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SUMMARY

This manual describes the technical bases and use of the computer code
FIRIN. This code was developed to estimate the source term release of smoke
and radioactive particles from potential fires in nuclear fuel cycle
facilities. FIRIN is a product of a broader study, Fuel Cycle Accident
Analysis, which Pacific Northwest Laboratory conducted for the U.S. Nuclear
Regulatory Commission. '

The technical bases of FIRIN consist of a nonradioactive fire source term
model, compartment effects modeling, and radioactive source term models., These
- three elements interact with each other in the codeﬂaffecting the course of the
fire. ‘ |

This report also serves as a complete FIRIN user's manual. Included are
the FIRIN code description with methods/algorithms of calculation and sub- -
routines, code operating instructions with input requirements, and output
~ descriptions, '
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1.0 INTRODUCTION

Source terms generated by potential accidental fires in nuclear fuel cycle
facilities can be estimated using the computer code FIRIN developed by Pacific
Northwest Laboratory (PNL). The primary thrust of the work is to estimate the
mass generation rate and size distribution of radioactive particles that become
airborne in a fire accident. These releases Can be calculated using FIRIN.
Other information calculated by FIRIN includes (but is not limited to) fire
source mass loss rates, energy generation rates, and transient conditions such
as temperature and pressure in the fire compartment. Los Alamos National
Laboratory has developed the computer code FIRAC to analyze fire-induced flow
and thermal and material transport in the building ventf]ation system.

FIRIN is designed to provide mass and energy input to FIRAC. Using both
codes, a user can analyze radioactive source terms up to the féci]ity atmos-
phere interface. Used alone, FIRIN predicts this release within the fire
compartment,

Radioactive release factors incorporated in the code are primarily those
developed in experimental work at PNL. Combustion product data were developed
“from a literature review (Chan and Mishima 1982) for combustibles that are
commonly found in nuclear fuel cycle facilities and from experimental work
performed at Factory Mutual Research (Steciak, Tewarson, and Newman 1983),

This manual is designed to instruct the FIRIN user, who is assumed to be a
knowledgeable ehgineer/scientist required to make a safety assessment of a
specific facility., The user is assumed to be familiar with basic programming,
heat'transfers, and the facility for which the fire accident is simulated.

Chapter 2.0 is a description of the_tethnical basis of the models in the
code. Background information, such as program and data structure, numerical
algorithms, subroutine functions, input requirements, and output interpreta-
tion, are included in Chapter 3.0. ,Operationa] instructions are given using
illustrative sample probiems in Chapter 4.0.

1.1
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2.0 MODEL DESCRIPTION

This chapter describes the models used in.the FIRIN computer code. The

major assumptions and features used in deve]op1ng the models are discussed.

This

is followed by sections describing fire source term mode]s compartment

effects, and rad1oact1ve source term models.

2.1

/

ASSUMPTIONS AND FEATURES

Certa]n assumpt1ons were made about the fire during FIRIN deve]opment

Fire growth is approximated by using the concepts of burning order and
ignition energy in FIRIN. Applying these concepts allows the user to
examine the effects of fire severity ranging from a small fire involving
only one combustible to a large fire that 1nvolves all combustibles found
in the compartment.

The burning order concept requires that the.user estimates the consumption
order of combustible materials in the fire scenario of interest. This
concept permits the user to set bounds for the severity of compartment
fires.

The ignition energy concept (an option) features autoignition of
combustibles at risk, if the heat flux levels generated by the initial
burning combustibles are sufficient. Ignition energy data for the
combustibles (Tewarson 1982) are stored in FIRIN. The user selects the
initial ignition point and other combustibles at risk other than the
initial buring material inside the fire compartment.

Each burning element is assumed to burn at a constant rate when exposed to
a constant oxygen and heat flux environment. These rates are found in the
Factory Mutual Data Base (Tewarson 1982) and are experimenta]ly
determined.

Flaming combustion is the principa1 burning mode in FIRIN. Limited
smoldering combustion data are available and are used in other burn modes.

Ample oxygen is available during the initial burning; as less oxygen is

available during later stages of the f1re, the burning mode is reduced in
an approximate manner.

Burning rates (or mass loss rates) are a function of the oxygen provided
by room ventilation flow, type of combustible, and exposed surface area of
combustible.

FIRIN provides output suitable for 1nput'to FiRAC (e.g.,‘mass and size

distribution of smoke and radioactive particles attacking the filters as a
function of time).

2.1



® Wall .and equipment heat absorption-models are incorporated into FIRIN.
This feature provides a more realistic estimate of the net energy input.
required for FIRAC. Additionally, these models can be used to predict
equipment heating and overpressurizing, and subsequent rupturing.

‘® - The potential for water vapor formation is high because concrete loses
water at 90° to 900°C. When heated to 600°C, the water in a 1/4-in.
concrete wall surrounding a 10-ft x 10-ft x 10-ft room-(less ceiling)
produces about. seven room volumes of water-vapor. -This phenomena, not
found in other fire models, is included in FIRIN. Reactor containment
modelers have produced the‘ information needed to couple this water and
carbon dioxide source to the wall heat transfer model. : This water vapor.
‘could either raise the room pressure or substantially 1ncrease ventilation
flow, It could also be a substantial source of condensate in cooler '
regions of:the ventilation system.. . :

e Flame radiation is estimated in laboratory-scale experiments for each'type
of combustible material by increasing the oxygen concentration in air
(Tewarson 1982). When burning a combustible mixture, the component

.material with the greatest flame radiation is used for calculating burn
rates of individual components 1n FIRIN 4

e The following particle depletion mechanisms are included: gravity
settling, Brownian diffusion, diffusiophoresis, "and thermophoresis.

2.2 FIRE SOURCE TERM MODELS

Source terms required to characterize a fire include mass loss rates, heat
release rates, and combustion product generation rates. Using the steady-state
heat balance on the surface of a burning element, Tewarson et al. (1976, 1980)
‘derived rate equations for these fire source:termsa The rate equations are .
developed as a function of material properties and fire conditions. The
following sections discuss these source term rate:equations. The model
equations used in FIRIN are identified, and requfred input parameters are given
for computing fire source terms. In addition a simple model 1is developed to
approx1mate changes in pyro]ys1s/combust1on propertles caused by vent1]at1on
cond1t1ons., FIRIN ca]culates the f1re source terms to correspond to the
available oxygen.

2s 2 1 Mass Loss Rate (M“)

.~The-mass 1oss rate of -various combustible materials. depends on the
available net ‘heat - flux rece!ved-byvthe material :in:a fire and the heat

2.2



reQu1red to generate a unit mass of combustlble vapors. This losslrate'is
calculated as follows (Tewarson '1980a): o Co .

= qn/L | oo (2

where h" is the. mass loss rate of the mat’erial"qn is the net heat flux
received by the fuel. mater1al per unit fuel surface area and L is the heat
required to generate a unit mass of fuel vapors. In the rotation used, a dot
above the parameter 1nd1cates per unit of time, and quotat10n marks on the
upper right side of the parameter indicated per unit of area. Thus M" has
units of grams/(s m2) and is a rate of mass flux. 51m1larly q“ is a rate of .
energy flux. T o

Mass loss rate for the two phenomena pyrolys1s and combustlon, is used in
FIRIN and defined as follows (Tewarson 1980b)

e mass 10ss rate in pyrolys1s (M")

M" =g gl (22)

- q;r) is the net heat flux q is the external heat flux, and.qp. is
the surface radiation heat loss |

where (qe

e mass loss rate- in combustion (My) -

i

Mb'- (qe + qfs q,r)/L o (2-9)
where (qe + qfs qrr') is the net heat flux, and the total flame heat flux
q¢s is included in the net heat transfer ‘because of flam1ng combust1on. The
total flame heat flux is the summation of flame convective heat flux qféuand."
radiative heat flux qfr'

Physical/chemical and pyrolysis/combustion properties'(right-hand.side of
both equations) are stored in the FIRIN data base, except ‘q3, which is calcu-

lated in the compartment effect ‘models. -The data base contains properties of
fuels of interest (i.e., combustible materials commonly found in nuclear fuel

2.3



cycle facilities). The fuel pyrdlysis/chbustion'pnqpergies were developed:
from combustion experiments conducted by Factory Mutuel-Research Corporation
(Tewarson 1980b; Steciak, Tewarson, and Newman 1983).  Appendix B tabulates the
va]ves used in FIRIN..

Mass loss rate in a fire is a function of fuel type and surface area;
therefore, this information is required input to FIRIN, Fuel mass is the input
required to estimate the length of time a particular fuel burns. Oxygen con-
centration also influences mass Toss rate and is calculated within FIRIN for
each time step.

2.2.4 Heat Release Rate (bQL.

Heat release rates must be considered to describe the rate of fire growth
and the size of the fire. Heat release rates in fires can be expressed as
follows (Tewarson'1980a): ' ' - '

Q = H, Mb

(2-4)
where Q" is the heat release rate, H; is the heat of combust1on and Mb is the
mass loss rate in combustion.

When all the fuel vapors burn completely, Hy of Equation (2-4) is defined
as heat of complete combustion of the fuel Hi. In an actua1 fire, where both
material pyro]ysis and combustion-often coexist and oxygen is not always ava11-
able, fuel vapors generated from pyrolysis do not often burn completely.
Therefore Hi is defined as the actual heat of combust1on of fuel Ha’ and Q“ i
'the actual heat release rate; thus, Equation (2-4) can be rewr1tten as

Q% = H, Mg | (2-5)

Furthermore, the ratio of actual-to-complete heat of combustion (H /H.) is
defined as combustion efficiency of the fuel Xae Therefore,

0= Xy M M; | (2-6)
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or, from Equations .(2<3) and’(ZAGJ; the'heat release rate is,written as .
Q" =Xy (H, /L)(qe + qfs qrr) - ”h S (2-7)

Equation (2-7) is the final expression that is used in FIRIN to calculate
energy release rates. ' The combustion efficiency X, and the heat of complete
combustion Hy for the-combustibles of interest are a]so stored in the data base
in FIRIN.

Heat release rates (Tewarson 1980b) involve all of: the fQ]lQWingd
parameters: a) combustion efficiency of combustible materials, b) ratio of
complete combustion heat to the heat required to generate a unit mass of
vapors, and c) net heat f]ux absorbed by the surface. Tewarson stud1ed the
dependence of heat release rates on thermal and over- or undervent11ated fire
environments for various materials. He found that the combustlon efficiency
for an overventilated fire environment becomes approximately constant for each
generic type of material tested. According to Tewarson, combustion efficiency
can decrease if '

e the ratio of carbon relat1ve to hydrogen, oxygen, or other fuel
constituents in the vapors is decreased

° the gas-phase reactions are quenched or retarded by Tlack of available
oxygen, chemical retardants in the mater1als, or a decrease in temperature

e soot- formlng react1ons are preferred in the gas phase [1 e., polystyrene

(PS)1s

Table 2.1 11sts combust1on eff1c1encies for some mater1als (Chan and M1sh1ma
1982). ' ’ ‘ ‘
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TABLE 2.1.. Combustion Efficiency, Xé‘,.

Nonaromatic Po]ymers(a) High (0.81 < X, < 0.97)
Polymethyl methacrylate
Polypropylene

Aromatic Compounds(b) Medium (0.51 < Xy < 0.7)
Red 0Oak
.. Polystyrene

Chlorinated Compound Low (X5 ~ 0.35)
Po]yviny]'ch]oride , s p

(a) Noncharring materials.
(b) Charring materials..

Since the heat release rate is a function of mass loss rate, both fuel
type and surface area are required input. .-

2.2.3 Combustion Produét Generation Rate (GJ_L

Accord1ng to Tewarson (1980b), the combustion product (i, e., carbon
dioxide, carbon monox1de, water smoke, and low volatile hydrocarbon)
generation rate is equal to the fract1ona1 yield of the product t1mes the mass
loss rate. This is expressed as

' ..Il =4 .Il> - - '
BN L o (2-8)
where
ég = mass generation rate of product -j per unit surface area of the
combust1b1e 7
J= subscr1pt denot1ng conbust1on product
Yj = the yield of product j, which can be expressed as a multiple

of the yield of product j expected from stoichiometry k and
the product generation efficiency f [Equation (2-9)]

e
|

= the mass loss rate from pyrolysis or combustion
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Thus, the product generation rété’df'certain'specieé for1byrolysis can be
written as - - : ' :

G;J = fy(ky/L){ag - app) o (2-10)

Using Equation (2-3), the product ‘generation rate for combustion is

| GbJ fy (k; /L)(qe + qu- ) (2-11)

.3, like 6;; depends on both material properties and fire conditions.
Equations (2-10) and (2-11) are the final expressions used in FIRIN for the
calculation of product -generation rates. The values of Y5 or (fjkj) for the
combustibles of interest are stored in the data base in FIRIN. Similar to
other combustion properties, only overventilated data are currently available.
Underventi]ated data are estimated. Since the'product generation réte is also
a function of mass loss rate, the input requirement is the same as for the

other two, rates d1scussed in the prev10us subsections.

2.2.4 Burning Modes

Flaming and smoldering combustion are the two burning modes considered in
FIRIN. In an overventilated fire with an oxygen level greater than 15%, fuels
are assumed to burn in a flaming mode. In an underventilated fire with an
oxygen level less than 11%, fuels are assumed to burn in a smoldering mode. In
a semiventilated fire with an oxygen Tevel between 11% and 15%, fuels are
assumed to burn in a mixed flaming and smoldering mode.

The pyrolysis/combustion properties are assumed to have a ]1near
relationship with oxygen levels. The model used is

p = P -"S(P - P (2-12)

S SV ov ov j_-;u,v)

where Pgy = pyrolysis/combustion properties, semiventilated fire

Poy = Pyrolysis/combustion properties, overventilated fire
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S = linear scaling factor, S = ey
Puv = pyro]ysis/combustion properties, underventilated
02 = oxygen level in fire, and 15% < 0 < 11%.

Some of the P,, values in the data base are estimated. Available Poy
values were mu]tip]ied:by an assumed fraction 0.2 to 0.8 (depending on the
pyrolysis and‘combustioniproperties) to estimate needed values. The assumed
fractions were estimated using lTimited fue]udata from both over- and under-
ventilated experimenta] fire tests (Tewarson 1980a b) The oxygen transient is
" calculated from the fire compartment mass ba]ance.

2.2.5 Fire Particulate Mater1a1 Character1st1cs

Fire (smoke) particlevcharacteristics of interest are the particle size,
size distribution, and number density as a funct1on of time in a compartment
fire. In fire research a few studies have been successful in pred1ct1ng 4
particle size and number density by applying the Mie Scattering Theory (Chan
and Mishima 1982). Model equations for predicting these characteristics are
available in a diffusion flame study by Pagni and Bard (1978). (a) Currently,
too few data are available for FIRIN to fully use the existing models. Smoke
characteristic studies of this type are under way at the Factory Mutual
Research Corporation (Newman 1982).

Users can (at this level of approximation) also refer to Table 2.2 for
various steady-state smoke particle sizes (Chan and Mishima 1982); Ranges of
particulate mass median diameter (MMD) and standard deviation (og) for
cellulose and various polymers are tabulated in this table for both normal and
higﬁ ventilation air temperatures. These data were obtained from B. T. Zinn
and his colleagues at Georgia Institute of Technology (Bankston et al. 1978;
Zinn et al.‘1978, 1980). Notice that in flaming combustion in both normal and
highly ventilated conditions, MMD and particle-size distribution data are
unavailable for the polymers [except polymethyl methacrylate (PMMA)]. Large,

' sodty particles produced,during flaming c0mbustion tend to rapidly clog up the

(a) Pagni, P. J., and J. Bard. 1978. "Particulate Volume Fractions in
Diffusion Flames," p. 1017. Paper presented at the Seventeenth Sympos fum
(International) on Combustion, August 20 25, 1978, Leeds, England.
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-TABLE 2,2. JPaFtic]e'Size and Parfic1e-$izeﬂDistribution of Fuel Materials

Mass Median

'Volume Surface

Mean Particle

(a) F'=.F\Aming,gombustion '
. NF = Nonflaming combustion

1.33-1.31

Air témp. of:

P

- Dia, .at. Maximum Air Flow
Fuel. Diameter Standard Optical Density Heat Flux Rate ‘ .
Material . (um) - Deviation (s) Drs "(um). F or NF(2) (W/em®) (2/min) Environmental Conditions
Douglas fir  0.5-0,9 1.8-2.0 0.75-0.8 NF 3.2-6.2  142-425  Normal temp. (25°C) and composition
0.4 - 2.8 0.5-0.45 F 2.5-5  283-425 Normal temp. (25°C) . ,
1.0 2.0 0.9 NF 6.2 -—-  Normal temp.; composition of 80% Ny,
’ 5 to 10% 0,, 10% C0p, 5% CO
~- - 0.75-0.55 NF 5 - 425 . Air temp. of 25°“to-200°C, normal composition
. -- . -- 0.5-0.55 - F 5 425e283‘ Air temp. of 25§1to 200°C, normal composition
Polymethyl- 0.7 1.9 0.6 - NF 5 425 Normal temp.: (25°C) and composition
methacrylate ;;- - S Y F 5 425 Normal temp. (25°C) “and composition
L -- - 1.2-1.3 F 5 425 Air temp. of-25%:to 200°C; normal composition
Polystyréne 2.6 L9 1.4 NF s 425 MNormal temp. (25°C) : :
o - -- 1.3 . F- 5 425  Normal temp. (25°C) --
. . -- < - 1.3-1.25 F 5 425 Air temp. of 25° to 200°C; norma]'compositiﬁn
Polyethylene 1.5 1.75 1.1 NF 5 425  Normal temp. (25°C)° = - :
f . - - 13 F 5 425 Normal temp. (25°C) :
L - - 1.3-1.35 F -5 425 Air temp. of 25° to 200°C; normal composition
Po]yﬁfob}lene " 2,05 1.8 1.6 _r V NF 5 425 Normal temp. (25°C) and composition
o - - 1.2 F 5 - 425 MNormal temp. (25°C) and composition N
o - -- -- F. 5 425 - Air téﬁp. of 25° to 200°C; normal coﬁpositioﬁ
Polyviny} 1.4 1.45 1.0 - NF 5 - 425 ° Normal temp. (25°C) -and composition
chloride o - 1.2 F s 425 Normal temp. (25°C) and composition
o T - 1.1-155 Fo s 425  Air temp. of 25°-to 200°C; normal composition
Hydraulic e - T 123 NF- 5 425 Norma) temp. (25°C) and composition ]
fluig - - -- ‘ - 5 425 '25%to 200°C; normal.composition



cascade impactor plates used in taking samples. For PMMA the quantities of -
smoke particles collected were too small for reliable size-distribution -
measurements. - Mean particle diameter is measured in these conditions by in
situ optical techniques. ’ o

Smoke particle-size distributions were also measured in combustion
experiments at PNL.. Paper, PMMA, and polychloroprene (PC) were burned and the
aerodynamic'equivalent-diameter (AED) of smoke particles were measured with a
cascade impactor. Table 2.3 lists the MMD and standard deviation (o) of these
smoke particles. ' : ‘ .

TABLE 2.3 Smoke Particle-Size Characteristics

Mass. Median Standard
, _Material Diameter (um)  Deviation (o)
Polymethyl methacrylate .  0.80 to. 1.68 2.6 to 3.2
Polychloroprene - _ 0.40 2.7
Paper - : . . -0.47 3.1

, At the p01nt measured (several feet from the flame in both the PNL and
Georg1a Tech experiments), smoke particle size does not seem to be a function
of material burned. An average MMD of approximately one micron and an average
og of 2 is used in FIRIN to estimate smoke particle sizes from a]] burning
materials. . ' :

2.3 COMPARTMENT EFFECTS

The severity of a fire inside an enclosure can be affected by the con-
straint of the compartment barriers. For nuclear fuel cycle facility f1res,
the quantity of radioactive releases from mechanisms such as burning and heat-
ing of radioactive-contaminated materials, and heating of vessels and equipment
containing radioactive materials depends on the fire severity inside the com-
partment and ventilation conditions. The compartment barriers not only contain
most of the mass and gases generated from the fire, they also trap a portion of
the therma] energy released during the combustion processes. Because of the
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inlet ventilation located near the ceiling (commonly-found .in nuclear facili-
ties), air contaminated with fire gases.and smoke accumulating in the hot ceil-
ing layer is pushed rapidly to the.fire"sfte;-causing the early starvation of
oxygen supply to the fire. On the other hand, the trapped energy is available
to enhance the pyrolysis rate of the combustible materials at risk.

If the compartment barriers are made of concrete, the decomposition of
water vapor and carbon dioxide from the heated concrete could significantly
contribute to the.overall mass releases from the fire. The possibility of
these additional releases will be significant in a long-lasting fire inside a
small compartment. The overall airborne mass can challenge the filter and
ventilation system of the building, which can lead to release of‘radioactive
particles to the atmosphere.

To provide realistic estimates of both the radioactive and fire source
terms inside the fire compartment; the above characteristics of barrier effects
and their interaction with the fire strength are modeled. The models deVe]oped
and selected are for heat transfer,'heat and mass balances, concrete decomposi-
tion, fluid flow, and particle depletion inside the compartment. The following
sections describe these mode]s*and their ‘relationships in FIRIN. The required
input parameters for the model calculations are also 1dent1fied.

2.3, 1 Heat Transfer in the Flre Compartment

Three major types of heat transfer phenomena considered for fire inside a
compartment are as follows:

1. direct radiative heat transfer
2. convect1ve heat transfer
3. conduct1ve heat transfer.

Mathematical models- for a]] of. these phenomena are given be]ow, 1nc1ud1ng heat.
transfer to and: w1th1n;equ1pment(a) at risk inside the fire compartment. Some
equipment might contain radioactive materials in-various physical forms that

(a) Equipment refers to machiriery, gloveboxes, vessels, and other apparatus in
the fire compartment that could affect the source term by adding to source
term release and/or absorbing heat from the fire. :
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can be released into the fire environment as a consequence of heating proces-
ses. In modeling heat transfer within the compartment, we assume the fire is
anchored at or above the floor level. and is located at the center of the
enclosure in order to acquire geometric simplicity.

2.3.1.1 Direct Radiative Heat Transfer

At the ‘initial stage of a fire inside a given compartment, the dominant
radiative heat transfer is from the flame itself. This flame radiative heat
loss is absorbed by the hot layer, walls, and equipment. Radiative heat
transfer is also occurring between the smoke layer and the ceiling in contact
with it,

As the hot layer descends, it becomes a majoh radiation heat source for
the combustible materials, compartment walls, floor, and equipment. For a
nuclear fuel cycle facility fire, the growth rate of a hot layer from the ceil-
ing level is naturally greater than other fire compartments that have ventila-
tion inlet near the floor level. The ceiling ventilation inlet of a nuclear
fuel cycle facility tends to mix and lower the hot layer fairly quickly to the
floor. This ceiling inlet and floor outlet ventilation system reduces the
duration of direct radiative heat transfer from the flames to the walls and
equipment. ‘Because of the rapidly descending smoke layer, the quantity of
direct radiative heat transfer from the flames to the floor is neg]ected This
also avoids the complication of handling radiation shape factors.

From Fire to Hot Layer., From radiation heat balance, the radiative heat
transfer to hot 1ayer,.6rh](ku), from the flame can be written as

Um =& - Qg ‘ (2-13)

where 6r is the overall radiative heat loss from the flame, and 6rc1 is the
heat gain by the cooler materials in the cold layer. In modeling the fire
inside a compartment, we assumed a fwo{]ayer regime: a black gas (smokey)
layer on top, produced from the rising of the hot fire products and 2) a cooler
layer below the smpkey layer that contains no contaminant gas, only air,
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ﬁr is calculated by

Q. = X, Hy M o (2-14)
where X. is the radiative fraction of overall heat release, H, is the heat of
combustion, and Mg is the mass burn rate, g/s.

ércl is approximated using the following exbress}on in the code:

® . L ] Zc] . .
Uy =% \ 7 B - (2-15)
rm
where Z. is the thickness of the cold layer and Z., is the height of the fire
compartment. In using the ratio of Z.1 and Zpy, to obtain orcl’ we assumed that
the radiative heat release from the flame is uniformly distributed to both the

hot and cold layers. Combining Equations (2-13) and (2-15) gives

L] L] ZC]'

U = {2 -\ 7 e - (2-16)
| rm

Since the thickness of cold layer Z.1 approaches zero at some points during the
fire, drh] becomes ér aS-Zc] approaches zero. Z.y is determined from calculat-
ing the hot layer accumulation during the progress of the fire and by assuming
that the hot layer behaves like an ideal gas.

In FIRIN, the radiation from fire to hot layer is calculated in every time
step to demonstrate transient behavior. For each time step, Equation (2-17) is
used: ‘ ‘

. . VA

= Q. 8t =0 [1-[7 | | (2-17)

th] rhl r

where At is the size of the time step to be specified by the user. Qppy and at
are expressed in units of kJ and seconds, respectively. Besides fue] type and
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surface area, as mentioned-in Section 2.2, size of time step and height of the
compartment are also required as input to FIRIN for ea]cu1ating Qrpye

From Fire to Walls and Equipment. Before the smoke layer reaches the
floor level of the fire compartment, direct flame radiative heat transfer to
the nearby walls and equ1pment in the odd layer will occur. This assumption is
based on the earlier suppos1t1on that the fire is anchored at or above the

floor 1eve1 in the center of the ericlosure. To estimate the fraction of
radiation that will be 1ntercepted by the equipment and the remaining fraction
that will be received by the walls, the following assumptions are made:
e At the fire vicinity, all the equipment at risk is located at the
periphery of the compartmept, surrounding the fire; therefore, the
overall effective surface area-for heat transfer is the summation

of the projected areas of all equipment from the incident rays of -
the flame.

e The shape of all equipment is generalized into a cylindrical
geometry, and the effective area can be approximated by simply
‘multiplying the diameter by the height of the equipment. The shape
of all compartment types 1s also cy11ndr1ca1.

e The radiative energy received by both the wa]]s and equ1pment is
uniformly distributed.- The intensity of the radiation does not
change significantly with the distance.
For large fires, the smoke layer descends quickly and the radiative heat
transfer described here occurs over a short length of time, thus reducing error

associated with these assumptions.

The fraction of the overaiiiradfatfve heat transfer to the equipment in
the fire vicinity is estimated using the following equation:

Qe = Uy X1 (2-18)

where.ére.is‘the flame radiatidn'absorbed'by eqt}ipment""ét'ri'sk;"Aee and A, are
the effective heat transfer areas of ‘the equipment and walls, respectively; and
the ratio of A,o/A,, represents the fraction of the overall area intercepted by
the equipment. Age is epproximated by summing the individual projected area of
the equipment and ‘
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J
= X D He ' fOP i = 1, 2, oool,‘"j :»': (2'19)

where j is the total number of pieces of equ1pment mode]ed (FIRIN cons1ders up .
to 40 pieces of equ1pment) e. and He, are the diameter and he1ght of the
&4 e

th-equ1pment, respectyve}y. Aew is calculated as fo]lows

Rew = 1'D_rzcl ‘ }" . } (?'20)

where the diameter ofothe room D, is approximated by

o - [ x L) o (2-21)
where W. and L are the width and length of the fire compartment 1f it is
rectangular in shape. Combining Equations (2 18) through (2- 21) g1ves the

final equation for Qr

. J
‘/4 n (W x L )
Again, Z.y is the thickness of the cold 1ayer. For each time step,
Qe = Qpe (at)  (2-23)

where Qre is in units of kd. The rema1n1ng fraction of rad1at1ve heat absorbed
by the walls is obtained by using the following express1on

Qrw = Qrct = Qe . AL _";= . (2-24)
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where Q.1 is obtained using Equation (2-15).” The required inputs to FIRIN for
the above radiative heat transfer calculations are as follows: equipment
diameter and height, and the length and width of the fire compartment.

- From Hot Layer. tb Floor, Wails, Cei]ing@fand Equipment. Since rapid .
descend1ng of the smoke- Tayer is the characteristic of nuclear facility f1res, 4
this ‘hot layer becomes one of the major radiation heat sources‘other than the
flame itself. 'when the hot_ layer (medium-l) is dn contact with another objeq§ ,
(medium-2),  such as a piece of equipment or the. compartment barrier, the

radiative heat flow between the two med1ums can be expressed as follows (Ho]man

1976):
. qA<Tl4 T'24)“‘ R "
Ui,z ~ ey + Ve, - 1 o Btaad)
where ¢ = Stefan-Boltzmann constant = 5.669 x 10-8 W/m2-°K4
A = contacting area of mediums 1 and 2‘(m2)
Ty, Tp = temperature of mediums 1 and 2 (°K)

€1 €2 = thermal emissivity of mediums 1 and 2.

Assuming a smoky fire, which is typical. in burning of combustible materials
commonly found in nuclear fuel cycle facilities (e.g., cellulosic materials,
plastic, and rubber materials), the smoke layer may behqveblike a_b]ack_body;;a:
with €7 ~ 0.9 (Berry 1980) The emissivity for medium-2 is most]y material
dependent. The FIRIN data base conta1ns values of emissivity for various types
of construction materials.

‘Radiative heat transfer between the hot layer and its contacting'Surfacesif
is also determined for every time step [after substituting €] = 0 9.in.
Equation (2-25)]:

Qr1,2 = Qp,2 (at)
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The contacting area, A, is internally calculated in FIRIN from input informa-
tion on compartment and equipment dimensions as identified earlier.. The
temperature of hot layer, Ti, determined from mass and energy balance inside
the compartment and the model equation, is also calculated in FIRIN (see
Section 2.3.3). The equipment and barrier temperatures, T, are calculated
internally by the code. The only input requirements for caiculating Qfl;z'are
the initial temperatures of the equipment and the compartment before the fire.:

2.3.1.2 Convective Heat-Transfer

In a fire, a fraction of the overall energy release from combustion is in
the form of cqnvective heat, whi]é the remaining fraction is radiative heat.
The convectjve heat is carried by the fire gases into the ceiling hot layer.
Whenever a solid body.is exposed to this moving hot layer having a temperature
different from that of the body, heat is transferred between the fluid and the
solids.

The overall heat release from a fire; Q;, is as follows;l
T
while the Cohyective fra;tion~p§r unftAarealof combqstib]e'mqtebials“is |
e xady | “(2-28)

where X. is the convective fraction of overall heat release, and Ag is the
effective burning surface areas of fuel‘materials,~(m2).

For each time step, convective heat release can be expressed as:

Qe = XARL(At) ' (2-29)
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where Q. is in units of kJ. This convective heat is deposited into the hot
1eyer via the hot gases produced during combustion.

The values of Xc for various combust1b1e materials of interest are stored
in the data base w1th1n the FIRIN code. They were obtained experimentally as a
function of fire conditions by Tewarson et al. (1980) at the Factory Mutual
Research Corporation. Fuel surface area and type of fuel are the only required
inputs for calcuiating convective heat release.

Besides radiation,'the fluid motions in the hot 1ayer promote convective
“heat transfer to and from the objects that are immersed. The amount of energy
. transferred is governed by Newton's law of coollng/heat1ng (Ho]man 1976):

g =mn-T) | (230)

where h is the convective heat-transfer coefficient, A is the heat-transfer
area, T is the temperature of hot layer, and T, is the temperature of the
contacting object.

The heat-transfer coefficient is sometimes called the film conductance
because of its relation to the conduction process*in'the thin, stationary layer
(boundary layer) of fluid adjacent to the immersed body. The primary
resistance to convective heat transfer is norma]ly controlled within the th1n
layer where temperature effects are important. For complex systems, heat- h
transfer coefficients are usually obtained experimentally. In the case of fire
gases,.the following empirical relationship for h is suggested (Berry 1980):

h = 0,005 (T, - T3 (2-31)

h is in units of kW/m?-°k. A minimum h of 0.005 is used if T9-T, < 1°%K. Com-
bining Equations (2-30) and (2-31) gives

: 4/3
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Oy, = 0 005A (T - T2)4/3 (At) R (2:33)

The input requirement for Qg 2 calcu]at1on 1s s1m11ar to er 2 ca]cu]at1on
descr1bed in Sect1on 2.3. 1 1.

2 3.1.3 Conductive Heat Transfer

Compartment barriers are temporary heat :sinks for -energy" generated from.
burning materials in an enc]osure fire. The resu]tant heat galned by the bar-
riers will eventua]]y d1ss1pate to the amb1ent a1r. The mechan1sm that _', _
transfers energy through a med1um (1.e., the barr1er s construct10n mater1a1s) ‘
is called heat conduction. A simple heat-transfer rate re]at1onsh1p within the
medium, using the Fourier law, is expressed as a function of local temperature
gradient, thermal prdperties of'matehiaT, andaheat—transfer area normal to the
gradient direction. The following subsect1ons show the usage of the Fourier
law and other heat-transfer re]at1ons to deve]op conductiion mode]s for the flre
compartment and for the equipment w1th1n the compartment.' A trans1ent
numerical method is employed for approx1mat1on. '

Within the F]oor and Ce111;g. In mode11ng heat conduct1on in the
barriers, a one- -dimensional time- vary1ng form of the Fourier equat1on w1th

convect1ve boundany cond1t1ons is app11ed. The one- d1mens1ona1 Fourier
equat1on with 1nterna1 energy convers1on (Ho]man 1976) 1s glven as
N ' q
2
< X

—_

_XaT
a ot

-ty

(2-34)

~l

assuming that thermal conductivity, k,’can be taken as constant. The internal
energy term qj has a unit of heat rate per unit volume, and it is used here for
endothermic decomposition of concrete barriers,’ Thermal diffusivity, o, is the
ratio of the thermal conductivity to the thermal capacity: of" the material,

ok _ }
.a'-m (2 35)
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where p and Cp are material density and heat capacity, respectively. The units
of « are in ftz/h or m2/s, In the application of transient numerical tech-
nique, the following finite-difference approximations are emp]oyedé

t t
LA (T - 2T+ T )
- ax (A )2 n+l n n-1

3T 1 ,-t#l -t |
a1y, (2-36)

where aAx is the finite distance between two nodal points, n denotes a nodal
point, and Tﬁ+1 is the temperature at node n+l at time t. Definitions for
other terms are similar. Inserting Equation (2-36) into Equation (2-34) and
'solving for Tﬁ+1, which has the unit of °K, results in a one-dimensional
explicit nodal equation expressed as

t+l _ ot oAt

t ot At
T )+ AL
n . n (A)

— (Tn+1 2Tn + Tn_1 >Cp qg' : (2-37).
The above equation is used in FIRIN. Note that Tﬁ*l is determined in a time
marching technique. The temperature of a node at a future time increment is
expressed in terms of the adjacent (in the x-direction) nodal temperatures at
the beginning of the time 1ncrement.> As a stability requirement for numerical
solution, the inverse of aAt/(Ax)z, shown in Equation (2-37), must be greater
than or equal to two; therefore, small time steps, At, are recommended.
Details on q! are given in Section 2.3.4 on thermal decomposition of concrete.

Equation (2-37) is appropriate for interior nodes of a body. For exterior
nodal points subjected to convection, the following two boundary conditions .in
a one-dimensional case are required (by simple energy balance):

e Fire compartment side

8T " -
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o C(Cool side of

: -, aT
where -k —
R 'Y

aT
-k 2

Th
Thi» The
T

Q;:i s Q;-'-e

the fire compartment (assuming Q;e = 0)

k3 (T

T) +
be e

be - To) * Ore (2-39)

heat flux (kN/mz) into the compartment barriers at the
interior surface; it can be approximated as -k (Tbi 1 -
T,i)/(ax), where Tpj4+1 1S the temperature at node bi+l

heat flux (kw/mz) out of the compartment barriers at the
exterior surface; it can be approx1mated as -k (Tbe 1 -

Tbe)/(Ax)

convectlve heat-transfer coefficients near the }nter1or and
exterior surfaces of the fire compartment (kW/m °K)

hot layer temperature (°K)

= temperatures of the interior surface and exterior surface of

the compartment barriers (°K)
amb1ent temperature at the outside of the compartment (°K)

net radiative flux to the interior surface from fire, and
from the exterior sgrface of the compartment to the amb1ent

‘respectively, (kW/m¢)

By rearranging Equations (2- 38) and (2 39) for Tp; and Tbe’ respectively, we

have

hiThy + KTpien/ & + Q4

Tt "~ k7&x * K ~ (2-40)
h T+ kT . ./&
_ e w be-1
The =~ WA R . (2-41)

The above two equations are usediin FIRIN to determine temperatures of the
convective boundary nodes for the ceiling and floor. The overall conductive

heat rate through the barriers, by energy balance, is the net convective and
radiative heat rates from hot layer and flames to the surfaces of the bar-
riers. The sum of Equations (2-25) and (2-30) will give such net heat rate.
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A11-thermal properties of materials, except the convective heat-transfer
coefficient, that are required for heat calculations are available in the data -
base of FIRIN. The data are limited to the matérials listed in Section 3.2.1
and are assumed to have linear temperature dependence. Convective heat-
transfer coefficients are determ1ned using the emp1r1ca1 temperature relation-
ship given in Equation (2-31). The type of construction material as well as
thickness of the barriers are the input var1ab1es to FIRIN for ca]cu]at1ng
TE, Tyis and Tpee

Within Compartment Walls. The descending of ‘a smoke Tayer inside the fire
compartment affects the net quantity of‘heat:flux'entering the various sections
of the wall.. The section exposed to the cold layer will receive direct flame -
radiation if the fire site is also in the :cold layer, while the section -
immersed in the hot layer will receive both radiative heat flux and convective
heat transfer from hot gases.

The numerical heat: conduction model .for interior :nodes of the wall is
identical to the model developed for the floor and ceiling in the above sec-
tion.: The major difference appears in the‘energy balance for the convective
boundary nodes at the fire compartment side. Performing heat balance for these
nodes gives '

T e |
-k — = , (2-42)
ax'bi- net
where 63et is the net heat flux (kW/mz) to.the wall surface via various heat
transfer mechanisms caused by the descending hot layer. Assuming the two-layer
regime is applicable, 63et (for the wa11,§ec§ion tha;‘ig‘gxposed to the cold

layer) can be expressed as

0

"y =0 /Acht R © (2-03)

where Qp, is the direct radiative heat (kJ) to the wall given in Equa-
“tion (2-24), and A, is the total surface area of the wall (mz) section that is
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exposed to the cold layer. 'Because the hot gases transfer convective heat to
the wall section immersed in the smoke layer, QHet for this wall section is as
follows: ’ ‘ - ' ‘

et = Qpip * Qqp /An) (2

wherelérlé,'éclélaré‘the radiative and convective heat rates, respectively,
from hot gases, denoted by subscript 1, to immersed object, denoted by sub-
script 2 (kW). Apy 1s the total surface area of the wall section that is
immersed in the hot gases (mz).' The  input requirements to FIRIN are material
type and thickness of .the wall.  The hot/cold layer interface will be deter-
mined within the prOgram‘tO'signal“the=abpropriate-heat-transfervcalculations
for the two vertical wall sections. ' ' '

Within Equipment Walls. In nuclear facilities, highly corrosion resistant

stainless -steel or a similar material 'is commonly used as construction material
for equipment and vessels. This material has negligible thermal resistance
through a fairly thin wall; therefore, we assumed that thg temperature through-
out the equipment wall is .constant. . '

Instead of using the conduction model given for the compartment barrieré;
heat balance for the equipment walls can be performed in the following manner:

. _l t+l -t ‘
Qe = MCp (T, - Te )/ at (2-45)
R

net heat rate to equipment (kN/mz)-

where Q.
m = mass of equipment wall (kg)

heat'capacity of wall material (kd/kg - °K) '

Cp =

T2+1 = equipment wall temperature ‘at time t+l (°K)
Tg = equipment wall temperature at time t (°K)
At = time step incrément(é)
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Depending on the elevation of the hot/cold layer interface, the value of Qne
also affected by the two-layer regime. Qne can be obtained by summing the
direct flame radiative heat rate and gases convective and radiative heat rates,
respectively. By rearranging Equation (2-45), Tt+1 is expressed in terms of Tt
as follows

- Tt+1 + QneAt/me T (2-46)
The user5inputs to FIRIN for the above-calculations are eguipment type,
material of construction, elevation (with respects to the floor level), size,
and the weight of wall material. _

2.3,2 Mass~Balancerin the Fire Comoartment

v'Models}fOrhspeciesrinventories‘of both hot and cold layers are developed
for nuclear fuel cycle'faCility'fires.; Assumptions, are made in the mass
balance calculations that. no- mixing takes. place between layers, and only air is
found in the cold layer. It is further assumed that mixing within each layer
is uniform. The 1deal gas law is ‘employed to obtain total mass and molar
information for gas dynamic and heat-transfer calculations. ‘The oxygen
concentration calculated from compartment mass balance equations provides
information for the adjustment of burning mode approximations discussed in
Section 2. 2.4. ‘

2.3.2:1 Cold Layer

Since the cold layer is" assumed to ‘contdin uncontaminated air, only oxygen
and nitrogen balances are necessary. A list of the components in the con-
tinuity equation for both the oxygen and nitrogen balances in the cold layer
follows: S ‘

Rate of change of moles of oxygen and nitrogen in51de the cold layer
depends on S L :

e flow of oxygen and nitrogen 1nto the cold layer from inlet
ventilation g SRS .

o flow of - oxygen and nitrogen from the cold layer to outlet ventilation
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. !consumptionwof oxygen:in the. fire R N A L AR
° entra1nment of oxygen and n1trogen by f1re p]ume away from ‘cold’ 1ayer
o f]ow of oxygen and n1trogen from the co]d layer to new f]ow paths..ﬁ'

The flows of oxygen and n1trogen through the ventilations can be obtained: by
multiplying molar density of air by ventilation rate during each time step.

The results are corrected to temperature and pressure of the cold layer. The
number of moles of oxygen consumed in the f1re is back calculated using gaseous
generation rates in combustion, which are approx1mated us1ng the fuel mater1a1
data and: burn1ng ‘mode’ concepts (Sect1on 2.2.4)." Plume and new. f]ow path
entrainment is discussed in Section'2.3.5. : .

2.3.2.2 Hot Layer

Component ba]ances in the hot layer 1nc1ude carbon d1ox1de, carbon
‘monoxide, water, HC], n1trogen, oxygen, “and methane. The ‘general* cont1nufty _
equat1on conta1ns the fo]]ow1ng components S CooAe Tt e '

"Rate of change of - mo]es of component 1ns1de the hot Iayer depends on
° f]ow of the component 1nto the hot layer from 1n1et vent11at1on 1_[
o flow of~the.component:fromythe.hotylayer to out]et~vent11at1on'fr;-’

e decomposition of ‘the component “frofii’ concrete ‘bounidariés “into the hot '
layer N e

e generation/consumption of the component in the fire .. i = ..
e . .entrainment of~component~by-the fire-pTume"into the:hot:layer.;: «
™ flow of the component from the hot layer to new flow paths. S

Methane shows up in the 1nventory to represent unburned pyro]ysate from fue]
decomposition. Carbon d1ox1de and water can be generated from combustion and
from thermal decompos1t1on of ‘concrete.” Hydrochloric ac¢id vapor may “be found
in fuel cycle facility fires generated by the burning of wrapping materials ’
made of polyvinyl chloride (PVC). -

Material balance in the hot layer also includes both radioacttue andxcom—
bustion-generated particles.  Various radioactive source térm models are given

2.25



and discussed in Section 2. 4. The generation rates of soot particles from
burning combustible materials commonly found in fuel cycle facility are
described in Section 2.2.3. ' :

2.3.3 Heat Balance in the Fire Compartment '

In order to calculate hot layer temperature, an overall heat balance in
the fire compartment must be performed. Using the principle of conservation of
energy, and assuming that potential- and- kinetic-energy terms are negligible, a
simplified form of the internal energy and enthalpy equation can be formulated
as follows:

Rate of change of internal Energy of hot layer depends on
.o flow of enthalpy (direct flame radiation) into the hot layer boundary
° flow of enthalpy into/out of the hot layer boundary
° energy (heat) added to the hot layer by combustion
e heat Tost to equipment at risk inside the-fire.compartment
e enthalpy in the hot layer.‘* | |

Rate of change of internal energy of hot layer:after differentiation

= ¢, (plvl THl1 - bgvaH]g)/At [=] ki (2-47)

where Cp = specific heat capacity of the hot layer at constant pressure
(kd/kg-°K) .
'plgpé = Mass gensity of the hot layer, at new’ and old time step

(kg/m

VisVp = volume of fire compartmeng ‘occupied by the hot layer at present
and previous time step (m°), respectively

)» respectively. (They are obtained from mass balance)

TH11,THT, = hot layer temperature at present and previous time step- (m3),
respectively (°K) o

At = time step increment (s)

The flow of enthalpy into the. hot layer boundary after differentiation is equal
to the flame radiation to the hot layer (thz/At)' which is given in
Equation (2-16).
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The flow of enthalpy 1nto/out of the hot 1ayer boundary after '
differentiation equa]s heat ga1ned/]ost by convect1on and rad1at1on from/to the
ceiling, floor, and wall of the fire compartment + heat ga1nedllost by
ventilation to/from the hot layer. The: equat1on is. Cloa

(erc + erw + erf o+ chc -+ Qc]_w + chf) / At +

m; Cp (TH1y =T, st o (2ea8)

where Qpq¢,Qpr1ysQr1f = radiative heat transfer between hot layer and ceiling,
: “uwall, and floor, respect1ve1y, (kJ) [see Eq. (2 25)]
Qc1coQiwsQc1f = convect1ve heat transfer between hot layer and ce111ng,
S . 'wal¥; ‘and- fleor' respectively, -(KJ) {see Equa- - '
| t1on (2 30)]

m = mass of hot gases 1n smoke 1ayer (kg) obtalned from
"mass ‘balance-

" hot ‘layer temperature at previous time step (°K)-

"'TH'IZZ'
T; = initial temperature of the compartment before-fire
_ (°K)e | | |
The energy (heat) added to the hot 1ayer by combust1on after d1fferent1at1on
convective heat from burning
Qc/At R T TSR A (2-49)

which is calculatedgas“shqwnﬁin%quatigp,&z-ZQ),,,Ihe,neatflqst,tg_equipment at
risk inside the*fire\cdmpartmentﬂaftenﬂdffferentfatﬁon~equa1s"thé”heat lost by

hot layer convection and radiation to.equipment ... . .. .. .. ;..
R =\(Qr1e+che)/At meelEh _— (2-50)

where Qnjo is the hot layer radiation to equ1pment (kJ) [see Equation (2-25)],
and che is the hot layer convect1on to equ1pment (kJ) [see Equatlon (2 30)]
The entha]py 1n hot 1ayer after d1fferent1at1on ‘

]
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= paValy (TH1p = T4) '.,,.‘ 3 - (2-51)

Combining all the above equations and solving for Thl;, we get

TH1; = ( ) TH1, + LTS [Qrng * Qric * Qaw * Qr1f * Qic * Qciw * Qeif

+mCp (THIp - Ty) + Q¢ - Qppe - Qcre + P2V2Cp (THIZ - T4)]

This equation is used in FIRIN to predict 'new' hot layer temperature as a
function of 'old' hot layer temperature,_convectfve and radioactive heat
transfer, and entha1py associated with ventilation flow. The major input
parameters, other than those given earlier for heat transfer calculations, are
initial compartment temperature and pressure, elevation of inlet and outlet
ventilation ducts, initia]rventilation rate, and vertical elevation of the
fire.

_2.3.4 Thermal Decomposition of Concrete

Concrete is commonly used as the building material for nuclear fuel cycle
facilities. TypicaT concrete barriers found in this facility have thicknesses
ranging from 6 in. to several feet. During a fire, the'gas released by thermal
decomposition of concrete has the potential of suff1c1ent]y increasing pres-
sures to endanger the integrity of a facility ventilation and filteration sys-
- tem. Depending on the nature of the concrete, up to 30 wt% of the materijal may
be vo]at1lized at elevated temperature (Powers 1977)

Thermograv1metr1c analyses of sma]] ca]careous concrete samp]es at Sandia
National Laboratories reveal the following three major weight-loss events over
the 20° to 1200°C temperature range (Powers 1977)

° loss of evaporable water (<5 wt® of concrete mass at 20° to 200°C)

e loss of chemically constituted water (<5 wt% of concrete mass at
200° to.600°C)

.o loss of carbon dioxide (~22 wt% of concrete mass at 2 650°C).
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The kinetic equations describing the above weight-]oss events may be empiric-
ally fitted using first-order rate laws. Powers (1977) formulated these
Arrhenius rate equations in the following manner:

dyY

gt s (1-Y)) exp [(14.07 - 8857)/T1 . . (2-52)
dv, ~
5 = (1-Y,) exp [(28.31 - 20560)/T] - . (2-83)
dv,
55 = (1-Y3) exp [(16.8 - 19362)/T] o (2-54)

dt

where Y denotes the fraction of gas re]eased and the subscr1pts 1,2,3 refer to
evaporab]e water (water), chemically bound water (water vapor), and carbon
d1ox1de, respectively. As before, T is the concrete temperature in degrees
kelvin. In the application of a finite difference technique on modeling mass
transfer in concrete, Beck and Knight (1980) approximated the above equations
with o

Y1t+1 =1-(1 - Ylt) e*p [-At.(exb ((14;07 ?‘5557)/T))]‘ (2-55)
Vot = 1o (1- ¥,t) exp [-at (exp ((28.31 - 20560)/T))]  (2-56)
Y3t = 1o (1= Y3b) exp [-at (exp ((16.8 - 19362)/T))]  (2-57)

where Y1t+1 is the fraction of evaporable water released at tlme t + 1.
Definitions for other Y terms are similar. '

» These equations are used in FIRIN to pred1ct the mater1a1 released from
heated concrete during a fire. The temperatures used in these equat1ons are
the nodal temperatures of the barriers (see Section 2.3.1.3). The required
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inputs for these calculations are thickness and*dimensionsvofﬁthe barrier.:
With concrete density. ava11ab1e in the data base as, the funct1on of tempera-
ture, . both mass and mo]ar evo]utlon rates of water,: water _vapor,- and carbon
dioxide are calculated for mass and. .energy- balance, and .gas dynam1c
consideration.

Furthermore, the internal: energy term:for barrier: conduction can be .
expressed ‘as .the summation. of energy-absorption rates for the three decompos1ng
.species: £ :

S oy Ly ey
aj = oy by =g + "ZT K MMgeygp . (258)

where AH, is the heat of degradat1on to form i (kJ/kg), and p1 1s the mass ‘
density of i (kg/m3)

The above equationvassumes;flow,resistance of“vaporized“water*and carbon
dioxide equal to zero within concrete. Again, ‘qj has-units of KW/m3.
Currently, the pi ‘values listed in FIRIN are, 101 101, and 975 kg/m3 for
water, water vapor, and carbon d1ox1de, respect1ve1y, wh11e the AH1 va]ues are
2.79 x 103, 5.81 x 103, and 4. 18 X 103 kJ/kg,_respect1ve1y.

2.3.5 Fluid Flows

Three major mechanisms of f1u1d mot ion:“can ‘be, 1dent1f1ed in a typical fuel
cycle facility fire that would enable the transport of radioactive aerosols.
They are fluid flows caused by

. @ fire plume entrainment
e ventilation T P
° additional flow paths.

The characteristics of each mechan1sm are dlscussed in the following
sections. Model equations are derived and g1ven for characterlst1cs that
govern the release of rad1oactive part1c1es in fires. " 7
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2.3.5.1 Fire Plume Entrainment | B

A fire plume can be pictured as a continuous rising mass of hot ‘gases;’
vapbrs, and particulate materials generated in the flame beneath it. Because
of oxygen demand for combustion, the flame acts as a natural pump, which draws
in air from its vicinity. Some of ‘the drawn air will be consumed in the flame,
while the rest is entrained into the plume to mix and cool the hot gases. In
an enclosure fire, the hot layer or smoke layer is the resultant mass from the
rising plume.

Frequently, fluid motion near a burning Object has turbulent behavior
caused by the entrainment process. flf the_burning.object or its vicinity is
contaminated with radioactive particles}'they can be entrained into the hot
layer; therefore, characterizing.this,turbulent=fluid.motion is important in
order to predict radioactive source terms'inxfuel cycle facility fires. At~ =
PNL, parameters such as rate of entrainment and'temperature have been
correlated with radioactive releases from burning objects contaminated with a
known quantity of radioactive materials. '

FIRIN uses the equations derived by - Zukoski Kubota and Cetegen (1980) to
calculate entrainment of gases by the -fire plume. According to Zukoski's '
theory, the plume mass flow rate "pt' can be calculated by

Moy = :0.21jpv"¢rz" z?: Q*_l/f"' s (2-59)
where Mpt = plume mass flow rate, g moles/s
. p = gas density, g mole/m |
q = gravitational cor_pstant:‘,-m/as;-2
z = flame height, m ; | o .
Q* = dimensionless heat addition parameter

Using the ideal gas law, the gas density can be calculated by ‘
=gt . (2-60)
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where. -n*=.number-.of: moles of. gas,.g-moles - e TN

‘yolume, m3° ¢ et

-l
II

o
"

pressure, atm

R gas constant, (atm m )/(g mo]e °K§

“_T temperature, Uh P

Equation (2 59),panabesrewrittennas"

pt (2-61)

The d1mens1on]ess heat parameter, Q*, is used in severa] emp1r1ca1
relat10nsh1ps deve]oped by Zukosk1. Q* 1s deflned as

= Q/(pCp T.VGZ20) . . (2-62)
where Q heat re]ease rate kW

Subetitutihg (P/RT) for p, this equatipn beppmesw;ﬁ'

P

RUSTEI Qf:: Q/L(P. Cp/RY /5522-5],;*‘ AN T (2463)

- e e e e
R A . . A%

quoski.ngteqhthat;for~a wide range of natural gas fire sites the flame
height, z, followed the relationship '

- 0.23 %% (2-64)

This equation has been: used: in- FIRIN as the best available means of calculating
flame height for all.final types in_.the FIRIN data;base.

During each-time step of the fire, FIRIN calculates-the- heat release rate’
based. on burn:parameters described:in Section 2.2: Pressure and temperaturé of
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the fire compartment are also 1nternally calculated .. Equation 2-64, 2-63, and
2-61 are then used to determine the flow rate of gases in the plume. .

2.3.5.2 Ventilation

Most nuclear fuel cycle facilities;use‘forCed_air ventilation. OQutlet
ventilation is commonly found near_the'floor level;'whilefinlet'ventilation is
often located near the ceiling. In a fire, flowin this'type of orientation
tends to draw the smoke layer down to the floor. level. quite rapidly.. Major
nuclear fuel cycle fac1lity fires may be underventilated because of oxygen
deficiency in the hot layer, which reaches the flame -zone early in the fire.
The ventilation flows may carry radioactive aerosols with combustion aerosols
to the building exterior through the facility ventilation system.

High- effic1ency particulate air (HEPA) - filters are’ commonly used in the
facilities to prevent the outside env1ronment from being exposed to airborne
radioactive particles. In a fire, exposure; of a HEPA filter to ‘heat and smoke
significantly changes the filter! s operating. characteristics. Investigators at
New Mexico State University (NMSU) and LANL have investigated the characteris-
tics of HEPA filters plugging with combustion aerosols (Fenton et al. 1983).
Two fuels, polystyrene and polymethyl methacrylate. commonly found in nuclear
fuel cycle facilities as bagging materials and’ glove box v1ewing windows were
selected for their experiments to produce combustion aerosols. An empirical
model for ventilation flow. through the HEPA filter was formulated by applying
the preliminary experimental results from burning polystyrene.

" Pressure drop across a filter can be related to flow rate as follows
‘APh= QR7} 2 ?.55"=-'f o (268)

where AP is the change in pressure (or pressure drop),_atm, Q is the fluid flow
rate (or ventilation rate), m /s and R is the filter resistance.

. The magnitude of this filter re51stance depends on aerosol type aerosol
size distribution and concentration water content fluid temperature and
other factors, such. as flow conditions in the fluid stream.v Filter resistance
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can be written as-a‘moﬁotonically increasing function of the total mass of par-
ticles accumulated on-the filter (Fenton'et al. 1983)::

=(L+gM +aMP) R (2-66)

where g. and o are the filter resistance parameters determined by experimenta-
tion, Mg is the total mass of particles on the .filter, ‘and R, is the value of R
for a clean filter. The preliminary results from burning polystyrene at.
various burning rates give the average g value of 9.79 and a va]ue of 0. 01395
(Fenton et al. 1983). Rearranging the pressure drop equation for Q and
replacing R with the above equatlon gives.

= AP/(1 + 9.79 M_ + 0.01395 M2 ) R_ o (2467)

Using this equation and the appropriate pressure drop, inlet and outlet venti-
lation .rates (Qin and oout) can be expressed as '

- 2 . p
Qi = (Py f_Pz)/(1_+ 9.79 M_ + 0.01395 M%) R (2-68)

Q out = (P2 - P3)/(1 + 9.79 MS f 0.01395 MS ) Ro (2-69)

where 'Pl = pressure at inlet Venti1ation, atm

= trans1ent compartment pressure, atm

©
~N
[

= pressure at out]et vent11at1on, atm
Ry = (P1-P2i)/0;

Po; = initial compartment pressure, bfm

v
w
I

= initial ventilation rate, m3/s.

De
ode
i

The transient compartment pressure is calculated using the ideal gas law. M
“is obtained from the material balance of the hot layer and from accumulative
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mass inventory on.filter media assuming all particulate materials will be
captured by the filter. The required inputs to FIRIN“are*Qi, P1;.P3ys and P,

2.3.5.3 ‘Additional Flow Paths

Openings other than ventilation ducts to a fire compartment are considered
to be additional flow paths where radioactive materials escape to the outside.
Gloveboxes are -examples-of compartments where gloveports may .be additional flow
paths if the gloves burn-in a.fire. : . '

Chahacteriiihé flows thrdubh the?péthé is an available optieh’as'baht of
FIRIN'S'capabilities. ‘Because a large quant1ty of mass can escape through the
paths in the absence of f11ter1ng media, be1ng ab]e to quant1fy the amount of
airborne radioactive materials released is 1mportant. "The requ1red 1nputs are’
number of additional flow paths, their failure times, size of openings, eleva-
tions of the paths, and.the pressures at the exits of all specified paths.
Currently, FIRIN allows up to 20 flow paths.

- .When FIRIN is used to,simufate,nuclear facility fires, both radioactive
and fire-generated particles (i.e., soot).can be monitored for mass release
rates (in g/s) through the additional flow paths. The model equations are as
follows: |

- Soot release rate, V (through additional flow paths)

sr

[ _ h] [
Vor = 'Tﬁ;' pr "(2'70)v
- Radioactive release rate, brr (through add1t1ona1 f]ow paths)
= rhl hl :
Ver = \Viy /\' P, ”fpmv.m , N "(2'71)
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“where Mgp1, My = mass of soot and airborne radioactive materials in the hot |

. layer, (g) ‘
Vi = volume of hot layer, (m3)

m3atm

. - -5 _matm _
R = unjversal gas constant = 8.206 x 10 g moTe °K

Th1 = hot layer temperature, °K
P, = transient compartment pressure, atm
pr = mo]ar-rate of gases through a f]Ow:path% g m°1e/5?

FIRIN determines Mgne and M., by material ba1ance,fwhf1e Thn‘is calculated by
performing heat balance in the fire compartment. V,, is estimated in FIRIN
using the ideal gas law, and pr is calculated based on the concept of flow
through an orifice corrected to temperature and pressure.

2.3.6 Particle Depletion

Mechanisms that were identified as being potentially important to the
depletion of aerosol particles are the following:

® sedimentation

~ ® Brownian diffusion
] diffusiophoresis
e thermophoresis.

‘£ach mechanism was ‘evaluated, and preliminary~pﬁedictTVe.equations were
derived to quantify the particle deposition caused;by each mechanism. A simple
two-layer modei_was used to describe particle transport and deposition in the

“fire compartment. €Each layer was considered well-mixed. .Rarticjes can enter
the lower Xcold)'layer_by:gravity settling. -Flow.entrained in the fire plume
can carry the lower compartment -particles to the upper (hot) layer. Deposition
mechanisms modeled in the -hot layer are gravity:settring,.ﬁheﬁmophoreSis;
diffusiophoresis and Brownian'diffusion, ?BQC§u§e only the ﬂhgavier’:parfic1es
are in the cold layer, deposition was restricted there to gravity settling. 'A
-Lap]ace'Transform so1Qtion-wasaobtained for the unsteady-state particle
‘behavior over a time step At. o
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Sedimentatiph

The removal rate constant for gravity sgtt1ing”is.simp1y the product of
settling velocity and surface area: '

Kg = VgAg - (2-72)

where V¢ = particle settling velocity, m/s

Ag =‘hof1ionta1 upward facing area, mZ;
Particle'Settling velocity, Vg, can be related to particle size and gas '
properties by means of Stokes' law: '

) _
v, - 2B js'jcm - (2-73)
where Pp = effective particle density, kg/m3
dp = effective partic]e diameter, m
g = acceleration due to gravity, m/s2
Cp = Cunningham correction factor, dimensionless
u ;.ggs;viscosity,hkg/mys

-Combining the previous two equations leads to

p,d;9C A .
kg = - (2-74)

The'sett]iﬁg abéa, AS:ﬂis the floor of the cqﬁpartment.

-Stokes'"laW'is valid for Reynolds numbers up to ~1 -(Knudsen anchétz
‘1958), which corresponds to .an aerodynamic particle diameter of ~70 ym. If
.Jarger particles are.present, their settling véloci;ieé are'cqmputed using a
modified equation that onId account for the change in:dbgg coefficient caused
by the-thange in‘Reynb]ds number.
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Brownian Diffusion: |

Particles exhibit a diffusivity as a result of momentum exchanges with
surrounding. gas molecules.- For.the case where the gas is isothermal and has no
molecular weight gradignts,.the particle mobility arises from Brownian diffu-
sion. Particles would experience a net flux toward surfaces because of con-
centration gradients; particle capture by the surface is assumed to reduce the
gas phase concentration of part1c1es to zero.

The eff1c1ency of depos1t1on depends both on the diffusivity and the fluid
flow pattern past a surface. For naturally convected flows, a mass transfer
coefficient can be predicted using a heat transfer/mass transfer analogy
(Knudsen and Hi]1jard 1969; Bird et al. 1966) :

k £
== 0.13 (6r Sc)1/3 (2-75)
. where kD = mass transfer coeff1c1ent m/s
e A= length of surface in d1rect1on of f]ow m
Gr = Grashof number
Sc = Schmidt number = u/pD. -

~ The Grashof number character1zes the flow of naturally convected boundary
1ayers. It may be expressed as ‘

Gr ='t2_32%2 o (2-76)
where £ = length of surface in d1rect10n of flow, m
| g = acceleration due to grav1ty, m/s o
v = kinematic viscosi;y_of gas, mz/s
" Ap = density diffegencé:ﬁn;fluid;bdlk compared to fluid at the
surface, kg/m
o = bulk density, kg/m3.
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The density difference, Ap, is the total value that would result from both
temperature differences and differences in molecular weight.

Since the layers are assumed to be well-mixed, the density difference in
fluid bulk compared to fluid at the surface is proportional to the dlfference
in temperature between the bulk fluid and surface fluid. Therefore,

a0 _ Vsurface ~ Tavg

-—= (2-77)
P Tavg I :

Diffusiophoresis’

The condensation of steam onto surfaces causes particle drift by two
mechanisms: 1) a net flow of gas occurs toward the cool surface, often termed
Stephan flow, which convects particles toward the surface; and 2) the gradient
in steam concentration results in a molecular weight gradient that causes
particles to experience a force in the direction of the gradient. For steam
air mixtures, these two mechanisms are opposing; however, the Stéphan flow
dominates and the particles are convected to the surface and scrubbed by the
condensing steam.

The removal rate constant, K,, may be expressed as

kp=Vohop (2-78)
‘where V, = particle deposition velocity, m/s
Ap = surface area for diffusiophoretic deposition, mz.

The net deposition velocity caused by both Stephan flow and the molecular
weight gradient may be related to particle and gas parameters by means of a
formula ‘presented by Waldmann and Schmitt (1966)

. ' D dx| |
| VD— - 1 + 012X2 :-x-z—ayw ‘ (2'79)
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drift velocity of a particule caused by condensat1on of steam

where V
_ D or ice, m/s

ojp = a parameter whose value is dependent on the‘moleeulaf
weights of the two gases present, dimensionless
Xy = mole fraction of non-condensible gas
D = diffusivity of steam/air mixture,nmz/s
X = mole fraction of water vapor

y'=‘d1stance measured from the surface onto whlch
condensation occurs,m e

w = a subscript referring to properties at the wall (surface)
onto which steam condenses.

The value of oy, depends on particle and gas parameters. For large
_particles (diameter large compared to the mean freepath of the gas) Waldmann
and Schmidt (1966) present an empirical formula:

m, = m d1 - d2

1
o,, = 0.95 - (2-80)
12 m, f m, d1 + d2
where m = molecular weight of the gases
d = atomic diameter of the gases
1,2 = subscripts referring to condensible and noncondensible gas,
respectively.
5}-%% is the velocity of steam to the wall and may be calculated by
-2 W
ATy = Ty)
. He ( H1 W
Vs,'T__p - (2-81)
g
~ where V¢ = velocity of steam to the wall; m/s -
H. = condensing heat ‘transfer coefficient, J/mzs°K
A = heat of condensation, J/g -
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="hot layer temperature; °K- -

Ty = wall temperature, °K =~
pg = 9as density, a/m3.
Thermophoresis

Particles experience a radiometric force when they are suspended ‘in a gas
in which a temperature gradient exists.. In general, the drift ve10city is
directly proportional to the magnltude of the temperature grad1ent (waldmann
and Schmitt 1966; Goldsmith ‘and May 1966; G1eseke 1972)

Vi = 'CI Ty (2-82)
where “V; = thermophoretic drift veloc1ty, m/s
C; = a constant whgse value depends on partlcle and gas
properties, m¢/s+°K
dT _ temperature gradient °K/m
dy P g s KNm.

The removal rate constant, Ky, resulting from thermophoresis is the
average of the products of deposition velocity and surface area:

Kp=VrAp o7 o (2-83)

where A; = surface area for thermophoresis, m2.,.
The temperature grad1ent that causes part1cle drift also causes the

transport of sensible heat from the gas phase. The rate of sensible heat loss
may be related to the temperature gradient in the gas adjacent to the surface:

heat loss n§te- 'kAT'H" ST (2-88)

where k = thermal conductivity of gas, W/m-K.
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The. heat loss rate .is ca]Cu]atedbin:FIRIN. Therefore,

dT| _ heat loss rate

and
| heat ]oss rate '
Vr= 6 —x% Ar | (2-86)

The numerical value of C; depends on particle and gas properties;
predictive equations that acceunt for 1mpdrtant parameters are listed in
Waldmann and - Schmitt 1966; Goldsmith and May 1966; and Gieseke 1972. Rough
est1gates of Cy/a indicate that this quantity has a numertcal value of
~107°/°C. ‘

" The thermal diffugiQity a 1svequa1 to k/ eCp. Therefore,

Uy - = (287
where  HLR = heat loss rate, kW
~Cp = specific heat’ of air J/kg °K
'.Q = dens1ty of gas, kg/m |
At = surface area, mz.

2.4 RADIOACTIVE SOURCE TERM, MODELSA

Several major mechan1sms are 1dentif1ed as causing radioactive material
releases from flres in a nuclear fuel cycle facility. These mechanisms are
modeled uslng 1nformat1oq_generated in experiments at PNL as well as from
currehtvliteratufe..'Models are_Built into the FIRIN code in the form of
subroytinés‘ghabiingzestimgpidn’of the mass rate and size distribution of
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radioactive particles becoming airborne. in a fire. The models and event-
controlling parameters involved are discussed in the following sections.

‘Radioactive releases methahfsm§7ffom'fire§ include the following:
® burning of contaminated combustibleé
e heating of noncombustible contaminated surfaces-
e heating of unpressur1zed rad1oact1ve 11qu1ds
o  pressur1zed releases of radloact1ve mater1als
e burning radioactive pyrophoric metals.

2.4.1 Burn1ng of Contam1nated Combusthles 2

Rad1oact1ve partlcles may become a1rborne in nuclear fuel cycle materials
from burning contaminated combust1bles.‘ Waste materials such as rags, gloves,
plastic bags, and combustible portions of gloveboxes can contribute to the fuel
 loading as combustible solids. L1qu1ds such as so]vent extract1on fluids and
cleaning fluids may also be" involved in a fire.

2.4.1.1 Solids

A series of 25 experiments were performed to provide data for the radio-
active aerosol source term subroutine of the FIRIN fuel cycle facility compart-
ment fire code (Halverson and Ballinger 1984). The experiments involved burn-
ing various combustible materials with radioactive contamination of several
forms., The data collected in the experiments:included cumulative radioactive
aerosol release, cumulative smoke release, and mass loss rate of the
combustible material,

Table 2.4 lists the combustible materials, contamlnant materlals, and the
various parameters that were varied during the experlments.

The radioactive source ‘term’ (RST) re]ease was correlated with the parame-
ters that were varied in the’ exper1ments.‘ Experimental data can be found in
Appendix A. The correlations were carrledHOUt“hsihg the MINITAB statistical
package. Linear regressions were run on the data, and the regression that fit
the data best was chosen as the FIRIN model. The goodness of fit was deter-
mined by comparing the R2 values obtained in the regression analysis. The
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TABLE 2.4. Experimental Parameters

Combustible Materials
Cellulose
Polychloroprene

R Polystyrene

Polymethyl methacrylate

Contaminant Materials
Depleted uranium dioxide (DUO) powder
Uranyl nitrate hexhydrate (UNH) solution
Uranyl‘nitrate hexahydrate salt

Other Parameters
- External heat flux
Oxygen concentration
Airflow
Contaminant concentration
Ignition system

higher the R2, the better the fit. Standard t-tests were used to determine the
significance of the regression constants. Those constants that are statisti-
cally no different from zero are set at zero to simplify the regression
equation. | ' ‘

A sepérate equation (in some cases, more than one equation) is used to
describe RST release from each type of combustible material. These equations
are shown in Table 2.5. The cellulose and PC release predictions are givén an
upber 1imit of 0.01 and 0.05, respectively. Polystyrene and PMMA are assumed
to be spike releases occurring in the time step in which the combustible starts
to burn.

Other combustible solids in the FIRIN data base are PVC and wood. Poly-
vinyl chloride releases are assumed similar to PC, since both materials are
charring polymers. The cellulose equations are used for wood. If combustible
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TABLE 2.5. Radioactive Source Term Equations for Burning Contaminant Combustible Solids

Combustible Material Contaminant Form Equation
Cellulose ‘ Air-dried UNH M. = 7.40E-7 x W, x Wb X &7
- ~ UNH 1iquid Mp = 6.08E-8 x W, x Mb X QT
DUO powder-flaming combustion Mp = 1.18E-9 x W, x Mb X V x UC x QT
DUO powder-smoldering combustion Mr = 5.64E-6 x My x W,
Polychloroprene UNH liquid _ ﬁr = 0.104 x W, x §r
R DUO powder, air-dried UNH Mp = 0.0227 x Wp x Sp
Polystyrene - UNH 1iquid M. = 0.02 x W,
Polymethyl methacrylate Air-dried UNH ﬁr = 0.007 x W
| UNH liquid M. = 0.02 x W,
DUO powder M. = 0.05 x W,
ﬁr = m&ss release rate of radioactive particles, g/s
M. = mass release of radioactive particles, g
ﬁb = mass loss rate of fuel, g/s
QT = external heat flux to the combustible, kW
Sr = smoke release rate, g/s
UC = uranium concentration, gU/g combustible
V = air velocity, cm/s

=
-
L}

mass of radioactive material, g



materials other than those .in the FIRIN-data base are input to the code, a' -
radioactive source term release of 1% is used, and the rate of release assumed
to be proportional to the mass burn rate.-

The size distribution of radioactive particles made airborne was also
measured for some of the experiments;_ This information is used in FIRIN to .
characterize the size of accident ‘aerosols from burning contaminated solids.
If combustible materials other than those in the FIRIN data bese'are.input4to
the code, FIRIN assumes the radioactive aerosol produced is similar in size to

that of ball-milled uranium given in Mishima and}Schwendiman<(1973a).

2. 4 1.2 Liguids

Fires involv1ng solvent extraction fluids or combustibTe 11qu1ds used to
clean or maintain process . equipment in a nuclear fuel cycle fac111ty may cause
radioactive materials in contact with or in solution with the burn1ng fuel to
be released. Experiments at PNL, Savannah River, Germany, and France have
examIned the release of rad1oact1ve materials from poo] f1res.

Halverson et al. (1987) report small- scale experiments at PNL in which a
solvent/acid combination was burned. Either the drganic, the acid, or both
were contaminated with uranium before burning. The radioactive release was
larger in the burns that gave off more smoke, Suggesting that uranium is
carried up with the smoke or that the smoke producing mechanisms (i.e., a
higher more violent burn rate involving the TBP in solution) also produce '
uranium aerosols. Another explanation is that the UNH is chemicallj tied to
the TBP as a coordination complex.-  When.this complex burns, UNH is directly
involved in the combustion process. A maximum of 5% smoke was given off in
these tests with up to 7% uranium release.

Experiments reported by Jordan and Lindner (1983, 1985) indicate uranium
release is a function of uranium concentration’ which in turn is a function of
burn rate. Therefore, in these experiments, burn rate influences uranium
release. A lower uranium concentration used in the burn tests may be the

reason the Jordan and Lindner experiments obtained a maximum of 1.5% uranium

[
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release compared to up to 7% uranium.released in the PNL .experiments. About -
14% smoke was given off when 70/30 kerosene-TBP was burned, and TBP was -
identified as the maJor smoke producer, SR :

Malet et -al. (1983) descrxbe.pool fire tests carried out at the Cadarache
Nuclear Research Center in France. Less than 1% of the contaminants ‘(cerium
and thorium) reachéd the filters in the small-scale fire tests and less “than
0.1% in the large-scale tests. Although a very small amount of the contaminant
is reported to be left in-the organic residue after the -burn, the complexity of
analysis techniques and uncertainties in mass balance preclude the use of these
data in estimating the amount airborne. -

Earlier exper1ments at PNL (Mish1ma and Schwendiman 1973b Sutter,
Mishima, and Schwendlman 1974) burned contaminated. solvent. Small-scale
experiments resulted in a 0-1% or less release of all contaminants except. for
iodine of which 85% was made airborne. The large-scale test resulted.in a
release of 0.,2% strontium, Harper and Jolly (1964) also reported 1% or less
release from contaminated pool fires.

As much as 11% uranium was made airborne when gasoline was spllled over
contaminats and  burned outdoors (Mishima and Schwendiman 1973a). - In the tests,
surface type and airflow rate greatiy influenced releases. These experiments
simulated outdoor, transportatIOn accidents and are not as applicable to -,
contaminated combustible 1iquid fires 1nside nuclear: fuel cycle facilities as
the other data cited, '

The only data on release of volatiles from burning-contaminated, combusti-
ble 1iquids are 64-84% release of iodine in the small-scale experiments
reported by Mishima and Schwendiman (1973b). If the maximum release (84%) is -
assumed to occur uniformly throughopt,the burn, .the following equation may be
used to predict release from volatiles:

mass rate (g/s) = 0.84 Wr/t L[ .. (2-88)

where Wr is the grams of radioactive volatiles in the solvent and

_ __mass of fuel (g)
t = Wass Toss rate (9/5) (2-89)
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For all other contam1nants, Ha]verson et a]. (1987) provide. the most complete
and conservative, data. "

These data show that uraniUm.heiease is greétly influenced by smoke
release. At the start of ‘a fire involving kehqsene/TBP mixtures, the more
volatile component, kerosene, burns first and TBP concentrates as the burn
progresses. However, toward the end of the fire or-if the fire burns more
rapidly causing turbulence in the solvent, TBP»burns,;producing most of the
smoke. Radioactive contaminants appear to belcarhied;up with the smoke during
this smoke production process. At high burn rates radioactive particles may be
spewed up by the boiling or frdthing of contamihated acid under the burning
solvent. A linear regression on the data provides the relationship:

Fraction Uranium = 1.38 Fraction Smoke - 0.0033 (2-90)

Taking the derivative with béspect'to time, the constant drops out (haking the
equation slightly more conservative), and the source term equation becomes:

dry dfFs 5.9
S - 1.38 3 I _ (2-91)

For each tlme step, FIRIN ca]culates the mass rate of uranium released based on
the re]ease rate of smoke by -

C : i . -smoke release rate (g/s) -
u re]eese rete (g/s) 1.38 =5 combustible Tiquid (2-92) .
X g uranium in 1iquid

The ‘mass “of -combustible 1iquid and mass of uranium at-risk, either in so]ut1on'
or in contact with the combustible Tiquid, are input to the code. FIRIN
ca]dUTatés“smdke‘ré]ease'bate'and, using the above equation, uranium release

P L

rate.

The size distribution of radioactive aerosols was measured in one of the
PNL experiments reported by Halverson et al. (1987). An airborne mass median
diameter of 0.6 and geometric standard deviation of 3.1 resulted: Table 2.6
lists' the data used-in FIRIN for sizes of radioactive airborne particles from
burning contaminated combustible liquids.
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TABLE 2.6. Radioactive Particle Size Distribution from
Burning Contaminated Combustible Liquids
(Halverson et al, 1987)

Part1c1e S1ze (u) - % of Part1c1es

<0.1: -5
0.1 - 0.3 21
0.3:- 0.5 - -15
0.5 - 0.7 20
0.7 - 0.9 11

“ ©09-71.1 6
1.1 -A2-'r ' 8 X
2 -6 10.8
6 - 10 - 2.9
10 - 20 0.3
>20 0.0

2.4.2 Heat1ng of Noncombustlble Contamlnated Surfaces

Fires heating contaminated surfaces cause rad1oact1ve part1cles to be
released because of induced air currents caused by the fire, changes in the
contaminant moisture content, and changes in radioactive particle adhesion to
surfaces and other particles.

Experiments in which powders were heated to varying temperatures at
different airflow rates (Mishima, Schwend1man, and Radasch 1968a) show that ‘the
quantity of radioactive material released varies with the temperature of the
surface, velocity of air entrainjng particles, and characteristics of the |
powder (e.g., size distribution and agglomeration tendencies).

A plutonium nitrate solution was dried and the residual solids heated in
other experiments (Mishima,‘Schwendiman and Radasch 1968b). . The release rate
of radioactive particTes from this set of experiments varied with temperature
of the surface and velocity of air-entraining particles but was much less for
all conditions than the powder giving the greatest releases in the powder
experiments,

. Because the effect of powder,characteristicgfsuchlas_bulk density, . . |
particle density, moisture eontent, size distribution, and agglomeration
tendencies on the release rate is difficult to .determine from the data at hand

2.49



and may be difficult to estimate as input by the user of the code, the model
draws on the data from the powder giving the greatest releases at the various
temperatures and flow rates (partially oxidized oxalate). Table 2.7 shows that
the maximum release from different powders differs by one and one half orders
of magnitude and that all releases are less than 1% of the total mass of
material at risk.

Table 2.8 lists the data from which the model for this mechanism is
derived. The best fit of the data shows the mass rate as a function of the
square of the air temperature as shown in the equation below:

mass rate (9/s) = (9.85 x 1078)72 u_ (2-93)

where T is the temperature of the surface on which contaminant rests, °C, and
W, is the total mass of radioactive material, g. T is determined by FIRIN
calculations, FIRIN requires W. as input.

Particles entrained have a size distribution generally 26% to 68% of that
of their precursor (Mishima, Schwendiman, and Radasch 1968a). The size varies
with the airflow rate and the powder behavior at high temperatures. Particle
size of original powders is expected to range from 15 to 50 un MMD; therefore,
airborne particles may range from 3.9 to 34 um MMD with a range of 8-to 36 m;

TABLE 2.7. Characteristics and Range of Releases from Rad10act1ve
Powders Studied v

Range of Releases

Material Original Particle Size (%/h)

Pu oxalate 50 um MMD 0.38 - 0.90°
Pu Fq 26 um MMD, 38 um MMD agglomerates 0.00Z - 0.05

Pu0, 15-44 um 6.1 x 107° - 0.025
Pu partially 32 m MMD - B . 0.051 - 0.82

oxidized oxidate . ‘

) 15-150 um AED 5.3 x 1070 - 0.024
Pu(R0(4) air dried 2 x 1078 - 0,12

uo, , N _ 0.32
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TABLE 2.8. Radioactive Releases.from Heating. Partially.
0x1d1zed P]uton1um Oxalate ' ‘ ‘

" Release. : e S

Fraction Temperature - Velocity o y
(as) - (0 " fems) vt

1.42E-5 25 o 10 o B
1.58E-5 400 100
2.04E-4 700 100
6.94E-5 = - . 1000 ; .10 -
1.72E-4 1000 50

‘2.28E-4 - ‘10000 - 100 0 7
‘ A L ; e
The particle-size distribution shown in Mishima, Schwendiman, and Radasch

(1968a) is used in the code as the probable size for particles entrained from a

noncombustible contaminated surface in a fire.

2.4.3 Heating of Unpressurized Radioactive Liquids

Radioactive liquids in an open container release a small percentage of
radioactive particles along with vapors when the liquid is heated. This
situation may occur in a nuclear fuel cycle facility fire. Experiments
designed to study this release mechanism (Mishima, Schwendiman, and Radasch
1968b) show that three stages can occur during a fire, each contributing to the
radioactive source term. These three stages, -preboiling, boiling, and heating
of residue, .are discussed below. ... .. . . ... ... o L

2.4.3.1 Preboiling

In the preboiling phase, releases are lTow; less than 4 x 10~% 'wt% is made
airborne over a 1-h period for the greatest release measured (100 cm/s and
90°C). A general increase in source term- generat1on rate w1th temperature can
be seen as well as a slight increase w1th veloc1ty. The equat1on for the
preboiling phase of heating-a liquid ‘s derived from the data in Table 2.9..
The best fit is a polynomial equation showing the release rate as awfunction of
temperature of the liquid squared: ‘ .

Preboiling mass rate (g/s) = 9.57 x 10-19 T]Z W, ; (2-94)
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TABLE 2.9. Releases from Heating of Unpressurized Radioactive Liquid

Release - Liquid Velocity
Rate - Temperature of Air
(%/s) (°c) ' (cm/s)
1E-11 - 25 10
"~ 1E-11 25 10
2.9E-12 25 50
7.4E-9 90 50
2.3E-13 25 100
1.8E-9 75 100
1.06E-8 -90 100

where Ty is the temperature of the liquid, °C, and W. is the the total mass of
radioactive material in the liquid, g. Liquids are assumed to be in the
preboiling phase until they reach a boiling rate of 0.4 mg/min.

2.4.3.2 Boiling

At temperatures greater than 95° to 100°C, nitrate solutions boil., The
amount of contaminant made airborne during the boiling phase depends on the
intensity of the boil, which may be estimated by the boil-off rate. Simmering
1iquids with a boil-off rate of 0.4 mg/min give off fewer radioactive particles
than 1iquids under a vigorous boil. The equation used to model release rates
from nitrate solutions draws on data measured by Mishima, Schwendiman, and
‘Radasch (1968b) on releases of plutonium nitrate solutions. A linear
regression on the data shown in-Tab]e.Z,lO provides the relationship between
mass rate and boil-off rate. This equation is given below:

~ mass rate (g/s) = (5.74 x 107 Ry - 3.42 x 1077 W) (2-95)

where RB is the boil-off rate, m&/min, and wr'is the toﬁal mass of radioactive
material in the liquid, g.

This equation gives a negative release for Ry less than 0.6 m&/min. To
correct this, the fraction airborne is assumed to be 5 x 10'10/s_at boiling
rates of 0.4 to 0.6 m¢/min. This value was the measured value at 0.6 me/min in
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TABLE 2.10. Fraction of Radioactive Material Released
from Boiling Liquids (Mishima 1968b)

Boil-off rate wt% Made Time Fraction Released

(mg /min) Airborne (min) - (/s)

0.5 1.3 x 1074 150 1.44 x 10-10
0.6 4.5 x 104 151 4.97 x 10-10
0.66 5.8 x 1073 121 7.99 x 10~2
0.73 2.4 x 1072 124 3.23 x 1078
0.9 8.4 x 1072 80 1.75 x 10~/
1.4(2) 1.8 x 10-! 63 4,76 x 10°7

(a) Three releases were measured at this boiling rate;
the greatest release fraction is assumed to apply.

the above mentioned experiments. The equation given above is used for boiling
rates greater than 0.6 me/min. Rp is calculated internally in the FIRIN code.
W. is required as input.

2.4.3.3 Heating of Residue

Continued heating of residual material after the liquid has boiled off
will release additional radioactive particles to the air. Mishima, Schwendiman
and Radasch (1968b) measured the quantity airborne from this residue at various
temperatures and velocities. A general increase was found in airborne release
with temperature of the surface on which the residue rested, as well as a
slight increase with velocity of airflow. The data are shown in Tab]e-2.11.
The following equation is the best fit of the data and is used in the model:

mass rate (g/s) = (7.37 x 10-121 + 7,51 x 10'11V) W, (2-90)

where T is the air temperature, °C, V is the air velocity, cm/s, and W is the
mass of radioactive materials, g.

A separate calculation is performed to estimate the radioactive release
from each stage of heating Unpressurizedkliquids. The user must input the W,
value, which is the original mass of radioactive material in the liquid.
Although the W, will change slightly as the material boils, this loss is so
minor fhat it is ignored in following stages. Heat transfer equations within
FIRIN:provide the input to decide which source term calculation should be
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TABLE 2.11. Releases from Heating Residue Following Boiling of
Radioactive Liquids

Release Fraction T v
__(#/s) (°c) _(em/s)
1.67E-6 1000 - 100
1.28E-6 700 100
9.44E-7 400 100
1.67E-5 1000 50
1.04E-6 700 50
8.89E-7 , 400 50
9,.86E-7 1000 10

| applied as well as providing TL for preboiling, the boil-off rate Rp for the
. , b .

boiling stage, and T and V for residue releases. Releases are assumed to

continue for 2 h after the material has boiled off completely.

2.4.4 Pressurized Releases

Radioactive materials are usually kept in closed vessels in nuclear fuel
cycle facilities. Vessels in the vicinity of a fire may become pressufized
because of the buildup of vapors under temperature increases. When the
difference between the internal pressure of the vessel and pressure of the room
exceeds the vessel integrity, the container will fai],_re]ea§ing radioactivé
materials to the room. ' i

FIRIN requires failure pressure of the vessel, quantity of radioactive
material, and certain characteristics of the material to be specified as input
for this mechanism. The time of failure will be determined by heat transfer
equations withjn.FIRIN determining the pressure buildup inside the vessel.

Models have been developed to estimate the release of radioactive mate- - -
rials from pressurized releses (Ayer et al. 1988). A separate computer code
has been created for determining the source term from pressurized releases
‘involving radioactive powders. For simplicity, however, the following regres-
sion algorithm is used instead of integrating the PREL code with FIRIN to
obtain a pressurized powder release source term estimate.

S

F=1x10%v (2-96)
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where F = fraction of radioactive powder airborne

Vo = initial velocity of powder jetting out of the vessel, m/s

Velocity can be calculated by

: f2PV :
(28 e
"o'( m > N (2-97)

where P = failure pressure, Pa
Vi = void space in the.vesseTr(vessgl volume minus mass of powder/
theoretical powder density), m :
m = powder mass, kg

The user inputs failure pressure, vessel volume, powder mass, and theo-
‘retical powder density. FIRIN calculates time of failure and quantity of -
release. Airborne particles are assumed to have on AMMD of 11.2 um and a gg of

Mode]s'for estimating the sou}cé term from pressurized releases of radio}
active liquids are also given in Ayef et al. (1988). The mole fraction of
pressurizing gas is the determining factor in these equations and can be ca]ch
lated by the methods shown in Appendix B of Ballinger, Sutter, and Hodgson
(1987). These methods involve using temperature and pressure dependent proper-’
ties of the pressurizfng‘gas to compute the amount of gas dissolved. In the ‘
experiments reported, the highest quantity released was 8.9% from a flashing
spray of uranine solution. .For simplicity, FIRIN assumes 10% of radioactive
liquid- is made airborne from pressurized release. The . AMMD and .gg of the
airborne material are assumed to be 7.3 uym and 3.9, respectively. Failure
pressure and mass of radioactive material involved are the only inputs required
for this subroutine. '

2.4.5 Burning Radioactive Pyrophoric Metals

Although radioactive materials in nuclear fuel cycle facilities are
primarily in the form of oxides and nitrates, some pyrophoric metals may be
handled. These metals are usually kept in an inert atmosphere and handled with
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special engineered safety features; however, potential fires invoTving pyro-
phoric metals can be taken into consideration with the following model.

‘Burning plutonium metal rods in airflows of 50 cm/s and temperatures up
to 900°C gave releases of 2.8 x 106 to 5.3 x 10~° wt% airborne (Schwendiman,
Mishima, and Radasch 1968). Larger pieces of plutonium metal gave off 3.9 x
1074 to 0.049 wt% maximum when heated up to 1000°C at flow rates of 525 ‘cm/s
(Mishima 1966). Release fractions among the two sets of experiments may be
caused by the difference in size of the burning metal pieces, the difference in
flow rates, a combination of these, or other experimental differences.

Table 2.12 lists the data from which the model is derived. The mass rate
is a function of the site of the metal piece squared as shown below.

‘mass rate’ (g/s) = (1.66 x 10714 w2)u_ (2-98)

where W. is the total mass of radioactive material, g, and W is the size of the
radioactive metal pieces, g. '

FIRIN requires W. and W as input and assumes the metal burns “in 1 h.

Although the burning of pyrophoric metals is a two-step process initially
controlled by temperature and, once ignited, controlled by diffusion of oxygen
from the fuel, for simplicity, the above equation assumes uniform release and
complete oxidation of the fuel. | | |

TABLE 2.12. Releases from Burning Radioactive Pyrophoric Metals

Releases Metal

Fraction , Size .
- _%/s) _(9)
5.28E-6 1770
1.25E-6 1000
8.06E-8 4.60
3.00E-10 9.9 to 11.3
6.97E-9 9.9 to 11.3
1.18E-8 9.9 to 11.3
4,67E-10 9.9 to 11.3
2.83E-9 9.9 to 11.3
4.42E-10 9.9 to 11.3
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3.0 THE FIRIN COMPUTER PROGRAM

A user of FIRIN can estimate the radioactive mass generation rate and size
distribution of radioactive particles becoming airborne in.a fire. This radio-
active source term computation is the major. project thrust; however, other fire
source terms are also calculated.. These terms:include.mass loss -and energy -
generation rates, and compartment transient conditions. . To.perform these esti-
'matiops,_the user has certain information requirements and options available.
This chapter provides background information to enable the user to understand
and use the code.

Descriptioﬁs iﬁc]ude the fo]]owing;
e program and data structure of the FIRIN code
e numerical algorithms used in the program
e subroutine functions
e input requirements to run FIRIN
o interpretation of output information

'@ code limitations.

3.1 PROGRAM STRUCTURE

FIRIN is structured into operational modu]esﬁéhoﬁﬁgfh Figﬁféhé;l;‘ fhé§e
major modu]gs,_or_b]oqks,_are gomputations_of the fO]IOth9=_W
) ffre»source terms o | | o o
e heat and mass transfer
e radioactive source term§.<_‘

'Fire source terms and heat and mass transfer are discussed in this
section; radioactive source terms are comppsed of seven routines, which are
explained in Section 3.4. . '

The block identified‘ésilntkément Time Step updates the time. Before this
block (See Figure 3.1), the program checks if the updated time exceeded a
specified end time selected by the user for terminating the run.
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2 HEAT & MASS TRANSFER
CONSIDERATION
(COMPARTMENT EFFECTS)

(A.3)

1 FIRE SOURCE TERMS 3  RADIOACTIVE SOURCE
COMPUTATION ,‘ TERMS COMPUTATION
(A.2) > (A

Lt . INCREMENT TIME STEP O fe——

" READ INPUT : PRINT OUTPUT

START STOP

FIGURE 3,1. FIRIN--Overview Flow Chart

Block 1, fire source term computations, is expanded”in Figure 3.2. The
blocks in this figure illustrate determination of the maximum fire duration,
and computation of mass, heat, gas, and smoke generation rates. They provide
input for subsequent blocks. Block 1.1 computes the mass burning rate and
maximum fire duration. This enables computation of heat, gas, and smoke
generation rates in the fire compartment. These factors are summed at the top
of Figure 3.2 and lead to Block 2.
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TO BLOCK-2

1.2 COMPUTE HEAT
GENERATION RATE

A

1.3 COMPUTE GAS
GENERATION RATES

1.1 COMPUTE MASS

1.8 COMPUTE SMOKE
GENERATION RATES

BURNING RATE

AND MAXIMUM

FIRE DURATION

FROM INPUT OR INCREMENT TIME STEP

P TO BLOCK-3

FIGURE 3.2. BLOCK 1--Fire Source Terms Computation



Block 2, shown in expanded form in Figure 3.3, structures heat and mass
transfer considerations in the compartment. This summation, with input from
Block 1, permits computation of the fire-generated radioactive releases in
Block 3, Figure 3.4. The radioactive source term development is included in
Section 3.4 after the data structure and numerical algorithms are defined; -
thus, FIRIN is structhred in a sequential form to appfoximate the history of
the mass, both radioactive and nonradioactive, and energy of a fire confined in
a’ compartment. -

3.2 DATA STRUCTURE

Types of combustible (e.g., paper wipes, solvents) and noncombustible
materials (e.g., stainless steel, concrete) found in the fire compartment will
- affect the fire behavior. Data on physical/chemical and pyrolysis/combustion
properties of fuels (combustibles) and physical properties of noncombustibles
are stored in data statements at the beginning of the main program; The mate-
rials data format is described in the following section; fire ventilation
conditions are included, since they determine the burning mode. Fuel proper-
ties are listed in Appendix B. "

3,2.1 Fuel Material Data

Fuel materials are combustible items normally found in nuclear fuel cycle
facilities. Although they are not the direct cause of the fire, they are |
avajilable to sustain the fire once it is initiated; therefore, properties of
these fuel materials must be used to compute the fire source terms. Fuel
materials commonly found in nuclear fuel cycle facilities are listed in \
Table 3.1. Ventilation options are also listed. They have been assigned array
element désignations.' The array element I is the identifier for 1 through 9,
which represent the combustible materials; element J is the identifier for
1 through 3, which represent ventilation conditions. Two additional fuels can
be included if the user desires. Combustion data (listed in Table 3.2) must be
read in for these additional fuels.
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ToE:T TO BLOCK-3

A

2.3 COMPUTE H,0 & CO, 2.5 PERFORM MASS
RELEASES FROM CH BALANCE IN FIRE
CONCRETE COMPARTMENT
2.2 COMPUTE HEAT : 2.4 COMPUTE 2.6 COMPUTE HEAT
TRANSFER TO _ ‘ ~ COMPARTMENT FLOWS TRANSFER TO
CONCRETE BOUNDARY IN/OUT ' VESSELS AND
: EQUIPMENT

G°¢

2.1 PERFORM HEAT
S—— v BALANCE IN FIRE
COMPARTMENT

t

FROM BLOCK-1

FIGURE 3.3. BLOCK 2--Heat and Mass Transfer COns1deratlons
(Compartment Effects)



3.1 COMPUTE (RST) FROM
BURNING OF
r—-» CONTAMINATED, .. —
' COMBUSTIBLE LIQUIDS‘ '
(CALL RSTY)

- 3.2 COMPUTE (RST) FROM o
. BURNING OF S SR
- CONTAMINATED 7 f
COMBUSTIBLE SOLIDS; . .|;i .
(CALL RST2)’ ,

| 3.3.COMPUTE (RST) | .

' FROM HEATING OF ] '

r-d CONTAMINATED  * " [=—9
SURFACES

(CALL RST3)

3.4 COMPUTE (RST)
FROM HEATING OF
UNPRESSURIZED | .
RADIOACTIVE LIQUIDS
(CALL RST4)

FROM BLOCK-1

'FROM BLOCK-2

3.5 COMPUTE (RST) .

> FROM PRESSURIZED »

g RELEASES OF SOLIDS
(CALL RSTS)

; e : 3.6 COMPUTE (RST)

. FROM PRESSURIZED
‘ —®  RELEASESOF LIQUIDS = [~
oL - (CALL RST6)

3.7 COMPUTE (RST)
_ ' FROM BURNING OF
- . L . PuOR U METAL . >

(CALL RST?)

FIGURE 3.4. BLOCK 3--Radioactive Source Terms (RST) Computation
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TABLE 3.1. Fuel Material and Ventilation Conditioné for the
Fire Compartments

User's option
User's option

Ventilation

Fuel Materials (I) Conditions (J)
1 Polymethyl methacrylate 1 Overventilated
2 Polystyrene ([0, > 15%)
3 Polyvinyl chloride 2 Sem1vent11ated
4 Polychloroprene : (11% < [0,] < 15%)
5 Cellulose (oak){(2) '3 Underventilited
6. Cellulosic material ([0,] < 11%)

-7 Kerosene

8
9

(a) Oak was selected to represent wood products based on the
information available.

Physical/chemical and pyrolysis/combustion properties of the listed fuel
materials are stored in data statements at the beginning of the main program.
‘Most of the information was developed in small- and ]arge-sca1e combustion
apparatus at Factory Mutual Research Company (Tewarson et al. 1980; Stec1ak
et al. 1983).

Variable array names assigned for the physical/chemical and pyrolysis/
combustion propertieS of fuel materials are listed in Table 3.2, The identi-
fication of corresponding properties are included., The actual values for these
variables used in the code are listed in Appendix B, |

_Heat flux, for example, can be represented using the information in these
tables. QFC (I,J) with I = 2, J = 1 represents the convective heat flux from a
flame to fuel surface during polystyrene burning under an overventilated
fire. This particular combustion property (if specified) is called within
FIRIN by internal logic Qhenever the Fire Source Terms Module is in operation.

3.2.2 Construction Material Data

Construction materials in the fire compartment have an effect on the heat
transfer calculations. Construction materials are used for equipment, vessels,
walls, ceilings, and floors in nuclear fuel cycle facilities. As shown in
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TABLE 3.2. Data Base for Physical/Chemical :and Pyroloysis/Combustion

Properties of Fuel Materials

Variable Array Name in FIRIN

Property

A. Physical/Chemical Properties -
QRR(I); I =1 to 9 5Fue1 material surface reradiation, kW/m2
QCHEAT(I) Energy required to generage combustible

_ vapor air mixture, kd/m
HEATV(I) Heat required to generate a unit mass
of vapor, kd/g .

HEATC(I) Net heat of complete combustion, kJ/g
WFC(I) Weight fraction of carbon in fuel
WFH(I) Weight fraction of hydrogen in fuel
WFH(I) . Weight fraction of oxygen in fuel
WFCL(I) Weight fraction of chlorine in fuel

B. Pyro]ys1s/Combust1on

Properties ‘

QFC(I,J); I =1T0 9,
J=1to 3.

Convective heat_flux from flame to fuel
surface, kw/m2

QFRR(1,J) Radiative heat E]ux from flame to fuel
surface, kW/m

XA(I,J) Combustion efficiency

XC(1,d) Convective fraction of combustion”
efficiency L

XR(I,J) Radiative fraction of combustion
.efficiency ‘

YFCO2(1,J) Fractional yield of carbon dioxide

YFCO1(I,J) o -Fractional.yield of carbon monoxide

YFH20(I,Jd) Fractional yield of water vapor

YFHCL(I,Jd) Fractional yield of hydrochloric acid

YSMOK(1,J). Fractional yield of smoke

SOFRA(I). Soot fraction in smoke

YFCH4(I,J) . Fractional yield .of methane

Table 3.3, the array element MATER is the identifier from 1 to 15 and
represents a variety of noncombustible materials.

Array names for physical pfopertie§Asuch as material conductivity, emis-
sivity, density, and heat capacity of noncombustible solids are Tisted in
Table 3.4. Material, thermal conductivity of concrete,. for example, is repre-
sented.by COND. (MATER=1). | | | |

‘The user must specify MATER in the input data. The array elements 8 to-15
are the user's option to be used to fill.in material properties for materials..
other than those listed above. If this option is implemented, physical
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TABLE 3.3. Noncombustible Material Options for
the Fire Compartment

ancombustible
MATER Materials

Concrete

Fire brick
Stainless steel
Steel '
Aluminum
Copper

_ Brass

8 to 15 User's option

NP WN =

TABLE 3.4. Data Base for Physical Properties of Noncombustible
Solid Materials

Variable Array Name in FIRIN Physical Property

COND (MATER), MATER = 1 TO 15 Material thermal conductivity, kJ/m-s-°K

CONDM (MATER) - Linear extrapolation factor(a) of thermal
conductivity

EMIS(MATER) Material emissivity

RHOO (MATER) Material density, kg/m3

CPCA (MATER) ' Material heat capacity, kJ/kg-°kK _

CPCAM(MATER) Linear extrapolation factor(2) of material

‘heat capacity

(a) A slope factor interpolated by assuming the physical properties are
linearly proportional to the change in temperature (AT) in compartment
heat balance (i.e., COND = COND + CONDM x (AT) where CONDM is a linear
extrapolation factor of material thermal conductivity).

properties (listed in Table 3.4) of the material must be input. Appendix B
lists the physical property data used in the code.

3.2.3 Other Data

In addition to the data bases discussed above, there are a total of 12
other unit files where input and output data for FIRIN are stored. These unit
files are located after the FIRIN data statements, before the input from the
user is read in. Discussion on these unit files is presented in Section 3.5.
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. Other data (e.g., the ideal gas constant, gravitational constant, Stefan-
Boltzmann constant) are required for the calculations. They are initialized at
the section labeled initialization and parameterization after the input data
has been read in, |

3.3 NUMERICAL ALGORITHMS

This section addresses the three major algorithms used in FIRIN in the
heat- and mass balances. Specific details of the models and equations are found
in Chapter. 2.0.

_ The first algorithm deals with five variables: compartment pressure, hot-
| layer moles and tenperature, and cold-layer moles and temperatures. These
variables are coupled and depehdent on the flows into and out of the compart-
ment. - Three other first-order differential equations for the hot-layer moles,
hot-layer temperature, and cold-layer moles are solved in simple finite differ-
ence form at each time step. An exact equation for compartment pressure ‘is
then used, which is a form of the equation of state. This method works well
for suitably small time steps. Larger time steps can cause computational "
instabilities. A time step of 0.01 to 1.0 s is suggested. The co]délayer
temperature is fixed at the initial value. Since'this layer is USually short-
lived in forced ventilated fires of the type likely to occur in'nuclear fuel
cycle facilities (with cold air entering at the top and exiting through air
vents at the bottom), the error in the energy balance is small.

The second type of a]gor1thm is the unsteady state heat transfer to the
walls, f]oor, and ceiling. The usua] second order conduct1on equat1on is
solved using finite differences and a standard exp11c1t method. The exp11c1t
method was preferred over implicit methods for programming simplicity. This
decision is consistent with the suff1c1ent1y small t1me step needed in the
first algorithm, '

The third algorithm is the iterative method used to obtain the equilibrium
pressure inside heated vessels containing"so]utions. This algorithm assumes a
new temperature inside the vessel with each time step.. Then, it calculates
water evaporation and adjusts the heat input between phases or at equilibrium.
‘The assumption that equi1ibrium exists is not completely accurate. Some delay
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in read11y reaching equilibrium will occur; therefore, the condition calculated
in the vessel does not reflect this short time delay.

3.4 SUBROUTINE FUNCTIONS

The seven subroutines listed in Table 3.5 are used to calculate the
quantity and characteristics of radioactive particles g1ven off during the
fire. They compose the Radioactive Source Terms (RST) Computation Module
within FIRIN. ‘Each subroutine predicts the radioactive releases: based on one
of these release mechanisms listed in the table. K is the numeric identifier -
for subroutines RSTI through RST7 called in the main program. .

Figure 3.4 is the breakdown block diagram of the RST Computation Module,
showing its interdependency with the other two major modules described in
Section 3.1 (Program Structure). Blocks 3.1 to 3.7 in this module call on
subroutines RST1 to RST7 for the prediction of mass rate and particle
characteristics from the mechanism listed in each block. ‘

3.5 INPUT AND OUTPUT DATA

Twelve unit files store the data input to and'output from FIRIN.
Table 3.6 lists these file names and corresponding types of input and output.

INPUTFILE is a dummy variable for the input file name. The user must read
in the appropriate name .immediately after invoking FIRIN. Once the program
reaches completion, the data in all the output unit files are ready to be |
printed on the user's request. The user shou]d refer to the output f11e names
shown in the table to call for a pr1ntout.

TABLE 3.5. Subroutlnes for Est1mat1ng Radwoact1ve Releases

Subroutine Name (K) Release Mechan1sm
RSTI 1 Burning of contaminated combustible solids
RST2 2 ~ Burning of contaminated combustible liquids
RST3 3 Heating of contaminated surface
RST4 4 Heating of unpressurized radioactive liquids
RSTS 5 © Pressurized releases of radioactive powders
RST6 6 Pressurized releases of radioactive liquids
RST7 7

Burn1ng of rad1oact1ve pyrophon1c metals -
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TABLE 3.6. Unit Fi]es_(in FIRIN) for Input and Output Data

Unit File Nemes | Types of Informatlon Stored
' Input data for

INPUTFILE(a)' -fire source terms computation
' : -compartment effects computat1on
-radloact1ve source terms computat10n

Output data from
RSTHL .DAT Change in mass of radioactive particles in hot

layer at each time step. Shows' losses by
particle deplet1on mechanism

RSTCL.DAT Same as RSTHL, but for cold layer

SMKHL .DAT Same as RSTHL, but for smoke particles

SMKCL .DAT Same as SMKHL but for cold layer

RSZHL\DAT Size distribution of radioactive particles in
‘ hot layer at each time step

RSZCL.DAT Same as RSZHL, but for cold layer

SSZHL.DAT Same as RSZHL, but for smoke particles

SSZCL.DAT Same as SSZHL, but for cold layer

PRINT.DAT Fire source term and compartment effects by time

step
ARAD.DAT Bulldup of radioactive particles on floor,

walls, ceiling, and vents at each time step

ASMK .DAT Same as ARAD.DAT, but for smoke particles

The fol]ow1ng two sections describe the 1nput format and output informa-
tion to/from FIRIN. Chapter 4. 0 gives examp]es of these by 111ustrat1ng samp]e
prob]em input and output,

3.5.1 A;nput Format

Various input parameters are required depending on the initial compartment
conditions, amount and types of combustibles, aod mechanisms releasing radio-
active particies. The input information required to produce a compartment fire
history is listed in Table 3.7. Explanations of the data for each type are
included in the table. |
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Card
Type

Variable

“Name

TABLE 3.7. Input.Data

Description

1

PLUTANS

TSPEC

DELT

MIBO

IGNITE

IPRINT

PLOT ANSWER--User specifies 'Y' for FIRIN to store

-variables plotting packages. Two new units named

PLOTTING DATA 1.DAT and PLOTTING DATA 2.DAT are then
opened and written to dur1ng program execut1on.

COMPUTING TIME--User can specify the duration (in
seconds) desired to observe the fire. The execution of
the program will be terminated’ at time = TSPEC.

TIME STEP--User must specify the size of time step (in
seconds) desired for the computation uses in FIRIN. For
stable numerical solution results, small time steps are
suggested (i.e., 1.0 > DELT > 0.01).

BURNING ORDER--One way to approximate fire growth in
FIRIN; users estimate the orders of fuel consumption
(burning order) in the fire if more than one combustible
material in the compartment is assumed to burn. The
maximum number of burning orders is MIBO, and it governs
the numbers of physical card requirement for Card

Types 2 and 3,

IGNITION ENERGY--Another less conservative way to
approximate fire growth in FIRIN is to use the ignition
energy concept. This approximation allows autoignition
of combustibles at risk if the heat-flux levels
generated by the initial burning combustibles in the
compartment are above a specified level. The ignition
energy levels required for autoignition of the
combustibles depend on material properties, and are
stored in the program. To use this concept for
approximation, IGNITE = 1 must be inputted. Otherwise
IGNITE = 0 must be specified. When this concept is
applied, MIBO = 2 must be specified. The first burning
order (IBO = 1) refers to initial burning materials and
(IBO = 2) combustibles at risk because of possible
autoignition are specified.

PRINT--User specifies the number of time steps between
printout into the output unit files. For example, whén
DELT = 0.1 is selected and the user wishes to obtain
computed data every 10 s in real time of the f1re,
IPRINT 100 should be specified. :
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TABLE 3.7. . (contd)

Line Variable
Type Name Description
1 MJIE(IE) EQUIPMENT AT RISK--User can specify up to a total of

10 pieces of equipment and vessels of each of the
following four types: -1) simple heat sink, 2) closed
containers of powder, 3) closed containers of liquid,
and 4) open liquid containers. MJE is the number of
each container type. If no equipment or vessel of each
type is to be modeled, use O, 0 0;0.

Input data to F1re Source Terms Computat1on Modu1e

2

3

FUEL(I 180)
I=1,9
IBO=1,MIBO

AREC(I,IBO)

I=1.9
IBO = 1, MIBO

Mass of combust1b1e material (g) 1nv01ved in the fire.
I denotes type of fuel as listed:
I = 1) PMMA
2) PS
3) PVC
4) PC
5) Cellulose - wood
6) Cellulosic materials - paper, cardboard
7)  Kerosene
8) User's option
9) User's option

IBO is the burn order and denotes the sequence in which
the fuels burn. The maximum burn order is 5. MIBO
physical lines are required, one for each burn order.
0.0 must be input for each combustible material type not
1nvolved 1n the f1re.

Burn1ng surface area (mz) of each fuel 1nvo]ved in the
fire. ‘
Similar to FUEL (I,IBO).

If the User's Option is implemented for FUEL(I,IBO) [FUEL(8 or 9, IBO) greater
than 0.0], combustion properties of the material must be input as shown in line

types 3a - 3e.

3a

3a
3a

“3a

3a

QCHEAT(I)

QRR(I)
HEATV(I)
HEATC(I)

WFC(I)

One set of lines is required for each new fuel material.

Enerqgy requ1r§d to generate combustible vapor-air
mixture (kJ/m¢)

Fuel material surfaces reradiation (kw/m%).
Heat required to generate a unit mass of vapor (kd/g).
Net heat' of complete combustion:(kJ/g).

Weight fraction of carbon in fuel.
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TABLE 3.7. (contd)

Card Variable
Type Name Description
3a - WFH(I) Weight fraction of hydrogen in fuel,
3a NFO(I)' Weight fraction of oxygen in fuel.
3a © WFCL(I) Weight fraction of chlorine in fuel.
3b QFC(1,J) Convegtive heat flux from flame to fuel surfaces
J=1,3 (kW/m%).
3b QFRR(I,d) Radiative heat flux from flame to fuel surface (kw/mz);ﬁ
J=1,3 : : :
3b XA(1,J) Combustion efficiency.
J=1,3
3c XC(I,J) Convective fraction of combustion efficiency.
J=1,3
3c XR(1,J) Radiative fraction of combustion efficiency.
J=1,3
3c YFCO,(1,J) Fractional yield of carbon dioxide.
: J;a,3
3d YFH,0(I,J) Fractional yield of water vapor.
=1,3 -
3d YFHCL(1,J) Fractional yield of hydrochloric acid.
. . J=1 ,3 ! . '
3d YSMOK(I,J) Fractional yield of smoke.
J=1,3
3e YFCO,(1,J) Fractional yield of carbon monoxide,
31,3
3e YFCH4(1,J) Fractional yield of methane.
J=1,3

Input data to Compartment Effects Module .

4 LR
4 WR
4 ZR

Length of the fire compartment (m).
Width of the fire compartment (m).

Height of the fire compartment (m).
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TABLE 3.7.  (contd)

Card Variable
Type Name . Description

4 XCEIL - Thickness of the compartment ceiling (m),

4 XWALL | Thickness of the compartment wall (m).

4 XFLOOR ~ Thickness: of the:compartment floor (m). If the
-compartment is on the floor level with no other

: . > compartment below it, a large value of XFLOOR is

: - suggested for heat transfer consideration.

‘4 ’MATERC .~ - Ceiling construction météria]. Use the numeric
jdentifier (MATER = 1,2,...15) for noncombustible solid
materials. MATERC = 1 (see Table 3.3) denotes concrete
as ceiling material,

4 MATERW Wall construction material. Use the numeric identifier

. as above. MATERW = 2 denotes fire break as wall
material.

4 .MATERF Floor construction material. Use the numeric identified

as for MATERC and MATERW. MATERF = 1 denotes concrete

-as floor material.

If a material of construction other than the seven for which FIRIN has data is
input by setting MATERC, MATERW, and/or MATERF = 8 to 15, card type 4a must be
read in for each new material introduced. Material properties should not be

read in twice; i.e., if MATERC and MATERF = 8 and MATERW = 9, two cards should
be read in, the first one for material type 8 and the second for material type

.9.

4a .
4a_

4a
‘4a

4a

4a

4a

" COND(MATER)

CONDM(MATER)

EMIS(MATER)

EMISM(MATER)

.~ RHOO(MATER) -

RHOOM(MATER)

CPCA(MATER)

Material thérma] cbnductivity (kJ/m-Sf°K).

Linér extrapolation facfor of“thérma1 conductivity (see
Table 3.4).

Material emissivity.

Linear extrapolation factor of material emissivity (see

Table 3.4).

Materia]‘density (kg/m3).

Linear extrapolation factor of material density (see

Material heat capacity (kJ/kg°kK).
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TABLE 3.7. (contd)

Line Variable
Type Name - Description

4a CPCAM(MATER) Linear extrapolation factor of material heat capacity
(see Table 3.4).

5 NFP Number‘of additional flow paths to/from the fire

: compartment, A glove box is-an example of a compartment
- that has glove ports as its additional flow paths where
the gloves attached to it have burned off. As many as
20 paths can be designated in FIRIN., The value selected
for NFP governs the number of physical line requirements
for Line Types 28 through 31. If NFP = 0, no data input
is required for these line types.

5 P1 Initial pressure (atm) at the outside of the inlet
ventilation. Usually P1 = 1.0.

5 P2 Initial pressure (atm) at the outside of the outlet
ventilation,

5 TINIT Initial temperature (°k) of the fire compartment.

"5 PINIT Initial pressure (atm) inside the fire compartment.

5 “LIF Height of elevation of the center plane of inlet
ventilator from the floor level in the compartment.

5 LOF Height of elevation of the center plane of outlet

- ‘ ventilator from the floor level in the compartment.:.

5 ZFIRE Normalized height of the flame base above floor level
{m). For example when a glove box is in a fire, ZFIRE
is the elevation of the glove box floor.

5 VIF §t1§1 volumetric inlet flow rate to fire Compartment

/s
5 EQUIP Numeric 1dent1f1er for equ1pment and for vessels at rlsk

S in the fire compartment.
EQUIP = 1.0 (equipment and/or vessels)
EQUIP = 0.0 (no equipment or vessels)
If EQUIP = 0.0 is specified, no input.data are required
_ for L1ne Types 8 through 28

5 EFFIC In1t1a1 efficiency of 1n]et and out]et f11ters,

fraction,
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TABLE 3.7. (contd)

Line Variable
Type Name Description
6 TFO Initial floor temperature, °K.
TCO Initial ceiling temperature, °K.
6 TWO Initial wall temperature, °K.
6 N2X2IF Size of inlet filter in terms of multiples of 2' x 2'.
6 N2X20F Size of outlet filter in terms of multiples of 2' x 2°'.
7 NBO(I) Numeric fdentifier for the nine combustibles at risk.

This line type is required only when ignition energy

concept is applied (or IGNITE = 1),

Input NBO(I) = O for material that burns initially in
the fire.

NBO(I) = 1 for combustibles that are at risk and
_ that can contribute to the fire via
ignition energy concept
NBO(I) = 2 for any of the nine combustible types
that will not contribute to the fire at
all : -
NBO(I) = 3 for material types that burn at the

start of the fire and are also at risk
because of ignition energy concept.

Input to Equipment Type 1: simple heét sink.
Lines 8-13 are not required if there are no Type 1 vessels or equipment

(MJE(1)=0).

8 WD(JE,1)
JE=1,MJE(1)

9 HEQ(JE,1)
JE=1,MJE(1)

10 HTF (JE,1)
JE=1, (MJE(1)

11 MATERE (JE,1)
JE=1,MJE(1)

Width of equipment and/or vessels (m). JE denotes
number of each vessel or area of equipment up to 10.

Length of equipment or vessels (m). Height of
cylinders, length of boxes or square vessels. This
parameter used with WD to find area exposed to fire for
heat transfer. :

Height of the base of equipment or vessels (m).

Material of construction of equipment or vessel. FIRIN

contains data for seven types as listed in Table 3.3.

If the User's Option is implemented by setting MATERE=8

to 15, physical properties of the material must be input
as shown by line type 4a.
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TABLE 3.7. . (contd)

Line Variable
Type Name ‘ - _ Description

One line type, 4a, is required here for each new material introduced by
MATERE(JE,1) > 7. Material properties should not be repeated. For example, if
MATERC=8, then properties for type 8 material has been read and should not be
input again.

12 WMASS(JE,1) Weight (kg) of equipment or vessel when empty.
CJE=1,MJE(1) - . _ )

13 TE1(JE) - Initial surface temperatures (°K) of equipment or
JE=1, MJE(l) vessels.

Input to Equipment Type 2: c]osed containers of powder.
Lines 14 - 24 are not required if there are no type 2 vesse]s (MJE(2)=0).

14 "~ WD(JE,2) Same as line 8.
JE=1,MJE(2) |

.15 HEQ(JE,2) =  Same as line 9.
JE=1, MJE(2)

16 HTF (JE,2) Same as line 10.
JE=1, MJE(2)

17 MATERE (JE,2) Same as line 11.
JE=1, MJE(2)

18 WMASS(JE,2)  Same as line 12,
JE-1, MJE(2)

19 VGASZ(JE) Gas volume (m3) inside vessel.
JE=1, MJE(2) - ' '

20 VPWD(JE) Volume of powder (m3) inside vessel.
JE=1, MJE(2) ’

21 WH202 (JE) Mass of water (g) inside vessel. This value can be
JE=1, MJE(2) obtained using the moisture content of the powder.

22 TE2(JE) Initial surface temperature (°K) of vessel.
 JE-1,MIE(2) .

23 TI2(UE) Initial inside temperatiure (°K) of vessel.
© 9es1, WE(2) o

24 PF2(JE) Failure or rupture pressure (atm) of vessel.
JE=1, MJE(2)
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TABLE 3.7. (contd)

Line Variable
Type Name ‘ : Description

Input to Equipment Type 3: closed containers of liquid. g
Lines 25 - 34 are not required if there are no type 3 vessels (MJE(3)=0).

25 WD(JE,3) Same as line 7.
JE=1, MJE(3)

26 HEQ(JE,3) Same as line 8.
JE=1, MJE(3)

27 HTF(JE,3) Same as line 9.
JE=1, MJE(3)

28 MATERE(JE,3) Same as line 10.
JE=1, MJE(3)

29 WMASS(JE,3) Same as line 11.
JE=1, MJE(3)

30 VGAS3(JE) Volume of gas (m3)‘inside vessel.
JE=1, MJE(3) '
31 WH203(JE) Mass of liquid (g) inside vessel.

JE=1, MJE(3)

32 TE3(JE) Initial surface temperature (°K) of vessel.
JE=1,MJE(3)

33 TI3(JE) Initial inside temperature (°K) of vessel.
JE=1, MJE(3)

34 PF3(JE) - Failure or rupture pressure of vessel.
JE=1, MJE(3)

-Input to Equipment Type 4: open containers of liquid.
Lines 35 - 42 are not required if there are no type 4 vessels (MJE(4) =0).

35 WD (JE,4) Same as Tine 7.

| JE=1, MJE(4)

36 HEQ(JE,4) Same as line 8.
JE=1, MJE(4)

37 HTF(JE,4) - Same as line 9.

JE=1, MJE(4)
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TABLE 3.7. (contd)

Line Variable
Type Name Description
38 MATERE(JE,4) Same as line 10.
JE=1, MJE(4)
39 WMASS(JE,4) - Same as line 11.
JE=1, MJE(4)
40 VOL (JE) Liquid volume (m3) inside vessel.
JE=1, MJE(4)
41 TE4(JE) Initial surface temperature (°K) of vessel.
JE=1, MJE(4)
42 TL(JE)

JE=1, MJE(4)

Initial liquid temperature (°K) of vessel.

Input for alternate flow paths. Lines 43 - 46 are not required if NFP = 0.

43

a4

45

46

TFP(IFP)
IFP=1,NFP

HFP (IFP)
IFP=1,NFP

PFP(IFP)
IFP=1,NFP

DFP(IFP)
IFP=1,NFP

Failure times (in seconds) of the additional flow paths
to the fire compartment during the course of the fire.
The total of NFP = 20 additional flow paths are
currently allowed input to FIRIN.

Height of the additional flow paths (m)..
Pressure (atm) at the outlets of the additional flow
paths to the compartment.

Equivalent diameters (m) of the additional flow paths to
the compartment.

Input data to RST Computation Module

47

'NRAD(K)
K=1,7

Number of radioactive source terms that will be
generated under the Kth type of release mechanism. K is
the numeric identifier for the total of seven types of
radioactive release mechanisms described in Section 3.4.
Provide a total of seven values including zeros if the
mechanism is not involved. Thus, NRAD(1) = 2 denotes
that there are 2 radioactive source terms resulting from
burning two types of contaminated combustible solids.
The values specified for NRAD(J) are the numbers of
physical lines required for Line Types 48 through 56.
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Line
Type

Variable
Name

TABLE 3.7. (contd)

Description

48

48

48

48

49

50

50

IFORM

JACT

IBO

QRAD1

IFORM

Line Types 48 and 49 are used for radioactive releases
from the burning of contaminated combustible solids.
The number of physical lines requ1red for input depends
on the NRAD(1) value specified in Line Type 47. If
NRAD(1) = 0, no input data is required of Line Type 48.
IFORM here denotes'the physical form of radioactive
contaminant found on the combustible solid:

IFORM = 1 (powder)

.IFORM = 2 (air-dried

liquid)
. IFORM

3 (liquid)

I is the numeric identified for the types of combustible
materials the radioactive material is associated with,
where I = 1, 9., See Section 3.2 for the combustible
materials and their corresponding numeric identifier,

JACT can be any integer, ranging from 1 to 10, assigned

to a source term for identification among other possible
source terms in a single fire scenario. Up to 20 radio-
active species can be tracked.

IBO is the burning order of the contaminated combustible
solids. See descriptions for Line Types 2 and 3.

QRADl is the estimafed total mass of radioactive mate-
rial, NOTE: If NRAD(1) is greater than 1, Lines 48 and
49 must be repeated in alternating fashion NRAD(1) times.

Line Type 50 and 51 are used for radioactive releases
from burning of contaminated combustible liquids. The
number of physical lines required for input depends on
the NRAD(2) value specified in Line Type 47. If
NRAD(2)=0, no input data is required of Line Type 50.
IFORM here denotes the forms of radioactive contam1nant
in combustible liquids:

IFORM = 1 (uranium or pluton1um powder)

IFORM = 2 (uranium or plutonium liquid)

IFORM = 3 [nonvolatile radioisotopes other than
uranium or plutonium (e.g., z1rcon1um,
cerium)]

4 [sem1vo]at11e rad1o1sotopes (e.qg.,
cesium)]
5 [volatile radioisotopes, e.g., 1od1ne)]

IFORM

IFORM

Same description as I above in Line Type 48.
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TABLE 3.7. (contd)

Variable

Name Description

JACT Same description as JACT above in Line Type 48.

IBO Same description as IBO above in Line Type 48.

QRADZ QRAD2 is the estimated total mass (g) of radioactive

‘material. If NRAD(2) is greater than 1, lines 50 and 57
must be repeated in alternating fashion NRAD(2) times.

JACT Line Type 52 is used for radioactive releases from
heating of contaminated surfaces. The number of
physical lines required depends on the NRAD(3) value

-specified in Line Type 47. If NRAD(3)=0, no input data
is required of Line Type 52. '

QRAD3 Mass (g) of radioactive material on the surface heated
by the fire.

IVES Line Type 53 is used for radioactive releases from
heating of unpressurized radioactive liquids. NRAD(4)
physical lines must be input. IVES is a number from 1
to 10 identifying up to 10 vessels of radioactive
liquid. IVES is the same as JE for equipment type 4

(see lines 35 - 42). ’

JACT Same description as JACT above in Line Type 48.

QRAD4 | Mass (g) of radioactive material in the liquid. Similar
input requirement as for QRAD3.

IVES Line Type 54 is used for radioactive releases from
pressurized releases of solids. NRAD(5) physical lines
must be input. "Same description as IVES above in Line
Type 53 but with powder. IVES is the same as JE for
Equipment Type 2 (see Lines 14 - 24).

JACT Same description as JACT above in Line Type 48.

QRADS Mass (g) of radioactive powder in the vessel. Similar
input requirement as for QRAD3.

VOLP Volume of powder container, m.

POEN Theoretic density of radioactive powder, g/m3.
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TABLE 3.7. (contd) -

'Line Vériab]e

Type - - Name ' Description
55 IVES - Line Type 55 is used for radioactive releases from
: pressurized releases of Tiquids. NRAD(6) physical lines
~must be input. Same description as IVES above in Line
Type 53. IVES is the same as JE for Equ1pment Type 3
(see Lines 25 - 34).
55 JACT Same description as JACT above in Line Type 48,
55 ... QRAD6 Mass (g) of radioactive liquid.in the vessel. Similar
' - input requirement as for QRAD3.
5% . JACT Line Type 56 is used for radioactive releases from burn-
' ing pyrophoric metals. NRAD(7) physical lines must be
input. Same description as JACT above in Line Type 48.
56 - IBO “Same description as IBO above in Line Type 47.
56 QRAD7 Mass (g) of metal burned. Similar input requirement.as
: for QRAD3. ‘ - '
56 SQ ) Size of radioactive metal (9) that are burned.

'Line Type 1 - 3. These lines provide input data to the Fire Source Termé
Computation Module. A minimum of one physical line of each type is required'to
run FIRIN. More than oné of each can be used as input when appropriate.

Line Types 4 - 42, These lines provide fnput data to.fhe Compartment"
Effects Module. One physical 1ine of Line Types 4, 5, and 6 is required. Line

Type 7 is required if an ignition energy concept is chosen to approximate fire
growth. Line Types 8 through 42 are requ1red 1f equ1pment is modeled in the
fire compartment.

Line Types 43 - 46. These lines are not required as an input unless there

are additional flow paths besides normal ventilation. One or more physical
‘lines of each of these types are used when required.

Line Types 47 - 56. These lines input data to the RST Computation Model.
One physical line of Line Type 47 is required; additional lines can be used as

input when appropriate.
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Before using FIRIN, the user shou]d_review the input data requirements in
Table 3.7. For a simple fire (i.e., a compartment with a few combustibles and
limited quantities of radioactive materials at risk), less than 20 physica]
lines are required to run FIRIN. The simplest case with radioactive material
requires only 8'1ines. With the addition of equipment, vessels, and flow paths
to the fire compartment, the analysis SOphistication increases and mbre lines
are required. ' ' '

3.5.2 OQutput Information

FIRIN can be used independently as a source term code; howévér, it has -
been designed to fill the input fequiremehts‘of FIRAC. With the use of both
codes, a userrcan.analyze the radioactive source terms up to the'facility-
atmospﬁere,interface. |

Several unit files store the time history output from FIRIN. ' Output
information includes transient data on the 1) fire source term, 2) fire
compartment, 3) accumulation on filters, and 4) radioactive source term.
Frequency of data output printing is specified by the user in input for
IPRINT. For examp]e,‘in a fire lasting 500 s (based on quantity'of combustible
materials and fire compartment conditions) with IPRINT=10 and DELT = 1, 50
outputs (1 every 10 s) would be printed.

Output is terminated at the end of a spec1f1ed time noted by the following
remark at the bottom of the output table:

TIME ‘EXCEEDS USER SPECIFIED TIME AT ... SEC

Other messages can be found in the output files. The fo]iowing message
occurs when combustibles have auto ignited:

COMBUSTIBLE TYPE X HAS IGNITED AT TIME: ' ...SEC
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If the fire becomes oxygen depieted before all the combustibles have finished
burning, the following message will be printed:

ALL BURNING HAS STOPPED AT TIME: ...SEC WITH X% OF ALL
COMBUSTIBLES CONSUMED IN THIS FIRE '

The message
ALL COMBUSTIBLE MATERIALS WERE CONSUMED BY ...SEC

appears after the time step in the last combustible is burned up. The program
will keep running after this until it reaches the user specified time. In this
way the transport of particles to surfaces and the vents as well as depletion
of particles can be followed after the fire goes out.

Information given in the various output files are summarized in Table 3.8.

TABLE 3.8. Parameters in Qutput Files

File ’ Parameters
RSTHL and SMKHL Time, s

Airborne at T¢, ¢

Generated by Fire, g ‘hot layer mass balance
Entrashed w Plume, g } over time step

Total Losses, g ’

Airborne at T

1+ +

Fraction of Losses Due to:

Settling

Browman Diffusion breaks down contribution
Thermophoresis of losses from each particle
Diffusiophoresis depletion mechanism

Out Vent ‘

RSTCH and SMKCL Time, s

Airborne at T¢, g
+ Hot Layer Settling cold layer mass balance
- Total Losses, g over time step

Airborne at. T
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File

TABLE 3.8. (c

ontd) .

Parameters

RSZHL, RSZCL,
SSZHL, SSZCL

PRINT

ARAD, ASMK

Fraction of Losses Due to:

Settling

Out Vent

Plume Gas

Particle Diameter (m1crons
>0.1 0.1

0.1-0.3 0.173

0.3"0.5 ' ) 0.387 '

0.5-0.7 0.592

0.7-0.9 0.794

0.9-1.1 0,995

1.1-2 '1.480
2-6 3.460
6-10 7.750

10-20 - 14,140
>20 20.00

Time, s

Compartment Pressure, atm
Oxygen Concentration, volu
Hot Layer Th1ckness3 m
Volumetric Inlet, m?/s
Volumetric Outlet, m”/s
Hot Layer Temperature, °F

‘Mass Burn Rate, g/s

)} for Bins

bin size and geometric
average of sizes’

me fract1on

Heat Generated by Fire, kW

Heat Loss to Walls; kW
Heat to Fire Gas, kW

Time, s
Accumulated Mass (g) on:

Floor

Wall
Ceiling
Vents
Environment
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3.6 PROGRAM LIMITATIONS

FIRIN was not programmed to mechanistically caldulate fire growth., An
approximation of fire growth can be made using the concept of burning order.
The user decides in what order combustibles burn or whether they burn
simultaneously and inputs the burn order in the FUEL and AREC arrays (see
Table 3.7).

Because the calculations for many of the compartment effects were approxi-
mations, instabilities may occur in the output if too large a time step is
chosen, For smaller fires, time steps of 1 or 2 s may be adequate. Larger
fires require time steps of less than 1 s to avoid instabilities.

To determine the optimum time step (largest time step that will not result
in instabilities), the user can run several small test cases varying the time
step and analyzing compartment pressure over short time intervals. First the
user should try to determine where maximum burning that occurs in the postu-
lated fire, then assign the identified fuels a burn order of one. The first
100 s of the fire can be run with time steps ranging from 0.01 to 5. From
PRINT.DAT a person can obtain data on compartment pressure and plot this
parameter against time. The optimum time step will be the largest one
resulting in minimal pressure fluctuations.

Radioactive source term equations are based on empirical correlations of
the current available data. Little attempt has been made to produce equations
based on first principal theories because of the lack of data on radioactive
aerosols produced in a fire. However, the most recent experiments at PNL have
explored the mechanistic effects of various parameters on radioactive source
terms, and equations based on these latest experiments have been included.

3.6.1 Cautions

-The FIRIN code was developed without the benefit of complete structured
programming techniques. Other than providing subroutines for the radioactive
source term mechanisms of release and for particle depletion mechanisms, ver
little compartmenta]izatibn was used. The user must be extremely careful in
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making code changes. Since temperature, pressure, and fluid flow parameters
are all interrelated, a change in one area of the code may affect many other
areas.

At the time of this publication, FIRIN has not undergone any formal veri-
fication. Informal comparisons have been made comparing FIRIN output against
other codes in simulating compartment fire experiments. The radioactive source
term‘part of FIRIN has not even been informally verified against experiments
independent of those from which it was developed.
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4.0 SAMPLE PROBLEMS

Sample problems are presented in this chapter to illustrate the use of
FIRIN. Input files and selected output are shown for a basic problem
(problem one) and for variations of the basic scenario (problems two - five).
A listing of the FIRIN code is given in Appendix C. This version of the code
was used to run all the sample problems described in this chapter. Appendix D
is a listing of the parameters used in the main FIRIN code, their definition,
and units.

4.1 BASIC SCENARIO

A glove box made of PMMA containing PVC bagging material, paper wipes,
solvent, and rubber gloves is located in a concrete room. Room dimensions are
21 m x 9 mx 4 m; the ceiling and walls are 0.25 m thick; and the floor is
0.15 m thick. Each of the combustibles is assumed to be contaminated with
plutonium dioxide powder. The glove box is elevated 0.61 m above the floor.
Airflows through the room at the rate of 1.5 m3/s or seven air changes per hour
and in a downward direction from the ceiling to the floor. An inlet vent is
located at ceiling level and outlet vent at floor level. Each vent is a 2-in.
X 2-in. filter with efficiency of 99.95%. The change in pressure across inlet
and outlet filters is 0.005 atm. Initial temperatures of the air and surface
are 298 °K. Initial pressure in the room is 0.995 atm.

4.2 PROBLEM ONE

In the first sample problem, the PVC, paper, and solvent are assumed to
burn first. The fire spreads to include PMMA and rubber gloves. (PVC, paper,.
and solvent are given a burn order of one; PMMA and rubber gloves are given a
burn order of two). Table 4.1 lists the combustibles, the quantity involved in-
the fire; their burning surface area, and level of contamination.

In addition to the contaminated combustibles, the floor of the glove box
is contaminated with 15-g Pu0O,, thus involving another radioactive source
term: heating of contaminated surfaces. Table 4.2a shows the input parameters
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Table 4.1. Combust1b]es for Sample Problems

Type - Quantityl(g) , ~Surface Area (mz) Contam1nants (g ngzl
PMMA. 40,860 | 3.6 27
- PVC o esa 10.09 1
PC. 4540 2.0 , 75
Paper . 227 0.9 A

Csolvent 910 0.3 2

and values required to run this sample problem. "JACT was used in this problem
to identify the source term from each burning material. In other problems the
user may wish to identify contaminants with different decay-levels or physical
forms. In problem ‘four JACT is used to identify the source term from radio-
active poWder7as opposed"to that from radioactive liquid.

FIRIN echoes the input to a CRT screen if the user is running the problem
interattivelyt.or to the.109 fiTe if the user is running the program in batch
mode. Theeeohoing»output aids the user to see if the input values were read in
correctly, Output‘files produced in running FIRIN are described in Table 3.6.
Appendix D contains.all output files from this sample problem except the plot-
ting data bases.' Plottingldata bases contain the same data as are in some of
the other files but ih a form that is more easily read by p]otting programs.

The output f\le PRINT DAT contains data on burn rates, energy generation
rates, and condItions in the first compartment Table 4.2b shows PRINT.DAT for
the first sample problem. The increase in mass burn rate at 300 s pinpoints
the start of the second"burn order, The large amount of combustion gases pro-
duced in this time'step overpressuriie the compartment, and air is blown out
the inlet vént‘until the flow becomes positive again at 420 s. The hot layer

completely desCehds'at 340 s.  About the same time, oxygen concentration

decreases rapidly but stays slightly above 11%, which is considered the limit
below which a fire is smothered '
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- TABLE 4.2a: TInput for Problem One':

PLOTANS, TSPEC, DELT, MIBO, IGNITE, IPRINT, MJE(l) MJE(Z) MJE(3) MJE(4)

’Y’, 1000.0, 2.0, 2, 0, 10, 0, 0, 0,
FUEL(1,1), FUEL(2,1), FUEL(3,1), FUEL(4,1)..
0.0, 0.0, 454.0, 0.0, 0.0, 227 o 910.0, 0.0, 0.0
FUEL(1,2), FUEL(2, 2), FUEL(3,2). FUEL(4,2)..
40860.0, 0.0, 0.0, .4540.0, 0.0, 0.0, 0.0, 0.0, 0.0.
AREC(1, 1), AREC(2,1), AREC(3, 1), AREC(4,1)..
0.0, 0.0, 0.09, - 0.0, 0.0, 0.09, 0.30, 0.0, 0.0
AREC(1,2), AREC(2,2), AREC(3, 2), AREC(4,2)..
3.6, 0.0 0.0 2.0, 0.0, 0.0, 0.0,70.0, 0.0
LR, WR, IR, XCEIL XWALL, XFLOOR, MATERC, MATERW, MATERF
21.0, 9.0, 4.0, 0.25, 0.25, .0.15, . . .1, 1, 1

NFP, PI1, P2 TINIT PINIT ZIF, ZOF ZFIRE VIF EQUIP EFFIC h;“
-~ 0, 1.0, 0.990 298.0, 0.995 4.0,"0.0, 0.61, 1.5, 0 0 0 9995 )
TFO, . TCO, . TWO,. N2X21F N2X20F; L L e

298.0, 298 0, 298, 0, 1, 1 , . _
NRAD(1), NRAD(2) NRAD(3), NRAD(4)', NRAD(5), NRAD(6), NRAD(7) "
4’ . , 0 0" : 0’ 0
IFORM I, JACT, IBO ' '
y 3, 3, 1
QRADl
1.0 N
. IFORM, I, JACT, IBO
1, 6, 6, 1
QRADY o
C1.0
IFORM I, JACT, IBO
S S D
QRADl o e e
,IFORM, I, JACT, IBO. .
1, 4, 4, 2
- QRADL B :
75.0 L
IFORM I, JACT, IBO
» 1, 7, 71, 1
QRAD2 |
JACT, QRAD3 . < T Al N

8, 15.0.
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LA

TABLE 4.2b.

OUTPUT FOR COMPARTMENT EFFECTS

PRINT.DAT from Problem One

COMPARTMENT  OXYGEN  HOT LAYER  VOLUMETRIC FLOW RATE  HOT LAYER  MASS BURN HEAT GEN. HEAT LOSS MHEAT TO

TIME  PRESSURE CONC. THICKNESS INLET OUTLET  TEMPERATURE RATE .8Y FIRE TO WALLS FIRE GAS
(SEC) (ATM) (VOL FRACT)" (M) ( Mee3/S ) ( Mes3/S ) (F) ¢ 6/5) ( KW) (KW) (KW)
0.00 ©.9950 0.2100 0.9000 1.5008 -1.5000 76 . 4000 ' 9.0000 #.0080 8.0000 0.0000
20.0¢ 6.9954 5.2100 0.4032 . 1.3815 -1.6185  116.3005 10.6429  359.7645 -344.5267 15.2378
40.90 0.9963 5.2108 0.7918 1.3988 -1.6034  112.2768 10.6414  359.7131 -334.4408 26.2722
60.00 0.9963 9.2160 1.1342 1.4002 -1.6998  111,9967 10.6402  359.6726 -326.0364 33.68362
80.00 0.9953 0.2100 1.4399 1.4003 -1.6997  112.8872 16.6392°  359.8376 -319.4371 402005
100.00 2.9954 9.2100 1.7348 1.3921 -1.6679  113,5621 10.5382  369.6682 -313.7714 45.8348
120.00 0.9956 0.2100 2.0068 1.3317 -1.6883  112.1149 - 2.4308 21.3888  -36.0367 -14.8481
140.90 0.9949 0.2100 2.1883 1.5168 -1.4844  108.06533 2.4313 21.3928  -35.8482  -14.4474
166.00 0.9949 0.21060 2.3844 1.6168 -1.4842  104.7199 2.4314 21.3944  -34.5921 -13.1978
180.08 0.9949 p.2108 2.6369 1.6160 -1.4868  101.9597 2.4316 21.3963  -33.1886  -11,7932
200 .00 0.9950 6.2100 2.7936 1.6139 -1.4861 99.6523 2.4316 21.3969  -31.8266  -10.4291
226.80 ©.9958 0.2100 2.8699 1.5120 -1.4888 97.7064 2.4317 - 21.3984 © -38.5638 -9.1874
240.00 0.9956 0.2100 3.0347 "1.5104 "=1.4898 96.0493 2.4317 21.3968  -29.4319 -8.0361

- 260.00 ©.9949 0.2100 3.1988 1.6249 -1.4751 94,4550 1.6367 8.7884  -23.3760  -14.5896
260.060 £.9949 0.2100 3.35678 1.5187 -1.4813 92.8679 1.53087 8.7866 . -21.9379  -13.1514
300 .00 1.0089 - 8.2048 3.6204 ~2.8842 -5.8842 - 106.16681  162.9438 3511.3425 -1803.86883 1287.4742
320.060 1.8012 9.1983 3.8634 -9.3360 °  -3.83513  160.8676 . 163.5692 3£23.8186 -1887.4859 1136.4127
346.00 1.0884 6.1917 4.9000 -1.9335 -3.5366  244.8716 . 166.8263 2873.3374 -§94.4583 1978.8792
360.00 1.8102 0.1843 - 4.0000 -1.5299 -2.1886  333.2971 162.2772 2998.8435 -1782.0364 . 1296.8081
380.00 1.0010 0.1767 4.0000 -8.1186 -8.8657  376.4951  102.8798 2418.6859 -2131.2964  286.7705
490 .00 1.8001 5.1893 4.0008 -0.0084 -6.6889  391.8969  102.8818 2432.3287 -2222.4307  209.8968
420 .00 | 6.9908 s.1818 4.0000 ©.8409 -0.6936  463.3600  103.0873 2441.9312 -2279.1914 162.7397
440.00 £.9995 0.1644 4.0000 9.0613 -8.5324°  412.20486  163.3489 2448.1277 -2312.1697  135.9588
460.80 £.9984 0.1470 4.0000 £.1823 . -£.4379  417.3847  100.1799 2364.3677 -2318.2805 - -13.9229
480.00 £.9948 9.1416. 4.0000 ©.5978 ~$.2393  4062.8062  91.1003 1043.5426 -2105.7486 -162.2069
500 .00 £.9945 $.1377 4.0900 6.8328 -5.2166  383.6743 §3.9528  1690.6640 -1863.5145 -162.9106
520.00 6.9948 0.1344 4.0000 ©.8009 -6.2216  368,3522 78.0900 1496.5481 -1842.6213 -148.8752
549 .00 8.9951 0.1317 4.0000 . #.5837 -9.2272  351.2468 73.1433  1341.2685 -1470.7668 -129.5861
560 .00 £.9954 0.1293 4.0000 6.5293 -5.2365  338.8438 68.8902 1213.8297 -1329.1017 -115.2720
580 .00 0.9957 £.1272 4.0900 9.4982 -6.2313  326.4149 65.1709 1167.2998 -1216.6146 -103.3147
€00.00 6.9959 ©.1263 4.0000 8.4703 -5.2302  316.0046-  61.9639 1616.8616 -1116.1416  -93.2800
620.00 6.9962 0.1238 4.0000 0.4450 -8.2274 306,836 §6.9819  939.6893 -1623.9113  -84.8220
640.00 £.9964 0.1221 4.0000 0.4220 -8.2235 - 298.4929 66.3628  871.4808 -949.1132  -77.6632
660.00 £.9965 0.1207 4.0000 0.4011 - - -6.2187  290.9198 53.9884  812.8829 -863.8204  -71.5376
€80 .00 6.9987 0.1194 4.9000 9.3818 -$.2133  284.0036 61.7922  759.5112 -826.7933  -88.2821
700.00 ©.9969 6.1182 4.0000 ©.3841 -6.2676  277.8532 49.7046 712.6201 -774.3571 -81.7370
720.00 0.9970 8.1171 4.0000 ©.3477 -0.2016  271.7943 47.9497  870.5220 -720.3985  -67.7785
740.00 0.9971 8.1161 4.0000 0.3326 -6.1956  266.3648 -  46.2397  £32.5688 -686.8120  -54.3032
760 .00 8.9972 8.1161 4.0000 ©.3185 -6.1894  261.3181 44.6478  598.0088 -649.2416  -61.2346
7680.90 2.9974 0.1142 4.0000 ©.3054 -0.1834  256.5963 43.1603  688.5473 -815.8513  ~48.65640
000 .00 £.9976 $.11