary condition in order to allow the pressure at
the boundary to track some required value po,. This is done using the prescription

L5 = S5+ sra(l—M*)(p—pu) (left);
L7 = S+ Fral - M*)(p-ps) (right) (93)

where o is a constant having the value 0.287, L is the length scale of the domain in the boundary—normal
direction and M is the Mach number.

The diffusive flux vector D is modified by imposing the conditions

OTin dqn 0
0z, 0; oz, 0 8xnpva’" «=0 (94)

(where no summation is implied) on the normal and tangential components of the viscous stress tensor,
the heat flux vector and the diffusive flux vector.

2.6.2 Inflow Boundary Conditions

Subsonic Non—reflecting Laminar Inflow
An acoustically non—reflecting inflow condition may be set using the wave amplitude variations according
to

£ = S5 (left);
£l = S (right) (95)
together with
L8 =8 LYV =0; £V =0, £ =851 (96)
as well as the viscous condition 5
Tnn
— =0. 97
oz, (97)
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(with no summation). Note that this boundary condition does not allow for explicit control over the
values of the primitive variables which instead are calculated as part of the solution. In particular this
boundary condition does not allow the velocity components u; to be be imposed at the boundary, and so
this boundary condition cannot be used to specify a turbulent velocity field at the inlet.

Subsonic Reflecting Inflow With Specified Temperature

This condition is set by imposing the values of temperature 7', all three velocity components wu; and all
species mass fractions Y, at all points on the boundary. If required, any or all of these variables may be
specified as functions of time, and hence this condition does allow for a turbulent inflow condition. The

viscous condition
OTnn

oxy,

(no summation) is also imposed. The density p is not specified as part of the boundary condition and
must be calculated as part of the solution. The LODI form of the continuity equation is

=0 (98)

5+[cg>+ﬁ(cg>+c§>)]=o (99)

and hence the values of Eg"), Eé") and Eg") are required. These are obtained from the primitive variables
as

Eé ) = £§ ) _ pa—- (left);
n n a n .
£§ ) = Eg )4 pa% (right);
N
m _ POT A=l s 1 p
i (,cl + Ll ) +pwaz::1 o (100)

It is clear from these relations that the time derivatives of the normal velocity component u,,, temperature
T and species mass fraction Y, must also be specified at the boundary.

Subsonic Reflecting Inflow With Specified Density

This condition is set by imposing the values of density p, all three velocity components u; and all species
mass fractions Y, at all spatial points on the boundary. All of these variables may be constant or they
may be specified as functions of time. The viscous condition

OTnn

0z,

=0 (101)

(no summation) is also imposed. The internal energy pF is not specified as part of the boundary condition
and must be calculated as part of the solution. The LODI form of the energy equation is

5PE +(E—C.T) {Lg ' (£t + £ ))} + = (£~ () T (28?4 )
N A~
+put1£gn) + pUt2£51n) + Z phaﬁgjr)a =0
a=1

(102)

where uy; is used to denote the two transverse velocity components at the boundary. Hence the values of
all the wave amplitude variations £(™) are required. These are obtained from the primitive variables as

Jun

Egn) = Eg")—pa En

(left);
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n n a n .
ES) = £§, )era% (right);

L) = 8- % - a—12 (£8+ £()

@ = -

) = -5

L) = Spra %& (103)

It is clear from these relations that the time derivatives of all the velocity components u; together with
p and Y, must also be specified at the boundary.

Specifying a Turbulent Velocity Field at Inlet

A turbulent velocity field at the inlet of the computational domain is specified by passing a scanning
plane through a pre—computed field of frozen turbulence. Values of all three velocity components and
their time derivatives are interpolated onto the scanning plane which is then mapped onto the domain
inlet plane. The speed ugscan at which the scanning plane moves through the box of turbulence is taken
to be equal to the required constant inlet mean velocity umean plus a constant velocity increment iy,
i.e. Uscan = Umean + Uinc. The purpose of the velocity increment wi,. is to allow the inlet turbulence to
evolve in time at the boundary, even in cases where Taylor’s hypothesis is not strictly valid [19]. The
location of the scanning plane is computed as Zscan(t + 0t) = Zscan(t) + Uscandt for a time increment 6t,
with a suitable (arbitrary) pre—set initial location Zscan(0).

The frozen turbulent velocity field is provided in physical space but is stored as a set of Fourier coef-
ficients 1;(k1, 2, x3), where the Fourier transform is carried out in the boundary-normal direction only
(taken as x7 here for the purpose of illustration). The physical-space turbulent velocity components on
the scanning plane are calculated using Fourier interpolation according to the discrete Fourier transform

N,

m/2
1 N _
Ui(xscanv x2, :CB) = L_ § ﬁz(k:n; x2, :C3) exp (727r7:kzxscan/Lx) (104)
¥ ha=—N,/2

These become the inlet—plane velocity components, after the addition of the inlet mean velocity mean-
The velocity time—derivatives required by the NSCBC inlet conditions (100) and (103) are obtained by
using the relation

— Uscan 1
ot ", (105)

where the spatial derivative is interpolated using the discrete Fourier transform

Ou; No/2

1 _ _ _
a—xl(xscan, Xo,x3) = Tz Z —2miky;(ky, o, 3) €Xp (—27m'kzxscan/Lz). (106)
T kp=—N,/2

2.6.3 Wall Boundary Conditions

A wall boundary is treated using an impermeability condition together with a no-slip condition. There
is perfect reflection of acoustic waves and no convective transport of any quantity through the wall.
Nevertheless the wall itself may be moving:

Eé ) = £§ ) pa—p- (left);
LY’) = Eé”’ + pa% (right);
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m _  Oun
L7 = ot
(n) _ _ Oun 1

Note that the time derivatives of all the velocity components u; must be specified at the boundary.

Assuming that there are no surface reactions on the wall, the value of Eéi)a remains unchanged for
all species a. The impermeability condition also precludes mass diffusion through the wall. Hence the
wall-normal component of the diffusive mass flux vector is set to zero for all species:

VYo = 0. (108)

Adiabatic Wall
For an adabatic wall the temperature not prescribed but is computed as usual from the energy equation.

There is no artifical input of entropy at the wall and hence Eén) remains unchanged. The adiabatic
condition is enforced by setting the wall-normal component of the heat flux vector equal to zero:

n = 0. (109)

Isothermal Wall

For an isothermal wall the temperature Ty, must be specified. The wall temperature may be time—
dependent, and in this case its time derivative must be specified also. The value of Eé") is obtained
using

N
my _ POT  y=1/( ) ) Ao amy_p
‘62 - T at + a2 (‘Cl + ‘65 ) + pWO; Wa (Sa E5+a) psp' (110)

2.7 Initial Conditions

Initial conditions are required for all of the conserved variables. Constant and spatially—uniform values
are specified by default at start—up, but this is not usually sufficient and more realistic initial velocity
and scalar fields must be provided.

2.7.1 Turbulence Initial Conditions

The flow field of interest is usually turbulent, and the initial turbulent velocity field must be specified with
care to ensure that it is already a good approximation to a solution of the Navier—Stokes equations. This
minimises the magnitude of any initial transients and ensures that a true turbulent solution is achieved
as quickly as possible. A Fourier spectral method for the generation of high—quality turbulent initial
velocity fields was proposed Orszag [20] and has become the de facto standard procedure in DNS.

The method generates the physical-space velocity components w;(x,y, z;t = 0) corresponding to a
field of incompressible homogeneous isotropic turbulence with a prescribed energy spectrum function

E(k), where k is the wavenumber vector magnitude in Fourier space. The spectrum function FE(k)
is used to specify the initial values of the RMS velocity fluctuation magnitude u’, the integral length
scale L, the Taylor length scale A and the Kolmogorov length scale 7. Along with the viscosity v, the
spectrum function also specifies the initial turbulence energy dissipation rate €. It should be noted that
the restriction to incompressible flow does not preclude the use of the initial velocity field to start a
compressible or reacting flow simulation, provided that the scalar field is also well specified.

The default spectrum function is the Batchelor—Townsend spectrum [21] which is appropriate to low—
Reynolds number turbulence of the kind achievable in current DNS, although other spectrum functions
are also available. The form of the Batchelor-Townsend spectrum is given by

K E\°
E(k) = cok—8 exp [—2 (k/’_o) ] (111)
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where the two parameters are ¢y which controls the total kinetic energy, and ko which is the wavenumber
of the maximum energy point in the spectrum. Using the Batchelor—Townsend spectrum the principal
turbulence quantities may be expressed in closed form as:

Turbulent kinetic energy

Turbulence energy dissipation rate

€= 6\ 2 s Z/C()kg
Longitudinal integral length scale .
= e
Taylor length scale
s 1
o 2m2k2

Kolmogorov length scale

iy 1/4
= % \/§7T260];38
The relevant theoretical background is described in detail by Batchelor [22]. For a given spectrum
function, the Orszag method uses a random number generator to produce a single realisation of a three—
dimensional turbulent velocity field in Fourier space. A three-dimensional parallel inverse Fourier trans-
form then provides the required velocity field in physical space. Different statistical realisations of the
same velocity field may be obtained by changing the integer seed provided as input to the random number
generator. Some further details of the parallel inverse Fourier transform are provided in section 3.5 and a
more detailed description of the turbulence initialisation procedure is provided in a separate report [23].

2.7.2 Thermochemical Initial Conditions

As well as the velocity field it is necessary also to specify the scalar field. This requires two thermodynamic
variables (e.g., P and T), together with a set of composition variables (e.g., Y, = 1, N — 1) to be
specified at every point in the domain. This is done most conveniently by means of a subroutine named
FLAMIN which is called during start—up, and which provides the flexibility to specify any required problem
configuration by coding it in FORTRAN.

A common example of an initial thermochemical field is a laminar premixed flame solution. A straight-
forward approach to the initialisation of a one-dimensional laminar premixed flame is to use an error—
function profile for an arbitrary reaction progress variable c:

c(x;t=0)=%[1+erf(x_5$0ﬂ (112)

where x is the coordinate normal to the flame, zg is the location of the centre of the profile and ¢ is the
thickness. The mass fractions of the major species may be computed directly from the progress variable
using:

Yo(z;t=0)=Yyr+c(x) Yo,p — Yo,r) (113)
where the subscripts R and P denote the limiting values in the reactants and products respectively. The
initial temperature may be specified using the same approach, and the initial density follows under the
assumption of constant thermochemical pressure. The initial velocity may be computed by assuming
constant mass flux through the flame. If required, initial profiles of minor species may be specified using
a Gaussian function. The procedure as outlined is often sufficient to allow a laminar flame solution
to develop fairly rapidly, even when employing a detailed chemical reaction mechanism. The resulting
one—dimensional solution may be used subsequently to initialise a three—dimensional turbulent flame
simulation.

19



3 Numerical Formulation

The governing equations are solved numerically using high—order methods to ensure the high accuracy
required for DNS. The set of differential equations (1-4) expressed in conservative form is first expanded
out to expose the derivatives of all quantities of interest. The continuity equation becomes:

0 0

o Bl
o= ™ e T Y (114)

In the remaining conservation equations, a skew-symmetric form is used for the convective terms in order
to minimise the spatial coherence of the discretisation error [24]. The remaining terms are expanded out
in derivatives of single quantities. The Navier—Stokes equation for the z—component of momentum is
written as:

0 1/0 0 0
gp = - §<%p u+a—ypvu+&pwu>
1 U ou ou 1
- 5(/) a—-i—pva——i—pw&) 3 (a—pu-i-a—pv-i-a—pw)
Ip
O

H13022 a a ] 9y | 0xdz

40u 2 (Ov  Ow)\| Ou ou  Ov\ Ou Oou OJw a,u
e e e 11
[38:0 3(8y+8z)} 8x+(8y+8x) 8y+(8z+3z) 0z (115)

The y—momentum equation is:

0 1/0 0 0
&pv = - B (gpuv + a—ypvv + apwv)
1 v v v 1 0 0 0
) (/’“a gyt p“@) ~3Y (a—xp“ gt &f’w)
Ip
- 3

[4 0%v 0% 0% 1 ( 0%y 9w )]
+ 3

H30y2 T 922 +8z T3\ oyor " ayoz
4 0v ou ou ou  Ov\ Ou Oov  Ow)\ Ou
i [3 oy ( )} By ( ax) oz (az + 3y) 0z (116)

while the z-momentum equation is:

0 1/0 0 0
atpw— — 5(%puw+a—pvw+a—pww)
1 Ow ow ow 1 0 0] 0
B §<P “or oy T a> 51”(%%*5”“5—”)
Ip
- 0z
(5
3022 8x2 oy? 828:0 8283/

4w Ju Ov\| Ou Ou Ow) Ou dv  Ow) Ip
[3 9z 3 (83@ + ayﬂ 9z " (82 ) Dz (82 ay> oy D
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Treating molecular transport using constant Lewis numbers, the energy equation may be written as:

0

) 9 2
EF= - E E E
o’ (ap“ oy +apw)

1
2
1 OF OF OF 1 0 0 0
-3 ( Uor erva—y erwa) - —E (%mﬂr 8—ypv+ &pw)
ou Ov  Ow 3p 3p dp
- (a +ay+5> Yoz ay w&
+ uu[éﬁJr@vL&Jrl( }
3022 Oy? 022 3 axﬁy 6306,2

N [40u 2 @+8_w _ﬁu 8u % 8u ow\ Op
u_38$ 3\0y Oz _ax Y aac 0z

{4 0%v  0%v 0% (
+ vp|lcs5+ + 55 +t5

30y2 | 022 | 922 Oyox ayaz>
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130y 3 \0dz 0=z Y 8:0 3y 0z

C AT P P L0
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30z 3\0x Oy/| 0z 0z Oz ) Ox 0z 0Oy ) Oy

Lo [ro 200 ow\Jou | aov 2 (0w ow\|ov [40w 2 (9u_ ov\] w
M?)@:c 3\0y 0z Ox 'u33y 3\0x Oz dy “3az 3\0x Oy 0z

ou v\’ ou  ow\? ov  ow\>
" (a@*%) ”(&*%) *“(&*a—y)
N )\82_T+ 82_T+ 82T+8T8)\+8T8)\+8T8)\
8 2 Oy 0z2  Oxrdx OyOdy 0z 0z
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+Zh( pDa+ 55 5p a+azapa) (118)

while the conservation equation for the mass fraction of species « is:
0 1/0 0 0
s Yoz = — 3\ 3 Ya a_ Yoz a_ Yoz
o’ 2(3’” Tyttt )
_ ! 6Y—|— 8Y+ 0¥e —EY 2u—l—ﬁv—i-gw
2 \"" o ay 0z ) 2\ Ty T 02"
Wq

oD (GQYCY 0%Y, (’)QYa) oY, 0 +8Ya 0 oY, 0

D, D, (119
0x? * 0y? * 072 * p (119)

+

oz oz oy oy” 9z 9z

where the chemical reaction rate w, is given by (12).
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Using mixture—averaged transport, the energy equation becomes:
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where ho and W are given by

0
RT pcr),

}Ala:ha )
JrWa &

W=1-

(121)

55

The corresponding species mass—fraction conservation equation is:

0 170 0 0
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0z

3.1 Spatial Discretisation

The computational domain is taken to be a cuboid of size (Lg, Ly, L.), and is discretised in space using a
structured Cartesian mesh (see Figure 1). The mesh contains (N, Ny, N.) points in each direction with
uniform spacings given by

L L
r . Sy = Y
N, 1 y

L,
0z =

N, -1’ N, -1

Sz = (123)

Each of the spatial derivatives in the conservation equations is evaluated at each mesh point in each
direction using a high—order explicit centred finite difference operator. For the first derivatives, the
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Figure 1: The computational domain.

difference formula for any quantity f at a general interior mesh point ¢ is:

M/2 f f
fi=) gl === (124)

m=1

where M is the order of the scheme whose coefficients are denoted by aS,i”’, and h € {dz,dy, 0z} is the
mesh spacing in the required direction.

i-5 i-4 i-3 i-2 i-1 i i+1 i+2 i+3 i+4 i+5

Figure 2: Interior—point stencil for the 10th order finite-difference scheme.

A tenth—order centred scheme (i.e. M = 10), requiring a stencil of eleven points in total (see Figure 2),
is used for all interior points that are five or more points away from a non—periodic boundary. The order
of the centred scheme is reduced as the boundary is approached (see Figure 3). At the fourth point from
the boundary, the scheme is eighth order. At the third point it is sixth order and at the second point it
is fourth order. Coefficients for all of these centred first derivative schemes are given in Table 1.

m | 1 2 3 4 5
aly | 473 ] -1/3
af® | 3/2] -3/5 | 1/10
a® | 8/5 | -4/5 | 8/35 | -1/35
as? | 5/3 | -20/21 | 5/14 | -5/63 | 1/126

Table 1: Difference coefficients for the centred first—derivative schemes.
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At the first interior point a fourth-order (M = 4) skewed scheme (denoted by S) is used. For a
boundary located at i = 1 the difference formula for the point i = 2 is:

fzI: Msz fz+1+z (MS)% (125)

At the boundary point, a fourth-order (M = 4) one-sided scheme (denoted by O) is used according to
the difference formula:

mh

M f . f
fi="3" arorfem It (126)
m=1

Both of these schemes are also used for a boundary located at i € {N,, N, N,} after a straightforward
reflection of coordinates.

1 2 3 4 5 6

4th 4th 4th 6th 8th  10th
one-sidedskew centred centred centred cesendakd

Figure 3: Boundary stencil for 4th to 10th order finite—difference schemes.

m 1 |2 3 4
aw® | -1/4 | 372 | -1/2 | 1/12
ad | 4 | 3| 43| 14

Table 2: Difference coefficients for the skewed and one—sided first—derivative boundary schemes.

For the second derivatives, the difference formula at a general interior mesh point is

M/2
// ( )fz-i-m 2fi +fi—m
Z M e (127)

where the coefficients of the second—derivative scheme are denoted by b%w ). A tenth—order centred scheme

is used for interior points five or more points distant from non—periodic boundaries, and reduced—order

centred schemes are used in the same manner as for the first derivatives as the boundary is approached. It

is interesting to note that for the second derivative centred schemes the difference coefficients are identical

to those for the first derivative centred schemes, i.e. b%w ) = a%w ). At the first interior point away from
the boundary the skewed fourth—order second—derivative scheme is given by
n L (M,8) fi — ferl &= (M,S) fz+m fit1

fI =0} + Z b2 O (128)

where M = 4 and i = 2. At the boundary point the one—sided second—derivative scheme is

M+1

_ Z p1.0) Jitm — Ji f%+m e fi (129)

where M =4 and ¢ = 1. Again, both of these schemes are also used for i € {N,, Ny, N,} after reflection
of coordinates.
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m 1 2 3 4 5
va® | 56 | <13 |76 | -172 | 1/12
b | 77/6 | 107/6 | -13 | 61/12 | -5/6

Table 3: Difference coefficients for the skewed and one—sided second—derivative boundary schemes.

The second cross—derivatives are evaluated using a compatible set of schemes. For a general interior point
(4,4) the difference formula is

M/2
"o M fier,jer - fier,jfm - fifm,jer + fifm,jfm
fij = Z Cg" : 4m2hiho (130)
m=1

where the coefficients are denoted by c%w) and the mesh spacings are hy, he € {0z,dy,0z}. A tenth—

order scheme is used for interior points at least five points distant from the boundary in either of the
two relevant directions, As a non—periodic boundary is approached in either direction, the order of the
scheme is reduced as for the first and second derivatives. The difference coefficients for the centred second

cross—derivative schemes are identical to those for the centred first derivative schemes, i.e. C%M) = a%w ).

o

| A .-

Figure 4: Bottom—left corner of the mesh for second cross—derivative evaluation. Points requiring special
treatment are indicated.

The mesh in the vicinity of a bottom-right non-periodic boundary corner is shown in Figure 4. The point
at the top right indicated by a filled circle is the closest point to the corner at which the full 10th—order
centred cross—derivative scheme can be applied. Close to non-periodic boundaries there are five special
cases as indicated in the Figure:

1. For a corner point (filled square), a doubly one—sided fourth order scheme is used which evaluates
the first derivative of the first derivative by combining two instances of (126), one for each direction.
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2. For a point on the boundary adjacent to a corner (filled triangles), a mixed one-sided/skewed
fourth—order scheme is used combining instances of (125) and (126);

3. For an interior point located one point away from a corner in both directions (open square), a
doubly—skewed fourth—-order scheme is used which combines two instances of (125);

4. For an interior point located one point away from the boundary in one direction but two or more
points away from the boundary in the other direction (open inverted and left—facing triangles), a
mixed skewed/standard fourth order scheme is used combining instances of (124) and (125);

5. For a boundary point located two or more points away from the boundary in the other direction
(open upright and right—facing triangles), a mixed one-sided/standard fourth order scheme is used
which combines instances of (124) and (126).

In all of the special cases, the appropriate combined differencing scheme is applied to boundaries on all
sides after suitable coordinate reflections.

3.2 Mesh Stretching

All derivatives are evaluated on a uniform mesh for best accuracy and computational efficiency. In
some circumstances it is helpful to use a non—uniform mesh, for example close to walls when extra mesh
resolution is needed in the wall-normal direction, or in the far field when mesh resolution can be reduced
without compromising the solution. Mesh stretching can be achieved by means of the one—dimensional
coordinate transformation 9
of _ofdv (131)
0 Oz di
where z is the relevant one—-dimensional coordinate of the uniform reference mesh and z is the transformed
coordinate of the required stretched mesh. By specifying a suitable stretching function Z(z) analytically,
it is possible to compute the derivatives on the stretched mesh from those on the uniform mesh without
incurring any additional numerical error. Second derivatives are evaluated using

0% f  O%f [dx\® Of d*x
— 4L -4 = - 132
0?2 Ox? (d:i") + Oz di? (132)
while second cross—derivatives are evaluated using
0? 0%f d
I (133)

030y O0x0y di

An example of a suitable stretching function for use near a wall located at the plane denoted by = = 0 is
given by the hyperbolic tangent mapping

dz

— = Atanh b 134

I anh (azx + b) (134)
where a and b are constant parameters chosen to give the desired stretching rate and near—wall limiting
behaviour respectively. The normalising constant A can be found (for example) by matching the stretched
domain to the required global domain size. For the case of a channel flow bounded by walls at x = 0 and
x = L, this type of mapping may be generalised in a straightforward manner using

dz

o A {tanh (ax + b) — tanh (a(z — L;) — b)}. (135)
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3.3 Parallel Domain Decomposition

Parallel computation is facilitated using a simple domain decomposition approach. The global compu-
tational domain is decomposed into cuboidal sub-domains which are each assigned to a CPU core. The
total number of cores required is P = P, P, P, where P, P, and P, are the numbers of cores assigned to
the x, y and z directions respectively. The cores are ranked from p =0 to p = P — 1, and are also given
Cartesian indices (py,py,p-) ranging in x —y — z order from (1,1,1) to (P, P,.P,). Hence

b= (pz - I)JF(py*l)Per(pz*l)PmPy (136)

[

o

Figure 5: Example of parallel domain decomposition.

The domain decomposition is carried out by dividing the number of mesh points on each side of the
global domain by the number of cores assigned to that direction. Hence the number of points allocated
to the core with rank p is given by (nSf’ ),nép ) P )) where ni?) = N, /P, and similarly for the y and z
directions. Load—balancing is achieved by ensuring that the same number of mesh points is allocated
to each sub—domain. Where this is not possible, for example due to N, not being divisible by P,, an
integer division is carried out in each direction and the remainder is allocated to the first—indexed core in
that direction. Figure 5 shows an example of a domain decomposition with P, =4, P, =2, P, = 4 and
equal sub—domains. Communication between adjacent sub—domains is done using a layer of halo cells on
the surface of each sub—domain. Since the interior tenth—order differencing stencil requires five points on
each side of the central point (see Figure 2), the halo layer is five points thick. For the scalar quantities,
a halo layer is required only on each face of each sub—domain. For the velocity components, the need to
evaluate second cross—derivatives means that the halo layer must include the edges and corners also.

For a sub—domain of size n,nyn. and a halo layer thickness h, the number of points in the augmented
sub—domain illustrated in Figure 6 is given by

(ng + 2h)(ny + 2h)(n, + 2h) = ngnyn, + 2h (ngny + ngn, + nyny) + 4h? (ng + Ny +ny) + 8h® (137)

The terms on the right—hand side correspond to the number of points in the original sub-domain, the
number of points in the halos attached to each face of the original sub—domain, the number of points in
the halo strips along each edge, and finally the number of points in the eight corners of the halo. The
fractional increase in the number of points compared to the original sub—domein is given by the expression

—1 + + +
NgNyN, Ng Ny Ny NgNy NNy NyNy NNy,

«+2h 2h)(n, + 2h 2h  2h  2h  4R? 4h? 4h? 8h3
(ng + 2h)(ny + 2h)(n, + 2h) _ a2 2h (138)
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Figure 6: Full halo layer on the surface of a parallel sub—domain.

Since in general h << ngy,., it is clear that the computational overhead associated with the halo
is dominated by the first three terms on the right-hand side. The lowest overhead is obtained when
Ng = Ny = N, = n, i.e. when the surface-to-volume ratio of the sub-domain is at a minimum. Parallel
communication is implemented using MPI.

3.4 Time Stepping

Time advancement of the solution is carried out using a low—storage explicit Runge-Kutta method with
adaptive time step control [5]. The governing equations (1)—(4) are written as

ou
— =R(U,t 139
= =R(U.1) (139)
where U is the vector of conserved variables given by U = {p, pu, pv, pw, pE, pY,}T and R is the right—
hand side vector containing all other terms in the equations. Clearly R depends on U and may also
depend explicitly on time, for example through source terms or boundary conditions. The general s—
stage explicit Runge—Kutta scheme may be stated as:

1—1
u® = U(")—l—étZain(j)
j=1
Ut = U™ 46ty bRO
j=1
t@ = ™ 46t
ot = U™ 46ty bRY (140)
j=1

where R() = R(U(i),t(i)) and the last line denotes the lower—order embedded scheme used to provide
error estimates for the adaptive time—step controller. Memory requirements are minimised by using a
two-register scheme which requires the storage of only U® and R at each stage. In practice it is
necessary also to store U® and to provide some temporary storage for intermediate data required in the
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evaluation of R(®). The order of the scheme is determined by constraints on the coefficients aij, b; and
¢; while the order of the embedded scheme is determined using the coefficients b; in place of b;. Several
schemes were assessed, and a five-stage fourth—order two-register method with a third—order embedded
scheme was chosen. This scheme is denoted RK4(3)5[2R+]C in the classification of Kennedy at al. [5]
and its Butcher array is given in Table 4.

0
C2 | 21

c3 | b1 as

Cq by ba a43

cs | b1 by b3 asy

by by bz by bs

Table 4: Butcher array for the RK4(3)5[2R+]C explicit Runge-Kutta method.

The numerical values of the coefficients are given in Table 5.

a 970286171893 b 1153189308089 b 1016888040809
21 | 4311952581923 1| 22510343858157 1 7410784769900
a 6584761158862 | ¢, 1772645290293 b 11231460423587
32 | 12103376702013 2 1653164025191 2 | 58533540763752
a 2251764453980 | 4, —1672844663538 | [ —1563879915014
43 | 15575788980749 3 4480602732383 3 6823010717585
a 26877169314380 | 3 2114624349019 b 606302364029
54 | 34165994151039 4 3568978502595 4 071179775848
b 5198255086312 i 1097981568119
5 | 14908931495163 5 3980877426909

Table 5: Coefficients for the RK4(3)5[2R+]C explicit Runge-Kutta method.

The two—register Runge-Kutta method is implemented as a sequence of sub—steps. At the beginning of
a new time step, the time is set to (V) = ¢("). The first register contains the initial stage value SV = U™
while the second register contains the initial solution value U®) = U™, The error accumulator EM) is
set initially to zero. In each sub-step j, the right-hand side function RY) is evaluated using the current
time and the current solution value UY). The new value of RU) is stored in Register 2, overwriting UV,
Then new values of both S and U are formed by linear combinations of S¢) and RU) and are stored
in place. At the final step, only S is updated and becomes the new solution at time ¢(»*1). The error
accumulator is updated at each sub—step as new values of R become available.
The time step is set adaptively using a PID-based controller [5]. The new time step 5t 1 is given by

@ /E™ B c 8!
5t(n+1) _ 5t(n) € || 0
" B+ e B

where FE is an error estimate obtained by finding the maximum of the normalised elements of E, ¢ is a pre—
set error tolerance, x is a safety factor and «, 8 and ~ are the parameters of the controller. The controller
requires some tuning for optimal performance, but good results have been obtained with e = 1.0 x 1073,
k=0.9,a=0.49/p, B =0.34/p and v = 0.1/p where p = 3 is the order of the embedded method.

(141)

30



Time Register 1 Register 2 Error accumulator

£ s U ED
S RD (UW M) ED

S =80 4+ 5y stRM | UG =8O + 0y 0RO | EG = ED + (b — by ) 5RO
@ — ¢ 1 eyt S® R® (U@ @) E®

S©) = 8@ 1 bR | UG = 8@ + a50R® | E®) = E® + (b — by ) SR

e r— SG RO (0, 1) G

S(6) = SO) 4 bs5tR®) u® E©® =E® + (b5 - 135) StRO)
I F D) — 405) UOFD) — g0 SiZEaY) EFD) — E©

Table 6: Sequence of sub—steps for Runge—Kutta implementation.

3.5 Initial Turbulent Field

A three—dimensional parallel inverse Fourier transform is implemented as part of the turbulence initialisa-
tion procedure. The three-dimensional transform algorithm is based on a superposition of three separate
one—dimensional transforms. During each one-dimensional transform, all of the data along each single
line of the global computational mesh (i.e. a single “pencil” of data) is gathered onto the lowest-ranked
processor on that line. A one—dimensonal inverse Fourier transform is carried out on that processor, and
the pencil of transformed data is scattered back to its original locations. Multiple pencils may be handled
at the same time, in order to reduce parallel communication overheads. The one—-dimensional transform
is based on the prime—factor fast Fourier transform algorithm [25] as implemented in a locally—developed
FFT library [26]. In principle the FFT algorithm will handle any length of transform data, although
optimal performance is obtained for lengths which are powers of two or three. The final one-dimensional
transform procedure includes a step which imposes the symmetry conditions necessary to ensure that the
physical-space velocity field is purely real. Further details are given in a separate report [23].
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4 Running the Code

Setting up a DNS run using SENGA2 requires several steps. First the size of the computational domain
and the size parameters for the thermochemical problem must be set by editing the COMMON blocks. Then
the control parameters for the run must be set using the control data file, and the relevant chemical,
molecular transport and thermal radiation data must be provided using the relevant data files.

4.1 Common Data

The common data for SENGA2 is contained in the COMMON block file com_senga2.h. This file must be
edited in order to set the global and local sizes of the computational domain, the number of processors
and the size of the parallel transfer array.

The section PHYDIM is the first section of the file com_senga2.h and an example is shown below:

c PHY DT M~ = == = = = =

PHYSICAL DIMENSIONS OF ARRAYS

NOTE: ALL ARRAY SIZES MUST BE CONSISTENT
NXSIZE MUST BE >= NXGLBL/NXPROC

NYSIZE MUST BE >= NYGLBL/NYPROC

NZSIZE MUST BE >= NZGLBL/NZPROC

WITH AN EXTRA ALLOWANCE FOR ANY REMAINDER

Qoo

GLOBAL GRID SIZE

INTEGER NXGLBL,NYGLBL,NZGLBL

PARAMETER (NXGLBL=64, NYGLBL=64, NZGLBL=64)
INTEGER NGZMAX

C SET NGZMAX=MAX (NXGLBL,NYGLBL,NZGLBL)
PARAMETER (NGZMAX=NXGLBL)

C NUMBER OF PROCESSORS
INTEGER NXPROC,NYPROC,NZPROC
PARAMETER (NXPROC=2, NYPROC=2, NZPROC=2)
INTEGER NPRMAX

C SET NPRMAX=MAX (NXPROC,NYPROC,NZPROC)
PARAMETER (NPRMAX=NYPROC)

C LOCAL GRID SIZE
INTEGER NXSIZE,NYSIZE,NZSIZE
PARAMETER (NXSIZE=32, NYSIZE=32, NZSIZE=32)
INTEGER NSZMAX

C SET NSZMAX=MAX (NXSIZE,NYSIZE,NZSIZE)
PARAMETER (NSZMAX=NZSIZE)

C SIZE OF HALO
INTEGER NHALOX,NHALOY,NHALOZ
PARAMETER (NHALOX=5,NHALQOY=5,NHALOZ=5)

SIZE OF PARALLEL TRANSFER ARRAY
NPARAY MUST BE >= MAX(NHALOX,NHALOY,NHALOZ)
*MAX ((NXSIZE+2*NHALOX) * (NYSIZE+2*NHALQOY) ,
(NXSIZE+2*NHALOX) * (NZSIZE+2*NHALOZ) ,

QaQaq
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C (NYSIZE+2*NHALQOY) * (NZSIZE+2*NHALOZ) )

AND ALSO LARGE ENOUGH FOR PARALLEL BROADCAST OF CHEMICAL DATA

C AND ALSO LARGE ENOUGH FOR PARALLEL TRANSFER OF INITIAL TURBULENCE DATA
INTEGER NPARAY
PARAMETER (NPARAY=8820)

Q

c PHYD TM—— == == = = = =

Here, the parameters NXGLBL, NYGLBL and NZGLBL must be set to define the global size of the computa-
tional domain in terms of the number of grid points required in the x, y and z directions respectively.
These must be the exact global domain sizes required. The parameter NGZMAX must be set equal to the
largest of the three global domain sizes.

It is assumed that the problem will be decomposed over a topologically cubical array of processors.
The parameters NXPROC, NYPROC and NZPROC must be set to define the number of processors to be used
in each direction, and NPRMAX must be set equal to the largest of these.

The parameters NXSIZE, NYSIZE and NZSIZE must be set to define the maximum size of the compu-
tational domain on each processor. The global domain is decomposed by SENGA2 as evenly as possible
between the processors in each direction: thus NXSIZE must be set to a value greater than or equal to
NXGLBL/NXPROC. If NXGLBL is not exactly divisible by NXPROC then the remainder is evenly distributed
between the highest-ranked processors in the z-direction. In that case NXSIZE must be set greater than
or equal to 1 + NXGLBL div NXPROC. Clearly the same procedure must be followed also for the other two
directions in setting NYSIZE and NZSIZE. Then NSZMAX must be set equal to the largest of the three local
domain sizes.

The parameters NHALOX, NHALOY and NHALOZ must be set to define the width of the halo layer of
the computational grid that is passed between adjacent processors in each direction, and the value set
must match the corresponding interior spatial differencing scheme in use. These parameters must be set
even if the problem uses only a single processor. The default values for the standard 10th order interior
differencing scheme are NHALOX=NHALOY=NHALQOZ=5.

The parameter NPARAY controls the the size of the parallel transfer array. The value of NPARAY must
be set greater than or equal to the maximum halo size required in each direction, i.e. the maximum of
NHALOX, NHALOY, NHALOZ, multiplied by the maximum of
(NXSIZE+2*NHALOX) * (NYSIZE+2*NHALQY) for the z-direction,
(NXSIZE+2*NHALOX) * (NZSIZE+2+NHALOZ) for the y-direction, and
(NYSIZE+2*NHALQOY) * (NZSIZE+2*NHALOZ) for the x-direction.

The value of NPARAY must be greater than or equal to the maximum required to broadcast the control
data and the chemical data during initialisation of the code. This is checked automatically during start-up.

If an initial turbulent field is required, it may be useful to edit the the section IFTURB of the file
com_senga2.h which is shown below:

C TFTURB—— === mmmmm e e
C DATA FOR INITIAL TURBULENCE FIELD
C NUMBER OF PENCILS

INTEGER NPENMX
PARAMETER (NPENMX=16)

DOUBLE PRECISION FFTROW(2*NGZMAX,3,NPENMX),

+ FTPART (2*NSZMAX, 3,NPENMX) ,
+ FFTINX (2*xNGZMAX)
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COMMON/IFTURB/FFTROW,FTPART,FFTINX

c T TURB——— == == == = o

The parameter NPENMX controls the number of FFT pencils (i.e. lines of one-dimensional transform data)
which are transferred between processors in a single batch. The minimum value is NPENMX=1, and any
larger value provides a gain in the speed of inter-processor communication during the generation of the
initial turbulent field at the cost of the memory required to store the transform data.

The section CHEMIC of the file com_senga2.h contains the thermochemical data and is shown below:

c CHEMT G — === = = = = e
c PARAMETERS

C ==========

c MAX NO OF SPECIES, NO OF STEPS

INTEGER NSPCMX,NSTPMX
PARAMETER (NSPCMX=1, NSTPMX=1)

C THERMODYNAMIC DATA
C MAX NO OF TEMPERATURE INTERVALS, THERMO POLYNOMIAL COEFFICIENTS
INTEGER NTINMX,NCOFMX
PARAMETER (NTINMX=2, NCOFMX=7)
C MAX NO OF TEMPERATURE COEFFICIENTS, DITTO MINUS ONE
INTEGER NCTMAX,NCTMM1
PARAMETER (NCTMAX=5, NCTMM1=NCTMAX-1)

TEMPERATURE INTERVAL INDEXING

NTBASE = NUMBER BASE FOR INDEXING:

MUST BE A POWER OF TWO >= MAX NO OF TEMPERATURE INTERVALS PER SPECIES
NSPIMX = MAX NO OF SPECIES STORED PER SINGLE (32-BIT) SIGNED INTEGER:
MUST BE SET EQUAL TO 31 DIV LOG2(NTBASE)

NINTMX = NO OF INTEGERS REQUIRED PER SPATIAL POINT:

MUST BE SET EQUAL TO (1 + NSPCMX DIV NSPIMX)

INTEGER NTBASE,NSPIMX,NINTMX

PARAMETER (NTBASE=4, NSPIMX=15, NINTMX=1)

oNoNoNoNoNoNe!

C CHEMICAL RATE DATA
C MAX NO OF THIRD BODIES
INTEGER NBDYMX
PARAMETER (NBDYMX=10)
C MAX SIZE OF STEP SPECIES-LIST, STEP REACTANT-LIST
INTEGER NSSMAX,NRSMAX
PARAMETER (NSSMAX=10, NRSMAX=10)
C MAX NO OF LINDEMANN STEPS
INTEGER NLLMAX
PARAMETER (NLLMAX=10)

C TRANSPORT COEFFICIENTS
DOUBLE PRECISION ALAMDC,RLAMDA,TLAMDA
PARAMETER (ALAMDC=2.58D-5, RLAMDA=7.0D-1, TLAMDA=2.98D2)
DOUBLE PRECISION PRANTL
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PARAMETER (PRANTL=7.0D-1)

The parameter NSPCMX sets the maximum number of chemical species while NSTPMX sets the maximum
number of steps in the reaction mechanism. The minimum value for each is 1, and it is expected that both
of these parameters will be set equal to the corresponding values in the chemical data file (see below).
This is checked automatically during startup. A legitimate exception occurs for non-reacting flow, when
NSTPMX=1 and the number of reaction steps is actually equal to zero.

The parameters NTINMX, NCOFMX and NCTMAX control the maximum sizes required to store the ther-
modynamic data for each species expressed in polynomial form (eq. 16). The parameter NTINMX sets
the maximum number of temperature intervals required for any species while NCOFMX sets the maximum
number of coefficients required in each interval. The parameter NCTMAX sets the maximum number of
coefficients required in the polynomial for temperature (eq. 29).

The index of the current temperature interval for each species is stored in SENGA2 in order to avoid
the need for repeated searching and a bit-wise compression algorithm is used to conserve memory. The
parameter NTBASE defines the number base for the compression algorithm and must be set to an integer
value that is a power of two and is greater than or equal to the maximum number of temperature intervals
per species NTINMX. The parameter NSPIMX defines the maximum number of species temperature indices
that can be stored in a single 32-bit signed integer using the number base NTBASE and its value must
be set equal to NSPIMX = 31 DIV LOG2(NTBASE). The parameter NINTMX defines the number of integers
required per spatial point. Clearly the product NSPIMX*NINTMX must be greater than or equal to the
maximum number of species NSPCMX.

Size parameters for the chemical rate data must also be set. The parameter NBDYMX must be set
greater than or equal to the maximum number of distinct third bodies. The parameter NSSMAX must
be set greater than or equal to the maximum number of species involved in any single reaction step.
Similarly, the parameter NRSMAX must be set greater than or equal to the maximum number of reactant
species involved in any single reaction step. The parameter NLLMAX must be set greater than or equal to
the maximum number of reaction steps requiring Lindemann rate data. Note that these parameters are
used only to set array sizes, and actual values for these quantities are set in the chemical data file.

The values of the parameters used to evaluate the transport coefficients according to (eq. 30) are set.
Clearly ALAMDA and RLAMDA represent the multiplicative coefficient and temperature exponent respectively
while TLAMDA is the reference temperature. The mixture Prandtl number in (eq. 31) is set using the
parameter PRANTL.

When the editing of com_senga2.h is complete, all FORTRAN source files for SENGA2 must be recompiled
in order to incorporate the changes into the code.

4.2 Control Data

The control data file cont.dat must be edited to set up the control parameters for the run. The file
format is as shown:

>k >k >k >k >k >k >k >k %k 5k 5k %k >k >k 5k 5k %k K % 3K 3K 5k 5k 3k 3k 3k 5k 5k >k %k %k %k % 3K 3K 3k 5k %k %k %k >k >k >k *k kK Kk kXK

*k *k
* % SENGA2: Run control data file *k
*k *k

>k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k 5k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k *k >k >k *k k

Global domain size (x,y,z) in metres
1.0D-2 1.0D-2 1.0D-2

Global domain size (nx,ny,nz)
64 64 64
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No. of processors (x,y,2z)
2 2 2

Time step; start step, no of steps, step switch (0=fixed, l=adaptive)
1.0D-12 1 1000 1

Intervals between dumps, reports, statistics
500 1 500

Cold start switch (0O=cold start, l=restart)
0

Initial turbulence generator
switch (0=off, l=new, 2=inlet); random seed; spectrum parameters
1 -1 8.51064D0 5.0D0 0.0DO 0.0DO

Flame generator switch (0=off, 1=on)
0

Default initial conditions

pressure, temperature, velocity components u,v,w
1.0D5 3.0D2 3.9D-1 0.0DO 0.0DO

mass fractions
1
1 1.0D0

Global boundary condition types

one per line: x-left; x-right; y-left; y-right; z-left; z-right
(1=periodic; la=inlet; 2b=outlet; 3c=wall; a,b,c denotes BC subtype)
(four integer and four real parameters allowed for each)

13 1 0 0 0 3.90-1 0.0DO 0.0DO 0.0DO
21 0 0 0 O 1.0D5 2.87D0O  1.0D-3 0.0DO0
1 0 0 0 O 0.0D0 0.0D0 0.0DO0 0.0DO0
1 0 0 0 O 0.0D0 0.0D0 0.0DO0 0.0DO0
1 0 0 0 O 0.0D0 0.0DO 0.0DO 0.0DO
1 0 0 0 O 0.0D0 0.0DO 0.0DO 0.0DO

Molecular transport control data
switches: mix.av, mol.mass, pressure, Soret, Dufour; mol.mass limit
0 1 1 1 1 5.0D0

Radiation control data
switch, reference temperature
1 3.0D2

End of file

The first five lines are treated as a header and are read but ignored by the SENGA2 code. The various data
items are then listed in groups, and the format of the control file is fixed to the extent that the number
of lines in each group and the number of data items per line must be preserved.
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The global size of the domain in the x, y and z directions must be specified in metres, together with
the global size of the domain in terms of the number of grid points in each direction and the number
of processors in each direction. The values for global grid size and number of processors must be set to
match those already specified in com_senga?2.h, and this is checked by SENGA2 during initialisation. Note
that the processors are ranked from 0 such that the rank index increases by counting along the x, y and
z directions in that order.

The initial time step must be set (in seconds), together with the index of the first time step and the
required number of time steps for the run. A switch must be set to control whether a fixed time step
(switch=0) or adaptive time-stepping (switch=1) is required. The number of time steps between dumps
must be set. A restart file is written for each processor at the start of a run, and a further restart file
is dumped for each processor after the specified number of time steps. Throughout the remainder of the
run. In order to help guard against loss of data, two restart files are kept for each processor and the older
file of the two is overwritten at each dump. The restart file names conform to the pattern dmpiXXXY.dat
where tt XXX is the rank index of the corresponding processor (starting from 000) and Y is the restart
file index which is either 0 or 1. The latest dump may be contained in either restart file and alternates
between the two. The number of time steps between updates to the report file and the statistics file must
also be set. A single report file and a single statistics file are each created at the start of the run by the
lowest-ranked processor. Each is updated after the specified number of time steps.

Initial conditions for the run must be set. The cold start switch must be set to 0 for a cold start, in which
the run is initialised from scratch using specified initial data. Alternatively, the cold start switch must
be set to 1 for a restart, using data from a previous dump. A restart file must exist for each processor,
and the restart file names must conform to the pattern dmpiXXXY.dat where tt XXX is the rank index of
the corresponding processor and Y is the restart file index. It is expected that Y will be set to 0 for a restart.

The initial turbulence generator switch must be set to 0 if no initial turbulent field is to be generated, or
set to 1 if a fresh initial turbulent field is to be generated. If the switch is set to 1 then the random seed
must also be set in order to initialise the random number generator. If the (integer) value of the random
seed is set to be non-negative, the value set is added to the rank of each processor in order to produce
a different random seed for each processor. This ensures that there is no repetition of the same random
sequence on each processor. Conversely, if the value of the random seed is set to be a negative integer,
the value is used globally in order to ensure that the same global initial turbulent field is generated for
a given global grid size irrespective of the number of processors in use. Up to four parameters may
be set in order to control the initial turbulence spectrum function defined in subroutine ESPECT within
SENGA2. The default spectrum function is the Batchelor—Townsend spectrum [21] which is described in
section 2.7.1 and which requires the use of only the first two parameters: these control the total amount
of turbulence kinetic energy and the wavenumber at which the spectrum function has its peak. If the
initial turbulence generator switch is set to 2, then a previously—generated field of frozen inlet turbulence
is copied into the domain. This facility exists to ensure continuity of the turbulent field across the inlet
boundary in cases where a turbulent inflow is specified.

The initial flame generator switch must be set to 1 if an initial scalar field is to be specified, or set to 0 if
not. This switch controls whether or not the subroutine FLAMIN is called within SENGA2. This subroutine
is designed to allow for the specification of an initial scalar field of arbitrary complexity.

Default initial conditions must be set for each variable. Pressure, temperature and the three velocity
components must be set using SI units. The total number of species must be set and must correspond
to the number of species specified in com_senga2.h. This is checked by SENGA2 during startup. For each
species an index number and a value for its initial mass fraction must be set. Each index number must
correspond to the species number specified in the chemical data file chem.dat as described below. The
total of all mass fractions must be equal to unity, and this is checked by SENGA2 during startup.
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Boundary condition types must be specified for the global domain. This is done using an indexing system,
and up to four real and four integer parameters may be set for each boundary condition subtype.

Periodic boundary conditions are specified using an index value of 1. Both of the corresponding periodic
faces of the domain must have this index value and this is checked during startup.

Inlet boundaries are specified using an index value of 1a, where a denotes the inlet boundary condition
subtype. Three inlet boundary condition subtypes are implemented:

11 Subsonic non-relecting laminar inflow
This condition requires no additional parameters to be set.

12 Subsonic reflecting turbulent inflow with specified temperature
By default the inlet temperature is set to the same value as specified for the default initial temperature.

13 Subsonic reflecting turbulent inflow with specified density
By default the inlet density is set to the same value as the initial density as computed from the values
specified for the default initial pressure, temperature and species mass fractions.

For inlet boundary condition subtypes 12 and 13, the value of the first integer parameter determines the
nature of the inlet velocity field. A value of 1 specifies a laminar inflow with constant velocity, whereupon
the first real parameter is taken to specify the inflow velocity component normal to the boundary. A value
of 2 specifies a laminar inflow with velocity varying sinusoidally in time, whereupon the first two real
parameters specify the amplitude and period of the oscillation. A value of 3 specifies a turbulent inflow.
In this case, the second integer parameter must be set to 0 for a cold start of the turbulent inlet velocity
field, or to 1 for a restart. The turbulent inflow velocity field is specified using Fourier interpolation
onto a scanning plane passing through a stored cubic box of precomputed frozen turbulence, as described
above. For a cold start, the first three real parameters must be set. In order, these specify the inlet mean
velocity, the difference between the scanning plane velocity and the inlet mean velocity, and the initial
scanning plane location as a distance (in metres) from the downstream end of the stored box. An input
file is required for each processor. The cold start input filename has the form tcx1XXX.dat where XXX
is the rank index of the corresponding processor. The file has the same format as a SENGA2 dump file,
i.e a FORTRAN unformatted file containing all of the variables required for a full restart of the code. For
an inlet cold start only the velocity field data is extracted from the file. The intention is that the inlet
velocity field would be generated from a previous run of SENGA2 with appropriate initial conditions and
possibly using periodic boundary conditions. For a restart, the input filename has the form tix1XXX.dat
where XXX is the rank index of the corresponding processor. This file is generated by SENGA2 during an
inlet cold start and subsequently at the same time as each scheduled dump. It is a FORTRAN unformatted
file containing the Fourier coefficients of the three velocity components together with the current values
of the scanning plane location, the scanning velocity and the inlet mean velocity.

Outlet boundaries are specified using an index of 2b, where b denotes the outlet boundary condition
subtype.

21 Subsonic non-reflecting outflow
This condition requires three real parameters to be set. In order, these specify the pressure at infinity,
the relaxation parameter and the nominal boundary Mach number.

Wall boundaries are specified using an index of 3c, where ¢ denotes the wall boundary condition subtype.
The list of boundary condition types as implemented in the code is given below:

31 Adiabatic no-slip wall
This condition requires no additional parameters to be set.

32 Isothermal no-slip wall
This condition requires a single real parameter to be set in order to specify the wall temperature.
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The treatment of molecular transport must be specified. There are five integer switches. The mixture—
averaged switch must be set to 0 to select the constant Lewis number treatment, or set to 1 to select
mixture-averaged transport. If the constant Lewis number treatment is selected then the rest of the
molecular transport control data is ignored, the species Lewis numbers are taken from the chemical
data file and there is no need to provide a molecular diffusion data file. If mixture-averaged transport is
selected then the remaining molecular transport control data must be specified and a molecular transport
data file must be provided.

The molar mass switch must be set to 1 to activate the molar mass gradient term in (36). Similarly,
the pressure diffusion switch must be set to 1 to activate the pressure gradient term in (36). The Soret
switch must be set to 1 to activate the Soret effect term in (35), while the Dufour switch must be set to
1 to activate the Dufour effect term in (38). Each term can be deactivated by setting the corresponding
switch to 0. If both the Soret switch and the Dufour switch are set to 0, the thermal diffusion ratio is not
required and is not computed. If either of the Soret or Dufour switches is set to 1 then the molar mass
limit must be specified, giving the maximum molar mass of both species for which the thermal diffusion

ratio éiTB) is computed according to (40).

Radiation heat transfer is controlled using an integer switch and a real-valued reference temperature. If
the switch is set to O then thermal radiation is ignored. If the switch is set to 1 then the radiation heat
transfer formulation described in section 2.4 is activated. In this case, the reference temperature must
be set and a radiation data file must be provided.

The file ends with an end—of-file line.

4.3 Chemical Data

The chemical data file chem.dat must be set up to contain the thermodynamic and chemical data required
for the run. The file may be edited directly or it may be generated using the chemical preprocessor PPCHEM
(see below). The file format is as shown:

stk sk sk sk ok ok ok ok ok ok ok ok kKoK oK KoK oK oK ok ok ok ok o ok K
* *
* Qutput file from ppchem *
* *
sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok
Species list:

8

1 CH4

2 02

3 C02

4 H20

5 H2

6 H

7 CO

8 N2
Species data:
1.0000E+05

1 1.6000E+01
9.7000E-01

2

3.0000E+02 1.0000E+03 7
7.7874150E-01
1.7476680E-02
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.7834090E-05
.0497080E-08
.2239307E-11
.8252290E+03
.3722195E+01
.0000E+03 5
.6834780E+00
.0237236E-02
.8751280E-06
.7855850E-10
.5034230E-14
.0080787E+04
.6233950E+00

.0000E+03 7

8 2.8000E+01

.0000E+00

2

2.9266400E+00

.4879768E-03
.6847600E-07
.0097038E-10
.7533510E-15
.2279770E+02
.9805280E+00

.0000E+02 1.0000E+03 7
.2986770E+00
.4082404E-03
.9632220E-06
.6415150E-09
.4448540E-12
.0208999E+03
.9503720E+00
.0000E+03 5

.0000E+03 7

Step rate data:

6

O WN -
GaNDDNDNDDN

.2000E-05 3.
.0400E+04 1.
.3000E+12 -8.
.0000E+05 0.
.8300E+05 1.
1.

5000E+00 O.

Step species-list:

N =

5

g WwN
~N O O

0000E+00
5000E+00
0000E-01
O0O00E+00
5000E+00
O0O00E+00

=, NO O W

.6600E+07
.0230E+07
.0000E+00
.0300E+07
.3474E+08
.4505E+08
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[) o) ) o) )]
W N~
o N

4 6
Step reactant-list:

1 4
1 1 1
1 2 4
1 3 6
1 4 6
6 4
6 1 4
6 2 4
6 3 6
6 4 6
Step product-list:
1 5
1 1 5
1 2 5
1 3 5
1 4 5
1 5 7
6 4
6 1 2
6 2 5
6 3 5
6 4 5
Step reactant coefficient-list:
1 0
2 0
3 0
4 0
5 0
6 0
Step product coefficient-list:
1 0
2 0
3 0
4 0
5 0
6 0
Species delta-list:
1 1-1.0

1 2 -1.0



1 4 -2.0
1 5 1.0
6 1 1.0
6 2 -2.0
6 3 3.0
6 4 -2.0
Third-body list:
1
1 M
Third-body step-list:
1 0
2 0
3 1
4 0
5 0
6 0
Third-body efficiencies:
1 1 1.0000E+00
1 2 1.0000E+00
1 3 1.5000E+00
1 4 6.5000E+00
1 5 1.0000E+00
1 6 1.0000E+00
1 7 1.0000E+00

1 8 4.0000E-01
Gibbs step-list:
0
Lindemann step-list:
0
Lindemann step rate data:
Troe step-list:
0
Troe step rate data:
SRI step-list:
0
SRI step rate data:
End of file

The example shown is an abbreviated version of the chemical data file for the Peters-Williams 4-step
methane oxidation mechanism [27]. In most cases it is expected that the chemical data file will be gen-
erated using the chemical data preprocessor PPCHEM described below, although some manual editing may
be required also.

The first five lines are treated as a header and are read but ignored by the SENGA2 code. The various
data items are then listed in groups, where the format of each group is fixed and is determined by the
nature of the data involved. Note that not all groups are required for all reaction mechanisms, and in
this case a one-line header appears as a placeholder for the group.
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The species list associates an integer identifier with each species involved in the reaction mechanism.
After the one-line header, the first line contains an integer N specifying the number of species in the
list and hence the length of the list. Each subsequent line contains an integer identifier @ and a string
representing the species chemical symbol M. Each integer identifier must be unique, and each species
string must contain no spaces. The default maximum length of a species string is 10 characters.

The species data group contains the thermodynamic data required for each species. Following the one-line
header the first line specifies the reference pressure in pascals (Pa). There follows a series of data blocks
with one block per species. For each block the first line contains the species integer identifier and the
molar mass of the species in kg/kmol, and the second line specifies the Lewis number for the species.
The next line contains an integer which specifies the number of temperature ranges over which the ther-
modynamic data is defined. The data for each temperature range is specified in a sub-block whose first
line contains two real numbers specifying the lower and upper limits of temperature in degrees Kelvin
(K) and an integer specifying the number of temperature coefficients for that range. The remainder of
the sub-block contains the coefficients arranged one per line. There are as many sub-blocks as there are
temperature ranges for each species, and as many data blocks as there are species in the species list.

The step rate data group contains the Arrhenius rate parameters for each forward step in the reaction
mechanism. The group consists of a one-line header followed by a line containing an integer M specifying
the number of steps in the reaction mechanism. This is followed in turn by one line for each step con-
taining a unique integer identifier m for the step followed by three real numbers specifying the Arrhenius
rate parameters A,,, n,, and E,,, in accordance with eq. 13. For Lindemann, Troe and SRI forms these
values correspond to the rate coefficient koo, in the high—pressure limit.

The step species list provides a compact list of the species involved in each step of the reaction mechanism,
i.e. a species for which either v, ,,, or v, (or possibly both) takes a non-zero value. Note that third
bodies are not included in this list. The group consists of a one-line header followed by a number of data
blocks, one for each step in the mechanism. Each block begins with a line containing two integer values,
the first being the value of m that uniquely identifies the step and the second specifing the number of
species involved in that step. Subsequent lines in each block contain three integer values of which the
first is a repeat of the step identifier m, the second is an index number applicable only within the current
step, and the third identifies a species using the unique integer identifier a as previously defined in the
species list. There are as many lines in each block as there are species taking part in the step, and there
are as many blocks as there are steps in the mechanism.

The step reactant list provides a compact list of the species involved in each step of the mechanism as
molecular reactant species, i.e. a species for which vy, ,, takes an integer value greater than zero. Note
that third bodies are not included in the list. The group has the same structure as the step species list,
consisting of a one-line header followed by a number of data blocks, one for each step in the mechanism.
Each block begins with a line containing two integer values, the first being the value of m that uniquely
identifies the step and the second specifing the number of entries in the list for that step. Subsequent
lines in each block contain three integer values of which the first is a repeat of the step identifier m, the
second is an index number applicable only within the current step, and the third uses the unique species
identifier « to identify a reactant species within the current step. If V{Lm has an integer value greater
than unity then the entry for species « is repeated to appear a total of 1/;7,” times, each with a unique
index number but with the same species identifer. There are as many lines in each block as required for
the number of species for each step including repeats, and there are as many blocks as there are steps in
the mechanism.

The step product list provides a compact list of the species involved in each step of the mechanism as

molecular product species, i.e. a species for which ng takes an integer value greater than zero. Note
that third bodies are not included. The group has the same structure as the step species list, consisting
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of a one-line header followed by a number of data blocks, one for each step in the mechanism. Each block
begins with a line containing two integer values, the first being the value of m that uniquely identifies
the step and the second specifing the number of entries in the list for that step. Subsequent lines in each
block contain three integer values of which the first is a repeat of the step identifier m, the second is an
index number applicable only within the current step, and the third uses the unique species identifier
« to identify a product species within the current step. If ugym has an integer value greater than unity
then the entry for species « is repeated to appear a total of ug,m times each with a unique index number
but with the same species identifer. There are as many lines in each block as required for the number
of species in each step including repeats, and there are as many blocks as there are steps in the mechanism.

The step reactant coefficient list provides a list of the reactant species for which the value of V(/l,m is
non-zero but is not a positive integer. Note that third bodies are not included. The group has the same
structure as the step species list, consisting of a one-line header followed by a number of data blocks, one
for each step in the mechanism. Each block begins with a line containing two integer values, the first
being the value of m that uniquely identifies the step and the second specifing the number of entries in
the list for that step. Subsequent lines in each block contain three integer values and one real value. The
first integer is a repeat of the step identifier m, the second is an index number applicable only within the
current step, and the third uses the unique species identifier « to identify a reactant species within the
current step. The real value is the value of l/(;,m for that species within the step. There are as many lines
in each block as required to specify all of the non-zero non-positive-integer values of Vgtm for that step,
and there are as many blocks as there are steps in the mechanism.

The step product coefficient list provides a list of the product species for which the value of v, ,, is non-
zero but is not a positive integer. Note that third bodies are not included. The group has the same
structure as the step species list, consisting of a one-line header followed by a number of data blocks, one
for each step in the mechanism. Each block begins with a line containing two integer values, the first
being the value of m that uniquely identifies the step and the second specifing the number of entries in
the list for that step. Subsequent lines in each block contain three integer values and one real value. The
first integer is a repeat of the step identifier m, the second is an index number applicable only within the
current step, and the third uses the unique species identifier o to identify a product species within the
current step. The real value is the value of z/g,m for that species within the step. There are as many lines
in each block as required to specify all of the non-zero non-positive-integer values of ngm for that step,
and there are as many blocks as there are steps in the mechanism.

The step species delta-list contains the value of the difference of stoichiometric coefficients (v ,,, — V4, )
for each species in each step in the mechanism. Note that third bodies are not included. The group
consists of a one-line header followed by a number of data blocks, one for each step in the mechanism.
Each line in each block contains two integer values and one real value. The first integer is a repeat of
the step identifier m while the second is an index number applicable only within the current step. The
real value is the value of (Vg,m — V(;,m) for that species within the step. There are as many lines in each
block as required for the number of species involved in the step, and there are as many blocks as there

are steps in the mechanism.

The third body list associates an integer identifier with each third body involved in the reaction mecha-
nism. After the one-line header, the first line contains an integer specifying the number of distinct third
bodies required by the mechanism and hence the length of the list. Each subsequent line contains an
integer identifier and a string representing the generic chemical symbol for the corresponding third body.
Each third-body integer identifier must be unique, and each third-body string must contain no spaces.
The default maximum length of a third-body string is 10 characters.

The third-body step-list indicates which steps in the reaction mechanism involve a third body. After the
one-line header, each line contains two integer values. The first integer corresponds to the step number
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m. If a step does not involve a third body then the second integer value is set equal to zero. If a step does
involve a third body then the second integer value is the third body identifier for that step, as already
defined in the third body list.

The third-body efficiencies are listed for each third body identified in the third body list. For every third
body there is a data block consisting of a number of lines equal to the number of species N. Each line
contains two integer values and a real value. The first integer is the unique identifier for the third body
as previously specified in the third body list. The second integer is the species number « as previously
specified in the species list, and the real value is the value of the third body efficiency 1., as required
by eq. 69.

The Gibbs step—list indicates which steps in the mechanism need to have the backward reaction rate evalu-
ated using the Gibbs function according to eq. 66. The first line contains a single integer value specifying
the number of Gibbs steps. If this number is non-zero, there follows a number of lines equal to the number
of steps in the reaction mechanism. Each line contains two integer values, of which the first is the step
index number m as previously specified in the step species list. If the step requires evaluation of the reac-
tion rate using the Gibbs function then the second integer value is equal to m, otherwise it is equal to zero.

The Lindemann step—list indicates which steps in the mechanism need to have the reaction rate evaluated
using a Lindemann form according to eq. 70. The first line contains a single integer value specifying
the number of Lindemann steps. If this number is non-zero, there follows a number of lines equal to the
number of steps in the reaction mechanism. Each line contains two integer values, of which the first is the
step index number m as previously specified in the step species list. If the step requires evaluation of the
reaction rate using a Lindemann form then the second integer value specifies a unique integer identifier
for the Lindemann step, otherwise it is equal to zero.

The Lindemann step rate data is listed for each Lindemann step. Each entry consists of an integer iden-
tifier for the Lindemann step together with the real-number values of the four Lindemann parameters
Ao,m, Mo,m, Fo,m and Fy,, as described in section 2.5.4. The length of the list is equal to the number of
Lindemann steps as already specified in the Lindemann step list.

The Troe step-list indicates which steps in the mechanism are treated using a Troe form (see eq. 72).
The first line contains a single integer value specifying the number of Troe steps. If this number is non-
zero, there follows a number of lines equal to the number of steps in the reaction mechanism. Each line
contains two integer values, of which the first is the step index number m. If the step is a Troe step then
the second integer value specifies a unique integer identifier for the Troe step, otherwise it is equal to zero.

The Troe step rate data is listed for each Troe step. Each entry consists of a pair of lines, each starting
with an integer identifier for the Troe step. The first line also contains the real-number values of the six
parameters Ag m, 10,m; £o,m, o, T* and T** while the second line also contains the six parameters 77**,
c1, c2, n1, ne and d as listed in section 2.5.5. The length of the list is equal to the number of Troe steps.

The SRI step-list indicates which steps in the mechanism are treated using the SRI form (see eq. 75).
The first line contains a single integer value specifying the number of SRI steps. If this number is non-
zero, there follows a number of lines equal to the number of steps in the reaction mechanism. Each line
contains two integer values, of which the first is the step index number m. For each SRI step the second
integer value specifies a unique integer identifier for the SRI step, otherwise it is equal to zero.

The SRI step rate data is listed for each SRI step. Each entry consists of a pair of lines, each starting
with an integer identifier for the SRI step. The first line also contains the real-number values of the four
parameters Ag m, %0,m, Eo,m and a while the second line also contains the four parameters b, ¢, d and e
as listed in section 2.5.6. The length of the list is equal to the number of SRI steps.
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The file ends with an end—of-file line.

4.4 Molecular Transport Data

The molecular transport data file diff.dat must be set up to contain the molecular transport data
required for the run. The file may be edited directly or it may be generated using the molecular transport

preprocessor PPDIFF (see below). The file format is as shown:

>k >k >k >k >k >k >k %k %k %k >k %k %k >k >k % %k % 3K 3k 5k %k %k %k %k >k >k %k %

* *
* Qutput file from ppdiff *
* *

skskskskok ok ok ok ok sksk sk sk ok ok sk sk sk ok sksk sk sk ok ok ok
Species list:
8
CH4
02
Cc02
H20
H2
H
Co
8 N2
Molecular transport reference
1.0000E+05 3.0000E+02
Viscosity
1 4
-1.1380023E+01 8.3399272E-01
2 4
-1.0789821E+01 7.7597711E-01

~N O O WN -

8 4
-1.0922972E+01 7.5708911E-01
Thermal conductivity

data:

.0610784E-01

.1514493E-02

.0590841E-02

.9781114E-02

.6581773E-02

.4355753E-02

1 4
-3.3549747E+00 1.3650012E+00 2.7029536E-03 -4.1537210E-02
2 4

-3.6301886E+00 8.9192179E-01

8 4
-3.6486043E+00 7.9484049E-01
Binary diffusion coefficient

.4519736E-02

.3989013E-02

.0535492E-03

.1993908E-02

1 4
1 -1.0664330E+01 1.8306004E+00 -9.2093378E-02 1.6338529E-02
2 4

1 -1.0685941E+01
2 -1.0767064E+01

1.8046552E+00 -8.3432209E-02
1.7805827E+00 -7.2472640E-02

1.5768260E-02
1.3963040E-02
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8 4

1 -1.0693379E+01 1.7961047E+00 -7.8556012E-02 1.4587746E-02
2 -1.0765801E+01 1.7736936E+00 -7.0453581E-02 1.3963040E-02
3 -1.1044698E+01 1.8494119E+00 -1.0073741E-01 1.7922621E-02
4 -1.0265370E+01 1.9507609E+00 -1.1580786E-01 1.4868015E-02
5 -9.4446587E+00 1.7088596E+00 -3.6525108E-02 7.8978109E-03
6 -8.9959759E+00 1.7980866E+00 -7.9106137E-02 1.4587746E-02
7 -1.0774890E+01 1.7646691E+00 -6.3980368E-02 1.2305278E-02
8 -1.0766127E+01 1.7642966E+00 -6.3872807E-02 1.2305278E-02

Thermal diffusion ratio

1 4

2 4

1 -1.8532285E+00 4.2344844E-02 -5.7477797E-03 2.6446896E-04
3 4

1 -2.5964914E+00 4.2719521E-02 -4.4382947E-03 1.6490136E-04
2 -8.7908178E-01 1.6793534E-02 -1.9715104E-03 8.1281829E-05
8 4

1 -1.5134891E+00 3.2827098E-02 -4.1863086E-03 1.7698924E-04
2 3.6970212E-01 -9.0121664E-03 1.3088089E-03 -6.3189059E-05
3 1.2372262E+00 -2.4802472E-02 3.0555189E-03 -1.3219420E-04
4 -1.2042447E+00 1.0607508E-02 -3.1499006E-04 -1.5912879E-05
5 -4.7403690E+00 1.0675587E-01 -1.6425103E-02 8.2494454E-04
6 -5.1667386E+00 1.1066503E-01 -1.3936376E-02 5.8184349E-04
7 0.0000000E+00 0.0000000E+00 0.0000000E+00 0.0000000E+00

End of file

The example shown is an abbreviated version of the molecular transport data file for the Peters—Williams
4-step methane oxidation mechanism [27].

The first five lines are treated as a header and are read but ignored by the SENGA2 code. The various
data items are then listed in groups, where the format of each group is fixed.

The species list associates an integer identifier with each species involved in the reaction mechanism.
After the one-line header, the first line contains an integer N specifying the number of species in the
list and hence the length of the list. Each subsequent line contains an integer identifier @ and a string
representing the species chemical symbol M,. Each integer identifier must be unique, and each species
string must contain no spaces. The default maximum length of a species string is 10 characters.

The format of the species list is identical to that used in the chemical data file.

The molecular transport reference data group consists of a one-line header followed by a line containing
two real numbers. These provide the reference pressure (in Pa) and the reference temperature (in K) for
the molecular transport data.

The wiscosity group lists the polynomial coefficients for the viscosity u, of each species according to the

logarithmic formulation (39). Following the header line there is a pair of lines for each species. The first
line of each pair contains the species integer identifier together with the number of coefficients J for that
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species. The second line contains real numbers corresponding to the coefficients a, ; for j =1...J.

The thermal conductivity group lists the polynomial coefficients for the thermal conductivity A, of each
species according to the logarithmic formulation (39). Following the header line there is a pair of lines for
each species. The first line of each pair contains the species integer identifier together with the number
of coefficients J for that species. The second line contains real numbers corresponding to the coefficients
bojforj=1...J.

The binary diffusion coefficient group lists the polynomial coefficients of the logarithmic formulation (39)

for the binary diffusion coefficients Dgp BO ) for each pair of species. There is a header line followed by a set
of data lines for each species a. The first line of each set contains the species integer identifier together
with the number of coefficients J for that species. This line is followed by K lines where K is equal to
the value of the integer identifier a. Each of these K lines begins with the species integer identifier 5,
followed by the J real numbers corresponding to the coefficients dng ; for j = 1...J. Note that the last

line of each set contains the polynomial coefficients for the coefficient of self—diffusion D&p&) ),

The thermal diffusion ratio group lists the polynomial coefficients of the formulation (40) for the thermal
diffusion ratio ég) for each pair of species. There is a header line followed by a set of data lines for each
species . The first line of each set contains the species integer identifier together with the number of
coefficients J for that species. This line is followed by K — 1 lines where K is equal to the value of the
integer identifier av. Each of these K — 1 lines begins with the species integer identifier 3, followed by
the J real numbers corresponding to the coefficients cop,; for j = 1...J. Note that the quantity é&j;) is
identically zero and hence is not included in the data.

The file ends with an end—of-file line.

4.5 Radiation Data

The radiation data file radn.dat must be provided whenever radiation heat transfer is activated. the file
format is as shown:

>k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k >k %k >k >k k

* *
* Radiation data file =*
* *

sksksksok o ok sk sk sk sk sk ok ok sk sk ok sk sk ok ok
Species list:

8
1 CH4
2 02
3 C02
4 H20
5 H2
6 H
7 CO
8 N2
Planck mean absorption coefficient data
4
1 6
1.017015D-04 -7.947321D-08  4.342446D-12 1.048611D-14 -2.287861D-18
0.0DO
3 6
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3.24420D-04 7.537513D-07 -1.535140D-09 9.487940D-13 -2.509259D-16
2.447995D-20
4 6
6.869480D-04 -1.523490D-06 1.417848D-09 -6.620996D-13 1.524150D-16
-1.373456D-20
7 6
1.565360D-05 1.483914D-07 -2.656035D-10 1.687980D-13 -4.674473D-17
4.767387D-21
End of file

The example shown is the complete radiation data file for the Peters—Williams 4-step methane oxidation
mechanism [27]. Note that there is no preprocessor for radiation data.

The first five lines are treated as a header and are read but ignored by the SENGA2 code.

The species list associates an integer identifier with each species involved in the reaction mechanism.
After the one-line header, the first line contains an integer N specifying the number of species in the
list and hence the length of the list. Each subsequent line contains an integer identifier @ and a string
representing the species chemical symbol M. Each integer identifier must be unique, and each species
string must contain no spaces. The default maximum length of a species string is 10 characters. The
format of the species list is identical to that used in the chemical data file and the molecular transport
data file.

The Planck mean absorption coefficient data group consists of a one-line header followed by a line con-
taining a single integer value specifying the number of participating species (see eq.52). This is followed
in turn by a set of three lines for each participating species. The first line of the set contains two integer
values specifying the integer identifier of that species (as specified in the species list), together with the
number of polynomial coefficients J for that species. The remaining two lines of the set contain real
values (max. of five per line) specifying the polynomial coefficients A, ;.

The file ends with an end—of-file line.

4.6 Source—code file options

It is necessary to make sure that the correct source—code files are in place which match the case to be run.
The SENGA2 distribution includes a subdirectory differentiators which contains a selection of standard
options for the nine different differentiator subroutines DFBYDX, DFBYDY, DFBYDZ, D2FDX2, D2FDY2, D2FDZ2.
D2FDXY, D2FDXZ and D2FDYZ. For three—dimensional cases all nine routines must be present in the main
directory in a fully—functioning form. For one-dimensional or two—dimensional cases at least some of
these routines can be replaced with their null equivalents which simply return ia value of zero for the
relevant derivative. Similarly, the use of a stretched mesh in any one direction requires corresponding
differentiator routines and a corresponding version of the subroutine DFMSTR.

A separate subdirectory flamin options contains a set of the most commonly—used flame initialisa-
tion routines. The required option can be copied into the main directory as FLAMIN.

The subdirectory casefiles contains copies of the control data, chemical data, molecular transport
data, radiation data, common block files and restart data files for several previous test cases. These can
be copied into the main directory and/or modified as required. The default test case included in the
distribution represents a one—-dimensional laminar hydrogen—air flame.
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5 Chemistry Pre-Processor PPCHEM

The chemical data file is most easily constructed using a chemistry pre—processor program named PPCHEM.
This program requires two input files: a reaction mechanism file and a thermochemical data file. At start-
up, PPCHEM will prompt for the names of the reaction mechanism file and the thermochemical data file
to be read, and for the name of the chemical data output file to be written. If required, a simple control
file containing these filenames can be constructed and preconnected to the standard input. By default,
reaction mechanism filenames have the extension .mec, thermochemical data filenames have the extension
.thr and chemical data output filenames have the extension .chm. The chemical data output file from
PPCHEM is in the correct format to be read by SENGA2 using the fixed filename chem.dat.

The reaction mechanism file has the following format:

#

# Peters-Williams 4-step methane mechanism

#

# From Peters, N. and Williams, F.A.: Combust.Flame 68, 185-207, 1987.
#

Species list

1 CH4 methane

2 02 oxygen

3 co2 carbon dioxide

4 H20 water vapour

5 H2 hydrogen

6 H hydrogen atom

7 c0 carbon monoxide

8 N2 nitrogen

END

Third body list

1 M

co2 1.5

H20 6.5

N2 0.4

END

Mechanism step list

1 CH4 +2H +H20 =>C0 +4H2 2.200E+04 3.0 36.60
2 Co +H20 =>C02 +H2 2.040E+07 1.5 90.23
3 2H +M =>H2 +M 2.300E+18 -0.8 0.00
4 02 +3H2 =>2H20 +2H 2.000E+14 0.0 70.30
5 co2 +H2 =>C0 +H20 5.830E+08 1.5 134.74
6 2H20 +2H =>02 +3H2 1.500E+09 0.0 145.05
END

Conversion factor list (length, kmols, time, temp, energy)
1.0D-2 1.0D-3 1.0DO 1.0DO 1.0D3

END

End of file

There is a five-line header which is ignored by PPCHEM and which is intended solely for labelling and
comments. This is followed by the species list, the third-body list and the mechanism step list. Each list
begins with a one-line header and is terminated by a line containing the keyword “END” only.

Each line of the species list corresponds to a single species, and contains the species number, the
species symbol and the species name. Each species number must be unique and consecutive, starting at
1. The species symbol has a maximum length of 16 characters, must not contain any spaces, and must
not end with “D” or “E”. The species name has a maximum length of 50 characters, and can contain any
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alphanumeric character including spaces.

The third body list consists of a series of data blocks. Each data block begins with a line containing
the third body number and the third body symbol. The number must be consecutive and unique, and
the symbol must be unique and follow the same rules as for species symbols. The remainder of each data
block consists of a list, with each line containing a species symbol as defined in the species list together
with a real number representing the third body efficiency for that species for that third body. There are
as many data blocks as there are distinct third bodies, and if the reaction mechanism requires no third
body there will be no data blocks.

Each line of the mechanism step list corresponds to one step in the chemical reaction mechanism.
The line begins with a step number which must be unique and consecutive, starting at 1. There follows
the list of reactant species symbols for the step, separated by “+” signs and terminated by the symbol
“==" or “=>". This is followed by the list of product species symbols for the step separated by “+” signs.
Spaces within the reactant and product species lists are optional and are ignored. All species symbols
must correspond to species symbols or third body symbols as previously declared. The line ends with
three real numbers separated by spaces, and giving the values of A, n and E for the step.

Reaction steps having a Lindemann form are indicated by the symbol “L” at the end of the line. This
line contains the values of A, n and E for the high—pressure rate coefficient k. For a Lindemann step
the following line contains four real numbers separated by spaces and giving the value of F' followed by
the values of A, n and FE for the low—pressure rate coefficient k.

Reaction steps of Troe form are indicated by the symbol “T” at the end of the line. This line contains
the values of A, n and F for the high—pressure rate coefficient k... For a Troe step the following line
contains seven real numbers separated by spaces, giving the values of o, T, T** and T"** followed by the
values of A, n and E for the low—pressure rate coeflicient ky. This is followed by a further line containing
five real numbers separated by spaces and giving the values of the constants c¢1, ¢a, n1, ns and d.

Reaction steps of SRI form are indicated by the symbol “S” at the end of the line. This line contains
the values of A, n and E for the high—pressure rate coefficient k... For each SRI step the following line
contains three real numbers separated by spaces and giving the values of A, n and E for the low—pressure
rate coefficient ky. This is followed by a further line containing five real numbers separated by spaces
and giving the values of the constants a, b, ¢, d and e.

The format for Lindemann, Troe and SRI steps is illustrated by the following fragment of a (fictitious)
mechanism file:

21 H202  +M1 ==0H +0H +M1 1.200E+17 0.0 45500.0 L
21 0.5 2.950E+14 0.0 48400.0
22 H202 +0H +M1 ==H20 +H02 +M1 5.800E+14 0.0 9560.0 T
22 0.5 300.0 400.0 500.0 2.950E+14 0.0 48400.0
22 -0.4 -0.67 0.75 -1.27 0.14
23 H202 +0H +M1 ==H20 +HO02  +M1 5.800E+14 0.0 9560.0 S
23 2.950E+14 0.0 48400.0
23 0.9 0.63 0.8 1.0 1.0

Following the end of mechanism step list, there is a conversion factor list. This list specifies the factors
required to convert the values of A, n and E as given in the mechanism step list into SI units, i.e. using
metres, kmols, seconds, degrees Kelvin and Joules. This allows for the fact that reaction mechanism pa-
rameters are often specified using non—SI units, In principle, any units may be used within the mechanism
step list, provided only that the same units are used for every step in the mechanism. The conversion
factor list consists of a header line (which is ignored) followed by a line containing five real numbers
separated by spacess and giving the values of the conversion factors for length, amount of substance,
time, temperature and energy. The file is terminated by a line containing the phrase “End of file”.

5.1 Thermochemical Data

The thermochemical data file has the following format:
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sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok ok ok
* *
* Qutput file from ppthrm *
* *
sk sk sk sk sk ok ok ok ok ok K ok K kK KoK oK KoK oK oK ok ok ok ok o ok
1.0000E+05
CH4
1.6000E+01
9.7000E-01

1 300.00 1000.00 7
7.7874150E-01
1.7476680E-02

-2.7834090E-05
3.0497080E-08

-1.2239307E-11

-9.8252290E+03
1.3722195E+01

2 1000.00 5000.00 7
1.6834780E+00
1.0237236E-02

-3.8751280E-06
6.7855850E-10

-4.5034230E-14

-1.0080787E+04
9.6233950E+00
END

Cco

2.8000E+01
1.1000E+00

1 300.00 1000.00 7
3.2624510E+00
1.5119409E-03

-3.8817550E-06
5.5819440E-09

-2.4749510E-12

-1.4310539E+04
4.8488970E+00

2 1000.00 5000.00 7
3.0250780E+00
1.4426885E-03

-5.6308270E-07
1.0185813E-10

-6.9109510E-15

-1.4268350E+04
6.1082170E+00
END

END

There is a five-line header which is ignored. This is followed by a value specifying the reference pressure
for the thermodynamic data. There follows a series of data blocks. There must be exactly one data block
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for each species as declared in the mechanism file, but there may be more species and hence more data
blocks than are required by the mechanism. Each data block begins with a line containing only a species
symbol, constructed according to the rules for species symbols. The two subsequent lines each contain a
single real number corresponding respectively to the molar mass and the Lewis number for that species.
The next line contains a single integer corresponding to the number of temperature intervals for which
thermodynamic data is provided for the species in question. There follows a number of data sub-blocks,
one for each temperature interval. Each sub-block has a first line containing an integer, two real numbers
and a second integer. The first integer gives the number of the sub-block, the two real numbers provide
the lower and upper limits of the temperature range for this interval, and the second integer gives the
number of coefficients to follow. The sub-block is completed by that number of lines, each containing
a real number corresponding to a thermodynamic data item. The data block is terminated by a line
containing the keyword “END”, and the file is terminated by an extra line containing the keyword “END”.

5.2 Thermochemical Pre-Processor PPTHRM

The thermochemical data file may be constructed either manually or by computer using data from any
preferred source. A particularly useful data source is the CHEMKIN database. A further preprocessing
program is PPTHRM which reads a CHEMKIN format database file together with a species data file in order
to generate a thermochemical data file for PPCHEM. At startup, PPTHRM will prompt for the names of the
species data file and the CHEMKIN format thermodynamic database file, for the value of the reference
pressure used in the construction of the thermodynamic data, and for the name of the thermochemical
data file to be output. Alternatively, this information can be provided in a control file preconnected to
standard input. The default filename extension for the species data file is .spc, for the thermodynamic
database file it is .src, and for the thermochemical data file it is .thr as previously indicated.

The CHEMKIN format of the database file is given in relevant publications. The format of the species
data file is:

#

# Peters-Williams 4-step methane mechanism

# Molar masses and Lewis numbers

# From Peters, N. and Williams, F.A.: Combust.Flame 68, 185-207, 1987.
#

Species list

1 CH4 16.0 0.97
2 02 32.0 1.11
3 co2 44 .0 1.39
4 H20 18.0 0.83
5 H2 2.0 0.30
6 H 1.0 0.18
7 co 28.0 1.10
8 N2 28.0 1.00
END

End of file

As before, the first five lines are ignored. The rules for the file format and for the format of the species
list are the same as for the species list in the mechanism file, except that each line contains two real
numbers in place of the species name. These numbers correspond to the molar mass and the Lewis
number respectively.
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6 Molecular Transport Pre-Processor PPDIFF

The molecular transport data file is most easily constructed using a molecular transport pre—processor
program named PPDIFF. This program requires four input files: a species data file, a thermochemical
data file, a diffsuion data file and a collision data file. At start—up, PPDIFF will prompt for the names of
the four files to be read, and for the name of the molecular transport data file to be written as output.
A control file containing a list of the filenames can be provided and preconnected to the standard input.
The species data file is identical to the species data file required by the thermochemical pre—processor
PPTHRM, and has the default filename extension .spc. The thermochemical data file is identical to the file
produced by the thermochemical pre—processor PPTHRM and has the extension .thr. The species data file
and the thermochemical data file must be compatible with whichever reaction mechanism is in use. The
diffusion data file has the default filename diffusion.dat and contains items of fundamental molecular
data [9], while the collision data file has the default filename collision.dat and contains tabulated data
describing the collision integrals [31]. Both the diffusion data file and the collision data file contain data
for many species and are unaffected by the choice of reaction mechanism. The output file from PPDIFF
is in the correct format to be read by SENGA2 using the fixed filename diff.dat.

The diffusion data file has the fixed format:

#

# Diffusion preprocessor PPDIFF

#

# Diffusion data derived from CHEMKIN transport data file "tran.dat"

#

# geom L-J pot L-J diam dip mom polaris Zrot comments

AR 0 136.500 3.330 0.000 0.000 0.000

C 0 71.400 3.298 0.000 0.000 0.000

Cc2 1 97.530 3.621 0.000 1.760 4.000

Cc20 1 232.400 3.828 0.000 0.000 1.000

CN2 1 232.400 3.828 0.000 0.000 1.000

C2H 1 209.000 4.100 0.000 0.000 2.500

C2H2 1 209.000 4.100 0.000 0.000 2.500

C2H20H 2 224.700 4.162 0.000 0.000 1.000

C2H3 2  209.000 4.100 0.000 0.000 1.000

Cc2H4 2 280.800 3.971 0.000 0.000 1.500

0 0 80.000 2.750 0.000 0.000 0.000

02 1 107.400 3.458 0.000 1.600 3.800

OH 1 80.000 2.750 0.000 0.000 0.000

END

Conversion factors to SI units: deg K, m, (m"{3/2} J~{1/2}), m~{3}
1.0D0 1.0D-10 3.16227766017D-25 1.0D-30

END

There is a five-line header which is read and ignored by PPDIFF and which is intended solely for labelling
and comments. The next line gives a brief header for each column of data, and again this line is read
and ignored by PPCHEM. The header lines are followed by a block of data lines. Each data line contains
eight items. The first item is the species symbol and must contain a maximum of 16 characters, must
not contain any spaces and must not end with “D” or “E”. The second item is the geometry index, which
is an integer having the value 0 for a monatomic molecule, 1 for a linear molecule and 2 for a non-linear
molecule. The next five items are real numbers. The first of these, i.e. the third item in the data line, is
the Lennard—Jones potential well depth ¢, /kp in degrees Kelvin, where kp is Boltzmann’s constant. The
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fourth item is the Lennard-Jones collision diameter o, in Angstrom units (10~'%m). The fifth item is
the molecular dipole moment fi,, in Debye (m?3/2J/2). The sixth item is the polarisability of the molecule
Qo in cubic Angstrom units (1073°m?). The seventh item is the rotational relaxation collision number
Z§% at a reference temperature of 298K and is dimensionless. The eighth and final item is an optional
comment having a maximum of eight characters. The last data line is followed by a line containing only
the keyword “END”.

After the end of the block of data lines there is a conversion factor list. This specifies the factors
required to convert the values of €, /kp, 04, fia and «a, into ST units. The conversion factor list consists
of a header line (which is ignored) followed by a line containing four real numbers giving the values of

the conversion factors. The file ends with a line containing only the keyword “END”.

The collision data file has the fixed format:

#
# Diffusion preprocessor ppdiff
#
# Collision integral data: Monchick and Mason, J Chem Phys 35, 1676-1697, 1961
#
# _____________________________________________________________________________
#
# Omega(l,1)x*
#
0.0 0.25 0.50 0.75 1.0 1.5 2.0 2.5
0.1 4.0079 4.002 4.655 5.521 6.454 8.214 9.824 11.31
0.2 3.13 3.164 3.355 3.721 4.198 5.230 6.255 7.16
0.3 2.6494 2.657 2.770 3.002 3.319 4.054 4.785 5.483

75.0 0.54146 0.5415 0.5416 0.5416 0.5418 0.5421 0.5424 0.5429
100.0 0.51803 0.5181 0.5182 0.5184 0.5184 0.5185 0.5186 0.5187
#
# Omega(2,2)*

#
0.0 0.25 0.50 0.75 1.0 1.5 2.0 2.5
0.1 4.1005 4.266 4.833 5.742 6.729 8.624 10.34 11.89
0.2 3.2626 3.305 3.516 3.914 4.433 5.570 6.637 7.618
0.3 2.8399 2.836 2.936 3.168 3.511 4.329 5.126 5.874

75.0 0.61397 0.6141 0.6143 0.6145 0.6147 0.6148 0.6148 0.6147
100.0 0.58870 0.5889 0.5894 0.5900 0.5903 0.5901 0.5895 0.5885

#

#  Ax

#

0.0 0.25 0.5 0.75 1.0 1.5 2.0 2.5

0.0 1.0065 1.084 1.084 1.084 1.084 1.084 1.084 1.084
0.1 1.0231 1.066 1.038 1.040 1.043 1.050 1.052 1.051
0.2 1.0424 1.045 1.048 1.052 1.056 1.065 1.066 1.064
0.3 1.0719 1.067 1.060 1.055 1.058 1.068 1.071 1.071
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75.0 1.1339 1.134 1.134 1.135 1.135 1.134 1.134 1.132

100.0 1.1364 1.137 1.137 1.138 1.139 1.138 1.137 1.135

10000.0 1.14187 1.14187 1.14187 1.14187 1.14187 1.14187 1.14187 1.14187
#

# Bx
#
0.0 0.25 0.5 0.75 1.0 1.5 2.0 2.5
0.0 1.1852 1.2963 1.2963 1.2963 1.2963 1.2963 1.2963 1.2963
0.1 1.1960 1.216 1.237 1.269 1.285 1.290 1.297 1.294
0.2 1.2451 1.257 1.340 1.389 1.366 1.327 1.314 1.278
0.3 1.2900 1.294 1.272 1.258 1.262 1.282 1.290 1.299

75.0 1.0947 1.095 1.094 1.094 1.093 1.093 1.094 1.095
100.0  1.0957 1.095 1.094 1.093 1.092 1.093 1.093 1.094
10000.0 1.10185 1.10185 1.10185 1.10185 1.10185 1.10185 1.10185 1.10185

#

# Cx

#

0.0 0.25 0.5 0.75 1.0 1.5 2.0 2.5

0.0 0.8889 0.77778 0.77778 0.77778 0.77778 0.77778 0.77778 0.77778
0.1 0.88575 0.8988 0.8378 0.8029 0.7876 0.7805 0.7799 0.7801
0.2 0.87268 0.8692 0.8647 0.8479 0.8237 0.7975 0.7881 0.7774
0.3 0.85182 0.8525 0.8386 0.8198 0.8054 0.7903 0.7839 0.7820

75.0 0.94881 0.9488 0.9459 0.9490 0.9487 0.9482 0.9476 0.9468
100.0 0.94863 0.9487 .9489 .9491 .9493 .9491 .9483 .9476
10000.0 0.94444 0.94444 0.94444 0.94444 0.94444 0.94444 0.94444 0.94444
#
End of file

o
o
o
o
o
o

The first five lines form a header which is ignored, as is the next line which is a separator. There are five
data tables, containing data for the collision integrals QSB’U* and Qf[f)* followed by the collision integral
ratios

Qg2’2)* 5931,2)* B 4931,3)* QS’2)*
AT = (16.1)*; B = —0 (L.D)= —; ¢r = (16-1)*' (142)
Qa[é Qa[; Qa[é

Each of these five quantities is a function of reduced temperature 7,5 and reduced dipole moment 97, .
Each data table begins with a three-line header which is ignored. The top line of each table contains
the value of &% 5 corresponding to each column of data. For the remainder of the table, the first column
contains the value of T7; corresponding to that row, and the rest of the columns contain the collision
integral data values indexed on T} 5 and 4, 5. The file ends with a comment line and an end-of-file line.

6.1 Molecular transport coefficients

The viscosity fiq, thermal conductivity Ao, binary diffusion coefficients D, and thermal diffusion ratios

ég[;) are evaluated using formulae obtained from rigorous kinetic theory [13, 28]. The approach involves
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finding a a solution to the Boltzmann equation for a distribution of molecular velocity that is perturbed
away from equilibrium by macroscopic gradients of velocity, temperature and species concentration. The
solution for the first—order perturbation may be written as a series in Sonine polynomials, and expressions
for the transport coefficients and the fluxes of mass, momentum and energy may be derived.

The viscosity for species « is given by [28§]

_ i VimakpT

= 6 2T (143)

Ko

where m,, is the molecular mass of species « and is given by m, = W, /A where A is Avogadro’s number.
The collision integral Qfﬁ)*(T* 0%) acts to modify the collision cross—section 7TO'3

) Yo

for intermolecular forces, and is a function of reduced temperature and reduced dipole moment defined
as

in order to account

« kBT R 774
To=773 5“:55 o3 (144)

*
)

Quantities stored in the diffusion data file are used to evaluate J, and for a given temperature also to
evaluate T);. The value of 9&2&2)* is then obtained by cubic interpolation of the corresponding table in the
collision data file. The viscosity is evaluated from (143) over a range of temperatures, and a logarithmic
polynomial fit of viscosity as a function of temperature (39) is obtained using a least—squares approach

with singular value decomposition.
The thermal conductivity for species « is related to the viscosity by the expression [29]

Aa —_ Il;/_(l (ftranséltjgans+froté£c(;t +fVibCVZ;b) (145)

where the superscripts indicate the translational, rotational and vibrational contributions, and

2 Aot A
ftrans — § 1-= ?’Ua il
2 7w Ctrans B
ot pDqa 2 A
= 14 ==
/ e < +7TB)
i Do
fVlb — p— (146)
Mo
with
4 - 5 _PDaa
2 Lo
2 (5C  pD
B = gty Z(2Xva o 147
“ *7W (3 RO * Ha ) (147)

The self—diffusion coefficient D, is given by

V21k3 T3 fmyg,
Do = iﬂB—/m (148)

16 pﬂ_o_géﬂalo,tl)*

and this may be combined with the formula for the viscosity (143) to yield

(2,2)
pDaa _ 3 ac _ 3 * * ok

o7



The rotational relaxation collision number Z2°' is obtained from [30]

F(Th)
Zrot — Zrot 150
a 0, F(T) ( )
where 1o 32
73/2 € 72 € €
FT)=1+—— —+2) (— 32 [ — 151
(M) =1+ (@T) +<44)<@T)+” knT (151)
and the reference temperature T} is taken as 298K. For a monatomic molecule the contributions to Cyu
are 3
ngﬂszzif#; Crot = 0; ovib = (152)
and f™"S = 5/2. For a linear molecule
~trans 3 0 ~rot 0 ~vib ~ 5 0
Coom® = §R ; Co, = R Cyy = Cuo(T) — §R (153)
and for a non-linear molecule
_ 3 _ 3 _ _
Cuam=5R%  Cl=3R% Ol =Cu(l) - 3R (154)

Note that Cyo (T) = Cpa(T)— R° and Cpe (T) is obtained using a standard polynomial (16). Evaluation of
the thermal conductivity begins by using the geometry index stored in the diffusion data file to ascertain
the geometry of the molecule and hence to determine the relevant translational, rotational and vibra-
tional contributions to C,. For a monatomic molecule no further data is required. For non—-monatomic
molecules, quantities from the diffusion data file are used to evaluate the coefficients of F(T') and hence
find Z'°', and also to evaluate TF and §%. The value of A* is obtained by cubic interpolation of the
relevant table in the collision data file. The thermal conductivity is evaluated from (145) over a range
of temperatures and a logarithmic polynomial fit (39) is carried out in the same manner as for the viscosity.

The binary diffusion coefficient for species « and 3 is given by [28]

3 21k T3 [ mags

Dap = (155)
16 pﬂJiBQ(allél)*
where the reduced mass is defined as o
Mag = —— (156)
Mo + Mg
The collision integral Q((llél)* is a function of reduced temperature and reduced dipole moment
kT
* — ; * — =3k —k 157
af Eaﬁ af 2”04”,6 ( )
in which the reduced molecular dipole moment is
[ = ke (158)

fo ™ Voot

A polar molecule has a non—zero value of [i,, whereas a non—polar molecule has fi, = 0. If a binary colli-
sion involves either two polar molecules or two non—polar molecules, then the reduced collision diameter
oap and the reduced Lennard-Jones potential well depth e,3/kp are given by

1 €ap €a €8
af = 5 0a 5 = 1
Tap = 5 (0o +0p) . 1/1{;3 . (159)
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By contrast, if a binary collision involves one polar and one non—polar molecule, then these quantities

are given instead by
1 —~1/6 €ap Ea £8 42
s =~ (04 : = 160
Oap = 5 (00 + )¢ = (160)

1 [y k/’B
=14 —afpfy/ L2 161
§=1+ Janfipy I (161)

where the subscripts p and n respectively denote the polar and non—polar molecular species, and the
reduced polarisability of the non—polar molecule is defined as

in which

af == (162)

To evaluate the binary diffusion coefficients, the first step is to use the dipole moments stored in the
diffusion data file to identify polar and non—polar molecules. Then further diffusion data is used to
calculate oqp together with €44, and hence also 7,5 and (5Zﬁ. The collision integral Q((llél)* is found by
cubic interpolation of the corresponding table in the collision data file. The binary diffusion coefficient
is calculated from (155) for a range of temperature values, and a logarithmic polynomial fit is obtained
according to (39).

The thermal diffusion ratio for each pair of species is expressed in terms of collision integral ratios
according to [32]

15 (2455+5) (6625 -5) W, —w,
24, (1645, — 1285, +55) Wo + Wa

(163)

af

Here, the modified collision integral ratios are /Alj;ﬁ = A35/2, Bzﬁ = B ;/3 and C‘;ﬁ = C}3/3, where
Ay, Blhg and CF 5 are defined in (142) and are all functions of the reduced temperature T}, 5 and reduced
dipole moment ¢ ; as defined in (157). As with the binary diffusion coefficients, the evaluation of the
thermal diffusion ratios depends on whether the molecules are polar or non—polar, and the same procedure
is followed to calculate T7; 5 and &7, 5 using data extracted from the diffusion data file. The collision integral
ratios are obtained by cubic interpolation of the relevant tables in the collision data file. The thermal
diffusion ratios are found using (163) for a range of temperatures, and a polynomial fit is carried out
according to (40). Note that (163) is assumed to be valid for pairs of species for which W, and Wj are
both less than a specified limiting value, typically taken to be 5kg/kmol. For all other pairs of species,

égﬂ is set equal to zero.
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