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ABSTRACT

An analysis of potential sodium spills and fires in liquid metal fast
breeder reactors has been made to assess the maximum equipment cell loading
conditions. A camputer code called NACOM (sodium cambustion) has been de-
veloped at Broukhaven National Laboratory (BNL) to analyze sodium spray fires.
This report contains a detailed description of physical models used in this
code as well as programning aspects. The single droplet combustion model and
the model describing the droplets' motion are verified. Comparisons between
NACOM predictions and SPRAY-3A predictions of the Atomics International (Al)
LTV Jet Tests are made. Good agreement is found between the NACOM predictions
and the experimental data. NACOM predictions of the pressure rise are more ac-
curate than SPRAY-3A predictions for most of the cases studied. The code has
been v rified for oxygen concentrations ranging from 0 to 21%. NACOM utilizes
more realistic single droplet and spray cambustion models than SPRAY-3A. More-
over, NACOM does not utilize adjustable parameters for the burning rate equa-
tions, contrary to the approach taken with SPRAY-3A. Thus, the NACOM code is a
more reliable code for use in the analysis of large-scale sodium spray fires in

LMFBR contaiment cells.
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NOMENCLATURE

Definition

Total cell surface area

Tranc fer number defined in Equation (4.6)
Molar Density

Drag coefficient

Empirical constant defined in Equation (4.8)
Gas mixture heat capacity
Specific heat of the gas at constant volume
Specific heat of the walls

Droplet diameter
Volume mean diameter

Diffusion coefficient
Initial droplet diameter
The largest group size
The smallest group size

Grzvitational acceleration
Heat of evaporation

Heat transfer coefficient at the walls
Heat of combustion

Stoichiometric ratio
Gas mixture thermal conductivity

Burning rate coefficient or evaporation constant

Droplet mass burning rate
Falling droplet mass burning rate

Total mass of gas inside a containment cell
Sodium leak rate
Spray mass burning rate

Total mass of the walls



NOMENCLATURE (Cont'd)

Definition

Rate of sodium mass crossing the z plane

Total number of droplets

Nusselt number

Cell pressure

Prandt] number

Rate of heat transfer from a single droplet to the gas
Rate of heat transfer from the sodium spray to the gas
Rate of heat transfer from the gas to the walls
Universal gas constant

Volume fraction of spray which contains droplets of diameters
smaller than D

Reynolds number

Schmidt number

Time

Flame temperature

Average gas temperature

Oroplet temperature

Wall temperature

Volume of the cell

Droplet falling velocity

Reaction rate constant for water vapor reaction
Reaction rate constant for oxygen reaction
Ambient oxygen mole fraction

Coordinate measured vertically downward from the ceiling
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NOMENCLATURE (cont'd)

Greek Symbol Definition
p Density
ng Density of the gas
Na Density of sodium
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1. INTRODUCTION

Scdium spills and fires in the primary and secondary systems of a liquid
metal fast breeder reactor (LMFBR) pose a potential threat to the safe opera-
tion of the plant. In current LMFBR designs, engineered safety features, such
as inerted primary system cells, nitrogen flooding system, are provided to pre-
vent leaking sodium from reaching flammable cambustion. However, in the event
of large-scale sodium spills, pressure and temperatures in an inerted cell may
increase substantially because of a large amount of sensible heat contained in
the leaking sodium, even though there is no flammable combustion. In oxygen-
tnriched atmospheres, the leaking sodium will chemical Iy react with oxygen and
release heat of combustion, resulting in pressure-temperature transients in con-
tainment cells.

Of the two basic types of sodium fires, i.e., spray and pool fires, spray
fires are yenerally considered to be more severe than pool fires in tems of
equipment cell thermal transients. This is due to the fact that a sodium spray
always burns at a higher rate than a sodium pool containing the same amount of
sodium because the spray burns in a highly divided state, namely, droplet form.

Sodium spray fires are often postulated to result from pipe breaks. The
sodium coming out of the break is usually assumed to eject upward, impinging on
the ceiling of a contaiment cell. A liquid film will form on the ceiling and
then break up to fom droplets. The falling droplets form a sodium spray. The
spray will chemically react with oxygen in the cell atmosphere, transferring the
heat of combustion to the cell gas. This leads to pressure-temperature tran-
sients in the cell. It is necessary to assess the severity of the equipment
cell themal transients in order to determine whether adequate structural mar-
gins are provided for the cell. To assess the transients, a reliable anal ytical

tool is required.



Sodium spray fires involve complicated combustion and transport processes

which are not yet fully understood. For example, the effects of droplet inter-
action, oxygen depletion in the spray zone, and water vapor on spray burning re-
main largely unknown. The conventional approach to modeling sodium spray fires
starts with the modeling of single droplet heat transfer and combustion. The
burning rate of a single droplet is predicted by using a vapor-phase combustion
theory. The spray is usually visualized as a cluster of droplets and hence the
spray burning rate is the sum of the individual droplet burning rates. In de-
termining the spray burning rate, the effects of droplet interaction, nonuni-
formity of gas temperature across the spray zone, and depletion of oxygen in-
side the spray zone are usually neglected.

To date a number of computer codes have been devaloped to analyze sodium
spray fires. Of all these codes SPRAY(I) has been widely used in the United
States. The early version of SPRAY was designed to deal with spray fires in
low oxygen concentrations (less than two volume percent*). The latest version

of the code, SPRAY-3A(2), introduced adjustable parameters in the burning

rate equations. The reaction rate constant Vo was used for oxygen reactions

and the reaction rate constant VH for water vapor reactions. The values of

V0 and vH were selected by fitting the code's calculational results with experi-
mental data obtained from 16 Atomics International (AI) sodium spray tests. As

a result of this best fit, the values of Y, and V,, were chosen as 85 and 1500,
respectively. Even with the introduction of these two parameters, SPRAY-3A
predictions of the Al experiments in the intermediate oxygen concentrations

between 2 to 5% are poor.

*
Throughout the text the indicated percentage of oxygen designates volume percent.
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Another frequently used sodium spray fire code is SOMIX.(3) soMIX-1
basically retains the SPRAY vapor-phase combustion model, with a major lwprove-
ment in the cell gas circulation model. It seems that SOMIX-1 has experienced
difficulties in predicting spray fires in high oxygen concentrations similar to
the difficulties experienced in the early development of SPRAY. Instead of
using the vapor-phase combustion model , SOMIX-2 adopted Krolikowski's diffusion
model(4) for calculating the sodium burning rate in an air atmosphere. In
SOMIX-2, sodium burning was based on the rate at which oxygen diffuses to the
burning zone. Krolik- ski's model does not consider sodium vapor diffusion to
the burning zone, and therefore underestimates the sodium burning rate.

Both SPRAY and SOMIX seems to have difficulty in predicting spray fires in
high oxygen environments, where the accuracy of the combustion model is impor-
tant. SPRAY attampted to overcame this difficulty by means of adjustable para-
meters, while SOMIX reverted to the early developed Krolikowski's wodel in order
to obtain better agreament with experimental data. It is, therefore, imperative
to develop a sodium spray fire code with a reliable combustion model.

A sodium spray fire analytical wodel, NACOM, was recently deveioped at BNL.
NACOM uses an established single droplet vapor-phase combustion theory, which
is different from those used in SPRAY and SOMIX. The theory is well established
for combustion of hydrocarbon fuel dropiets. I* is expecled to be equally ap-
plicable to cambustion of sodium droplets oecause the cambustion of both hydro-
carbon fuel and sodium droplets follows the "p2* law.(5)

The SPRAY code uses the surface mean drop size, which is derived from the
volume mean drop size and a log-normal drop size distribution, to compute the
droplet burning rate and heat transfer from the droplets to the cell gas. Anal-
ysis with SOMIX has shown that the use of only one drop size could lead to



considerable error in the prediction of the pressure rise. In contras ., NACOM
employs a drop size distribution to calculate the spray burning rate and is
therefore expected to yield better results.

Both SPRAY and SOMIX assume that scdium droplets burn in the vapor phase
immediately after they appear at the ceiling. The preignition phase of the
droplets has been ignored. The neglect of preignition combustion will over-
estimate the droplet burning rate and pressure. In contrast, NACOM includes a
preignition model developed earlier at BNL.(6) These improvements and other

features of the NACOM code will be discussed in the following sections.



2. CHARACTERISTICS OF SODIUM COMBUSTION

Sodium s a soft silvery metal, which melts at 98°C. Sodium burns readily
in an air atmosphere, especially in the presence of water vapor, forming various
oxides. Only two oxides, namely, sodium monoxide and peroxiuc, ire found to be
abundant in the reaction products. Sodium monoxide, Nap0, melts at 1,132°C

and decomposes at 1,950°C and may be formed in the ollowing chemical reaction
2Na + '302 + Nap0. (2.1)

During this exothemic reaction 2,195 cal/g of combustion heat is released.
With excess oxygen at 238 to 400°C, the monoxide is oxidized to sodium peroxide,
Nag0z. Sodium peroxide melts at 674°C and decamposes at about 1,627°C. The

peroxide formation may be represented by
2Na + 02 ~ Nay0p. (2.2)

During .his reaction, 2,500 cal/g of combustion heat is released.
In the presence of water vapor in air, sodium hy“roxide may be formed by

the following reaction
2Na + 2Hp0 -+ 2NaOH + Hp. (2.3)

Sodium does not react with nitrogen at all known temperat.ces. However, in
the presence of electric discharge, sodium may react with nitrogen to form the
nitride or the azide.

Sodium fires are characterized by flames and dense clouds of white smoke.

The sodium in a fire is not entirely consumed to form smoke; most of the sodium

renains as residue in the form of sodium oxide and unreacted sodiuni. Reaction




products in the residue and smoke contain both sodium peroxide and monoxide. In
excess oxygen, the sodium peroxide is the principal reaction product; in excess
sodium, the sodium monoxide predominates; between these two extrames, substan-
tial quantities of both oxides could be formed.

At oxygen concentrations higher than 5%, sodium spray fires are character-
ized by incandescence, dense smoke, and rapid pressure increase. At or below 5%
oxygen, there is insufficient oxygen to sustain a flammable cambustion or incan-

descence. However, the smoke occurs at oxygen concentrations down to 0.1%.



3. PREVIOUS WORK ON SODIUM SPRAY FIRES

3.1 Sodium Spray Fire Experiments

In 1952 Mangold and Tidba11(7) reported sodium spray fire tests conducted in
a semi-cylindrical chamber. In the tests, 14.5 to 88.9 kg of sodium at 454°C were
forced through a nozzle and driven into the chamber. The tests were performed
in various oxygen concentrations ranging from 2.75 to 21%. A maximum chamber
pressure rise of 0.48 atm was measured in 21% oxygen.

Hines and Kel]ey(s) have reported tests in which 454°C sodium was sprayed
into a 532 ¢ container. They found that the maximum pressure decreased with de-
creasing initial oxygen concentrations. In these tests, a maximum pressure rise
of 2.59 atm was obtained in an air atmosphere.

In 1958 Humphreys(g) performed a small-scale experiment in which 399°C
sodium was driven into a sealed vessel filled with air. A peak pressure rise of
5.78 atm was recorded.

(10)

Subsequently, Gracie and Droher performed sodium spray exneriments in
a rectangular chamber at low oxygen concentrations. A maximum pressure rise of
0.12 atm in 2% oxygen was measured.

Charak and Smith(]I) have reported a series of sodium spray tests in which
1-2 grams of sodium at 649°C were injected into an air-filled chamber. The maxi-
mum pressure rise found in the tests was ~5.44 atm.

Krolikowski(4) injected 10 g of sodium at 413°C into a chamber filled with
N2-02 mixtures. A maximum pressure of 3.06 atm was recorded.

More recentiy, Atomics International conducted a series of sodium spray

(12) Commercial spray nozzles were mounted on top of a spray test vessel.

tests.
Pressure rises in the test vessel were recorded for sodium spray in various

oxygen concentrations. Subsequently, a series of sodium spray dispersal tests



were conducted in the Large Test Vesse1(13) (LTV). In the tests, sodium sprays
were formed by directing sodium jets upward against an impact plate. Large
sydium drops were produced in the tests. A maximum pressure of ~0.27 atm in

5% oxygen was recorded “n the tests.

3.2 Single Sodium Drop Tests

Pichard et al.(s) performed stationary sodium drop burning experiments in
various oxygen concentrations, with initial droplet diameters of 1, 2, and 3 mm.

He found that the burning of the sodium drops follows essentialiy the "02

" law
that has been established for the combustion of hydrocarbon fuel droplets, i.e.,
the square of the droplet diameter decreases linearly with time during combustion.

Subsequently, Atomics International conducted both stationary and falling

drop tests in the Laboratory Drop Modeling (LDM) test apparatus.(]4) In the
stationary drop tests, the droplet burning rates for 6-7 mm droplets were
measured. In the falling drop tests, the distance at which the droplet reaches

full burning and the fraction of droplet mass burned in a 14.73 meter fall distance

were recorded.



4. MODELING OF SODIUM SPRAY FIRES

In this section, the physical models that are used in the NACOM code to

simulate combustion of a sodiui spray in a vesse! wi.' be discussed. The sodi-
um spray is formed by directing a sodium jet upward against an impact plate
situated at the top of the vessel. The spray contains numerous sodium drops.
Therefore, L% formulation of this sodium spray combustion problem must start
with formulation of the combustion of single sodium drc.le.s. It is a conven-
tional practice to derive the spray combustion rate by summing up all the burn-
ing rates of the individual droplets. The Spalding sinqle droplet vapor-phase
cambustion theory will be discussed first. Then thz modification factor for the
burning rate equation in forced convection experienced by a falling droplet will
be introduced. Subsequently, Section 4.3 will be devoted to the discussion of
the drag coefficient and solution to the equation of droplets' motion. With the
introduction of a drop size distribution the spray combustion will be formulated

in Section 4.5. Finally. che energy conservation equations for the walls and

the gas inside the vessel will be discussed in Section 4.6,

4.1 Combustion Model for a Spherical, Stationary Droplet

Figure 1 shows the combustion of a stationary droplet in its final stage,
i.e., steady state. The droplet is surrounded by a burning zone or flame zone.
The sodium vaporizing from the droplet surface diffuses toward the burning zone
fran the surroundings. Both sodium vapor an' oxygen burn instantaneously and
stoichiometrically in the burnin. zone. The he>t released by the combustion is

fed back to the droplet surface and contributes to the vaporization of the

sodium, thus sustaining the vapor-phase combustion.




In the conventional vapor-phase droplet combustion theory, it is often
assumed that a single stationary, spherical, burning droplet is surrounded by
a spherical, symmetrical burning zone. It is further assumed that all the fue!l
reaching the burning zone is burned instantaneously under steady state condi-
tions. It follows that the burningrate of the fuel is controlled by the rate
of evaporation of the liquid droplet, which, in turn, is determined by the rate
of heat tran<fer to the droplet.

The mass burning rate, ﬁ, of a droplet may be related to the rate of de-

crease in droplet size by

. d m 3
m=~3?(-6~00) (4.1)

where p is the density of the droplet, and N is the droplet diameter. Equation

(4.1) may be rewritten as

2 .
d(D 4m
y RIS S (4.2)

It has been shown in numerous hydrocarbon fuel drop combustion experiments that
the square of droplet diameter decreases linearly with time. The proportionality
d(0°)

constant, K, which is defined as K = - —é—f— , is termed the burning rate coef-
ficient or evaporation constant. Recently, Richard et al.(s) has experimentally
verified that the combustion of sodium droplets also follows the “DZ“ law. The
evaporation constant obtained by Richard et al. for three furnace temperatures

is shown in Fig. 2. It is seen from Fig. 2 that the evaporation constant is a
Tinear function of the oxygen mole fraction. The mass burning rate may therefore

be expressed in terms of K as

m = 2K g (4.3)

D™ = D1 - Kt (4.4)
is called the “02" law.

R T
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At present there are a number of quasi-steady-state vapor-phase drople:

2

combustion theories. In general, these theories follow the "D“" law. One of

the established theories proposed by Spalding(‘s) gives

--—8-!‘_.
ket .

= (1+8) (4.5)
p

where k is the gas mixture thermal conductivity, CP is the gas mixture heat

capacity, and the transfer number, B, is defined as

B

1 f HCY .
S CXRARE o o
g
Equation (4.5) hgs also been proposed at Atomics International during its early

stag: of medel development effort.

4.2 Combustion Model for a Free-Falling Droplet

To apply the precedinyg theory to a free-falling droplet, the effect of
forced convection on the droplet burning rate must be taken into account. The
forced convection will cause the flame to deviate from spherical symmetry and
increase the burning rate. It is very difficul* to analytically obtain the
droplet burning rate in forced convection. Therefore, most of the burning rate
expressions Tor falling droplets are either empirical or semi-empirical correla-
tions.

Both SPRAY and SOMIX assume that sodium droplets burn in the vapor phase
immediately after they appear at the ceiling. The preignition phcse of the
droplets has been ignored. In the preignition period, a coarse film (or scale)
of oxides is formed on the droplet surface by the surface oxidation process.
Heat generated by the oxidation process is fed back to the droplet surface more
easily than it is tre., /erred to the gaseous atmosphere. This results in a

rapid increase of the droplet temperature. Ignition of the droplet occurs




when the droplet ignition temperature is reached. A preignition oxidation model
has been developed by Tsai.(s) In the model, the Ranz-Marshall correlation was
used t) predict oxygen diffusion to the droplet surface. The oxidation of sodium
at the droplet surface will generate heat which is partly absorbed by the drop-
let and partly transferred to the cell gas. A governing equation was obtained

by making an energy balance on the droplet, which was then solved for time and
distance at thich the droplet is ignited to reach full burning. The cilculated
droplet fall distance to reach full burning as a function of droplet diameter

was found to be in good agreement with the LDM falling sodium drop test data.(a)
The sodium droplet burning rate during preignition may be obtained from the oxy-

gen flux and the stoichiometric ratio as

WCDdYn 1/2 1/3
My = ——gi— (2 + 0.6 Re S¢c ). (4.7)

After the droplet is ignited, the droplet is burned in the vapor phase.
The burning rate for a stationary droplet burning in the vapor phase may be ob-
tained from Equations (4.3) and (4.5). For a free-falling droplet, this burn-
ing rate should be modified by a multiplication factor that accounts for the
forced convection effect. It has been found by various investigators that,
on the basis of their experimental data, the droplet burning rate in forced con-

vecticn may be related to the stationary droplet burning rate by

=m (1 + c_,szel/2 Pr 1/3). (4.8)

e
The empirical constant Cf has been giv.n values ranging from 0.24 to 0.31 by
different investigators experimenting wi.h different fuels. In the present

analysis a value of 0.3 selected by Ranz and Marsha11(17) is used.

- 13 e




The reason for choosing this value is that it correlates very well the data on the
distance for a fallinq sodium drop to reach full burning during its preignition
phase.(s) Substituting Equations (4.3) and (4.5) into fquation (4.8), we have

e = ?-Ef D (14C,Re" prl/3) 1n (148). (4.9)

Agoston(la) used 0,31 and 0.22 as the values of the constant Cf for etnyl alcohol
and n-buty] alcohol droplets, respectively. The agreement between Equation (4.9)
with the chosen Cf values and experimental data is shown in Figs. 3 through 6.

An evaluation of physical properties that aprear in Equations (4.7) and
(4.9) is given in Appendix A.

4.3 Droplets' Motion

The equation of motion of an evaporating droplet differs from that of a
rigid sphere by a term which accounts for the inertial force contributed by the
mass flux effusiny fror ‘ 2 surface of the droplet. This affects the drag force
on the droplet. When vapor effuses from the droplet surface, the skin drag de-
creases due to the thickening of the momentum boundary layer. In addition, com-
bustion gases swept into the low pressure region within the wake of a burning
droplet also reduce the form drag.

Considerable cata on the steady-state drag coefficient for a rigid sphere
are available, but very little data on the drag coefficient for an accelerating
sphere exist. At high Reynolds numbers, it has been observed that flattening
o7 the droplets causes an increase of the drag coefficient.

Due to the lack of reliable data and correlations, the mechanisms discussed
above that affect the motion of a free-falling droplet will not be considered.

Instead, the drag coefficient for a rigid sphere(]) is used in the present model

of droplet motion, and may be written as

o X
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24 /Re Re < 0.1

2.6 + 23.71/Re 0.1 < Re<6
¢
18.5/Re” "5 6 < Re < 500
4/9  Re > 500. (4.10)

The equation of motion of a burning droplet may be written as

2
dt 40D (4.11)

Upon substitution of Equation (4.10) into Equation (4.11), the latter can be
integrated to yield Ves which can then be used in Equations (4.7) and (4.9) to
evaluate the falling droplet burning rates.

The Runge-Kutta method is used to solve Equation (4.11). The motion of the
droplets is divided into equal time intervals. To avoid numerical instability
at i-= beginning of droplets' motion, an asymptotic solution of Equation (4.7
at time zero is used in the initial phase of the motion, when the drag force is
less than one hundredth of the gravitational force. The asymptotic solution is

obtained from Equation (4.11) by letting Ve approach zero.

4.4 Drop Size Distribution

SPRAY uses a log-normal drop size distribution(1) to compute the surface
mean drop diameter from the volume mean drop diameter. The surface mean drop dia-
meter is then used to compute the droplet burning rate. The use of only one drop
size could lead to substantial error in computing the spray burning rate.(lg)

The log-normal drop size distribution used in SPRAY was first considered in

the present analysis. However, it was found that iy did not correlate with the drop

- 16 =




size distribution data obtained from Atomics International Jet Test MNo. 4 very
well. Later, the Nukiyama-Tanasama corre1ation(19)

correlate with the Al experimental data. The Nukiyama-Tanasama correlation

may be written as

6 .5
d, _(3.915) 2 o (_ 3.9txysn ) . (4.12)

Equation (4.12) s now used in the present version of NACOM. We note however
that the NACOM code is not restricted to the use of the Nukiyama-Tanasama

distribution. Other distributions can be accommodated.

4.5 Spray Combustion

The formulation of single droplet combustion is very straightforward.
However, for a spray of liquid droplets, the parameters that affect spray com-
bustion, such as the actual distribution of drop size, local number density of
droplets, local oxygen concentration, and interaction between droplets are gen-
erally unknown. Due to depletion of oxygen in the spray zone, the oxyaen concen-
tration within the spray zone is lowe* than that outside the spray zone. How-
ever, the gas temperature is higher inside the spray zone than outside the
spray zone because of heat released by combustion insidc the spray one. At
present, the combustion model adopted in the NACOM code does not consider the
variation of oxygen concentration over the spray zone. An average gas tempera-
ture is used in the code instead of assuming a temperature distribution over
the spray zone. It is further assumed that there are no interactions among
burning droplets, i.e., the combustion of each individual droplet in the spra.-
is not affected by its neightoring droplets. Under this assumption, the single
droplet combustion theory introduced in Sections 4.1 and 4.2 can be used to form

the basis of the present spray combustion theory.

was used, which seems to better



Consider sodium leaking with a mass flow rate m, (t) into a cell of height
H as shown in Fig. 7. It is assumed that the leaking sodium first impinges on
the ceiling and then rains down to form a spray. The spray '> assumed tc con-
sist of droplets obeying the Nukiyama-Tanasama drop size distribution. The
droplets will burn away their mass during descent with the burning rate of the
spray being the sum of the burning rates of all the droplets. There are two
methods to formulate the spray burning rate. One is the Eulerian method and
the other is the Lagrangian method. In the Eulerian method, a determination
is made of the total burning rate of all the droplets which occupy an elemental
volume in the spray zone at time t. A summation of all the contributions from
all the elemental volumes 1s made to obtain the spray burning rate. It is dif-
ficult to implement this method tc the present problem because the population
of a group of droplets having a specific size changes fram one elemental volume
to another as a result of droplets' combustion. To circumvent this difficulty,
the Lagrangian method keeps track of each group of droplets fram the ceiling to
the floor. The population of each size group is computed from the sodium leak
rat: and the Nukiyama-Tanasama size distribution. Since the method keeps track
of e'ery size yroup from its first appearance at the ceiling, ithe population
of each _roup will not change during its descent although its average size will
change beca.se of combustion. The averaye size of each group at the time of
interest is co outed fram the burning rate and its size at the last time step.

The spray bu ing rate is the sum of the burning rates of all the droplets,

namely,

m(t) =/D f me (D (Dys t75t), Ve (Dy,t7,t)) doN (4.13)
i
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dN is the number of droplets having diameters between D and D + dD, and hav-
ing elevations between z and z + dz at time t. These d2N dreplets are origi=-
nated from the ceiling at time t”, having initial diameters between Di and

Dj + dDj. Since the Lagrangian method is used to follow a specific size
group all the way from its appearance at the ceiling to the elevation zZ, the
population of the group ¢?N does not change with time until the whole yroup
is canpletely burned up. Therefore, 42N can be derived fram the sodium leak

rate and the drop size distribution as

m(t) dR

dzn o ] dn: dt” dD
| D

£ ”Di pNa

i (4.14)

Equation (4.14) can take any form of drop size distribution. When the Nuk iyama-

Tanasama correlation, Equation (4.12), is substituted into Equation (4.14), we

have

. 6
: 5 )
2. m(t7) 3.015 Y D 3.9150, §
d°N = 5 ) e O " 1 )dtdp,. (4.15)

The drop size D at time t can be computed from Equation (4.1) and the burning
rate at the la.c time step. The velocity of a droplet at time t, which is
needed to compute the burning rate ﬁf, 1s obtained from the solutions of
Equation (4.11).

During the preignitica period, the preignition oxidation model, namely,
Equation (4.7}, 1s used to canpute rhe burning rate iig. After the droplets
reach full burning, the vapor-phase burning rate expression, namely, Equation
(4.9) is used. At any instant the distances to reach full burning are com-
puted for different drop sizes usii. the method described in Reference 6 with

the additional consideration of heat transfer from the droplet to the gas.
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To evaluate Equations (4.13) and (4.15) numerically, a constant time step,

“t”, and a constant range of drop size, aD;, are selected. The range of inte-
gration with respect to drop size is chosen by detemmining the largest and
smallest drop sizes. The largest and smailest group sizes, Dgax and Dgip,

are detemined by equating the total volumes of droplets in the two groups to 1%

|
of the volume of the mean size group, i.e., g%- = %%- = 0.01 g% 5

’Dsomax D=Dlmin 'D=D.
The droplets between the groups which have the largest and smallest average drop
sizes are divided into eleven groups. The integration is then apprcximated by
the sum of the burning rates of all groups locating at differeni elevations,

i.e.,
';'s =;§: r}uf AN” (4.16)

where the i summation sums over all the size groups and the j summation over all

the elemental volumes inside the spray zone.

4.6 Heat Transfer

4.6.1 Heat Transfer to the Gas

The combustion of the sodium spray will release heat of combustion to the
surrounding gas. In the case of low oxygen concentrations in which canbustion
is insignificant the sodium spray will transfer its sensible heat to the gas.
When the spray is in vapor-phase cambustion, it transfers part of the heat of
combustion to the droplet surface to vaporize sodium and the remaining part of
the heat to the surrounding gas. When sensible heat transfer is the damninant
inode of heat transfer in low oxygen environments, the spray transfers heat to

the gas simply by decreasing its temperature.
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During the preignition period, the rate of heat transfer from a sodium
droplet to the gas may be evaluated from the Ranz-Marshall correlation(17) as

1

ag K(2+0.6Re?Pr7) (T - T). (4.17)

After the droplets are ignited, the droplets are burning in the vapor-phase.

The heat of combustion is the primary heat source. Part of the heat of combus-

tion is fed back to the droplet surface and the reamaining part is transferred to
the gas. Therefore, the rate of heat transfer from a burning droplet to the gas
may be written as

1
3

. 2k
9 Cp

D (1+0.3Re® Pre) (H_ - he,)

. &n (14B). (4.18)

q

In Equation (4.18), it has been assumed that heat transfer inside the droplet is
negligible. This assumption has been supported by experimental observations
that the droplet is at the boiling point during most of its vapor-phase cambus-
tion period.

The heat transfer fram a sodium spray to the surrounding gas is the sum of
the total heat transferred from the droplets to the gas. Therefore, the total

heat transfer rate from the spray to the surrounding gas may be written as

0 =/fqg N . (4.19)

Similarly, Equation (4.19) can be approximated by the summation of qg's over

all the size groups and elemental volumes, namely

0, ,};zj: 9 Ny - (4.20)
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4.6.2 Heat Transfer to the Walls

Heat transfer from the gas to the walls of a containment cell depends on
the gas and wall temperatures and gas circulation inside the cell. To detemnine
the gas circulation flow field, one has to solve a set of conservation equations
including the momentum, energy and mass transport equations. In typical sodium
spray fires, the spray duration is usually very short. During this short period
of time, heat transfer to the walls is insignificant in most cases. Since the
gas circulation has an effect on heat transfer to the walls only, it was decided
to use an empirical value for the heat transfer coefficient rather than resort
to elaborate numerical schemes for solving the conservation equations.

The heat transfer rate at the walls may be expressed in tems of the heat

transfer coefficient as

Qw =hA (Tg - Tw). (4.21)

The value of h for typical contaimment cell walls is 0.000054 cal/ci.s

(1 Btu/ft2 sec) as proposed by Shire.(zo)

4.6.3 Heat Balance on the Gas

Heat transfer from the droplets to the cell gas will increase the gas tem-
perature and pressure. The gas temperature inside the spray zone will be higher
than that outside the spray zone. A knowledge of the average gas temperature is
adequate for detemmining the cell pressure rise and only one average yas temper-
ature is therefore used in the present model. Conservation of energy dictates
that the increase of the internal energy of the gas must be equal to the net
heat transfer to the gas. The energy equation for the cell gas may be written

as

a7
"gvig gl= Q- 0, (4.22)
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where mg is the total mass of the gas inside the contaimment cell, Cv,y is
the specific heat of the gas at constant volume. Assuming that the gas is an
ideal gas, the gas pressure may be evaluated fram the ideal gas law

PeCRT, . (4.23)
The molar density decreases with time because of oxygen consumption. The oxygen
consumpt ion rate is canputed fram the droplet mass burning rate. Then the oxy-
gen mole fraction and the molar number of oxygen are, in turn, obtained from the
oxygen consumption rate at the last time step. The molar density is then com-
puted from the total molar number of the gas mixture.

4.6.4 Heat Balance on the Walls

Heat transfer to the walls is primarily due to convective heat transfer
fran the gas to the walls and th2refore only convective heat transfer is consid-
| ered. In application to LMFBR containment cells, it is reasonable to assume
that the wall temperature, T,, is uniform and all Lhe outer walls of the cells |
are thermally insulated. Under these assumptions, the energy equation for the
walls becames
dTw
mwcv,w i - Qw (4.24)

vhere m, is the total mass of the walls, and Cy , is the specific heat of |

the walls.
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5. THE NACOM COMPUTER PROGRAM

Using the physical nodels described in the previous sections, the NACOM
computer program has been developed to simulate sodium spray fires postulated
to occur in LMFBR contaimment cells. NACOM performs calculations of the single
droplet and spray burning rates, heat transfer from the spray to the gas and
heat transfer from the gas to the walls. The code calculates the gas and wall
temperature rises, gas pressure, oxygen mole fractions, spray burning rate, etc.
The program is written in the FORTRAN language for use on the CDC 7600/6600
computer system. The entire listing of the code is given in Appendix D. In
this section, the code structure along with the input and output formats will be

discussed.

5.1 Code Structure

The code consists of the NACOM main program, the MOTION, RATES and BALANCE
subroutines, and the CD function subprogram. The main program reads input data,
initializes constants, camputes drop size distribution, and prints outputs. The
MOTION, RATES and BALANCE subroutines perform droplet dynamic, combustion, and
heat and mass transfer calculations, respectively. They are called by the main
program. The CD function subprogram calculates the drag coefficient. In the
following discussion, flow charts will be used to illustrate the camputaticnal
procedures in each component of the code.

5.1.1 Main Program NACOM

The main program is the primary controlling program. [t reads input data,
initializes constants, computes drop size distribution, and prints outputs. Two
options are available for reading sodium leak rate data. One is to use average
sodium leak rate, where IP must be set to zero. The other is to use the vari-

able leak rate table. There are also two output printing options. One is to

] .
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print out detailed combustion and heat transfer information and the other is

to omit it completely. More detailed output discussion will be given in

Section 5.3. The MOTION, RATES and BALANCE subroutines are called by the main
program to perform droplet dynamic, combustion, and heat and mass transfer calcu-
lations. The flow chart for the main program is given in Fig. 8.

5.1.2 Subroutine MOTION

This subroutine is designed to perform droplet dynamic calculations. The
Runge-Kutta method is used to solve the droplets' equation of motion. .e
velocity and distance travelled by a falling droplet are computed at discrete
times t for eleven initial drop sizes. For convenience, a constant time step At
is adopted, which can be adjusted by specifying a value for the time step re-
duction parameter, X. Because of high acceleration at the start of droplet
motion, a large time step may lead to numerical instability. A time step re-
duction parameter of 2 is recommended as a result of compromise between accuracy
and computer time. To avoid numerical instabilii.y, an asymptotic solution of
the equation of droplets' motion is obtained for the initial stage of the motion.
The subroutine flow chart is given in Fig. §.

5.1.3 Function CD

The function CD uses the Reynolds number from the MOTION subroutine to
calculate the drag coefficient, which is then fed back to the subroutine to
compute the drag experienced by a sodium droplet falling in a gas stream.
The flow chart for the function CD is given in Fig. 10.

5.1.4 Subroutine RATES

This subroutine computes the spray burning rate, heat released by the
spray combustion, heat transferred to the droplets, and heat transferred to the
gas from the spray. The number of drops in a specific size group, created in

a At spray duration, is first computed using the volume fraction of the group
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and the sodium leak rate. The average drop size, elevation, velocity, and burn-
ing rate of the group are then computed. Heat released by droplet combustion,
and heat transferred to the droplet surface and the gas are, in turn, camputed
frem the burning rate. The spray burning rate and heat transferred from the
spray to the gas are simply the sum of the contributions fram all the burning
droplets. Finally, the drop size, number of drops and droplet temperature of
each group are recomputeu at the next time step. The flow chart for the subrou-
tine RATES is given in Fig. 11.

5.1.5 Subroutine BALANCE

This subroutine does heat and mass balances. The gas and oxygen molar num-
bers at the next time step are canputed fram the amount of oxygen consumed with-
in the present time step. The oxygen mole fraction at the next time step is
then camputed from the gac and oxygen molar numbers. The gyas and wall tempera-
ture rises at this time step are computed from the heat transfer rates, which

are input fram the RATES subroutines. The flow chart for the subroutine BALAWCE

is shown in Fig. 12.

5.2 Input Data Format

The first card in the input deck is the title card. The title of the case
run starts from the second column and less than 70 characters are allowed. The
first column is set to 1 for detailed cambustion and heat transfer data outputs.

The following data cards are read subsequently in the main program.
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Card No. Symbol Columns Format Definition
2 ALl 1-12 F12.4 Total cell wall area (mz)
2 H 13-24 Fl12.4 Cell height (m)
2 VoL 25-36 Fl12.4 Cell volume (m3)
2 DME 37-48 F12.4 Volume .ean droplet diameter (cm)
2 FNA 49-60 F12.4 Mean sodium leak rate (g/s)
2 TSI 61-72 F12.4 Initial sodium temperature (°C)
3 Pl 1-12 Fl2.4 Initial cell gas pressure (atm)
3 TG 13-24 F12.4 Initial cell gas temperature (°C)
3 YOI 25-36 Fl12.4 Initial oxygen mole fraction
3 TMAX 37-48 Fl2.4 Maximum problem time (s)
3 TEND 49-60 F12.4 Spray duration (s)
3 X 61-72 Fl12.4 Time step reduction parameter
4 NA202 1-12 F12.4 Fraction of peroxide in the
reaction products
4 CPS 13-24 F12.4 Product of wall specific heat
density and thickness (cal/cm2°K)
NPRT 25-56 112 Print interval
P 37-48 112 Number of pairs of data used

in the leak rate table (<40)

Card No. 4 is followed by the following leak rate table, which is optional.

Leak Rate Table

Time (s) .eak Rate (g/s)

Card No. (Columns 1-12) (Columns 13-24)
5 TL(1) AML(1)
6 TL(2) AML(2)
P+ 4 TL(IP) AML(IP)

The data deck prepared according to the input data format described above will

have the following outlook:
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Card No.

1 Title Card

2 ALI H VOL DME FNA TSI
3 PI TGI YOI TMAX TEND X
R NA202 CPS NPRT Ip

5 TL(1) AML(1)

00 a s 12

IP + 4 TL(IP) AML(IP)

5.3 Output Data Format

Flexibility has been considered in the code output. The print interval can
be adjusted to suit specific need by adjusting the parameter NPRT. The option
of printing the detailed combustion and heat transfer information is available.
A sample probelm output is given in Appendix C. The printout appears in the
following order:

1) The title of the case run

2) Input Listing

A1l the data used for the input parameters are printed out.

3) Leak Rate Table

The variable leak rates at discrete times are printed out.

4) Droplets' Motion

The solutions to the equation of droolets' motion, namely, distance
travelled and droplet velocity at discrete times for each size group
are printed out.

5) Volume Fraction of Spray

The volume fraction of the spray per unit dizmeter for each size

group is printed out.
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6) Detailed "ombustion and Heat Transfer Information (Optional)

This option prints out the drop size, drop population, droplet tempera-
ture, Reynolds number, burning rates and he:zt transfer rates for each
size group. Also printed out are the spray burning rate and the total
heat transfer rate to the gas. The printout of these parameters is
recuested by assigning numeral "1" to the first column of the title

cz

7) Thermal Transient

The cell pressure rise, gus temperature, wall temperature, oxygen mole
fraction, spray burning rate, etc. are printed in a specified time
interval.

Output Parameters

The definitions and units used for the output parameters are given below:
I = Size group number
DI = Initial diameter of size group i (cm)
TF = Droplet travelling time (s)
Z = Distance travelled by a droplet at time TF (cm)
VF = Droplet velocity at time TF (cm/s)
RD = Jolume fraction of sodium spray per unit diameter, occupied by droplets in a
size group (em™)
TIME = Time elapsed (s)
P = Cell pressure rise (atm)
TG = Average cell gas temperature (°C)
™ = Cell wall temperature (°C)
| YOC = Oxygen mole fraction
BRS = Sodium spray burning rate (g/s)
SBR

Total amount of sodium burned (g)
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) = Rate of heat transfer from sodium spray to gas (cal/s)
SQ = Total amount of heat transfer from sodium spray to gas (cal)
oW = Rate of heat transfer from gas to walls (cal/s)

SQW = Total amount of heat transfer from gas to walls (cal)

MOLO = Molar number of oxygen (g-mole)

MOLG = Molar number of gas (g-mole)

SML = Total amount of sodium leakage (q)

There are also optional printout of combustion and heat transfer data. The defi-
nitions of these output parameters are given below:

D = Instantaneous droplet diameter (cm)

DN = Number of droplets in a size group

TS = Droplet temperature (°C)

RE = Droplet Reynolds number

BRF = Falling droplet burning rate (g/s)

QIN = Rate of heat transfer to droplet (cal/s)

Qc = Single droplet combustion heat release rate (cal/s)

QG = Rate of heat transfer from droplet to gas (cal/s)
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6. VALIDATION OF THE NACOM CODE

In order to ensure that the code adequately predicts pressure and temperature
rises resulting from sodium spray fires, validation of the physical models employed
is required. Specifically, the models describing droplets' motion and the droplet

combustion will be compared to Al experimental data.

6.1 Validation of the Model Describing Droplets' Motion

A determination of the adequacy of data on droplet velocities is crucial to
the accurate determination of droplet burning rates. The droplet velocitics are
obtained by solving the droplets' equation of motion, namely, Equation (4.11). The
single droplet burning tests(zz) conducted at Al may be used for validation pur-
poses. In these tests, the final velocities of sodium droplets with diameters
ranging from 1.5 to 7 mm were measured. A case was run with NACOM to simulate the
falling of sodium droplets through a distance of 14,73 m in the test vessel. Within
this distance, the sodium droplets will all reach their terminal velocities. The
final velocities measured in the tests are shown in Fig. 13 together with the NACOM
and SPRAY-3A(2) predictions. Figure 13 shows that the final velocities predicted
by both NACOM and SPRAY-3A are in good agreement with the test data for droplets
larger than 4 mm. However, for small drops both NACOM and SPRAY-3A predictions of
final velocities are below the test data, with the NACOM predictions a little closer
to the experimental values. The discrepancy between the calculated and experi-
mental values is due to the fact that the effect of droplet burning on the drag
coefficient has not been adequately taken into account. The effect is to decrease

the drag coefficient and hence increase the final velocity of the droplet.
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6.2 Validation of Single Droplet Combustion Model

The single droplet combustion model is the basis for the formulation of
spray combustion. ' - m~4el becomes important in high oxygen concentrations.
Therefore, it is ne . sary to validate the model ir an air atmosphere. The
single droplet burning tests(zz) ir air conducted at Atomics International can
be used for validation purposes. In the tests, the droplets were released
from the top of the test vessel, and the masses of droplets at the 14.73 meter
distance from the top were measured. The diameters of the droplets used in the
tests were from 1.5 to 7 mm, The NACOM calculation of the case discussed in
the preceding section gives the final masses of the droplets at the 14.73 meter
distance. The fraction of droplet mass buraed is then computed from the initial
and final masses of a droplet. The measured fraction of droplet mass burned
is shown in Fig. 14 together with the NACOM and SPRAY-3A(2) predictions. The
fraction of droplet mass burned decreases linearly for droplets larger t:an
0.3 cm. For droplet diameters less than 0.2 cm, the ' -action of droplet burned
is close to one that means that droplets smaller than 0.2 cm will be totally
burned in the 14.73 meter travelling distance. AI attempted to correlate its
data by drawing a straight line throygh the data points for large drops. How-
ever, the linear relationship no longer holds for droplets smaller than 0.3 cm.
The NACOM prediction compares well with the experimental data while SPRAY-3A
underpredicts the fraction of droplet burned. The largest discrepancy is partly
due to the underprediction of droplet velocities by SPRAY-3A and partly due
to the inaccurate single drop combustion model used in the code.

6.3 Code Validation by LTV Jet Tests

Atomics International has conducted a number of sodium spray dispersal tests
in the Large Test Vessel, 7.62 m (25 ft) high by 3.05 m (10 ft) diameter. A

2.54 em nozzle was centered on top of the vessel with its open end 11.43 cm
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below the stainless steel impact plate as shown in Fig. 15. Sodium eje:ted from
the nozzle at velocities 3 to 6 m/s was directed upward to impinge on th: impact
plate. The sodium moved radially on the plate and then rained down forming a
sodium spray. The sodium spray contained droplets of mean droplet diameters
ranging from 0.37 to 0.53 cm. The tests were conducted in atmospheres contain-
ing 0-21% oxygen.

To date, seven LTV Jet Tests have been performed. A summary of the LTV
Jet Tests(21’22’23) is given in Table 1. It should be noted that test data ob-
tained from Tests No. 1 and No. 2 are incomplete. In these two tests, the mean
droplet diameters and resulting oxygen depletion were not recorded. To simulate
these two tests with NACOM, the mean droplet diameters produced in the tests are
needed as input parameters. To overcome the difficulty, estimated mean droplet
diameters are used in the simulations. In Jet Tests No. 3 through No. 8, the
monoxide-peroxide ratio in the reaction preducts was not measured. According
to Al STV test resu]ts(lz), in Tow oxygen environments, the primary reaction
product is sodium monoxide. Consequently, NACOM simulation of Jet Tests No. 3
through No. & will assume 100% NaZO2 in the reaction products.

The summary of NACOM simulations of Al Jet Tests is shown in Table 2. In
Table 2, the calculational results and experimental data on the maximum pressure
rise, oxygen consumed, and sodium consumed for seven LTV Jet Tests are compared.
It is seen t' . NACOM has better predictions of the maximum pressure rise than
SPRAY-3A except for Jet Tests No. 3 and No. 8. In 21% oxygen, NACOM predicts higher
burning rates and hence NACOM is more conservative than SPRAY-3A in terms of the
pressure rise.

For more detailed information on the NACOM calculational results for the

LTV Jet Tests, see Appendix B.
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Table 1.

LTV Sodium Jet Test Summary

1 2 3 4 6 7 8
Initial Oxygen Concentration (Vol %) 21 21 5.5 0 4.8 0.8 0.8
Initial Gas Temperature (°C) 23.9 23.9 20 23.9 23.9 23.9 23.9
Initial Gas Pressure (atm, gauge) 0.099 0.099 0.099 0.099 0.099
Ambient Pressure (atm) 0.97 | 0.97 | o097 ]o0.97 | 0.97 | 0.97 | 0.97
Initial Humidity (ppm vol) |00 8000 4400 440r 530 1100 48
Sodium D{lygvﬁressure (atm) 17 20.7 r.s3 0.83 0.83 0.83
Initial Sodium Temperature (°C) 538 538/593 532 532 529 538 538
Sodium Jet Velocity (m/s) 18,2 30.5 5.88 3.08 3.23 2.68 3.02
Sodium Release (kg) 1.72 |2.40/2.45]| 4.08 5.62 5.58 2.36 2.72
A Resulting Pressure Rise (atm) ' 0.22 0.8 0.053 0.039 0.29 0.046 0.033
Resulting Oxygen Depletion ‘vol %) 0 0 0.7 0 0
Strike Plate Temperature (°C) | | 1093 471 604 443 449
Sodium Drop Temperature at Floor (°C) 67 |527/116 | 316/82
Final Humidity (ppm yg]) mdm____m-A~W__+A§§QO 85 66 90
Fallout Mean Size ,um) 0.18 0.21 0.1€ 0.145 0.145
Reaction Products (% Nazpzzi 100 | 91-96
Burning Efficiency 0.26 0.66
Peak Aerosol Concentration (um Na,0/cc) 17.1 0.1 0.13 4.8 0.18 0.07
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7. SUMMARY AND CONCLUSIONS

The NACOM code has been developed to simulate sodium spray fires that are
postulated to occur in LMFBR equipment cells. NACOM performs droplet dynamic,
combustion, and heat and mass transfer calculations. The code calculates the gas
pressure, gas and wall temperatures, oxygen mole fraction, spray burning rate, &¢nd
heat transfer rates. The -ode computes the spray burning rate from the single
droplet burning rates. The single droplet burning rates are, in turn, predicted
by the Tsai(s) preignition oxidation model and the Spa]ding(15) vapor-phase com-
bustion theory. In arriving at the spray burning rate, no adjustable parameters
such as those used in SPRAY are utilized to fit spray fire experimental data. In
contrast, SPRAY uses two adjustable parameters whose values are determined by curve
fitting of A1 experimental data. Consequentiy, NACOM is more reliabie than SPRAY
when applied to large-scale spray fires in LMFBR equipment cells and containment
building. :

The code has been \2rified by comparison with the Al single droplet burning
tests. The droplet final velocities predicted by the code agrec well with the Al
experimental data and are somewhat better than those predicted by SPRAY-3A at small
droplet diameters. The fraction of droplet mass burned predicted by NACOM for fall-
ing droplets has bean found to be in good agreement with the Al experimental data
while it is underpredicted by SPRAY-3A.

Further experimental verification of the code is provided by the NACOM simu-
lation of the LTV Jet Tests. The NACOM predictions of the pressure rise are more
accurate than the SPRAY-3A predictions in most cases. It appears that NACOM is
more conservative than SPRAY-3A in terms of the pressure rise because SPRAY-3A
underpredicts ihe single droplet burning rate. The code has been verified for
oxygen concentrations ranging from 0 to 21%. Therefore, the code is applicable
to sodium spray fires in the secondary sodium system as well as the primary sodium

system of an LMFBR.
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APPENDIX A
THE PHYSICAL PROPERTIES

The transport properties of the gas mixture surrounding a sodium droplet
vary substantially with the gas composition and the gas temperature. An accurate
determination of the properties is difficult because the gas composition and the
gas temperature vary considerably from the aroplet surface to the burning zone
and from the burning zone to the surroundings. Therefore, mean values of the
transport properties must be used. In the code, the arithmetic mean of the drop-
let temperature and the gas temperature is used tc .ompute the transport proper-
ties of the gas mixture. The variation of the transport properties with the gas
composition is less pronounced. It is a good approximation to assume that the
gas is 100% N2 in the evaluation of the transport properties since the gas mix-
ture is predominantly nitrogen.

For the droplets' motion, however, the oncoming nroperties of the gas
stream are used, which were found to be in better agreement with experimental
data.

In the code, the phycical properties are considered as functions of tem-
perature and pressure only. The following formulas are used to compute the
plysical properties. In the formulas, the unit of temperature T is °k and the

unit of pressure P is atmosphere.

Nitrogen

Spe.ific heat (cal/g-X)

C, = 0.2316 + 4.61 x 1071

i -olute viscosity (q/cm*s)

-6,0.66

u=42x10"T7
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Thermal conduct? 'ty (cal/em-s+K)

k = 1.05 x 107670.71852

Mass Transfer

Np=0, binary diffusion coefficient (cn’/s)

1.645
D=1.849 x 1070 T

p
Product of molar density and binary diffusion coefficient (g-mole/cm-s)

CD = 2.25 x 10° 70543

Sodium
Density of the liquid (a/cm’)
o = 0.949 - 2.23 x 10°4(1-273) - 1.75 x 1078 (1-273)°
Specific heat of the liquid (cal/g-K)
Cp = 0.38328 - 1.3868 X 10™* (T-273) + 1.1084 x 1077 (T1-273)°
The heat of combustion Hc and the stoichiometric ratio i depend on the com-
position of the reaction products. When the fraction of Nazoz present in the
reaction products, f, is known, the fraction of unit mass of sodium that reacts

with oxygen to form Nazo2 is

S = 1.3478¢/(1.6957 - 0.3479f)
The heat of combustion may be expressed in terms of S as
Hc = 2195 (1-S) + 2500 S (cal/qg)

and the stoichiometric ratio may be written as

5 1-§ g of 0,
{ = + oSy
1.4375 7.87% g of Na )



APPENDIX B
NACOM SIMULATION OF LTV JET TESTS

B.1 Jet Test No. 1

In this test, 1.72 Kg of sodium at 532°C were injected at 15.2 m/s into a
21% oxygen atmosphere. Since the mean droplet diameter was not measured, a mean
droplet diameter of 2 mm, estimated by Shi‘.(z) using a correlation of jet veloc-
ity and drop size, was used in *°e NACOM simulation of the test.

The NACOM calculational results for ~he test are shown in Figs. 16 and 17.
It is seen from Fig. 16 that a maximum pressure rise of 0.23 atm is reached at
2.2 .aconds. The NACOM prediction of the maximum pressure rise is about 5%
higher than the experimental value, while the SPRAY-3A prediction is about 9%
lower. The NACOM-calculated maximum gas temperature is 88°C. The NACOM-predicted
burning efficiency {amount of sodium consumed/amount of sodium leaked) is 41% which
is about 57% higher than the experimental value. The discrepancy may be due to
the inaccurate estimate of the mean droplet diameter.

B.2 Jet Test Mo. 2

In this test, 2.4 kg of sodium at 532°C were injected at 30.5 m/s into a
(2)

217 oxygen atmosphere. An estimated mean droplet diameter of 1 mm was used
in the NACOM analysis of this test.

The calculated cell pressure rise and gas temperature are shown in Figs. 18
and 19, respectively. The calculated maximum pressure rise is 0.68 atm at 2.2
seconds as compared to the experimentaliy observed maximum pressure rise of 0.8 atm
at 2 seconds. The calculated maximum ga: temperature is 214°C, A burning effi-
ciency of 85% is predicted, which is about 29% higher than the experimental result.
The SPRAY-3A predicts a lower burning efficiency and hence a lower pressure rise.

It appears that NACOM is more conservative than SPRAY-3A in an 2 r atmosphere,

because NACOM has a higher single droplet burning rate.
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B.3 Jet Test No. 3

4.08 kg of sodium at 532°C were injected into a 1.5% oxygen atmosphere at
5.88 m/s over a 2.7 second period. The measured mean droplet diameter was 0.457 cm.
The pressure rise and gas temperature predicted by NACOM are shown in Figs. 20
and 21, respectively. The pressure reaches its peak of 0.043 atm at 4 seconds.
The maximum pressure rise predicted by NACOM is about 16% lower than the observed
value and is about the same as that predicted by SPRAY-3A. The low pressure rise
predicted is mainly due to high humidity (0.8%) in the atmosphere since the water
vapor is almost consumed after the test. The NACOM prediction of the maximum gas

temperature is 30°C. compared with the experimertal value of 33°¢.

B.4 Jet Test No. 4

In this test, 5.62 kg of sodium at 532°C were injected into a zero oxygen
atmosphere at 3.08m/s over a 5.7 second period. The measured mean droplet diameter
was 0.533 cm. The NACOM calculational results for this test are shown in Figs. 22
and 23. The maximum pressure rise predicted by NACOM is 0.041 atm reached at 6.6
seconds, compared with the measured value and SPRAY-3A prediction of 0.04 atm and
0.045 atm, respectively. This shows that the heat transfer models used in NACOM
are better than those used in SPRAY-3A. The NACOM prediction of the maximum gas

temperature is 35°C, which is the same as the experimental value.

2.5 Jet Test No. &

In this test, 5.58 kg of sodium at 529°C were injected iato a 4.8% 0,
atmosphere at 3.23 m/s over a three second period. The measured mean droplet
diameter was 0,406 cm. The MACOM calculational results for this test are shown
in Figs. 24 and 25. The maximum pressure rise predicted by NACOM is 0.11 atm
reached at 6.2 seconds, compared with the measured value of 0.29 atm and SPRAY-3A

prediction of 0.10 atm. The large discrepancy between experiment and predictions
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is because the effect of water vapor on sodium burning is very pronounced in
this test. The effect has not been considered in the present version of the
NACOM code. The sodium injection resulted in 0.7% oxygen consumption, compared
with the NACOM and SPRAY -3A predictions of 0.12% and 0.04%, respectively. The
maximum gas temperature predicted by NACOM is 54°C, compared with the experi-
mental value of 103°C.

B.6 Jet Test No. 7

In this test, 2.36 kg of sodium at 538°C were injected into a 0.8% 0, atmo-
sphere at 2.68 m/s over a 3.3 second period. The measured mean croplet diameter
was 0.356 cm. The NACOM calculational results for this test are shown in Figs.
26 and 27. The maximum pressure rise predicted by NACOM is 0.03 atm which is
about 38% lower than the experimental value. Again, in this test water vapor
plays an important role in increasing sodium burning rate and hence increasing
pressure rise. The maximum gas temperature predicted by NACOM is 32°C, compared
with the experimental value of 37°C.

B.7 Jet Test No. 8

In this test, 2.72 kg of sodium at 538°C were injected into a 0.8% 0, atmo-
sphere at 3.02 m/s cver a 3.3 second period. The measured mean droplet diameter
was 0.369 cm. The NACOM calculational results for this test are shown in Figs.

28 and 29, NACOM predicts a maximum pressure rise of 0.043 atm at 4.8 seconds
while SPRAY-3A predicts a maximum pressure rise of 0.038 atm. In comparison, the
measured maximum pressure rise is 0.03% atm. This test is essentially the same

as Jet Test No. 7 except that the amount of sodium injected is higher and humidity
is lower in this test. The lower humidity leads to lower pressure rise observed
in this test even though the amount of sodium injected is higher in this test.

The maximum gas t mnerature predicted by NACOM is 36°C, which is 12% higher than

the experimental value.
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APPENDIX C

SAMPLE PROBLEM
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A detailed description of the code structure, and the input and output
formats is given in the previous sections. For illustrative purposes, a sample
problem :i11 be solved by use of the NACOM code. The problem selected for these
purposes is Al Jet Test No. 8(21) in the Large Test Vessel (LTV). In this test,
2.7 kg of 538°C sodium were injected into the LTV filled with 0.8% 0,. The LTV
is a right circular cylinder, 9.14 m long and 3.05 m in diameter. The measured
volume mean diameter of the droplets is 0.369 cm.

The input data deck for this sample problem is given as follows.
0 Al JET TEST NO.8-SODIUM SPRAY IN LTV.

93.5863 7.62 62.2971 € »9 824.6 537.8
.07 23.9 0.008 L. 3.9 2.
0.586 25 8

1556.8
1354.3
1183.4
1107.5
1069.5
601.2

1
0
0
0
| R
1
2
2
3
3 0.

£ O O O ;v O W

The first column in the title card has been set to zero for the option of
omitting the detailed combustion and heat transfer outputs. These outputs can be
obtained by setting the first column to one. The c~de outputs for this sample
problem are given on the following page. The major output parameters of interest
are the pressure rise, gas and wall temperatures, oxygen mole fraction, and spray
burning rate. The histories of these output parameters are shown ir Fig. 28

through 32.
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Figure 30. Sample Problem Output - NACOM
Prediction of Wall Temperature History for
LTV Jet Test No. 8
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Figure 31. Sample Problem Output - NACOM
Prediction of Spray Burning Rate for LIV
Jet Test No. 8
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POOR ORIGINAL

NACOM 1S A COMPUTER PROGHAM wHICH SIMULATES SODIuM SERAY FIRES
IN LMFHi CONTAINMENT CELLS AS & RESULT OF POSTULATELY PIPE RUPTURES,

PROGARAM NACO(INPUTOUTPUT)

OoOO0OnN0n

DIMENSION TITLE(7)eNLL2)

COMMON /NMRRZDT MOLN MOLGsRe TOVILLYOC

COMMON /NMRZUCTL) oFtiAen] o I0UIT(1])

COMMOl /NHHZATIHRS Pl

COMMON NRZbkgAML (#0) oReDUC110600) sDM (1196001 4NN(119600) 9HCy
IHFGIP 10 NeNPRT AN (11) oSHLeToTRITEND o TL(S0) o TS(114600)47S1
COMMON /MMILME org b ] o kUL

COMMON ZNi/al 1eCPSeGneTw

HFAL nNAZOF

REAL MOLDWMLLG

DATA W/KE2,056/4rmF /100547

REAC 364,I0,TITLE

READ INPUT DATZ,

(2 Ral

REAL 37¢ALL1obaVOL oOMESFNALTS]
WEAL 374PlalCloaYOleTMARGTEND X
READ 37 «NAZ2C2+CPSnPRTIP

IF(IP.EQ. D) GO TO 47
U0 6 I=l.IP
46 READ G0oTL(I)eAML(T)
47 PRINT 4] TITLF
PRINT &2
PHINT & 3eALToMoVOLODME oFNASTST o T oTGIa YOI 9 THAKe TEND X
1NAZCZ +CPSeNERT W IP
IFLIPLEQL0) 0D TO 85

| PRINT &)

| DO %2 l=l,1¥F

| §2 PRINY S3.TL(1)eAMLID)

| S8 NTsN,01eX

| ALTSALT®10000,

HER®]100,

’ yOLsvOLe1NQO000,
1=iGle273,

| TR=1154,

} PPl
YOC=YO]

I Twelh

’ T=0.,

N=

' SRR=0,
SG=0,
SOw=0,
SML=n0,

l S2].364TRONAZD2/ (] ,695T=0,364T79%NA202)
HES (] ,=8)#2]196,55%2500,
Al1=2S/1,637%+(1,=5)/72,878

i RHOL®0,9492,23E=4015] =1, I5E=bTS w07
As3.14156/6,8RH0L

' [M=TMAX /DT

|

|

|

|

|

|

|

I

|

|

l

l

!

|

l

c
g SELECTION OF DROP SIZES,

DO 200 L=1+2
IF(LJEG,]1) DLI1)=DME®SG,
IF(L,EG,2) UL(2)=NME/s,
00 201 M=],20




L (aBaRal

ABZEXP (3,915%(1,=0L (L) /NNME))
Fa(UL(L)/NME)ee50aneD,U]
X'(’-LT.I.E-") 62 ™ 200
FPe (5,8 L (L)®es/DME®®Se (DL (L) /UME) we563,515/0ME) *AB
201 DL(L)sDL (L)=F/FP
200 CONTINUE
10sl0
IND=IDe 1
HI=s(DL(1)=DL(2)) /1D
DO 120 Isls100
120 Ditll=(l=])®KleD (?)

CALL MOTIUN
PO llu I=lelDN
JJslI(1)

COMPUTE DROP SIZF NISTRIAUTION,

AN(II=(3,9]18/NME jeephel (1) 0e5/120.8FXP (=3,915eD (1) /7DME)

DO 110 J=ledJd
TStled)s0,
DN( I.J) .00
DMiled)=0,

110 oD(ledy =0,
PRINT 130
PRINT 1004(RDII)el=14100)
DO &5 [slel™
T=T«DT
NENe]
IF(NJLT NPHT) GO TO 300
p“x'IT “U . T

300 CALL RATES
CALL MALANCE
CSRN=SRR«ARSeDT
SGaSQeonT
SOWESQweGwel T
Pp‘lp.pl
1662TG=273,
TuwzTwe273,
IF(N,LT NPRT) GO TO 45
PRINT S0 PP TG TWwwy YO C oBPS e SHR s U9 SQeAWe SUWeMOLOWMOLG e SML
=0

45 CONTINUE

36 FORMAT(I1,7210)

37 FORMAT (&F ] Z2,.6)

3B FORMAT (2F12.4421'2)

40 FORMAT(2F12,.6)

4] FORMAT(1M1410X07A10/77)

42 FORMAT(SUXWMINPUT LISTING"/)

43 FORMAT (10X oMALIEN E10,693X"HEN E10,4,3X,"VOL="4EL0,64,
13X OMES G E O, @ AN MFNAZNGE U@ 3N y"TSI2"E]0,6//
210Xe"PIa E10 434 "TGI=M El1Qb e 3X"YOIS"4ELD, 6y
AN M TMAYEY G F 10 eb s INGMTENDEMGE 1D b IX X" 4ELD,4//
A10XeMNA2O22"3El0, 43X "CPS="9E10.8 33X "NPRT =Y,
SI1Se3ReMIP2",15/7/7)

§1 FORMAT(ISXs"TIME(S) FLOW RATE(G/S)"™)

S3 FORMAT(11XeE12.446X4EL12,4)

BD FORMAT (///44X "TIME=",E1]1,541X,"SECONDS"/)

90 FORMAT (10X e"PEM F 1] Se3Xg"TGE"4E]l1eSe3Xe"TwaM ELlle5y3X,
1MY0CE"  E 11 o503 "URSEM G E] ] ,SebXoV"SBR=NGEL]S//710Xe"G="4E]11,50
23XeMSO= g 11 eSeINe"OWE" g E 1] oS0 INWMSGuETEL11.S93Xe"MOLO=",E11.5
393X eMOLGS",EL].5/7/10X"SMLE"E11,5/77)

B =
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130 FORMAT (/)
sSTOP
END
SUBROUTINE ™MOTION

THE EQUATION OF MUTION FOR THE LROPLETS

o000

DIMENSTON Y*(ll.bOO)pllllerU)
COMMON /NMQ&/DT.uULo.MoLG.P-TG.vJL.VOC
COMMON /Nua/n(lln.FNAonx-Inuol!(ll)
COMMON /MRB/RPOGsGMaVF (11 4600)
coMvON INMZUME s My P T g Rh(L
REAL MOLOWMOLGyMUG
MOLGsPIevOL/ (ReTh)
MOLCaMOLGeyOC
GhllVOLG-NOLO)'?H.OlboMOLJ'Jto
WHOC2OM V0L
MUGZ s, 2F=h01inen &)
NG 40 Istelnn
RP23, ®HHOG/ (6,900 8N (]])
DRMEN (1) eRNOG/4UG
VF“']"I."."‘
TFilslr=u,
2tleli=p,
N0
C
C RUNGE«KTTA WETHOD tn SOLVE THE EQusTION OF MOTION FOR DROPLET VELOCITY,
C
DO 10 gel,599
TE(lodel)STH (19y)elT
IF(NNLEGLY) GO TO ene
| VE(Ledel)29m0,01F (1,401}
I(IoJOlllhiU-.YF(IoJ011°'?
REVEVF (JoJel)eiiqm
oﬂluanpﬁvf(I.JOI)OO?OCb(dFV)
y I'(DEAG.LT‘l., Gn TO 110
NN ]
| 200 x=vF (1,4)
KEvVzXeng
i URAG=zRPexeeec)) (kry)
| Ple(930,=0nraG)enT
\ lsvi(x.J)oPlle.
| REy=xenpm
| pa-coan.-uuon--e-ru(uﬁv;)-nv
| XavF (1eg)ep2/2,
i REvaxel «
| P3t(9ﬂb.-k9'l*'?'€ﬂtﬂfv))'“7
| X2VF (TeJ)eby
| FEyExenpa
: DQ!!?AO.-“DOICOQtCD(HEV))!”7
vF(XoJoI):vF(IoJ)0(910?.09202.093096)/6.
ZUI9Js1)22(10d) eVF (T4u)enT
110 1F(Z(Tedel).6F,m) 6N 10 70
10 CONTINUE
70 11¢l)=y
PRINT P€3"40it1)
PRINT 300 (TF{TaK) yK2]yy)
PRINT &n
PRINT “S(7(1ek) yrz]4u)
PRINT 8o
PRINT bOo(VF(loKloKtlod)
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POOR ORIGINAL

40 CONTINUE
25 FORVAT (//5R 4" 1mn 13,4Xs"DI2"9EJD,4/)
30 FORMAT (10X eMTFM,2X410E1144)
A5 FORMAT (1O0XeM"Z"e3Xx410E11.4)
60 FORMAT (10X "VFM 22X, 10E)],4)
B0 FORMAT (/)
RETURN
END
FUNCTION CD(REV)

STANDARD DRAG COEFFICIENT CORRFLATIONS,

g NaNale

IF(REV.LT40,1) Cl2zé,/REY
xF("EV.G[.O.l.‘~t’.nEVOL7.6‘) CDI7.6023.7113EV
" ("LV.GE.O.-‘ND.REV.LT.500-) CD"”.s’“EV"o.&
IF(REV,.GE.500,) CD=4,/9,.

RETURN

END

SUKROUTYINF RATES

C THIS IS TO CALCULATE .THE BUWNNING WATE OF SODIUM SPRAY AND TOTAL HEAT
C RELEASED by SPRAY COMRUTION,

DIMENSION RE(GUQ) +GC(B00) 2GGIHNN) 4TSS (600)
DIMENSION RRF (600)4QIN(800)
COMMON /NUYRR/ZDT 4MOLOWMOLGoRe TGaVOULYOC
COMMON /NMRZD(11)oFNAWHIZIDDeIT (1))
COMNON /HNRB/ATWBRSWP,L0Q
COMMON /NRZAGAML (60) oM eDD(119000) eDMI110600) 4DNTL1108600) oHCo
IHF G IP  IQaNeNPRT ¢RO(11) oSMLoToTHeTEND TL(40) 4TS(114500),7S1
COMMON /MRIH/RHOG GMaVF (1] 4600)
REAL MOLOWMOLGeMUNS
MOLG=PeyOL/ (R®TG)
MOLO=sMOLGeYNC
GMs (MOLG=MOLU)®2K,016+M0L 0032,
YO=¥0LO0®372,/64
RHOC=GM/ZVOL
TAS(TGeTH) /26
CPGE0,231A%6.0]lE=50TA
AKG=] ,05E=60TA®e(,11R52
MUIGRG ,PE=h®Taee) te
PR2CPGOMUG/ZARG
A2zPheen, 1343
NPzl A4GE=50Thoe] . 645/¥
COP=2 ,25F=T0TAGS( 45
SCavMUG/ (RROGEDP)
HaHCOYO/MFG/AT«CPAE (TO=TH) /Nt L
G=0.
BRS=0,
c
C COMPUTE TwmE SODIUM LEAF KATE,
c
IF(T,GE,TENL) WO TO 101
IF(IPLEGL,0) GO TO 00O
UO JU KII.IP
IFI(TLIR}=T)GT,0,) GO TO 4«0
30 CONTINUE
AMzAML (1P)
GO Y0 70
40 AME (AML (K) =AML (Kal) ) Z(TLIK)=TL(K=1))®(TuTL(K=1))*AM_ (K=])
GO TO 70
100 AM=FNA
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c
c
¢

101
70

COMPUTE ThE NROPLET AURNING WATES.HEAT OF COMKBUSTIONSAND HEAT TRANSFERKLD,

19

601

602

605
20

GO 10 70
AMz Uy,
SMLESML s AMEDT

DO 10 I=1,100

Jusllcl)

UMIsae( (1) ee3
PN(lsl)same()e]l/DM]enT
DOtIs1)=D(])
XF(“".LY.I.L-IO) ;)D(IQI’.(|.

00 19 J=leJJ

¥YSSt(Jry=n,

KE (w)=n,

RRF(J)=0,

GIntJ)=D,

GClv)=0,

Qhridisr,

TS(le]l)=TS1e273,

DO 20 JUsledy
PM(IsJrsAeDN(TsJ)ee]
IF(CDlTod) el Talof=10) GO TO €0
RE(SISVF LTI WO (T od) ®onmOG/HUG
AlaSUKRT(RE (J))

DMYENM (1403 707
IF(TS(led)aBELTA) GO 1O &G]
HRF (L) =C0Pev0C®3,1415900D (JoJ)®(2,40,62A195Cee(,3333)032, /A1
IF(BRF () oGTDMT) whF (J)=im]T
QC(w)snCeakF (.))

GGIVI A, 18]y ~skGoU(Ied) ®(TS (1o )=TL)®(2,40,6%A1%A2)
QINCA =2LC(J) =06 (Y)

60 TO A2
Fh22,¢3,14155800(1,J)®AikKG/CPORALNG(]1,R)
IF(Ee L TeleE=10) szD,
BREF(J)zuke (] ,e0,380)002)
IF(ukF (J) oGTUMT) BRF (y)2DMT
GINGJ) sHFGeARF ()
GCIV)sHCeRRE (J)

QG (NI BGC ()) = IN( )

YQ(‘! ))31 )

IF (kG J0) GO TD AGS
ARSERDSenkF (J) oD (1 4U)

GeQenG U)o )
TSS(JI2TS (4 J)=2T73,

CONT INUF

IFINGLT NERT)Y GO TO 1601
IF(ICoMELLY GO YO 1n0)
PRINTY Bn],1

PHINT S0P« (0UTL1ed) sdz)edd)
ERIANT &n3

PRINT SO06e(UN(lgdiedsledd)
PRINT &n3

PRINT S154(TSS(J)vdzledd)
PRINT §03

PRINT 5084 (RE (J) gJd=]leJdJ)
PRINT &n2

PRIAY S11e(SHF(J)su=z]sdd)
HPRIAT %03

PRING S0Rs (WIRiY) ed=lsJd)
PRINY &7 3

POOR ORIGINAL




POOR ORIGINAL

PRIAT S0T74(6uClJd)ede]edd)

PRINTY &n03
PRINT S08,(0G(J)ed2]ledd)
PRINT 503
1001 CONTINUF
KJdeJd=1
c
g COMPUTE OmOP SIZE NUMBE R AND TEMPERATURF AT NEXT TIME STEP,

DO 120 K=]lenJ

K= Je =K

IF (D (e nel) sl T,1F=10) GO T0 110

IF LTS I snma]l ) 4GELTH) GC TO 604

CPLE0, 36376 J3Rb%E b (1S (IorK=])1=2T3,)0lel0bbE=Te
1(TS(lekke)l)=zT73,)0ep
T RISUIN(IKRR=]) / (OM(]yKnm])OCPL)

TS(leXn) =TS (lefkel)enleDT

60 To &n3

606 TS(IeXR)3TS{eNKa]}

B0 DOMEREF (xx=] o,
DMOSDM (] gkKe] ) =DDN
IF(CMD L TeleE=1D) GO Tu 110
DO(loRxy=(DMD/A)®00,3322
ONGl oK NN [T oK)}

G0 TC 120

110 DD(lesXK) =0,
DN(lo‘ﬂ)tﬂ.
TStlexx)=si,

120 CONTINUE

10 CONTINUE

S01 FORYAT(SXe"1="e]13/)

502 FORMAT(10teMD" 3 2x410F 11,4}

S03 FORNAT (/)

504 FORMAT(1INXo"DON"32x4310E1104)

505 FORVAT (10X e"RE" 3 2x410E11] 44}

506 FORMAT (10Xe"uIN"g2XeluEl]le%)

S07 FORMAT (10X e"GC"42X4]0E114%)

S08 FORMAT (10X MUGH 42X o108 1]144)

S11 FORMAT (10X "RRFH2X410EL]l.s)

515 FORMAT (J0xo"TSHe2x4]10811,%)
RETURW
END
SUBROUTINE BALANCE

THIS SURROUTINE DOES wELT AN MASS ~ALANCES,

[aEalal

COMMON /NMR/DT oMOLND ¢MOLGerma TG VOL o YOC
co"“o'ﬁ INRNZAL RSP

COMMUN /Mun /HAUGaGMoVE (11ebUL)

COMMOM /NS/Zal [ elfPSeNaeTh

REAL MOLOWMOLGeMUGoMRD
FiXeY)=S(j=u®(Xmy) )0y

Gi(AheYjzu® i aY)oy

MASS HALANCE U Gas,

(sl alal

CPG20,2316¢4,6]1E=5eTG
CVG2LPG/] o6

MUGS4L PF=A0TG88( 46
AKGS] .05k =6®1(Geep,7]18%2
MEOSATOLRSeOT/32,

1 MOLUsMy| GeMulU

: MO G=MOL G=MRD

&I -

R T — —



Oo0on

OO0

POOR ORIGINAL

YOCEMOL O/MOLG
l'('OCQLYolct.I;) YOC=G,.

USE OF HEAT RALANCF EQUaTIONS TU EVALUATE GAS AND wALL TEMPERATURES,

HHEU 000056
wENreAL ]

VE] o/ (WHOGSVUL*CVYG)
Ssl./Z(ALI®CrS)
UNEn® (T=Tw)

USE OF RUNGE=RUTTA METHOD TO SOLVE FOR GAS AND wALL TEMPERATURES,

AlSF (TGeTw) oY
Bl2G(TGeYa)aDT

A2zF (Theh)/ZaoTueil /2,007
H22G(TCeAL /240 Tue il /2,)0D"
A32F (TGeh2/24aTuen2/ /2,001
BIFG(TCeAL/ZanTwen2/2,)007
AezF (TGeAJeTweni)eT
BezG(TGCeAgTashi)elT
TGaTGe(A]e2.%nFe2,003¢84) /6,
TweTwe (Rlec ,®RZ242 0R34R4) /6,
PEMCLGOR®TG/VOL

HETURN

END

- 7] =



REPORT DISTRIBUTION

Mr. Harry Alter, Chiof
Safety Analysis Branch
Division of Reactor Development
and Demonstration
Department of Energy
Washington, D. C. 20545

Assistant Director for Reactor
Safety

Division of Reactor Development
and Demonstration

Department of Energy

wWashington, D. C. 20545

Dr. Raymond Alcouffe

Los Alamos Scientific Laboratory
Mail Stop 269

P. 0. Box 1663

Los Alamos, N. M. 87545

Dr. Robert Avery, Director

Reactor Analysis & Safety
Division

Argonne National Laboratory

9700 South Cass Avenue

Argonne, [1linois 60439

Dr. L. W. Caffey, Director
CRBR Plant Troject Office
Department of Energy

P. 0. Box U

Oak Ridge, Tennessee 37830

Dr. R. Curtis, Chief
Analytical Advanced Reactor
Safety Research Branch
Nuclear Regulatory Commissio~
Washington, D. C. 20555

Dr. William Cavey

Q Division Leader

Mail Stop 561

Los Alamos Scientific Laboratory
P. 0. Box 1663

Los Alamos, N. M. 87545

Dr. varl A. Erdman

Department of Nuclear Engineering
University of Virginia, Thornton Hall
Charlottesville, Virginia 22901

e

(1)

(1)

(1)

(2)

(1;

(1)

(1)



Dr. R. Ferguson, Director

Fast Flux Test Facility Project Office

Department of Energy
P. 0. Box 550
Richland, Washington 99352

Mr. Domenic Vassallo, Acting Director

Divicion of Project Management
Nuclear Regulatory Commission
Washington, D. C. 20555

Mrs. H. Gearin, Licensing
Assistant for Special Projects
Division of Project Management
Nuclear Regulatory Commission
Washington, D. C. 20555

Mr. C. R. Hahn, Manager

Fuels Design and Development
Pacific Northwest Laboratories
P. 0. Box 999

Richland, Washington 99352

Dr. Stephen H. Hanauer

Technical Advisor

Office of the Executive Director
for Operations

Nuclear Regulatory Commission

Washington, D. C. 20555

Mr. K. Hikido, Manager

General Electric Company

Systems Evaluation & Safety
Engineering

Fast Breeder Reactor Department

310 DeGuigne Drive

Sunnyvale, California 94086

Dr. Earry Hummel

Applied Physics Division
Argenne National Laboratory
Building 208

G700 South Cass Avenue
frgonne, 111inocis 60439

Dr. Vijen Javeri

Fast Reactor Accident Analysis

Gesellschaft fur Reaktorsicherheit
(GRS) mbH

Glockengasse 25000 Koln 1

West Germany

> Y -

(1)

(1)

(1)

(1)

(1)

(1)

(1)

(1)



Dr. William Kastenberg
Department of Chemical Nuclear
and Thermal Engineering
University of California
at Los Angeles
Los Angeles, California 90024

Dr. C. N. Kelber, Assistant Director

for Advanced Reactor Safety Research
Division of Reactor Safety Research
Nuclear Regulatory Commission
Washington, D. C. 20555

Mr. Richard Lorenz

Air/Ground Explosions Division
Naval Surface Weapons Center
White Dak

Silver Spring, Maryland 20910

Dr. Roger J. Mattson, Director
Division of Systems Safety

Office of Nuclear Reactor Regulation
Nuclear Regulatory Commission
Washington, D. C. 20555

Dr. James F. Meyer

Advanced Reactors Branch
Division of Project Management
Nuclear Regulatory Commission
washington, D. C. 20555

Professor F. J. Munno

Nuclear Engineering Program

Department of Chemical
Engineering

University of Maryland

College Park, Maryland 20745

Dr. David Okrent

Department of Chemical Nuclear and
Thermal Engineering

University of California
at Los Angeles

Loes Angeles, California 90024

M. Frank E. Panisko, Senior
Development Engineer

Fuels Design and Development

Pacific Northwest Laboratories

P. 0. Box 999

Richland, Washington 99352

- 7% -

(1)

(2)

(1)

(1)

(15)

(1)

(1)

(1)



Mr. D. F. Ross, Assistant Director
for Reactor Safety

Nuclear Regulatory Commission

Washington, D. C. 20555

secretary, Advisory Committee on
Reactor Safeguards

Nuclear Regulatory Commission

Washington, D. C. 20555

Dr. Arkal S. Shenoy, Manager

Systems & Safety Analysis
Branch

Gas Cooled Fast Breeder Reactor

General Atomic Company

P. 0. Box 81608

San Diego, California 92138

Mr. M. Silberberg, Chief
Experimental Fast Reactor

Safety Research Branch
Division of Reactor Safety Research
Nuclear Regulatory Commission
Washington, D. C, 20555

Mr. Daniel E. Simpson

Manager, Safety Engineering

Hanford Engineering Development
Laboratory

P. 0. Box 1970

Richland, Washington 99352

Dr. Themis P. Speis, Chief
Advanced Reaciors Branch
Division of Project Management
Nuclear Regulatory Commission
Washington, D. C. 20555

Dr. Michael Stevenson

Los Alamos Scientific Laboratory
P. 0. 3ox 1663

Los Alamos, N. M. 87545

Dr. David Swanson

Materials Sciences Laboratory
Aerospace Corporation

P. 0. Box 92957

Los Angeles, California 90009

- I =

(1)

(5)

(1)

(1)

(1)

(1)

(2)

(1)



Technical Information Center
Nuclear Regulatory Commission
P. 0. Box 62

Oak Ridge, Tennessee 37830

Dr. Theo G. Theofanous

132 Pathway Lane

Lafayette, Indiana 47906

Dr. J. V. Walker, Dept. Manager
Reactor Research and Development
Sandia Laboratories

P. 0. Box 5800
Albuquerque, N. M. 87115

DNE Chairman

DNE Deputy Chairman
RSP Associate Chairmen
SEG/EARS Division

Nuclear Safety Library

- 77 =

BNL Distribution

(1)
(1)
(3)
(6)
(2)




