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Figure 3: Simulated (solid lines) and experimental (dashed lines) heat release rates for Tests 8-13.
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Figure 4: Simulated (solid lines) and experimental (dashed lines) heat release rates for Tests 14-19.
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6 Numerical Method

This section presents the details of the numerical algorithm. First the equations that are being solved are
presented. Each of the conservation equations emphasize the importance of the velocity divergence and
vorticity fields, aswell asthe close relationship between the thermally expandabl e fluid equations [5] and the
Boussinesg equations for which the authors have devel oped highly efficient solution procedures [24, 25]. All
gpatial derivatives are approximated by second order central differences and the flow variables are updated
in time using an explicit second order predictor-corrector scheme.

6.1 Simplified Equations

Regardless of whether one is performing an LES or a DNS calculation, the overall solution algorithm is the
same. The eguations derived in Section 2 that are to be solved numerically are listed again here.

Conservation of Mass

ap

E+u-m =—p0-u (65)
Conservation of Species
%Jru-m\4:-p\45-u+D-pDD\q+\i\4’” (66)
Conservation of Momentum
0 1
a—‘t‘+uxm+DH =2 (p=pe)g+40-1) 67)
Divergence Constraint
y_l I 1 de
O-u=—— +0-kOT+0-Y ¢y TPDOY, — —— —— 68
Vo (q Z pI TPDEN — o ¢ (68)
Equation of State
po(t) = PTR ZYI/MI (69)

Notice that the source terms from the energy conservation equation have been incorporated into the diver-
gence and ultimately are involved in the mass conservation equation. The temperature is found from the
density and background pressure via the equation of state.

6.2 Temporal Discretization

All calculations start with ambient initial conditions. At the beginning of each time step, the quantities ,
Y, u", H", and pj are known. All other quantities can be derived from them. Note that the superscript
(n+ 1) refersto an estimate of the value of the quantities at the (n+ 1)st time step.

1. The thermodynamic quantities p, Y, and pg are estimated at the next time step with an explicit Euler
step. For example, the density is estimated

p(MPe — oM _5t(u"-[p "+p"0-u") (70)
The divergence (O - u)(”+1)e is formed from these estimated thermodynamic quantities. The normal
velocity components at boundaries that are needed to form the divergence are assumed known.
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2. A Poisson equation for the pressure is solved with a direct solver

(|:| . u)(n+1)e _ (D . u)n
ot

?H" = — —0-F" (71)

Note that the vector F contains the convective, diffusive and force terms of the momentum equation.
These will be described in detail below. Then the velocity is estimated at the next time step

uMBe — y" — 5t (F"+0OH ") (72)

Note that the divergence of the estimated velocity field isidentically equal to the estimated divergence
(- u)(™De that was derived from the estimated thermodynamic quantities. The time step is checked

at this point to ensure that
6t<min(6—x,6—y,6—z> (73)
u'v’'w

If the time step istoo large, it isreduced so that it satisfies the CFL condition and the procedure starts
from the beginning of the time step. If the time step satisfies the stability condition, the procedure
continues.

3. The thermodynamic quantities p, ¥, and pp are corrected at the next time step. For example, the
density is corrected

oMl — % <pn +p(Mt e _ gt (ue. g (Mle 4 p(ntDe. u(n+1)e)> (74)

The divergence (O - u)(”“) is derived from the corrected thermodynamic quantities.

4. The pressure is recomputed using estimated quantities

2(0- u)”+1_ (a- u)(n+1)e_ (O-u)" -

2H (De — 5 . (M (75)
t
The velocity isthen corrected
untl— % [un +ue _ &t (F(n+1)e_|_ OH (n+1)e)] (76)

Note again that the divergence of the corrected velocity field is identically equal to the corrected
divergence.

6.3 Spatial Discretization

Spatial derivatives in the governing equations are written as second order accurate finite differences on a
rectilinear grid. The overall domain is arectangular box that is divided into rectangular grid cells. Each cell
isassigned indices i, j and k representing the position of the cell in the x, y and z directions, respectively.
Scalar quantities are assigned in the center of each grid cell, thus ﬁ)‘jk is the density at the nth time step
in the center of the cell whose indices are i, j and k. Vector quantities like velocity are assigned at cell
faces, thus the x component of velocity u is defined at the faces whose normals are parallel to the x-axis,
the y component v is defined at the faces whose normals are parallel to the y-axis, and the zcomponent wis
defined at the faces whose normals are parallel to the z-axis. The quantity l{J‘jk isthe x component of velocity
at the forward pointing face of theijkth cell; ', ;, isat the backward pointing face of thei jkth cell.
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6.4 Large Eddy vs. Direct Numerical Simulation

The major difference between an LES and a DNS calculation is the form of the viscosity, and the thermal
and material diffusivities. For a Large Eddy Simulation, the dynamic viscosity is defined at cell centers

Hijk = Pijk (CsD)?|S (77)

where Cs isan empirical constant, A = (6x6y62)%, and

ou\ 2 ov\? ow\? [fou oav\? [ou ow\? [ov ow)?
2 — R JE— _ J— JE— R _ JE— _
st=2(5) 2(5) +2(%) < (5ra) +(5+5) < (Gy) ™
The quantity |S consists of second order spatial differences averaged at cell centers. The thermal conduc-
tivity and materia diffusivity of the fluid are related to the viscosity by

o= PR (pD) = H (79
where Pr isthe Prandtl number and Scis the Schmidt number, both assumed constant. Note that the specific
heat ¢y isthat of the dominant species of the mixture. Based on simulations of smoke plumes, G is 0.14,
Pr and Sc are 0.2. Thereis no rigorous justification for these choices.

The dynamic viscosity, thermal conductivity and diffusion coefficients for aDNS cal cul ation are defined
at cell centers

Mk = ZYI,ijk M (Tiji) (80)
kijk = ZYIij ki (Tijk) (81)
Diijk = Dio(Tijk) (82)

where the values for each individual species are approximated from kinetic theory [12]. The term Ly is
the binary diffusion coefficient for species | diffusing into the predominant species 0, usually nitrogen. It
is often the case that the numerical grid istoo coarse to resolve steep gradients in flow quantities when the
temperature is near ambient. However, as the temperature increases and the diffusion coefficients increase
in value, the situation improves. As a consequence, there is a provision in the numerical algorithm to place
alower bound on the viscous coefficients to avoid numerical instabilities at temperatures close to ambient.
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6.5 The Mass Transport Equations

Due to the low Mach number approximation being used in the model, the mass and energy equations are
combined by way of the divergence. The divergence of the flow field contains much of the fire-specific
source terms described above.

6.5.1 Convective and Diffusive Transport

The density at the center of the i jkth cell is updated in time with the following predictor-corrector scheme.
In the predictor step, the density at the (n+ 1)st timelevel is estimated based on information at the nth level

p(n+l)e_pn
ijk ijk
”Bit”ﬂum )ik = —Pijk(C- u)i (83)

Following the prediction of the velocity and background pressure at the (n+ 1)st time level, the density is

corrected
(n+1)

pijk (n+1)e

-3 (pinjkJr Pijk
ot

The species conservation equations are differenced the same way

) +(u-p )i(jr}jl)e = _pi(ﬂjl)e(m ) u)i(jnk+1)e (84)

(P = (oY)
& *

at the predictor step, and

(U )P =—(OY) (0w + (O pDOY) e + W (85)

Y)Y = 3 (YD f+ (V) e
st

) +(U I ) = = (V) e (0 W) e+ (0 pD O e+ W

(86)
at the corrector step.
The convective terms are written as upwind-biased differences in the predictor step and downwind-
biased differences in the corrector step. In the expressions to follow, the symbol + means + in the predictor
step and — in the corrector step. The opposite istrue for .

u-10 )ik = 1j;suuijkpi+l’jgx_p”k+hZSUUi—l,jkip”k_6371’“(+
1:;svvijkpi,j+1gy— pijkJr 1:;8vvi7j_l7kpijk_637j—1,k+
13F28wwijkpij,k+éz— Pijk . 11*22€wwij7k_1pijk_62ij,kfl (87)
(U Vi = 13;€uuijk(pY|)i+1,ng— (le)iijr1:;8uuiij(le)ij|<—6§(pY|)i1,ijr
1:F28VVijk(DY|)i,j+1gy— (F)Yl)ijkJr 1:;8vvi7j17k(pYI)ijk—6(prl)i,j—l,k+
1Z|;EWWijk(le)ij,k+éz_ (PY)ijk N 1:|:28WWij7k1(pYI)ijk—6(Zle)ij,k—l (89)

Note that without the inclusion of the €'s, these are simple central difference approximations. The €'s are
local CFL numbers, g, = udt/dx, &, = vot/dy, and &, = wdt/dz, where the velocity components are those
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that immediately follow. Their role isto bias the differencing upwind. Where the local CFL number is near
unity, the difference becomes nearly fully upwinded. Where the local CFL number is much less than unity,
the differencing is more centralized [26].

The divergence in both the predictor and corrector step is discretized

1 1 d
(D'U)ijk—nfpo <Q|”Jlk+(D kOT) IJK+Z (0-Tep pDOY)ijk — v 1( dri())) (89)

The thermal and material diffusion terms are pure central differences, with no upwind or downwind bias,
thus they are differenced the same way in both the predictor and corrector steps

17 Tivajk— Tijk Tijk— Ti—1jk
(0-KOT)ij = &_KJF%J“T_K—%J"T +
1] TIH-lk Tijk Tijk—Tij—1k
6_y _ki7j+%7k _klj 27 6y +
1] lek+l Tijk Tijk— Tijx-1
5 Nkt 5 KikiT 5 (90)
p,! li+1,jk lijk lijk li—1jk
(0-cpiTPDOY)ijk = X Ti+%,jkaI,i+%,jk—6X =T 1Py 1, KT e ]+
Cpl [ Yiii+ik— Yiijk Yiijk—Yij—1k
6_y |j+27k pDI ARERE N dy le 1k pDI di—ik 3y — | +
Cp [ Yiii —VYii Yik—Yiik-
p,! l,ij,k+1 l,ijk l,ijk l,ij,k—1
>z _T” k+3 PD, |J7k+%—6z—_1—ij,k—% pDIJLk—% 0z ] &0
1] Vit jk— Yiijk Yiijk—Yii-1jk
(O-pDOV)ijk = &_pDI,H%JkT_pD'I** KT x|
17 Yiij+1k — Yiijk Yk —Yiij—1k
Sy PPk 5y PPk s | T
1] Yiijke1— Yiijk Yiijk—Yiij k=1
52 _pDI,ij,kJr%T —PDj T 5, (92)
The temperature is extracted from the density via the equation of state
Tijk= Po (93)

pijkR T ILo(M,ijk/Mi)

Because only species 1 through N are explicitly computed, the summation is rewritten

Ny Tiijk 1 N 1 1

S M I\/|ojLZ (MI_M_0>Y 9
In isothermal calculations involving multiple species, the density can be extracted from the average molec-
ular weight

Po
Pijk = (95)
T TR oYM,

Again, because only species 1 through N are explicitly computed, this expression can be written

o _Mopo & (Mo y
Pijk = -I—O-T+|; (1_ VI) (PY)ijk (96)
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6.5.2 Heat Release Rate (LES)

For an LES calculation, heat is added to the flow domain through the use of heat releasing Lagrangian
particles, or thermal elements. The thermal elements are gjected from burning surfaces with a normal
velocity that is either specified by the user or automatically determined based on the specified heat release
rate per unit area, the heat of combustion, and the density of the fuel gases

N
O

- AH Pt (97)

The thermal elements release energy at a constant rate. A specified fraction of the energy is emitted as
thermal radiation, and this energy can be re-absorbed by the smoke-laden gases or by the walls if desired.
The non-radiated energy from the thermal elements isinterpolated on the computational grid. Asinput, the
user specifies the fraction of that energy lost as thermal radiation, ¥, and the burn-out time of the elements
ty. The heat release rate per unit volume of thei jkth grid cell is given by the non-radiated energy

: 1—Xr) Gpm . et

qilljlk = zm(éxé);é)qu ; p,m = W (98)
where ¢ isthe heat release rate per unit area assigned to the surface from which the mth element originated,
i’ is the number of thermal elements introduced per unit time per unit area at this same surface, and the
summation is over al thermal elements within the grid cell whose indices arei jk.

If desired, the radiated fraction of the energy from the thermal elements can be re-absorbed by the

smoke-laden gases, in which case an additional contribution to the heat release rate per unit volume in a
given grid cell is given by

. Xr dp, _
Gk =Kijk > T m— X2 LN g K (99)
m=
Note that here the summation is carried out over al (or a sampling) of the thermal elements, not just those

within the i jkth cell. The absorption coefficient K is computed at the center of the grid cell. It is based on
the mass of particulate matter and the temperature within that cell

Kijk = 1186Tijk fy (100)

Here f, isthe soot volume fraction, given by

2 Mpm
_ : 101
Y Psoot OX Oy dZ (101)

where psyt IS the density of the soot, and my m is the particulate mass carried by the mth thermal element

Op.mt t—t
My = X0 max( o 1> (102)

Here s is the soot yield of the given fuel, and b i, is the time when the mth thermal element was introduced
at the burning surface.
If sprinklers are flowing, the water droplets can cool the hot gases. The heat release rate per unit volume

is decreased
q_//_/ _ ZAdhd(Tijk - Td)
1k Oxdydz
where the summation is carried out over al sprinkler dropletsin agrid cell of volume dxdydz. Here T isthe

gas temperature, Ty isthe droplet temperature, Ay = 4T|r§ is the surface area of adroplet and hy = Nuk/2rq4
isaheat transfer coefficient.

(103)
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6.5.3 Heat Release Rate (DNS)

In a DNS calculation, a one-step, finite-rate reaction of a hydrocarbon fuel is assumed
VG, Hy CXHy +Vo, 02 — Vco, CO2 + VH,0H20 (104)

For each grid cell, at the start of atime step wheret =" and YZ , i, = Yr (t") and Y5, = Yo(t"), the
following ODE is solved numerically with a2nd order Runge-Kutta scheme

dYe Bpfi> CERT

2R IR v ()2YA ()P e B/ RTiik 105
& e (109
dYo VoMo dYs

O - _ - 106
dt VE Mg dt (106)

The temperature T;j and density p;ji are fixed at their values at time t" and the ODE is iterated from t" to
t™1in about 100 time steps. The pre-exponential factor B, the activation energy E, and the exponents a and
b are input parameters. The average heat release rate over the entire time step is given by

Ye (t7) — Y (tMH)
Gijk = AH Pk 5

(107)

where 8t = t™1 —t", The species mass fractions are adjusted at this point in the calculation (before the
convection and diffusion update)
v M,

s (YR —Ye (t™1) (108)

Yk =Y(t") -

6.5.4 Thermal Boundary Conditions

Four types of thermal boundary conditions are applied at solid surfaces. The first, and simplest, is an
adiabatic boundary condition that states that there is no temperature gradient normal to the surface. It is
implemented by assigning to the grid cell that is embedded in the solid (the ghost cell) the same temperature
asthefirst cell in the gas (the gas cell).

The second type of boundary condition iswhere the solid surface has a prescribed temperature (usually
this prescribed temperature is afunction of time).

The third type of boundary condition assumes the solid to be thermally-thin. The surface temperatureis
updated in time according to
e + & — o

PsCsO
where T, is the wall temperature, dt is the time step used when updating the thermal boundary conditions
(usually greater than the hydrodynamic time step ot), and @, Cs, 0 are the input density, specific heat and
thickness of the wall. In aDNS calculation where the boundary layer is resolved, the convective flux to the
wall is given by

T = T0 + St (109)

e Tw
on/2

where dn is the size of a grid cell in the normal direction to the wall. In an LES calculation where the
boundary layer is not resolved,

G = (110)

A = ClTgas— Tu| 5 (Tgas — Tw) W/m? (111)

26



whereC isan empirical coefficient (0.95 for vertical surface; 1.43 for horizontal), and Jas is the temperature
of the gasin the cell bordering the wall. The radiative flux to the wall is given by

- Z oo e (112)
TU|Xp,m — X|

where qp m, is the heat release rate of the mth thermal element and @, is the angle formed by the normal to

the surface and the line connecting the thermal element and the point on the wall.

The fourth type of thermal boundary condition is for athermally-thick solid. In this case, a one dimen-
sional heat transfer calculation is performed at each boundary cell designated as thermally-thick. The width
of the solid o is partitioned into N cells, clustered near the front face. The cell boundaries are located at
points x;

1-s
X =f&)=<&i+5& (113)
where 0 <i <N, & =8¢, 6& =98/N, and 0 < s< 1 is ameasure of the degree of clustering of the cells
at the front face. The width of each cell is ox = f’(Ei,%)BE, 1<i <N where Eif% = (i— %)BE. The

temperature at the center of the ith cell is denoted E;. These temperatures are updated in time using an
implicit Crank-Nicholson scheme

TgniJrl - Tsr,]i _ a Tsn|+1 Tsnl _ Tn Ts?l 1 Tsn:-:i TaniJrl _ TaniJrl - Tsr,]itll (114)
ot 20X BXSH? 6x$i_% 6xl+% 6xi_%
for 1 <i < N. The boundary condition is discretized
Tsn+l Tn+1
_ ) O _ " n 4 n (+n+l n
ks 5 —q+§ —e0 [T —Ta4 4Tl (T T )} (115)

where Tg 1= (Ts1 + Ts0)/2 is the temperature at the front face. Notice that the radiative emission term has
been linearized D g " , (et o

€0 [TS’% —Tw] ~ €0 [Ts,% ~Ta+4T7, (TSz T,2>] (116)
The wall temperature is defined Ty = Tg 1= (Tso+Ts1)/2.

Regardless of how the wall temperature is determined, there are two ways of coupling the wall temper-
ature with the fluid calculation. Gas phase temperatures are defined at cell centers; the wall is defined at
the boundary of the bordering gas phase cell and a“ghost” cell inside the wall. Asfar as the gas phase cal-
culation is concerned, the normal temperature gradient at the wall is expressed in terms of the temperature
difference between the “gas’ cell and the “ghost” cell. Thewall temperature affects the gas phase cal culation
through the prescription of the ghost cell temperature. This ghost cell temperature has no physical meaning
on its own. Only the difference between ghost and gas cell temperatures matters, for this defines the heat
transfer to thewall. In a DNS calculation, the wall temperature is assumed to be an average of the ghost cell
temperature and the temperature of the first cell in the gas, thus the ghost cell temperature is defined

Tghost = 2Tw — Tgas (117)
For an LES calculation, the heat lost to the boundary is equated with an empirical expression
kTgas - Tghost
on
where dn is the distance between the center of the ghost cell and the center of the gas cell. This equation is
solved for Tgnog, SO that when the conservation equations are updated, the amount of heat lost to the wall is
equivalent to the empirical expression on the right hand side. Note that J,og ispurely anumerical construct.

It does not represent the temperature within the wall, but rather establishes atemperature gradient at the wall
consistent with the empirical correlation.

= C| Tyas — Tl 3 (Tgas — Tw) (118)
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6.5.5 Species Boundary Conditions

At solid walls there is no transfer of mass, thus the boundary condition for the | th species at awall issimply
YI,ghost = YI,gas (119)

where the subscripts “ghost” and “gas’ are the same as above since the mass fraction, like temperature, is
defined at cell centers. At forced flow boundaries either the mass fraction Yy, or the mass flux ri{’ of species
| may be prescribed. Then the ghost cell mass fraction can be derived because, as with temperature, the
normal gradient of mass fraction is needed in the gas phase calculation. For cases where the mass fraction
is prescribed

YI,ghost = 2YI,W — Tl,gas (120)

For cases where the mass flux is prescribed, the following equation must be solved iteratively

ﬁ“' —u pghosIYI,ghost + pgasYI,gas _ pDYI,gas _Yl,ghost - ot Uﬁ pgasYI,gas_ pghostYI,ghost

- 2 an 2 an (121)

where ri{’ is the mass flux of species | per unit area, , is the normal component of velocity at the wall
pointing into the flow domain, and &n is the distance between the center of the ghost cell and the center of
the gas cell. Notice that the last term on the right hand side is subtracted at the predictor step and added at
the corrector step, consistent with the biased upwinding introduced earlier.

6.5.6 Density Boundary Condition

Once the temperature and species mass fractions have been defined in the ghost cell, the density in the ghost
cell is computed from the equation of state

Pghost = Bo
gne R Tghost ZI (Yl,ghost/MI)

(122)
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6.6 The Momentum Equation

The three components of the momentum equation are

%4—54—%:0 : szwwy—vwz—% (fx+a;—)x(x+a;—;y+a;—f> (123)
3—1/+Fy+%:0 ; Fy:uwz—wwx—% (fy+fg—;x+a;—;y+a;—;z> (124)
%—\;V+Fz+%:0 ; Fz:vux(—umy—%(fﬁa;—;Jra;—;er%Z) (125)

The spatial discretization of the momentum equations take the form
X4 Rt Dot Hi g (126)
e (127)
W P ket i o (128)

where H;jy is taken at center of cell i jk, ujx and Fyji are taken at the side of the cell facing in the forward x
direction, vijx and Fjx at the side facing in the forward y direction, and wj, and F,j« at the side facing in
the forward z (vertical) direction. In the definitions to follow, the components of the vorticity (g, wy, w,) are
located at cell edges pointing in the x, y and z directions, respectively. The same istrue for the off-diagonal
terms of the viscous stress tensor: Ty = Ty,, Txz = T, and Ty = Tyx. The diagonal components of the stress
tensor Ty, Tux, aNd Tyy; the external force components ( ,, fy, f,); and the upwinding bias terms g, €y, and
ew are located at the respective cell faces.

1Fey 1+tey
Paij = (Twi-i-%,jk(*)>’7iik+TWi+%,j,k—lw}’JLk—l
1Fe, 1+e,
- (vag,jk Wzijk T =5 Vil jo1k Dzij-1k
1 £ +T>o<7i+17jk—Txx,ijk+Txy,ijk—Txy,i,j—1,k+sz,ijk—sz,i7j,k—1 (129)
Piti ik Xk OX oy oz
1F¢, 1+eg,
Fuijk = (Tui,ﬁgsz,iijrTUi1,j+%,k‘*>zi1,jk
1F¢ey 1+ey
- (Twi,j+%,k Oxijk T =5 Wi j k-1 Dxijk-1
b (g ik Ttk Ty ik Tk, Tyziik— Tyzijket (130)
Ptk \ ox oy oz
1Fe, 1+¢,
Pk = (Tvij7k+§mx7iik+—2 Vii-1ked Oij-1k
1F¢, 1+eg,
—<—2 Uijkrd @itk T 5= U i d Gyi1jk
1 £y ik T Ttk Tayijk ~ Tz j-1k | Tzzijkel — Tzijk (131)
Pij kt3 = Ox oy oz
Wi j+1k —Wijk  Vijk+1— Vijk
R BRIE 132
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Uijk+1— Uijk Wit jk — Wijk

Wik = T &, I (133)
Wik = Vi+1,ng_Vijk Uij+1k—Uijk (134)
ek = MW( Uuk—éj Lk 2 ”k> Euljk(g )”k_ZVijk—é\;,j—Lk_2Wijk_6VZVij,k—,\11 5)
ik = Mjk<2V|Jk_6\;J ik 2 ”k> Eu{jk(g(m u)”k_zuijk—é'ii—l,jk_2Wijk—6VZVij,k—(11 65
Tzijk = M‘jk( W”k_éwuk L2 Ijk> = Wijk (g (0- u).Jk—Zu”k ;(' Lik _ pVik~ V” “7‘937)
T <U|J+1k—uuk Vita, JgX—V.Jk> (138)
Uik = Taijk = Myl sl (u” kel ~ Tk | WiH’jg)(_Wijk) (139)
Tk = Taiie=Hj4des <Vllk+1 Vle Wl,j+1gy—Wiik> (140)

gy = ué—it (141)

& = Vé—?: (142)

Ew = Wé—it (143

The variables g, €, and €, are local CFL numbers evaluated at the same locations as the velocity compo-
nent immediately following them, and serve to bias the differencing of the convective terms in the upwind
direction. The subscript i +3 indicates that a variable is an average of its values at the ith and the (i + 1)th
cell. The divergence defined in Eq. (89) isidentically equal to the divergence defined by
Uijk —U-1jk  Vijk—Vi,j—1k , Wijk — Wij k-1

OX + oy + 0z

The equivalence of the two definitions of the divergence is aresult of the form of the discretized equations,
the time-stepping scheme, and the direct solution of the Poisson equation for the pressure.

(O-u)ijk=

(144)

6.6.1 Force Terms

The external force term components, in addition to including the effects of buoyancy, may also include the
drag force from sprinkler droplets.

15 pCyTr(Ug — Uiji)|Ug — Ul

i = 2 Oxdy dz = (P g jk— P) 9 (145)
1y pCq1w3 (Vg — Vijk)|Ug — Ul

fy,ijk = E d 5X5y5IZJ _(pi7j+%,k_p°°)gy (146)
1y PCaTIr3(Wy — Wijk)|Uug — Ul

B = 3 Sy = (Piji 3~ PG (147)

where g = (g, 0y, 0;) IS the gravity vector, ry is the radius of a droplet, u = (w,Vq,Wqy) the velocity of a
droplet, Cy4 the drag coefficient, and dxdydz the volume of the ijkth cell. The summations represent all
droplets within agrid cell centered about the x, y and z faces of a grid cell respectively.
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6.6.2 Time Step

The time step is determined by the CFL condition, and in cases of high viscosity, a parabolic stability
criterion typical of explicit second order accurate schemes
X dy 8z pijkdE pijkdy? pijk522>

6t<min<—,—,—, , ,
Uijk Vijk Wijk  SMijk  SHijk — BMijk

(148)

The estimated velocities U™ Ve, vntle and W De are tested at each time step to ensure that the above
condition is satisfied. If it is not, then the time step is set to 0.8 of its allowed maximum value and the
estimated velocities are recomputed (and checked again). The parabolic stability criterion is only invoked
for aDNS calculation.

6.7 The Pressure Equation
The divergence of the momentum equation yields a Poisson equation for the pressure

Hivgjx—2Hijk+ Hifl,jk_{_ Hi j+1k — 2Hijk+ Hi,jfl,k_i_ Hij k1 — 2Hijk+ Hij k1

Ox2 dy? 072
F7"k_F7'717'k Fv--k_F7-7-717k F)k_F7k71 a
_ _xij 6xX| ik Tyii 6ny] _ 7z 6ZLIJ _E(D.u)ijk (149)

The lack of a superscript implies that all quantities are to be evaluated at the same time level. This elliptic
partial differential equation is solved using a direct (non-iterative) FFT-based solver that is part of alibrary
of routines for solving elliptic PDEs called CRAY FISHPAK [27]. To ensure that the divergence of the fluid
is consistent with the definition given in Eg. (10), the time derivative of the divergence is defined

(n+1)e n
d (Du) _(D.u)__
5 (0 Wik = ik 3 L (150)
at the predictor step, and then
P 2(0-u)t— (0. u)We—(g.u)n
ot (0 W= ——— = (151)

at the corrector step. The discretization of the divergence was given in Eqg. (89).

Direct Poisson solvers are most efficient if the domain isarectangular region, although other geometries
such as cylinders and spheres can be handled amost as easily. For these solvers, the no-flux condition (152)
issimple to prescribe at external boundaries. For example, at the floor, z= 0, the Poisson solver is supplied
with the Neumann boundary condition

Hij1 —Hijo
0z
However, many practical problems involve more complicated geometries. For building fires, doors and
windows within multi-room enclosures are very important features of the simulations. These elements may
be included in the overall domain as masked grid cells, but the no-flux condition (152) cannot be directly
prescribed at the boundaries of these blocked cells. Fortunately, it is possible to exploit the relatively small
changes in the pressure from one time step to the next to enforce the no-flux condition. At the start of atime
step, the components of the convection/diffusion term F are computed at all cell faces that do not correspond
towalls. At those cell faces that do correspond to solid walls, prescribe
oH ~

Fr = —>- + Bun (153)

= —Fjjo (152
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where F, isthe normal component of F at the wall, and 3 is arelaxation factor empirically determined to be
about 0.8 divided by thetime step ot. The asterisk indicates the most recent value of the pressure. Obvioudly,
the pressure at this particular time step is not known until the Poisson equation is solved. Equation (153)
asserts that following the solution of the Poisson equation for the pressure, the normal component of vel ocity
un will be driven closer to zero according to

Oun

ot

This is approximate because the true value of the velocity time derivative depends on the solution of the

pressure equation, but since the most recent estimate of pressure is used, the approximation is very good.

Also, even though there are small errorsin normal velocity at solid surfaces, the divergence of each blocked

cell remains exactly zero for the duration of the calculation. In other words, the total flux into a given

obstruction is always identically zero, and the error in normal velocity is usually at least several orders of

magnitude smaller than the characteristic flow velocity. When implemented as part of a predictor-corrector
updating scheme, the no-flux condition at solid surfaces is maintained remarkably well.

At open boundaries (say i = 1), H is prescribed depending on whether the flow isincoming or outgoing

~ —Bun (154)

— (12 2 ;
Hiog o= (Wt g W) 500/2 Uik>0 (155)
H e 0 U|7jk <0

I+3,]
where | isthe index of the last gas phase cell in the x direction and y ji isthe x component of velocity at the
boundary. The value of H in the ghost cell is

Hii1jx=2H Hi ik (156)

I+3,jk —

6.8 Particle Tracking

Thermal elements are introduced into the flow field as a means of introducing heat and as away to visualize
the flow. The position x, of each thermal element is governed by the equations

dxp _
dat
The thermal element positions are updated according to the same predictor-corrector scheme that is applied

to the other flow quantities. Briefly, the position x, of a given thermal element is updated according to the
two step scheme

(157)

X%)n+l)e = xp+otu” (158)
Xt = %(xg +X(pn+1)e+5m<n+1>e) (159)

where the bar over the velocity vector indicates that the velocity of the fluid is interpolated at the element’s
position.
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7 Conclusion

The equations and numerical algorithm described in this document form the core of an evolving fire model.
As research into specific fire-related phenomena continues, the relevant parts of the model can be improved.
Because the model was originally designed to analyze industrial scale fires, it can be used reliably when the
fire size is specified and the building is relatively large in relation to the fire. In these cases, the model pre-
dicts flow velocities and temperatures to an accuracy of 10 to 20% compared to experimental measurements.
Currently, research is focussed on improving both the gas phase and solid phase descriptions of combustion
in the model so that simulations involving fire growth and suppression, especialy in residential sized rooms,
can be improved.

Any user of the numerical model must be aware of the assumptions and approximations being empl oyed.
There are two issues for any potential user to consider before embarking on calculations. First, for both real
and simulated fires, the growth of the fire is very sensitive to the thermal properties of the surrounding
materials. Second, even if all the materia properties are known, the physical phenomena of interest may not
be simulated due to limitations in the model algorithms or numerical grid. Except for those few materials
that have been studied to date at NIST, the user must supply the thermal properties of the materials, and then
validate the performance of the model with experiments to ensure that the model has the necessary physics
included. Only then can the model be expected to predict the outcome of fire scenarios that are similar to
those that have actually been tested.
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8 Nomenclature

Ungpgiggzx:—rjI@‘“m

SISTTS
3

Q- Q-
63
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g

water droplet surface area
pre-exponential factor for Arrhenius reaction
Sprinkler C-Factor

drag coefficient

Smagorinsky constant (LES)
constant pressure specific heat
diffusion coefficient

characteristic fire diameter

median volumetric droplet diameter
activation energy

external force vector (excluding gravity)
acceleration of gravity

total pressure divided by the density
enthalpy; heat transfer coefficient
enthalpy of ith species

thermal conductivity; suppression decay factor
molecular weight of the gas mixture
molecular weight of ith gas species
water flux per unit area

water mass per unit area

Nusselt number

Prandtl number

pressure

background pressure

pressure perturbation

heat release rate per unit volume

fire heat release rate per unit area
radiative flux to a solid surface
convective flux to a solid surface
radiative loss from a solid surface
water cooling per unit area

universal gas constant

Reynolds number

water droplet radius

Response Time Index of sprinkler
deformation tensor

Schmidt number

temperature

time

thermal element burn-out time (LES)
velocity vector

production rate of ith species per unit volume
Weber number

position vector

mass fraction of ith species

ratio of specific heats



>
I

<T X Mmoo

X< A0

(7]

€ Q
Il

£

&

£

heat of combustion

wall thickness
emissivity

absorption coefficient
dynamic viscosity
stoichiometric coefficient
density

Viscous stress tensor
radiative loss fraction
smoke or soot yield
Stefan-Boltzmann constant
vorticity vector
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