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Abstract

This report documents the governing physical equations and computational model
of HMS (Hydrogen Mixing Studies), a finite-volume computer code for solving
transient, three-dimensional, compressible, Navier-Stokes equations for multiple
gas species. The code is designed to be a best-estimate tool for predicting the trans-
port, mixing, and combustion of hydrogen and other gases in nuclear reactor con-
tainments and other facilities. An analysis with HMS will result in the pressure
and temperature loadings on the walls and internal structures.

HMS can model geametrically complex containment systems with multiple
compartments and internal structures. It can calculate gas behavior of low-speed
buoyancy-driven flows, of diffusion-dominated flows, and during deflagrations.

The code can model condensation in the bulk fluid regions; heat transfer to walls
and internal structures by convection, radiation and condensation; chemicai kinetics
of combustion of hydrogen or hydrocarbons; and fluid turbulence. Heat conduction
within walls and structures is one-dimensional.

In HHMS, the computational domain is discretized by a mesh of parallelepiped cells
in either Cartesian or cylindrical geometry, where primary hydrodynamic variables
are cell-face-centered normal velocity and cell-centered density, internal energy,
and pressure. A linearized Arbitrary-Lagrangian-Eulerian (ALE) method is used
for approximating the solution to the mass, momentwn, and energy conservation
equations.
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Executive Summary

Los Alamos National Laboratory is developing the Hydrogen Mixing Studies (HMS)
code as a best-estimate tool for predicting transport, mixing, and combustion of
hydrogen and other gases in nuclear reactor containments and other facilities. The
code can model geometrically complex facilities with multiple compartments and
internal structures. It can simulate the effects of condensation, heat transfer to walls
and internal structures, chemical kinetics, and fluid turbulence. An analysis with
the HMS code will result in the pressure and temperature loadings on the walls and
internal structures participating in an event

HMS has been used to calculate the distribution and contral of hydrogen in com-
plicated nuclear containment and confinement buildings and in non-nuclear
facilities. It has been applied to situations involving transporting and distributing
combustible gas mixtures. It has been used to study gas behavior in complicated
containment systems, with low-speed buoyancy-driven flows, with diffusion-
dominated flows, and during deflagrations. The effects of control of such mixtures
by safety systems can be analyzed.

hivis is a finitesvolume code based on proven computational fluid dynamics
methodology that solves the compressible Navier-Stokes equations for 3D volumes
in Cartesian or cylindrical coordinates. Wall shear stress models are provided for
bulk laminar and turbulent flow. HMS has transport equations for multiple gas
species and one for internal energy. The three turbulence models used in HMS—

algebraic, subgrid scale, and x-g—are, respectively, zero-, one-, and two-transport-
equation models that determine turbulent velocity and length scales needed to
compute the turbulent viscosity. Terms for turbulent diffusion of different species
are included in the mass and internal energy equations.

Heat conduction within walls and structures is one-dimensional. Heat and mass
transport to walls and structures is based on a modified Reynolds analogy which
accounts for increased heat transfer and condensation when the mass fraction of
steam becomes a relatively large fraction of the mass of the gas mixture. Conden-
sation can occur in the gaseous volumes or on the walls.

Chemical energy of combustion involving hydrogen or hydrocarbon fuels provides
a source of energy within the gaseous regions. A one-step global chemical kinetics
model based on a modified Arrhenius law accounts for local fuel and oxidizer
concentrations. A simplified model is available for radiating a fraction of energy of
combustion from a cell to surrounding walls or from hotter walls back to the gas,
where the user supplies yiew factors and logical connections between cells and walls
within a special subroutine.

In HMS, the computational domain is discretized by a mesh of rectangular paral-
lelepiped cells in either Cartesian or cylindrical geometry, where primary hydrody-
namic variables are cell-face-centered normal velocity and cell-centered density,




internal energy, and pressure. A linearized Arbitrary-Lagrangian-Eulerian (ALE)
method is used for approximating the solution to the mass, momentum, and energy
conservation equations.

In the 19808 the name HMS was applied to any of a series of codes developed to
solve special problems f hydrogen mixing using a common theoretical basis. The
Jatest version (HMS-92) is the first version that integrates the best features of all the
older versions into a single software package. HMS-92 includes several improve-
ments in models, calculational speed, input and output, and code structure.

(1) Vectorizing the entire code makes run 5 to 10 times faster than the old unvec-
torized code.

(2) Generalizing the problem setup replaces code hardwiring of boundary condi-
tions, initial conditions and geometry (including obstacles) with highly flexible,
cell-by-cell user input specifications,

(3) Changing the cell grid structure from a fixed size (with hardwired size changes)
to variable sizing by input specification allows the grid structure to fit the geom-
etry and analysis conditions correctly, effectively, and easily.

(4) Coupling to a more powerful graphics package (2D and 3D velocity vectors, 2D
property contours, 1D property profiles and time histories) gives the user more
control, capability and flexibility in specifying plotting during problem setup or
In post processing.

(5) Adding a hydrogen burn muodel extends the capability for analyzing safety issues
involving hydrogen mixing and combustion.

(6) Implementing the Los Alamos Memory Management System automates allo-
cating memory and storage efficiently for the problem definition, freeirg the
user from this task.

(7) Modernizing the coding of the models and the data structures enhances he
ability to modify the code efficiently.

HMS code documentation is currently planned for the following three volumes,

(1) HMS: Theory and Computational Model
(2) HMS: User's Guide
(3) HMS: Assessment Manual

The theory manual describes the fluid dynamics models, equations of state and con-
stitutive relations, special component models, and numerical methods. The User's
Guide, planned for 1993 publication, will describe the input needed to run HMS and
provide guidance to the user on how to use the code.

viii




T —— R i A e L n, A S - ——

The Assessment Manual, in preparation, will include the reports on ine new devel-
uvpmental assessments performed with HMS-92 and will be expanded as more
assessments become available. HMS-92 was recently assessed against three problems
with known (experimental) results,

(1)

(2)

(3)

von Karman Yortex Street. We have performed calculations on flow past
obstacles at selected Reynolds numbers. The compured flow patterns agree well
with experimental observations—specifically the occurrence of a vortex street
(double row of vortices) at sufficiently high Reynolds numbers. The calculated
non-dimensional vortex-shedding frequency agrees well with the empirical
values.

sandia FLAME Faclity. The Sandia FLAME Facility test F-21 involved injection
of hydrogen horizontally and near the bottom into a long channel full of air.
Because of the absence of operating fans to mix the gases, a buoyant plume
developed and caused vertical stratification of the hydrogen. Two- and three-
dimensional simulations of this experiment have been performed. Both
calculations show a buoyant plume developing and, as a result, a stratification
in hydrogen concentration, which are in good agreement with the experimental
observations.

This assessment problem models the T31.5 experiment that simu-
lates a large break LOCA and hydrogen release. The experiment was carried out
in the HDR containment building, which is a full-scale facility with many com-
partments, interconnected passageways, and internal obstacles. The calculated
results agree reasonably well with the experimental data.

Previous versions of HMS were applied to the following facilities and standard
problems.

. & % 5 5 & * s »

EPRI/HDR International Standard Problems

Sandia FLAME and VGES Facilities

Nevada Hydrogen Tests

NRC Containment Loads Working Group Standard Problems
HCOG 1/4 Scale Test Facility

CSNI Hydrogen Distribution Benchmark Problems
Mydrogen Rule for large Dry Containments

PHDR Large-Scale Hydrogen Mixing Experiment

PHDR Fire Experiments

IX
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Nomenclature

A,  Wall area

b Velocaity of control surface

Cp  Structural drag coefficient

C¢  Frequency {(or pre-exponential) factor—see Eq. (60)
G, Specific heat at constant pressure

C, Specific heat at constant v "o me

D Structural drag vector
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Activation energy
Gravitational vector
Wall heat-transfer coefficient

Enthalpy for species «

Hydrogen

Water vapor

x (or r)-direction index

specific internal energy

Specific internal energy 1t reference temperature
y (or 8)-direction index

z-direction index

Turbulence length scale

Mass

Molecular weight

Swam mole fraction

Unit normal vector

Nitrogen

Oxygen

Pressure

Energy source or sink

Energy of combustion

Convected energy exchange with walls
Energy flux vector

Energy lost or transferred to structures by condensation
Radiated energy to wall surface
Convected energy to wall surface
Radiated energy from wall surface
Radial coordinate

Flux ratio

Gas constant

Universal gas constant
Mass source or sink
Moving control surface
Arbitrary source term
Time

Temperature
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1 INTRODUCTION
1.1 Background

Combustion in light-water reactor (LWR) containments can cause high pressures
or temperatures that can, in turn, damage a containment or affect .mportant safety-
related equipment.  After the Three-Mile Island Accident (a severe, or degraded-
core, accident), it was found that significant quantities of hydrogen had been gener-
ated from the chemical reaction between the zirconium cladding (the thin protec-
tive covering of the nuclear fuel) and the water vapor. When released into the
containment, this hydrogen burned by one or more combustion modes and threat-
ened the containment integrity, internal structures, and safety-related equipment.

Modeling the geometries of containment buildings is difficult. One example is the
Heiss Dampi Reactor (HDR) containment near Frankfurt, West Germany, shown in
Fig. 1. The HDR building is 60 m high and 20 m in diameter. It contains twu stair-
wells, an elevator shaft, several vertical open hatchways, and about 70 rooms. This
particular containment has roughly 11,300 m* of free volume, or approximately oie-
sixth the free volume of a typical US pressurized water reactor (PWR) containment.
| Experiments simulating cable tray and hydrocarbon lubricating oil fires, and severe
accident combustion phenomena currently are being conducted.

The US Nuclear Regulatory Commission (NRC) has supported research at the Los :
Alamos and Sandia National Laboratories to develop combustion models to evalu- J
ate fire threats to the reactor containment and safety-related equipment. Current

research will coordinate model validation with ongoing experiments at the HDR

facility. We will describe the Los Alamos field-model approach in the report.

1.2 Computational Methodology

This report documents the theoretical and computational aspects of HMS (Hydro-
i gen Mixing Studies), a finite-volume computer code for solving transient, three-
| dimensional, compressible, Navier-Stokes equations for multiple gas species. The
code is designed to be a best-estimate tool for predicting the transport, mixing, and
’ combustion of hydrogen gas in nuclear reactor containments. HMS is based on the
| governing physical laws and modeling assumptions that are described in the Sec. 2.
} In Sec. 3, we describe the linearized ICEd-ALE (Implicit Continuous-Fluid Eulerian;
| Arbitrary-Lagrangian-Eulerian) computational method used to integrate the equa-
| tions in time and space. Briefly, each computational step is divided into three
l phases.

(1) An explicit Lagrangian phase computes changes in material volume, density,
velocity, and internal energy caused by pressure gradients, combustion, conden-
sation, heat conduction, and turbulence.



270 . 40
Figure 1 Cross-section of the Heiss Dampf Reactor (HDR) near Frankfurt, Germany
(2) An implicit Lagrangian phase calculates pressures at the advanced time level by
solving simultaneously for pressure, density, velocity, and internal energy.
(3) A rezone phase computes the mass, momentum, and energy exchange between

Eulerian cells that has occurred in the Lagrangian phase and repartitions these
variables onto the original mesh



Turbulence quantities—kinetic energy, dissipation, and viscosity—-are calculated
explicitly at the end of each time step. One-dimensional heat conduction through
structural components is computed to accurately account for the energy transfer
across gas-structure interfaces.

2 MATHEMATICAL AND PHYSICAL MODELS

The equations of motion for a compressible fluid are derived from the physical laws
that require the conservation of mass, momentum, and energy. The equ tions of
change, which are presented in this section, relate the dynamics of the fluid to tem-
poral and spatial influences such as viscous stress, body force, turbulence, structural
resistance, heat transfer, condensation, and combustion. This includes relations for
the transport of individual gas species. An equation of state is included to relate

pressure (p) to density (p) and internal energy (I).

As suggested by the "ALE" name, HMS uses both the Lagrangian and Eulerian
viewpoints. The Lagrangian (or material) specification considers specific elements
of matter and describes the motion as functions of space (x) and time (t). This view-
point is useful because the conservation laws refer to specific parcels of matter.
However, the Eulerian (or spatial) viewpoint is often more convenient because it
describes flow in terms of volumes fixed in space. Because the computational
method used to model the flow is facilitated by dividing the problem domain into
parallelepiped Eulerian volumes (cells) in either cartesian or cylindrical geometry, it
is natural to present the contitiious equations in integral form (Refs. 1 and 2). This
makes it easier to see how the integration of continuous volume and surface inte-
grals presented in this section are approximated by the discrete or finite-volume
equations give in Sec. 3.

2.1 The Generalized Conservation Equation

The conservation of any arbitrary extensive variable (for example, mass, momen-
tum, or energy) is

dladv = J‘S.,,d\’ (1)
dt
v

where ®(x, t) is any continuously summable function, V is a material volume, and
Se is a source term. Using the Reynolds Transport Theorem, this may be expressed

as
b
_['T{ dv +J-¢(u n)dA = J'Sq,d\’ )
(¢
'3 S b

3
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where u(x, t) is the fluid velocity and n and dA are the outward unit normal vector
and differential area, respectively, of material surface S bounding V. Applying the
transport theorem to an arbitrary control volume V* (Ref. 2) (not necessarily a mate-
rial volume) enclosed by surface §° gives

IQ dV = J——— dVv +J‘<b(b-n)dA + ng.dV (3)
Ve

If V" is chosen to be instantaneously coincident with V, Egs. (2) and (3) may be com-
bined to give

ad_tJ‘q; dv = j«b(b-u)-ndA + ISQdV (4)
R 4 v

5
the integral form of the generalized conservation law. This is the basic kinematic

relation used in the following three subsections and states that the time-rate-of-

change of ® in an arbitrary control volume V' (left side) is equal to the inflow of @
through the boundary plus the source term (right side). The term b - u is the rela-
tive velocity between the control surface and the fluid. When b = u, we recover the
Lagrangian form [Eq. (1)]. For a control volume that is fixed with respect to the coor-
dinate axes, b = 0 and we recover the Eulerian form

ad—tjda dv = --J‘q»(umdA + “'sd.dv (5)
v S %

J‘—nd\ J‘dm. n)dA + J‘s.,dv (6)
v

2.2 The Mass Conservation Equations

or

The mixture mass conservation equation follows directly from Eq. (4) by letting

D =p
d - 3 .
3 pdV = fpib-u)ndA +« §5,dV (7)
Y g'

i
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2.4 The Internal Energy Transport Equation

The equation of change for total internal energy is

d aV
a2 V. pav,
i pldV = J‘pl(b u)-nuA I[p u+v ] dv
Ve

8 v

+ J-qndA . IQdV (11)
/A

g

where | is the mixture specific internal energy and Q is the energy source or sink per
unit volume and time as a result of combustion, condensation, and energy exchange
with internal structures, floors, ceilings, and walls. Because condensation effects can

dominate the pV.u work term, we must account for the remaining gas in a compu-
tational cell expanding into the volume change associated with the condensate, We
account for this effect by using the ideal gas equation of state to arrive at

Lov, R"'“T—Zm RigoT ¢ (12)
V ot Vb % ’ p

where Ry is the gas constant for steam, T is the gas mixture temperature, V, is the
steam volume, and X, m; is the sum of all mass per unit time of steam condensing
on all surfaces internal to or bounding the computational cell V.. Note that § is the
same mass loss per unit volume and time as Eq. (7). The energy flux vector q, is
given by

q-a 9V + pll)zh“V(Bp“l) (13)

a

where 0 is the apparent or turbulent conductivity, D is the apparent or turbulent
mass diffusivity, and h, is the enthalpy for species a.

2.5 Constitutive Relationships

The specific internal energy of specie o is related to the temperature by

= (Ig)g + [(Cv}u dT (14)

-
T

O

e RO .

-
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For the species in which we are most interested (O,, N, H,, and H,0), we can
approximate the specific heats by

(Cy)a = ay+aT+ Gl;gT2 * ﬂgT“ + (uT‘ (15)
where the a's are specie-dependent coefficients (Ref. 3).

After integrating Eq. (14), the specific internal energy as a function of temperature is
approximated with the quadratic function

Iy = AT2 + B, T+C, (16)

over the temperature range 200-2500 K. The total specific internal energy then is
given by

I = Zxal,. (17)

where x, is the mass fraction for species a.

For consistency with Eq. (16), we approximate each species’ specific heat by differenti-
ating Eq. (16) with respect to temperature to yield

(Cy)y = 2A.T+ B, (18)
instead of applying Eq. (15) directly.

Pressute, p, is obtained by app! ing the Gibbs-Dalton law of partial pressures to an
ideal gas mixture

p=TYRipu = pTY xaRa (19)
o o

where R, is the gas constant for species a. The constant-pressure specific heats are
calculated by

(Cp), = Ra+(Cy), (20)
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2.6 Heat-Transfer and Condensation Relationships
2.6.1 Gas-Structure Heat Transfer

The heat exchange, Q.. between the gas mixture and a solid boundary (referred to
generically as a wall, but it may in fact be a ceiling, floor, or internal structure) is
given by

Qu=qu/V, (21)

where
Qw = thw(Tw Tg) (22)

In these expressions, V. is the computational cell volume, T, is the structure surface
temperatur=, T, is the gas temperature, h,, is the heat-transfer coefficient between
the gas mixture and the internal structures, and A, is the cell face area for walls or
the exposed area for internal structures in a computational cell.

The thermal boundary layer is taken into account by using a modified Reynolds
analogy formulation (Ref. 4), which is simplified to obtain the heat-transfer
coefficient

hy e =20 (23)

Uy

The rates of heat transfer and condensation increase when the mass fraction of
steam becomes a relatively large fraction of the mass of the gas mixture. As the
mass-transfer rate increases, the thermal and concentration boundary layers become
thinner because of the suction effect of the condensation process. This reduction in
the boundary laver thickness further increases the temperature and concentration
gradients near the boundary and consequently increases the heat- and mass-transfer
coefficients. Bird, Stewart, and Lightfoot (Ref. 5) (Sec. 21.5) develop correction factors
based on film theory that can be used to determine the increase in the heat- and
mass-transfer coefficients. The corrected heat-transfer coefficient then becomes

hy =@yh, (24)
w here

Oy =21 (25)

et - |

and the rate factor, ¢y, is given by

9






Ty |

R e w— W W ——

The mass-transfer coefficient, hy, then can be expressed in terms of the heat-transfer
coefficient, b (Ref. 6), as

hy = “b— (30)

pC,

Following similar ideas as with the heat-transfer coefficient for relatively large
steam mass fractions, we correct the mass-transfer coefficient by

h:i » 9mhd (31)
where
e, = l_(’&(::__f.ll (32)
and
R = Ny = Iy (33)
1=n,

is the flux ratio, n,, is the steam mole fraction at the wall, and n,, is the steam mole
fraction in the bulk.

2.6.3. Radiation

We model the radiation heat transfer in a relatively simple fashion. We assume
that 15% of the total chemical energy of combustion is radiated from a point source
at the computational cell center.” This energy is radiated spherically away from each
computational cell where combustion occurs to solid surfaces such as floors, ceil-
ings, and walls with the appropriate geometric view factors. In some cases, such as
the hydrogen diffusion flames in the Mark IIi containments (Ref. 7), the wet-well
walls become quite hot, and energy is reradiated from each wall segment by

Que = Avo(e T - Tiy) (34)

where o is the Stefan-Boltzmann constant, g,, is the wall emissivity, and T, is the
reference temperature.

" B. Zalosh, Factory Mutual Corporation, “Energetics of Hydrogen Combustion,” personal
communication (1984).

11
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2.6.4 Heat Conduction

For ¢ 'ery computational cell side interfacing with a wall, ceiling, or floor, the one-
dimensional transient heat-conduction equation

dT a’T
o a o
with the wall boundary condition
dT
Qu +qc+ 2qr - qu = ~KA, Ewi (36)

is solved from the temperature distribution, T(x), and the wall surface temperature,

T, B in Eq. (35) is the thermal diffusivity of the wall. On the left side of Eq. (36), the
four terms represent energy delivered to a wall section by convection, condensation,
radiation from all computational cells with combustion occurring in line-of-sight
contact, and reradiation of energy from hot surfaces, respectively. To simplify the
reradiated energy analysis, we have assumed this energy to be depesited in the
surrounding gas.

2.6.5 Wall Shear Stress

The heat-transfer coefficient expression [Eq. (23)] contains the computational cell-
centered average velocity, u,, and the wall shear stress, t,, which is related to the
fluid density and the wall shear speed u, by

T, =pul (37)
We are unable to resolve turbulent boundary iayers near solid walls with any prac-

tical computing mesh, so we match our solution near sclid boundaries or internal
structures with the turbulent law-of-the-wall (Ref. 8)

= Alog{y . u,/v)+B (38)

= e

This expression requires an iterative solution for u.. We find that it is more conve-
nient and almost as accurate to use an approximation obtained by replacing u. in the

argument of the logarithm in Eq. (38) by the one-seventh-power law (Ref. 9). The
one-seventh-power law may be rearranged to give

Y = 0a5(y.u /iv)" (39)
n

T — RS, e e e e e e e et e | e R S e e e e el



which yields

% = 2.1910g(y,u, /v)+0.76 (40)

when substituted into Eq. (38) and when A = 2.5 and B = 5.5. It is now straightfor-
ward to find the shear speed, u,, where y, is the distance from the wall to the cell-
centered average speed, u,, and v is the gas mixture molecular kinematic viscosity.

The local Reynolds number, (y. u./v), may be small, indicating that the cell center
lies in the laminar sublayer and the law-of-the-wall formulation is not valid. In this
case, Eq. (40) is replaced by the corresponding laminar formula

":i = (yeue /v)" (41)

The transition between Egs. (40) and (41) is made at the value where they predict
the same u,, which is (y.u./v) = 130.7. Therefore, u, is calculated by Eq. (40) when
Oow/v) 2 130.7 and by Eq. (41) when (v u./v) < 130.7. In the laminar case, the wall
hea\ transfer coefficient [Eq. (23)] reduces to h, =pv/y., which results in a simple
difference approximation to the laminar heat flux for a molecular Prandtl number
of unity when substituted into Eq. (22).

2.7 Turbulence Modeling

Most flows of engineering interest, including the flows of concern here, are turbu-
lent. Turbulence may be described qualitatively as the superposition of an irregular

fluctuating motion on the mean flow, waich, for an arbitrary variable y, may be
expressed as

Y= gy (42)

where, y is *he instantaneous value, v’ is the fluctuating (turbulent) component,
and v is the mean value defined as

g+t

- |
Vv=lim- |wdt (43)
{-am

()
In practice, t is taken to be much larger than the characteristic times associated with

v

When the instantaneous values of p, p, i, and u, (uy=u, v, w for i = 1, 2, 3) are sub-
stituted into the mixture-momentum equations [Eq. (10)], the resulting equations
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The terms on the right-hand side have meanings analogous to those in Eq. (46). The
turbulent viscosity is calculated using the Kolmogorov hypothesis

Cupx?
v

U o= (56)

For this analysis, we assume that the turbulent Prandtl and Schmidt numbers equal
unity. Therefore, the turbulent conductivity, ¢, is

o = ucC, (57)
and the turbulent mass diffusivity, D, is
D = pwip (58)

Both of these transport coefficients are expressed in terms of the turbulent viscosity
and thermodynamic properties of the gases.

The values of the five new constants (Cy, C;, C,, 0, 6,) appearing i Egs. (55) and (56)

and listed in Table 3 are those suggested by Launder and Spalding (Ref. 4) following
an extensive examination of experimental data for free turbulent flows.

Table 3 Constants used in the x—¢ turbulence model

C 1 Cz C‘l o\ C.—

1.44 1.92 0.09 1.0 13

2.8 Chemical Kinetics

For diffusion flames involving hydrogen (Ref. 16) or hydrocarbon fuels,” we have
used a simple one-step global chermical kinetics model that grossly over-simplifies
the actual chemical processes. In the present implementation of this model, the
only reaction modeled is

a(Hy )+ b{0,) +c¢(N;) :0:; d(H;O0)+e(H; )+ f{O;)+¢(Ny) (59)

"L R Travis and F. R. Krause, "An Analysis of HDR Test T52.14: Diffusion Flames in a Full Scale
Nuclear Reactor Containment,” Los Alamos National Laboratory report in preparation.
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where the coefficients a, b, ¢, d, ¢, and f are mole fractions. In modeling nuclear reac-
tor containment buildings, typical computational cell volumes are 1-2 m? they are
larger in some cases. We try to keep cell volumes to about 1 m* in regions where
diffusion flames are expected. For this spatial resolution, there is no attempt to
describe flame structure; we simply represent combustion energy release in a com-
plex geometric containment. Furthermore, chemical reaction time scales generally
are short compared with fluid motions in these combustion modes, so the many
elementary reaction steps and intermediate chemical species can be neglected in this
first approximation.

The reaction rate, o, in Eq. (59) is modeled by a modified Arrhenius law. The gen-
eral expression for the reaction rate is

rate(mole / m* -s) = C([T/ Tn]‘[fuel]'[oxidizer]"e-ﬁ.fﬂ (60)

where C; is the frequency (or pre-exponential) factor; E is an activation energy; t, 1,

and o are exponents; fuel and oxidizer indicate local concentrations in mol/ m*; R is
the universal gas constant; and T, is the adiabatic flame temperature. For the H;-O;

reaction, t =0, f = 1, and 0 = 1, but in some hydrocarbon simulations, we set t = 1/2 in
an attempt to model molecular motion.

The finite-rate chemical kinetics now can be written for the fuel
()pr )
—_— = —=aMpt 61
ot ™ &3)
and the oxidizer,

Po . L pM,i (62)
ot

where Mg and M,, are the molecular weights of fuel and oxygen, respectively. The
chemical energy of combustion is computed as a source for the energy transport
equation [Eq. (11)] by

Q. =Cw (63)
where C. =4.778 x 10° | /mol (1.2 x 102 erg/g).
In practice, when solving the finite-rate chemical equations [Egs. (61) and (62)], we
integrate the fuel [Eq. (61)] when the fuel-oxidizer mixture is fuel lean and the oxi-

dizer [Eq. (62)] when the fuel-oxidizer mixture is fuel rich. By using Eq. (59), all
compenents of the combustion process are determined. We have compared the
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results of this model with the experimental data for the one-fourth-scale test facility
(Ref. 17) and the HDR containment building (Ref. 18) and have found good agree-
ment for the general circulation patterns in complex geometry's, concentrations of
combustion products, and temperature distributions throughout the containment
buildings.”

3 COMPUTATIONAL MODEL

The computational model and solution algorithm for solving the multi-
dimensional, time-dependent fluid-flow equations follows the ICEd-ALE method-
ology first introduced by Hirt et al. (Ref. 19) and used later in other computational
fluid dynamics efforts at Los Alamos (Refs. 20-25).

The computational domain is defined by a regular, three-dimensional array of reg-
ular parallelepiped cells. First, each coordinate axis is divided into intervals that
define cell faces in that direction. The location of each interval is identified by its

physical mesh coordinate (x, y, or z in cartesian geometry or r, 8, or z in cylindrical
geometry) and a corresponding logical coordinate (i, j, or k) called the mesh index.
The domain is divided up in the x-direction by planes passing through the
x-direction mesh coordinates and normal to the x-axis. Similarly, sets of planes
normal to the other directions divide up space in the y and z directions. The inter-
sections of the three families of planes define a three-dimensional arrangement of
cells ("finite volumes"). Figure 2 shows a typical cell along with conventions for
identifying faces and vertices.

Values of p, I, and p are computed at cell centers, and the face-normal component of
velocity is computed at cell faces. Initial values for each variable and appropriate
boundary conditions are set at all locations. The continuous integral equations of
motion described in Sec. 2 are approximated by finite-volume expressions (discrete
algebraic equations) on the computational mesh. Thus, the dynamic state in the
problem domain can be approximated by integrating the finite-volume equations in
space and time.

In the standard ALE method (Ref. 19), both fluid and grid (uy) velocities are located
at cell vertices. By specifying ug to be different from w, the - hape and spatial distri-
bution of the mesh may be changed to model a problem with a deformable bound-
ary. Mass, momentum, and energy are exchanged between cells by averaging vertex
velocities to produce a cell-face fluxing velocity. Because HMS is designed to com-
pute flows with fixed geometry's, this general mesh motion feature is not needed;
therefore, we locate fluid velocities directly on cell faces. Other differences between
the standard ALE method and the ALE method implemented in HMS are given in
Table 4

* The HDR results are discussed further in the HMS Assessment Document (in preparation).
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Mesh cells serve as control volumes for cell-centered variables and thus serve as
the finite volumes for solving the mass and energy equations. Because velocity
components are located at cell faces, a different treatment is needed for the momen-
tum equations. A momentum control volume, V,,, is defined as half of each of the
two cells sharing a common face (Fig. 3). In this sense, we say that momentum con-
trol volumes are “face-centered,” although this is strictly true only if both cells are
the same size. A momentum control volume for the east face of cell (i, j, k) is

Vi = (Vi * Viaa)/2 . A similar definition is made for the momentum control
volumes that straddle the north and top faces.

Because we are interested only in the Eulerian solution of the flow equations, a full
continuous rezone always will be applied (see Sec. 3.3, Rezone Phase), with the
Lagrangian phase being only an intermediate step toward the full solution.

Fach tluid dynamics time step is broken into three phases as described below and i<
followed by turbulent transport and heat conduction calculations.
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Figure 3 A two-dimensional mesh slice showing the u and v momentum
control volumes associated with cell (1, ], K).
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3.1 Phase A: Explicit Lagrangian Phase

In this phase, the densities, velocities, and specific internal energy fields are updated
by the effects of all chemical and physical processes. This includes combustion,
condensation, heat transfer, body forces, and turbulence effects.

3.1.1 Condensation Mass and Energy Transfer

Whenever the temperatwes of structural surfaces and the adjacent gas differ there
will be heat exchange by convection. If condensation occurs, there will be energy
and mass transfer from the gas to the condensate~-a condensate that typically
appears as a thin film The resulting change in mass and energy of the gas appears
as source terms in the Uhase A mass and energy equations (Secs. 3.1.4 and 6! and as a
heat flux boundary condition in the structural heat conduction solution (Sec. 3.5).

First, we combine Eqs. (9) to (31) to yield an expression for the change in steam
density

em s h Aw
Y MPuo ,g\[ P =P o ]

Y om, : 64
f‘;‘sm ot Z(p“g‘,) (64)

3]

where HTS indicates summation over all of the heat-transfer surfaces in contact
with the fluid cell. In terms of the mass condensation source term, 5, this becomes

0 @m [ “’Aw]
8 = pa;” = Pio s HTS ( )H 20 >

p At V%‘,(p ""v,)

and then solving for pf}

Pho VE(p'e, )+ AO, .?,i("*"*"‘)
{3 \
VI(pe,)+ a0, T(hA,)
o IS

Pﬁ:c:) . (66)

Next, for all heat-transfer surfaces, we compute hy, from Eqs (23), (37), (40) and (41)

and the corrected heat-transfer coefficient hy from Egs. (26) to (28). The total erergy
lost by the gas may be written as

o) (p1)" -~ (p1)" 2 [nLA(T, - T)]
: (1) —(pl)" _ wis imk
o At Vv i SP""(TG 1w) (67)
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315 Momentum Equations

The components of the velocity field then can be found from the discrete approxi-
mation of Eq. (10)
phut v -ptut ]
At

==Vo Vp"+ Vi M" =3 1, dA (79)
|

where, by comparing with Eq. (10)

M" = pg~D (80)

The structural drag vector represents the resistance of internal structures such as
pipes, I-beams, catwalks, and such configurations that are impossible to resolve.
These internal structures play an important role as heat sinks and, to a lesser degree,
as momentum sinks. However, we do attempt to model their momentum effects by

D %p(‘,,ulul(r\ Iv.) (81)

where (A/V,) represents frontal structural area divided by the fluid volume for
every computational cell containing internal structures. Note that A is dependent
on the orientation of the structures. For example, there is little resistance to flows
parallel to the gratings of the catwalks but quite a different resistance to flows nor-
mal to the gratings. The drag coefficient, Cy, is determined empirically or selected
from tables of drag coefficients of common shapes.

3.1.6 Internal Energy Equation

We now can find the change in the total internal energy

pf‘lﬁ\\: = p“I"V:‘_ .8
At

. nvA_vn
P ;u?dA, P -*‘L-AT-—L

+ ;q?dA, + Q" (82)

where Q" as defined in Eq. (11) contains the energy of combustion, condensation,
and heat-transfer effects. The gas-mixture temperature, T4, is computed from a
mass-weighted version of Eq. (16)

(quA[,}(T")z-r(anBa \(T’*p(z’xacu]-l =0 (83)
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3.1.7 Equation of State

Finally, the updated pressure is determined from the equation of state [Eq. (19)]

= TR, 0l
"

3.2 Phase B: Implicit Pressure Iteration Phase

In this phase, an implicit evaluation of the time-advanced densities, velocities,

(B4)

pressure, and specific internal energy fields is achieved. The parpose of this phase is
to compute time-advanced pressures to allow calculations of low-speed (low-Mach-

number) flows without any time-step restrictions from the fluid sound speeds. The
following argument (Ref. 19} explains the need for this step.

In an explicit method, pressure forces can be transmitted only one cell
each time step, that is, cells exert pressure forces only on neighboring
cells. When the time step is chosen so large that sound waves should
travel more than one cell, the one cell limitation is clearly inaccurate
and a catastrophic instability develops. The instability arises because
the explicit pressure gradients lead to excessive cell compressions or
expansions when multiplied by too large a time step. This then leads
to larger pressure gradients the next cycle, which try to reverse the
previous excesses, but since the time step is too large the reversal is also
too large and the process repeats itself with a rapidly increasing
amplitude. The over response to pressure gradients in this fashion is
eliminated by using time-advanced pressure gradients, for then cells
cannot compress or expand to the point where gradients are reversed.

In this phase, the mixture equations for cell volume, mass, momentum, and energy

are

and

B yA
.YL.__.V_.L.:\I:‘V,(“B_un)
At
pVe-ptVe .
At

0

B A At [ B i)
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M
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3.3 Phase C: Rezone Phase

The third phase explicitly performs all the advective flux calculations, repartitioning
the dependent variables onto the original mesh. The superscript n+1 (and not C) is
used to indicate that this Eulerian rezone phase completes the spatiotemporal inte-
gration of the equations of motion from time-level n to time-level n+1. The finite
volume equations for mass, momentum, and energy advection, respectively, are as
follows

plrvi-pVe
At

e ;(p“u"dA ) (101)

nel sive _nbgybhyd
ol V;' PPV o -5 (pbub ubdA), (102)
]

and

Elﬂl [nsl V; - pH 1B V?

=" - BB 4B
ry ;(p 18 ubdA), (103)

Decoupling the rezoning step from the rest of the physics computations facilitates
the implementation of different numerical advection algorithms. We have made
use of simple donor cell, interpolated donor cell, van Leer (Ref. 26), and FCT

(Refs. 27-29) to model the right-hand sides of Egs. (101)=(103). Phase C is completed
by computing To+! from Eq. (16) and p»*! from Eq. (19).

3.4 Turbulence Transport

The final fluid dynamics task in each computational cycle is the explicit updating of
turbulence variables.

3.4.1 Algebraic Model

The new time-level turbulent viscosity follows directly from Eq. (47)
2 2 mv?
uuw - C“ p""{().l ) :};[(u"') + (\,nﬂ) + (wul) ]} (10‘)

3.4.2 Subgrid Scale Model

The product px is updated with a discrete version of Eq. (50)
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4 SUMMARY

In this report we have described the theory behind the HMS computer code and the
computational model used to numerically integrate the governing equations in
time and space.

The core of the code is based on the conservation laws for mass, momentum, and
energy, which were presented in integral form to more closely mirror the finite
volume formulation for the discrete equations. The basic fluid dynamics equations
are supplemented with relations for multiple gas species, heat transfer, condensa-
tion, turbulence transport, and a simple finite-rate global chemical kinetics model
for combustion.

An ICEd-ALE numerical method, adapted to fixed geometry, is used to solve the
equations of motion. Each time step is split into three phases: (1) an explicit
Lagrangian phase where most of the physics is done, (2) an implicit Lagrangian
phase where ime-advanced pressure, velocity, density, and energy are computed
together, and (3) a rezone phase where problem variables are repartitioned onto the
original mesh. Turbulence quantities and structural temperatures then are
advanced to complete the time step.

Using the above field equation model coupled with finite-rate global chemical
kinetics, we have successfully analyzed the hydrogen and hydrocarbon diffusion
flames occurring in a nuclear reactor containment under accident conditions. These
combustion modes are the easiest to model and analyze when compared with other
modes of combustion, such as propagating flames in premixed fuel/oxidizer vol-
umes. Deflagrations, flame acceleration and transition from deflagration to detona-
tion (DDT), and detonations are all important combustion modes that have not
been modeled successfully in complex reactor containment structures. We will
address some of these issues and recommend approaches for solutions in Sec. 5.

5 RESEARCH DIRECTIONS
5.1 Nonreactor Combustion Modeling

The basic framework necessary for modeling combustion phenomena associated
with nonreactor systems has been established. However, research in several areas is
needed, including radioactive and nonradioactive combustion characteristics, mate-
rial transport model improvement, lumped-parameter and field model coupling,
development of system safeguards models, and experimental validation and veri-
fication of system (network) modeling codes.

Very little is known about how radioactive materials burn, particularly how they

may combine with nonradioactive burning material. Currently, highly empirical
data are being used to determine the airborne fraction of radioactive release from
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3 MOTIVATION

The guiding philosophy behind the PCR method can be shown by first considering
the functional E (x) defined as

B (x) = d((x~2)A(x-2)) (B-2)

where (<, + ) denotes an inner product, for example, (x, Ax) = xTAx. E;ix) is defined
as the error functional and is equal to one-half the square of the A" norm of (x - 2).
The exponent y takes on positive integer values; j = 1 for conjugate gradient mini-
mization, and p = 2 for conjugate residual minimization (the choice made here).

Recalling r=b « Ax = -A(x - 2), we write ¥5(x) as
Eyx) = d(A(x-2),Alx~2)) = 4(r,r) (B-3)

It follows that the minirum of E(x) as x varies over R" is
5'-%’-‘-’ & A(Ax=b) = - Ar (B-4)

Hence, the problem of minimizing the quadratic error functional Ey(x) is seen to be
equivalent to solving the original linear system [Eq. (B<1)] with the solution being
x = 2z in each case.

The goal of the PCR procedure is to successively calculate improved estimates for
the solution vector xy

X = Xpoo o+ O Px (8‘5)

by minimizing E(x) along yet-to-be-determined search directions, py, where o and
B, are constants. Substituting Eq. (B-5) into Eq. (B-3) gives

B (x,) = ,}( Alx, (+0,p, ~2)AlX,  +a,p, ~2)) (B<6)

The op*.mum value of a; minimizes Ei(x) with respect to a,

E,
Q’&i’m = o, (Ap Apy ) -(1, AP ) = 0 (B-7)
3
or
a, = (AP (AP, Apy) (B-8)
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Because constant values of E(x) correspond to level surfaces (hyperellipsoids) in Re,
it is natural to select the negative gradient of E(x) [Eq. (B-3)] as the search direction,

with VE(x, ) being the direction of most rapid change at x. This is equivalent to using
r as the search direction vector p in Eq. (B-5) and is known as the method of steepest
descent. The set of residual vectors 1, (i = 0,k) in the steepest descent method is not

usually linearly independent, and if the condition number of A, K(A) = A/ Ayin, 18
large (corresponding to highly elongated ellipsoids), the convergence can be slow.
Instead, we compute py

P fot Bapio (B-9)

subject to the requirement
(pi. Apj) = 0fori#jsn (B-10)

Computed this way, the search directions, p,, are A-conjugate (or A-orthogonal) to
all other directions p;, and the solution vector x, computed from Eq. (B-5) will
minimize Ey(x;)over the span (po, p1, - .. pil (Ref. 37). Chandra (Ref. 38) shows that
the family of conjugate direction methods (which includes the conjugate residual
method) are optimal among all linear iterative methods with respect to E,(x).

The orthogonalization coefficient B, is found by substituting Eq. (B-9) into
Eq. (B-10)

By = ~(r 1 AP ) ( Py AP ) (B-11)
4 PRECONDITIONING

The solution to Eq. (B-1) can be obtained more rapidly if we precondition the system
Ax = b. Instead, we solve

AXx =b (B-12)
where, A" = QTAQ T, x' = QTx, b' = Q'b, and Q is a nonsingular matrix. If QTAQ" =1,
then x(A") is small and A" = Q'Q 7. Defining M = Q'Q7, as the preconditioning
<-atrix, we use the factorization of Dupont, Kendall, and Rachford (Ref. 39) for M

M= (L+D)IDYD+U) (B-13)
to solve a system of the form Mu = v, which may be inverted rap:dly by an LU

decomposition. The additional effort required to solve for u is more than offset by
the faster convergence of the PCR algonthm presented in the next section.
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