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ABSTRACT

An analysis of potential sqdiﬁm spills and fires in liquid metal fast
breeder reactors has been made to assess the maximum equipment cell loading
conditions. A computer code.called NACOM (sodium cambustion) has been de-
veioped at Brookhaven National Laboratory (BNL) to ana]yie sodium spray fires.
This report contains a detailed description of physica1'mode1s used in this
code as well as programming aspects. The single droplet combustion model and.
the model describing the droplets' motion are verified. Camparisons between
NACOM predictions and SPRAY-3A predictions of the Atomics International (AI)
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 verified for oxygen concentrations ranging from 0 to 21%. NACOM utilizes
more reé]istic single droplet and spray combustion models than SPRAY-3A. More-
over, NACOM does not utilize adjustdble parameters for the'burhing 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 contaimment cells.
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Symbol Definition
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1. INTRODUCTION

Sodium spills and fires in the primary and secondary systems of é 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, nitrdgen flooding system, are proVided to pre-
vent leaking sodium from reaching flammable combustion. However, in the event
of large-scale sodium spills, pressure and températures 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 oXygené
enriched atmospheres, the leaking sodium will chemically 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
fifes are generally considered to be more severe than pdo] fires in terms 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 postu1ated to result from pipe breaks. The
sodium coming out of the break is usually assumed to eject upward, impinging on
the ceiling of a contaimment cell. A liquid film will form on the ceiling and
then break up to form droplets. The falling droplets form a sodium spray. The
spray will chemically react with oxygen in the cell atmosphere, transferring the
heat of combﬁstion 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 thermal transients in order to determine whether adequate structural mar-
gins are provided for the cell. To assess the transients, a reliable analytical

tool is required.



Sodfum spray fires involve complicated combustion and transport processeé
which are not yet fully understood. For example, the effects of droplet inter-
action, oxygen dep]etion_in the spray zone, and water vapor on spray burning re-
main largely annown. 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 visua1ized‘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 developed to analyze sodium
spray fires. Of all these COdES‘SPRAY(l) has been widely used in the United
States. The early version of SPRAY was designed to deal with spray fires in
Tow 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_v0 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 gpray tests. As
a result of this best fit, the values of V0 and VH were chosen as 85 and 1500,
reépective]y. Even with the introduction of these two parameters, SPRAY-3ZA
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.



Another frequently used sodium spray fire code is somIx. (3) SOMIX-1
basically retains the SPRAY vapor-phase combustion model, with a major improve-
ment in the cell gas circulation model. It seems that SOMIX-1 has experienced
difficulties in predicting sprqy‘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
mode1(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. Krolikowski's model does not consider sodium Vapor diffusion to
the Surning zone, and therefore underestimates the sodiuﬁ 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 attempted to overcome this difficulty by means of adjustable para-
meters, while SOMIX reverted to the early deve]oped Krolikowski's model in order .
to obtain better agreement with experimental data. It is, therefore, imperative
to develop a sodium spray fire code with a reliable combustion model.

A sodium spray fire analytical model, NACOM, was recently developed at BNL.

NACOM uses an estab]ished‘sihg1e droplet vapor-phase combustion theory, which
is dffferent from those used in SPRAY and SOMIX. The theory is well estab]ished’
for combusfion of hydrocarbon fuel droplets. It is expected to be equally ap-
plicable to combustion of sodium droplets because the cambustion of both hydro-
carbon fuel and sodium droplets follows the "n2" 1aw,(5)

The SPRAY code uses the surface mean drop éize; 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 contrast; 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 sodium 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. 1In 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 is a soft silvery metal, which me]fs 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 peroxide, are found to be
abundant in the reaction products. Sodium monoxide, Nao0, melts at 1,132°C

and decomposes at 1,950°C and may be formed in the following chemical reaction
2Na + %0o > NayO. (2.1)

During this exothermmic 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,
Nap0p. Sodium peroxide melts at 674°C and decomposes at about 1,627°C. The

peroxide formation may be represented by
2Na + 0p - Nag0o. (2.2)

DUring this reaction, 2,500 cal/g of combustion heat is released.
In the presence of water vapor in air, sodium hydroxide may be formed by

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

Sodium does not react with nitrogen at all known temperatures. 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; host of.the sodium

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



'

products in the residue and smoke contain both sodium peroxide and monoxide. In
excess oxygen, the sodium peroxide is the principal reaction broduct; in excess
sodium, the sodium monoxide predominates; between these two extremes, 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 insufficiént oxygen to sustain a flammable combustion 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 fanging from 2.75 to 21%. A maximum chamber
pressure rise of 0.48 atm was measured in 21% oxygen.

Hines and Ke]1ey(8) have reported tests in which 454°C sodium was sprayed
into a 532 2 container. They found that the maximum pressure decreased with de-
créasing 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°¢
sodium was driven into é‘sealed vessel filled with air. A peak pressure rise of
5.78 atm was recorded.

(10) performed sodium spray experiments in

Subsequently, Gracie and Droher
a rectangular chamber at low oxygen concentratjons.' A maximum pressure rise of
0.12 atm in 2% oxygen was measured.

Charak and Smith(]]) 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.

Kro]ikowski(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 recently, 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. Subsequent]y, a series of sodium spray dispersal tests



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

5% oxygen was recorded in the tests.

3.2 Single Sodium Drop Tests

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

2 Taw

He found that the burning of the sodium drops follows essentially the "D
that has been established for the combustion of hydrocarbon fuel droplets, i.e.,
the square of the droplet diameter decreases Tinearly with time during combustion.

Subsequently, Atomics International conducted both stationary and falling

(%) 1n the

drop tests in the Laboratory Drop Modeling (LDM) test apparatus.
stationary drop tests, the dronlet 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 sodium spray in a vessel will be discussed. The sodi-
um spray is formed by directing a sodium jet upward against an 1mpact plate
situated at the top of the vessel. The spray contains numerous sodium drops.
Therefore, the formulation of this sodium spray combustion prob]em'must start
with formulation of the combustion of single sodium droplets. 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 single droplet vapor-phase
combustion theory will be discussed first. Then the modification factor for the
burning rate equation in forced convection experienced by a falling droplet will
be introduced. Subsequently, Section 4.3 will be devqted 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, the energy conservation equations for the walls and

the gas inside the vessel wi]1 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 sprrounded by a burning zone or flame zone.
The sodium vaporizing from the droplet sﬁrface'diffuses toWard the burning zone
from the surroundings. Both sodium vapor and oxygen burn instantaneously ahd
stdichiometrica]]y in the burning zone. The heat 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

aésumed that a single stationary, Spherica1; burning droplet is surrounded by
a spherical, symmetrical burning zone. It is further assumed that all the fuel
reaching the burning zone is burned instantaneously under steady state condi-
tions. It follows thatvthe burningrate of the fuel is controlled by the rate
of evaporation of the 1iquid droplet, which, in turn, is determined by the rate
of heat transfer to the droplet.

" The mass burning rate, ﬁ, of a drop1et may be related to the rate of de-
crease in droplet size by

d_ |

m=-E€ 11'6_ D3 p) (4-])

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

(4.1) may be rewritten as

2 -
d(b?) . _Mm_ :
dt oD (4.2)

It has been shown in numerous hydrocarbon fuel dkop combustion experiments that

the square of droplet diameter decreases linearly with time. The proportionality

2
constant, K, which is defined as K = - déDt) , is termed the burning rate coef-

ficient or evaporation constant. Recently, Richard et a].(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 rafe may therefore

be expressed in terms of K as

n o= 2K p (4.3)

and the linear relationship between Dz and t, namely,

D = D;° - Kt (4.4)

2

is called the "D°" law.

- 10 -



Figure 1. Schematic of a Burning Sodium

Droplet
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At present there are a number of quasi-steady-state vapor-phase droplet
2

combustion theories. In general, these theories follow the "D™" law. One of
the established theories proposed by Spa]ding(15) gives
_ 8k : ’ :
K = E;;;— ¢n (1+B) (4.5)

where k is the gas mixture thermal conductivity, CP is the gas mixture heat
capacity, and the transfer number, B, is defined as
5= L {c (T -T)+ﬂ9—x}' (4.6)
hfg P'g S i
Equation (4.5) has also been proposed at Afomics International during its early

stage of model development effort. -

4.2 Combustion Model for a Free-Falling Droplet

To apply the preceding 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 byrning rate. It is very difficult to analytically obtain the
droplet burning rate in forced convection. Therefore, most of the burning rate
expressions for falling droplets are either émpirical 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 phase 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 dfop]et surface more
easily than it is transferred to the gaseous atmosphere. This results in a

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

- 12 -



when the drop]et ignition,temperaturebis reached. A preignition oxidation model
has been developed by Tsai,(s)‘ In the model, the Ranz-Marshall correlation was
used to predict oxygen diffusion to the droplet surface. The oxidation of sodium
at fhe droplet surface will generaté 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.drop1et, which ﬁas then solved for time and

' distance at which the droplet is jgnited to reach full burning. The calculated
droplet fall distance to reach full burning as a functién of droplet diameter

was found to be in good agreement with the LDM falling sodium drop test data.(s)

The sodium droplet burning rate during preignition may be obtained from the oxy-

“gen flux and the stoichiometric ratio as

TICD YD /2 1/3

1
me = id (2 + 0.6 Re Sc " ). (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 forcéd con-

vection may be related to the stationary droplet burning rate by

. . 1/2 1/3
me = m (1 + CfRe Pr ). (4.8)
The empirical constant Cf has been given values ranging from 0.24 to 0.31 by

different investigators experimenting with different fuels. In the present

~analysis a value of 0.3 selected by Ranz and Marsha11(17)
!

is used.

- 13 -



The reason for choosing this value is that it correlates very well the data on the
distance for a falling sodium drop to reach full burning during its preignition

phase.(6) Substituting Equations (4.3) and (4.5) into Equation (4.8), we have

me = 2K 0 (14c.Re® pri/3) en (148). (4.9)
b _
Agoston(ls) used 0.31 and 0.22 as the values of the constant C. for ethyl alcohol

f
and n-butyl 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 appear 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 effusing ffom the 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 gasés swept into the Tow pressure region within the wake of a burning
droplet also reduce the form drag.

Considerable data on the steady-state drag coefficient for a rigid sphere
afe available, but very 1ittle data on the drag coefficient for an accelerating
sphere exist. At high Reynolds numbers, it has been observed that flattening
of 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.

(1)

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

of droplet motion, and may be written as

- 14 -
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28/Re  Re< 0.1
. 2.6 + 23.71/Re 0.1 < Re< 6
¢, =
18.5/Re? 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 Ve, 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 the beginning of droplets' motion, an asymptotic solution of Equation (4.10)
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 Vf apprbach zero.

4.4 Drop Size Distribution
(1)

SPRAY uses a log-normal drop size distribution to compute the surface

mean drop diameter from the volume mean drop diameter. The surface mean drop dia-

meter j¢ then used t

(@]
)
o
=3
<3
[
ct
m
ct
bt
m
(o9
he3
(@]
<3
-
m
ot
tr
[
-$
s |
-d
s |
[Ts]
-3
[}
ct
m
-4
o
m
€
wn
m
<)
-h
(@)
=3
-
LS
(@]
=3

size could lead to substantial error in computing the spray burning rate.

The 1og—normé1 drop size distribution used in.SPRAY was first considered in

the present analysis. However, it was found that it did not correlate with the drop
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_size distribution data obtained from Atomics International Jet Test No. 4 very
“well. Later, the Nukiyama-Tanasama corre]ation(lg) was used, which seems to better

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

may be written as

6 5
dr, _ (3.915 D (. 3.915p
Hﬁv = ( 5 > 55 ©xXP ( 5 ) . . (4.12)

Equation (4.12) is now used 1n'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 straightfdrward.
However, for a spray of liquid droplets, the parameters that affect spray com-
bustfbn, such aé 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 oxygen concen-
tration within the spray zone is lower than that outside the spray zone. How-
ever, the gas témperature is higher inside the spray zone than outside the
spray zone because of heat Eeieased by combustion inside the spray zone. 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 zohe. It is further assumed that there are no interactions among
burning droplets, i.e., the combustion of each individual droplet in the spray
is net affected by its neighboring 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.
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Consider sodium leaking with a mass flow rate ml (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-foyn a spray. The spray is aésumed to 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 droﬁ]ets._ 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 is made to obtain the spray burning rate. It is dif-
ficult to implement this method to the present problem because the populafion
of a group of droplets having a specific size chénges from 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
rate and the Nukiyama-Tanasama size distribution. Since the method keeps track
of every size group from its first appearance at the ceiling, the population
of each groﬁp will not change during its descent although its average size will
change because of combustion. The average size of each group at the time of
interest is canputed from the burning rate and its size at the last time step.
| The spray burning rate is the sum of the burning rates of all the droplets,

nanely,

m(t) =/D / me (D (D, t7st), Ve (Di5t7st)) d®n (4.13)
i
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d?N 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 droplets are origi-
nated from the ceiling at time t”, having initial diameters between D; and

Dj + dDj. Since the Lagrangian method is used to follow a specific size
group all the way fron its appearance at the ceiling to the elevation z, the
population of the group d2N does not change with fime until the whole group
is conpletely burned up. Therefore,'dZN can be derived from the sodium leak

rate and the drop size distribution as

m(t) dR
d°N = *L*‘*a‘o_v dt- do; . (4.14)
3 i

Equation (4.14) can take any form of drop size distribution. When the Nukiyama-
Tanasama correlation, Equation (4.12), is substituted into Equation (4.14), we

have

n

N

D. 3.915D,
d2N 4 - (3.%15> _(1.)_ exp (- _____l)dt‘dDi. (4.15)
®Na ’

The drop size D at time t can be computed from Equation (4.1) ahd the burning
rate at the last time step. The velocity of a droplet at time t, which is
needed to compute the burning rate me, is obtained from the so]ﬁtions of
Equation (4.11).

During the preignition period, the preignition oxidation model, namely,
Equation (4.7), is used to compute the burning rate mf. 'After the droplets
reach full burning, the vapor-phase burning rate expression, namely, Equation
(4.9) is used. At any instant the distances to reéch full burning are com-
puted for different drop sizes using 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,

At”, 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 smallest group sizes, Dpax and ijn,

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

dR _ dR dR

, - & = 0.01 5&
dd dd |y

of the volume of the mean size group, i.e. ]
: D=D D In
max min

D=D.
’ Thevdroplets between the groups which have the largest and smallest average drop
sizes are divided into eleven groups. The integration is then approximated by

the sum of the burnﬁng rates of all groups locating at different elevations,

i.e.,
moEY D, AN, (4.16)
s 55 f i . S

where the i summation sums over all the size groups and the j summat.ion 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 combustion
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 dominant
mode 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 corre]atiOn(17)_as

L
3

(2 + 0.6 Rel/2 Pr

) (T, - T,). (4.17)

-~

o=

G ~ s
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 remaining part is transferred to

the gas. Therefore, the rate of heat transfer from a burning droplet to the gas

may be written as
' 1

1 el
=‘-§;—k D (1 +0.3 Re?Pr3) (H, - he)
. . an (14B). - - (4.18)

99
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 from 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 =//qg N | (4.19)

Similarly, Equation (4.19) can be approximated by the summation of Gg s cver

all the size groups and elemental vo]umes, namely

0 ”;JZ ag Mgy - (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 éas and wall temperatures and gas circulation inside the cell. To determine
fhe 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,yit was deéided'
t6 use an empirical value for the heat transfer coefficient rather than resort
to elaborate numerical schemes for solving the conservation eqqations.

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

transfer coefficient as

Q

» ). | (4.21)

= h A (Tg - Tw

The value of h for typical contaimment cell walls +is 0.000054 cal/cml.s
(20)

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

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 teﬁperature is.
adequate for detémmining the cell pressure rise and only one average gas temper-
ature is therefore used in the present model. Cdnservation of energy dictates
that the increase of the intefna] 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

dT
"o'v,e 2=, - 0 (4.22)

- 23 -



where Mg is thé total mass of the gas inside the containment cell, Cv,g is
the specific heat of the gas at constant volume. Assuming that the gas is an
ideal gas, the gas pressure may be evaluated from the ideal gas law

P=CR Tg . (4.23)
The molar density decreases with time because of oxygen consumption. The oxygen
consumption rate is computed from 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
from the gas to the walls and therefore only convective heat transfer is consid-
ered. In application to LMFBR containment cells, it is rea§onab]e to assume
that the wall temperature, Tys is uniform and all the outer walls of the cells
are thermally insulated. Under these assumptions, the energy equation for the

walls becomes

dT

w =
mev’w a’f— QW (4.24)

where my is the total mass of the walls, and Cv,w is the specific heat of

the walls.-
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5. THE NACOM COMPUTER PROGRAM

Using the physical models descfibed in the previous sections, the NACOM
computer program has been developed to simq]ate sodium spray fires postulated
to occur in LMFBR contaimment cells. NACOM performs calculations of the single
droplet and spray burning rates, heat trqnsfer from thé spray to the gas and
heat transfer from the gas to the Wa]]s. The code calculates the gas and wall
temperature rises, gas. pressure, oxygen mole fractfons, spréy burning rate, etc.
The program is written in the FORTRAN language for use on the CDC>7600/66OO
computer system. The.entire listing of the code is given in Appendix D. 1In
this sectﬁon, 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 consténts, computes drop size distribution, and prints outputs. The
MOTION, RATES and BALANCE subroutines perform droplet dynamic, combustion, and
heat and mass transfer calculations, respective]y; 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 computational
procedures in each cdmponent of the code.

5.1.1 Main Program NACOM

The main program is the primary controlling program. It reads input data,
initializes constanfs, computes drop size distribution, and prints outputs. Two
options are available for4reading 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. OQOne is to
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print out detailed combustion and heat transfer information and the other is

toyomit 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' equétion of motion. The
velocity and distance travelled by a falling drob]et are computed at discrete
times tn 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 Tead to numerical instability. A time step re-
‘duction parameter of 2 is recommended as a result of compromise between accuracy
and Eomputer time. To avoid numerical instability, an asymptotic sb1ution of
the equation of droplets' motion is obtained for the initial stage of the motion.
The subroutine flow chart is given in Fig. 9.

5.1.3 Function CD

The function CD uses the Reynolds number from the MOTION subroutine to
calcu1ate the drag coefficient, which is then fed back to the subroutfne to
compute the drag experienced by a sodium droplet fa]]ing 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 drbplet surface and the gas are, in turn, computed
from the burning rate. The spray burning rate and heat transferred from the
spray to the gas are simply the sum of‘the contributions from all the burning
"droplets. Finally, the drop size, number of drops and droplet temperature of
each group are recomputed 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 computed from the amount of oxygen consumed with-
in the present time step. The oxygen mole fraction at the next time step is
then computed from the gas and oxygen molar numbers. ‘The gas and wall tempera-
ture rises at this time step are computed from the heat transfer rates, which
are input fraom the RATES subroutines. The flow chart for the subroutine BALANCE

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 combustion and heat transfer data outputs.

The following data cards are read subsequently in the main program.

7
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Card No. Symbo] Columns Fdrmat . Definition

.2 AL 1-12 F12.4 Total cell wall area (m@)
2 oo 13-24 " F12.4 Cell height (m)
2 voL . 25-36 F12.4 ~Cell volume (m3)
2 DME 37-48 ~ Fl12.4 Volume méan 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 PI 1-12 F12.4 Initial cell gas pressure (atm)
3 TGI 13-24 . ‘Fl12.4 Initial cell gas temperature (°C)
3 YOI 25-36 _ F12.4 - Initial oxygen mole fraction
3 TMAX 37-48 Fl12.4 Maximum problem time (s)
3 TEND 49-60 F12.4 Spray duration (s)
3 X 61-72 F12.4 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 (ca]/Cm2°K)
NPRT 25-36 112 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) Leak Rate (g/s)

Card No. (Columns 1-12) (Columns 13-24)
5 TL(1) AML(1)
6 TL(2) AML(2)
IP + 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 AT H voL DME FNA TSI
3 PI TGI YOI TMAX  TEND X
4 NA202 CPS NPRT Ip

5 TL(1) - AML(1)

6 CTL(2) . AML(2) :

IP + 4 TL(IP) - AML(IP)

5.3 Qutput Data Format

Flexibility has beeﬁ 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 combﬁstion and heat transfer information is available.
A\sahp]e probelm output is given in Appendix C. The printout appears in the
following order:

1) The title of the case run

2) Input Listing

A11 the data used for the input parameters afe 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 droplets’ 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 diameter for each size

group is printed out.
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6) Detailed Combustioh and Heat Transfer Information (Optjona])
fhis option prints out the drop size, drop popu]étion, droplet tempera-
ture, Reynolds number, burning rates and heat transfer ratés for each
size group. Also printed out are the spray burning rate and the tota]
heat transfer rate to the gas. The prihtout of fhese parameters is
requested by assigning numeral "1" to the first column of the title
card.

7) Thermal Transient

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

Qutput 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 trave]]ihg time (s)

z = Distanﬁe travelled by a droplet at time TF (cm)

VF = Droplet velocity at time TF (cm/s)

RD = Volume fraction of sodium spray per unit diameter, occupied by droplets in a
size group (cm-l) | | |

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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0 = Rate of heat transfer from sodium spray to gas (cal/s)

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

SQW = Total amount of heat transfer from gas to walTs‘(ca1)

MOLC = Molar number of oxygen (g-mole)

MOLG = Molar number of gas (g-mo]e)‘

SML = Total amount of sodium leakage (g)

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 = Numbef of droplets in a size group
TS = Droplet temperature (°C)
RE = Droplet Reynolds number
BRF = Falling droplet burning rate (a/s)
QIN = Rate of heat transfer to drop]ef (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 determinatfon of the adequacy of data on droplet velocities is crucial to
the accurate determination of droplet burning rates. The droplet velocities are
obtained by solving the droplets' equation of motion, namely, Equation (4.11). The

(22)

single droplet burning tests 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 ve1ocities.. The
final velocities measured in the tésts 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-
mentai vaiues is due to the fact that the effect ofvdroplet 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 sing1e droplet combustion model is the basis for the formulation of
spray combustion. Thé model becomes importantlin high>oxygen concenffations.
Therefore, it is necessary to validate the model in an air atmosphére. The

(22) in air conducted at Atomics International can

single droplet bﬁrning tests
be u§ed for validation purposes. In the tests, the droplets were released

from the tdp of the test vessel, and the masses of droplets at the 14.73 metef
‘diétance 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 burned is then computed from the initial
and final masses of a droplet. The measured fraction of droplet mass burned

is éhown in Fig. 14 together with the NACOM’and‘SPRAY—3A(2) predictions. The
fraction of droplet mass burned decreases linearly for droplets larger - than

0.3 cm. For droplet diameters less than 0.2 cm, the fraction 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 Tine through the data points for large drops. How-

| ever, the 1inear 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 drop]et_burned. The largest discrepéncy 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 cm nozzle was centered on top of the vessel with its open end 11.43 cm
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below the stainless steel impaét plate as shown in Fig. 15. Sodium ejected from
‘the nozzle at velocities 3 to 6 m/s was directed upward to impinge on the 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. v

To date, seven LTV Jet Tests have been performed. A summary of the LTV

(21,22,23) is given in Table 1. It should be noted that test data ob-

Jet Tests
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 diametersbproduced in the tests are
needed as input parameters. To overcome thebdifficulty, estimated mean drop]étv
diameters are used in the simulations. In Jet Tests No. 3 through No. 8, the
monoxide-peroxide ;atio in the reaction products was not measured. According
to AI STV test resu]ts(lz), in Tow oxygen environments, the primary reaction
product fs sodium monoxide. Consequently, NACOM simulation of Jet Tests No. 3
through No. 8 will assume 100% Na202 in the reaction .products.

The summary of NACOM simulations of Al Jet Tests is shown in Table 2. 1In
Table 2, the calculational results and experimentaT‘data on-the maximum pressure
rise, oxygen consumed, aﬁd sodium consumed for séven‘LTV Jet Tests are compared.
It is seen that NACOM has better predictions of the maximum pressure rise than.
SPRAY-3A except for Jet Tests Ne. 2 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 1.5 0 4.8 0.8 0.8
Initial Gas Tehperature (°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) 10.97 0.97 0.97 0.97 | 0.97 0.97 0.97
Initial Humidity (ppm vol) 7400 8000 4400 4400 530 1100 48
Sodium Drive Pressure (atm) 17 20.7 0.83 0.83 0.83 0.83
Initial Sodium Temperature (°C) 53é 538/593 532 532 529 538 538
Sodium Jet Velocity (ﬁ/s) . 15.2 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
Resulting Pressure Rise (atm) 0.22 0.8 6.053 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
Sodiuﬁ Drop Temperature at Floor (°C) 67 |527/116 | 316/82
Final Humidity (ppm vol) 3500 85 66 90
Fallout Mean Size (um) 0.18 0.21 0.16 0.145 0.145
Reaction Products (% Na,0,) 100 | 91-96
Burning Efficiency 0.26 0.66
Peak Aerosol Concentration (um Na,0/cc) 7.2 1 17.1 0.1 0.13 4.8 0.18 0.07




_6€—

TABLE 2

Comparison Between Experimental Data and -

COMputational Results for Al Jet Tests

Initial 0 Maximum Pressure Rise (atm.) 02 Consumed (mol. %) Na Consumed (mol. %)
Concentration : : A
Test No. (mol. %) Test  NACOM  SPRAV-3A | Test NACOM SPRAY-3A | Test NACOM  SPRAY-3A

3-1 21 0.22 | 0.23 0.20 - 0.41 | 0.15 26.0 | 40.7 | 31.8
J-2 21 0.80 | 0.68 0.60 - | 1.5 | 0.5 66.0 | 85.1 | 70.9
J-3 1.5 0.051 | 0.043 | 0.044 0 0.02 A0 - ] 1.20 | 0.60
J-4 0.015 0.040 | 0.041. | 0.045 o | 0.005 70 - |0.009 | 0.48
J-6 4.8 0.29 | 0.11 0.10 0.7 | 0.12 | 0.04 - 4.8 | 2.5
0-7 0.8 0.048 | 0.031 | 0.030 o | 0.008 | 0.003 - 0.88 | 1.12
)-8 0.8 0.034 | 0.043 | 0.038 0 | 0.012 | 0.004 - 0.87 | 1.12




7. SUMMARY AND CONCLUSIONS

The NACOM code has been deve]oped to simulate sodium spray fires that are
postulated to occur in LMFBR equipment ce]]s. NACOM performs dropTet dynamic,
combustion, and heat and mass transfer calculations. The code calculates the gas
pressure, gas and wall temperatures, oxygen mole fraction, spray burning rate, and
heat transfer rates. The code computes the spray burning rate from fhe single
droplet burning rates. The single droplet burning rates are, in turn, predicféd

by the Tsai(G) preignition oxidation model and the Spalding(]s)

vapor-phase com-
bustion theory. In arriving a% 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 adjustab]é pérameters whose values are determined by curve
fitting of AI experimental data. Consequently, NACOM is more reljable than SPRAY
when applied to large-scale spray fires in LMFBR equipment cells and containment
bui]ding. ‘

The code has been verified by comparison with the AI single droplet burning
tests. The dfop]et final velocities predicted by the code agree 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 bufned predicted by NACOM for f;11—
ing droplets has been found to be in good agreement with the Al experimental data
while it is underpredicted by SPRAY-3A.

Further experimehta] 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 the 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 sécondary 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 droplet surface.to the bufniﬁg zone |
and from the burning zone to the surroundings. Therefore, mean values of the
transport properties must be used. 1In fhe code, the arfthmetic mean of the drop-
~ let temperature and the gas temperature is used to compute 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 6f the transport properties since the gas mix-
ture is predominantly nitrogen.

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

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

unit of pressure P is atmosphere.

Nitrogen

Specific heat (cal/g-X)

C, = 0.2316 + 4.61 X 10777

Absolute viscosity (g/cm's)

w = 4.2 x 107870-%8
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Thermal conductivity (cal/cm-s+K)

k= 1.05 x 10767071852

Mass Transfer

NZ'OZ binary diffusion coefficient (cmz/s)
' 1.645

-

P

D =1.849 x 107°

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

b = 2.25 x 107 /70-645

Sodium
Density of the liquid (g/cm3) .
o = 0.949 - 2.23 x 10™4(T-273) - 1.75 x 10°° (T-273)2

Specific heat of the liquid (cal/g-K)
Cp = 0.34324 - 1.3868 X 107° (T-273) + 1.1084 x 107 (1-273)°

The heat of combustion H. and the stoichiometric ratio i depend on the com-
position of the reaction products. When the fraction of Na202 present in the

reaction products, f, is known, the fraction of unit mass of sodium that reacts

with oxygen to form Na202 is

S = 1.3478f/(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

. s 1-$ g of 0,
V=14375 * 7875 g of Na
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APPENDIX B
"NACOM SIMULATION OF LTV JET TESTS

B.1 Jet Test No. 1

In this test, 1.72 Kg of sodium at 538°C were injected at 15.2 m/S into a
21% oxygen atmosphere. Since the mean droplet diameter was not measured, a mean

(2)

droplet diameter of 2 mm, estimated by Shire using a correlation of jef veloc-
ity and drop size, was used in the NACOM simulation of the test.

"The NACOM calculational results for the test are shown in Figs. 16 and 17.
It is seen from Fig. 16 that a haximum pressure rise.of 0.23 atm is reached at
2.2 seconds. The NACOM prediction of the maximum pressure rise is,abdut 5%
higher than the experimental value, while the SPRAY-3A prediction is about 9%
lTower. The NACOM-calculated maximum gas temperature is 88°C. The NACOM-predicted
burning efficiency (amdunt of sodium consumed/amount.of sodium leaked) is 41% which
is about 57% higher than the experimental value. The discrepéncy may be due to

the inaccurate éstimate of the mean droplet diameter.

. B.2 Jet Test No. 2

In this test, 2.4 kg of sodium at 538°C were injected at 30.5 m/s into a

21% oxygen atmosphere. An esfimated mean droplet diameter of 1 mm(z) 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 experimentally observed maximum pressure rise of 0.8 atm
at 2 seconds. The calculated maximum gas temperature is 214°CF A burning effi-
ciency of 85% is predicted, which is abodt 29% higher than the experimental result.
The SPRAY-3A predicts a Tower burning efficiency and hence a lower pressure rise.
It appearé that NACOM is more conservative than SPRAY-3A in an air 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% were injected into a 1.5% oxygen atmosphefe 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 ﬁredicted 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 300C, compared with the experimental value of 33°¢C.

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 pfedicted 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.

B.5 Jet Test No. 6

In this test; 5.58 kg of sodium at 529°C were injected into a 4.8% 0,
atmosphere at 3.23 m/s over a three second period. The measured mean droplet
diameter was 0.40€ 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 6.8 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

- 48 -



PRESSURE RISE (atm)

GAS TEMPERATURE (°C)

0.06 ———————

0.05| 0000, i
0 o o0 o
[o] o o oo °
0.04| ©9 90 0 4]
[}
0.03} i
o — NACOM PREDICTION
0.02+ © Al EXPERIMENTAL DATA .
0.0l ]
O
o L 1 1 1 1 L 1 l
o] 5 10 15 20-25 30 35 40 45

TIME (s)

Figure 20. NACOM Prediction of Pressure
History for LTV Jet Test No. 3

el | E— T | E— T T
a0l .
30\— -
T
20 1 M . 1 1 1 1 1 i
o] 5 10 15 20 25 30 35 40 45
TIME (s)

Figure 21. NACOM Prediction of Gas Tem-
perature History for LTV Jet Test No. 3

0.06 T T T T T T T T
< 0.05- .
°
0.04 = .
w o -
* [+ 0000000000000
T 5.03 .
w I
g N NACOM PREDICTION
& 002 © AI EXPERIMENTAL DATA 7
&
o 0,01 -
o .
[} . 1 1 1 1 | 1
© 5 10 15 20 25 30 35 40 45

TIME {s)

Figure 22. NACOM Prediction of Pressure

-.49 -

History for LTV Jet Test No. 4



GAS TEMPERATURE (°C)

PRESSURE RISE (atm)

50 T T | AR E S
aof =
30F 4
20 1 I ! 1 | 1 1 1
0 10 i5 20 25 30 35 40 45
TIME (s)
Figure 23, NACOM Prediction of Gas Tem-—

perature History for LTV Jet Test No. 4

45

08 T T T T | N— | —
—NACOM PREDICTION
[e X3 o Al EXPERIMENTAL DATA -
04l ~
03} om .
o [e]
0.2 o .
[o]
0.l -
(o
0 1 1 1 1 1 1 1
o] 5 10 I5 20 2% 30 35 a0
TIME (s)
Figure 24, NACOM Prediction of Pressure

History for LTV Jet Test No. 6

80 T T T L Sa— T T

=]
[o]

I
1

GAS TEMPERATURE (°C)
IS
(@]
T
)

| I 1 1 ] 1
0 5 10 15 20 2% 30 35 40 45
TIME (s)

n

(o]
-
—

Figure 25. NACOM Prediction of Gas Tem-
perature History for LTV Jet Test No. 6

- 50 -



is because the éffect of water vapor on sodiﬁm burning is very pronouncéd in -
this test. The effect has not been considered in the present version of the
NACOM code. The'sodium injgction 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 prédicted by NACOM is 54°C, compared with the exberi~

menfa] value of 103°C.

B.6 Jet Test Nq. 7 _

In this test, 2.36 kg df sédium at 538°C were injected into a 0.8% 02 atmo- -
sphere at 2.68 m/s over a 3.3 second period. The measured mean droplet diameter
was 0.356 cm. The NACOM calculational results for this test are shown in Figs.

26 and 27. The maximum preésure rise predicted by NACOM is 0.03 atm which is
‘about 38% Tower than the experimental va1Qe. Again, in this test water vapor
plays an important role in increasing sodium burning rate and hence increasing
pressure rise. The maximum gas température 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 5386C were injected into a 0.8% 02 atmo-
sphere at 3.02 m/s over a 3.3 secon& 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 prediﬁts 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 comparisén, the
measured maximum pressure rise is 0.034 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 Tower pressure rise observed
in this test even though the amount of sodium injected is higher in this test.

The maximum’gas temperature 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.detai1ed description of the code structure, and the input and oﬁtput
- formats is given in the previous sections. For i}]ustrative purposes, a sample
problem will be solved by use of the NACOM code. The problem selected fdr these
purbosés is AI Jet Test No. 8(21) in the Large Tést Vessel (L%V). In this test,
2.7 kg of 538°C sodium were injected into the LTV filled with 0.8% 02. The LTV
is-a right circular cylinder, 9.14 m long and 3.05 m in diametef. 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 AI JET TEST NO.S—SODIUM SPRAY IN LTV.

93.5363. 7.62 62.2971 0.369 824.6 - 537.8
1.07 : 23.9 0.008 46. 3.3 2.
0. 0.586 250 8

0. 0. '

0.5 1556.8

1.0 1354.3

1.5 1183.4

2.0 1107.5

2.5 1069.5

3.0 601.2

3.4 0.

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 code 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 in Fig. 28

through 32.

‘- 54 -~



- gg‘ -

A1 JET TESY NO,B - SODIUM SPRAY IN LTv,

ALtz ,9359E+02

P BN R NN NN N NN N N RN N N

Hz ,7620E+0)

NBUT L1STING

voLE ,h230E+02

PI= ,1070E«01 T6l= ,2390E+02 ynl= .8000E-02
Naz20z=0, Chs=z 5BA0F+00 NPRt= 250
L TIMES) FLOW RATE(G/S)
0, 0.
«5000E400 «155TE+04
1000E+01) »1354E404
«1500E401 «1183Ee06
+2000E+01} »1108E+n4
+2500E401 «10T0E+04
L30600E 01 T eb012k403
«J400E+0) Oe
01= 794701
M3 0, «2000E-01 .3000E-01 L&0ODE=D)
TF ,2000E40n ,2200E400 ,2400E400 .2600E400
113 4000E400 L4200E+00 L,6400E400 L4h00E(O
TF «6000E400 ,6200E400 ,6400E+0N ,6600E+00
TF .R000FE«00 ,B200€E+00 ,B400E+0n LHENGE+DD
CTE +J000E+01  ,1020E401 ,1040Fs0] ,1060E401
TF J1200E401 LJ1220E+0]1 L1240E40] L1260E48Y)
TF «1400E40) - ,1420E401 ,1440E40]1 L1460E40]
TF J1600E401  L1620Ee0l  L1640FEé0)]  ,)1460ESD]
TF «1R00EsD]1 ,1820Es01 ,L1R40E+40] ,1R60E«0]
TF «2000Es0) ,2020E401 ,2040E+01 .2060E401
TF «2200E40]  ,2220E401 ,2240E40) ,2260E401}
¢ +2600E4D1  L2820E+0] ,748nEs01 ,2460E40}
TF «2600E40] ,2620E¢01 ,2660E401 ,2660E40]
TF 2 2R00E401 ,L,PR20E«0] ,2B4NEs0]1 L2PANESD]
1F «3000E40] .

0, 22000E~=09 ,3879€+400 L1151E+01
J1547E402  J1BSTE#02 L21RTEeU2 25376402
+5407E402 ,5863E402 ,L6328F402 L6B01E+02
«J028E+03 ,L1079E«03 ,L1131Fe03 ,1193E03
W1555FK 403 L1609E403 L1663F+03 ,1716E403
WP09TE403  ,2151F403  ,2206E403 ,2261E¢03
J2646E403  ,2699E403 L,ZTS4F403 L,2809E«03
«3194E403  ,3249E+03 ,L,3304£403  ,3359E603
«3744E403 L3799k 403 L, 3RS4EL03 L, 3I9N9ESO03
42958403 L4350Fe03 L4405FE403 L44K0E+D]
J4R46E403  L4601E403 L9956F403 JSN11E«0]
2«5396E403  ,5451E403  ,5506F403 ,5562E+03
W994TEe03  L6002E603  60%TEW0X ,6112E¢02
649RE+03  L6553E+N3  ,A6URF03  LARA3EN]
STRGTEe0Y  LTINGES0I  ,71R0F 603 ,7216E4023
WT1599E«03

DME= ,3690E+0N FNAs

TMAY=: L4600E+02

1fe &

BO00E=-01
QEGOOEOOO
+4800E4N00
+h80DESND
«BRNQESOD
«10B0E+0]
+1280E4061
pl‘905001
«1680E401
+1BBOE+0]
«20A0ELD)
«22R0E401
.2480E+01
«26R0E+0}
.28RANES0])

W2273E401
+2905E402
«71231E+02
«123KE4N3
«1771€+03
»2315F«03
W 2864tk +0)
w3614E403
«396A4E 402
+4515E403
+506AF«03
«5617E03
«h1ATESD]
+6TIAF 03
o I2R0F 403

+1000E400
+3000E400
«5000E+0¢
«7000E«00
«9000Es00
«1100E+01
«1300€401)
«150VEe0])
«1T00E+OY

. «1900E401

«2100E401
02300ke01
«2500E 401
«2T0VE WD)
«?2900E40)

«373ISE. 1)
«3288E+02
«TT6TEL D2
21289E 403
018255003
«2310Es03
«2919E 402

. e3469E403

«402UEeN]
«45T0E«03
«S5121k+03
«5677E+03
.6222E403
6773003
s 7324k 02

W8246E403

TEND= ,3300E+01]

+1200E+00
«J200E+00
«5200E+0D
«T200E«00
«9200E400
«1120€401
«1320E8401
«1520E4+01
«1720€401
«1920£401
«2120€401
«2320E4+01
025205001
«2720E401
«2920E4+01}

+5518E4+01
«J68BTEL02
«62h0E402
e13641E+03
«1879F 403
2 2625E403
+2974F 403
e 3924E+U3
«40TSE0]
«4625E403
+5176FE+03
«HT2TED]
«62TRESD]
«HAZRE 03
o« 1379E+0

TS1= ,5378E+03

Xz ,2000E+01

J1500E300
+3400F+00
+S400E+00
«T400E«00
+9400F+00
«1140E001
«1340E401
«1540E401
«1740E4+01
«1940E401
«2140E401
«2340E401
IES“OE.OI
«2740E4+01
«2940E+0)

e T602E+01
«4099E402

«875RE402

«1395€4+03
#«1933F403
«24B0FE+03
«3029F+03
«35798 403
«4130FE403
«4680E+03
«5231F+03
«S5T782E+03
«63338403
s6AN3FL03
«T4AGE403

+1800E400
«3600€E400
+5600E40D
«T600E«00
«9600E+D0
«1160E40}
«1380E:D1
«1560E401
«1760E401
«1960E401
«2160E401
«2360E401]
«2560E401
«2T60E+01
«2960E401

«9568E40]
04524E402
»9261E402
«144HEL02
+1988E+03

‘a2535€403

+3084E403
©3634E4023
«4185E403
«6735E4023
05286E003
+5B37E+023
«638RE+03
«h939E«03
«T4B9E+03

«1800E4:00
+3800E+00
«5B00E+00
«7800E+00
«9BO0E+00

w11B0E+01

«1380E+0]
e 1580E+01
«1780E401
«1980E4+0)
«2180E401
«2380E4+0]
«2580E401
«27B0E+01
«2980F 0]

T1260E402

014960E+02
«976BFe02
«1501E+03
«2042E+02
«2589E403
«J139€+03
«J6RGE+03
«42640E+03
«4790E+03
«5341E403
+5892E403
«6443E+03
+6994F+03
«1544E003



- 9g -

TF

1F
T¢
1F
TF
TF
F

NN N NN NN NN

VF
VF
VF
VF

VF
vF
vE

Te
TF
Te
TF
T
Tr
1§
A3

+1000E-07
«1549E4+03
«2?81E403
«2575E4+03
26B7€403
02729€4023
«2T45E 0]
«2751E403
«2753E+03
«2753E+023
W 2754E403
27548403
«275%4E403
27548403
«2754E402
«2754E402

Ni= ,2191E+00

0.
«2000Ee00
.4pbdoke0n
.6000E+00
.8000E+00
«1000E+01
«1200E+01
«16400E4+01
d600E401

d716Ee02
16921E402
14976403
«2503E+03

«3637E403

J4546E+03
«6104E403
.7385E403

thOUE‘b?
«1H64E4+0]
+J44REL03
24664E 40D
«5433E4+03
«5917E403
«6200F403
«6361E403
«h652E403

DIz ,3588E+00

(U8
«2000Es00
2G4000E 40
LH000E 400
«+BUOOE 0N
21000Fs01
»1200Es+01
Llunfnt s

+1939F«02
,1653E403
2 2324E4021
«2592E403
22694E403
«2732€403
+2746F 403
+2751E¢03
22753E403
«2754E403
,2154E403
»2754F ¢03
«2754E403
22756E403
2754E403

»2000E-01
«2200E+0U
J4200E400
«6200E400
,8200€.00
clO?OE‘Ol
1220Es01
+1620E401
J1630E+01

«2000E-09
.2089E 402
«7611E402
«1550€+03
o2611E4+03
#3755E403
+4972€403

C 62318403

«7515E+03

+1956Es+02
«2036E40J9
.3588F403
J4T760E403
«5493E+03
«59S53E+03
,6220F 403
«63T73E403
«6458E+03

2000t =01
«2200E+0Q0
+4200€+00
«h2NOEs0U
«B200ESDO
.10205‘01

‘e 1220E901

«1420E401

.3815E+02

«17649E+03
«2364E403
e2607E+03
«2699E 403
«2734F 403
«2746E403
«27S1E403
27536403
fCTS4ELD3

o ”T154E 403 -

«2T1S54F 203
«2754E403
«2754E403
e2754E403

«4000E~01
UZ‘OOEOOQ
«4400E 000
«hH4N0E+DO
HB400E 00
«1040E401
«1240F401
e1640E401

«3912E400
«2406FE402
K326E402
.1684E403
«2T21F 403
«3AT4ELD3
« 50976403
«h3I598403

«3899E402
e2206E403
e 3723E+03
«4B32E403
+S5651F+03
«59RKE 03I
E260Fa03
ohIRUF Q3

«2000E =01
«2400F 600
«4400F 400
«PANNEenD
«t4NQE+00
s104NF L1
s1240F 401
184004010

2 5609E+02
«183RE+03
«2600F 403
«2621E403
«2705E+03
«2736E403
«274TE+03
+2751E403
«2T53E+03
«2754E+03
«2154E+03
«2756E403
«2756E403
«2754E403
«27154E+03

«6000E-01
22600E+00
4HO0ESTD
+6600E400
SRB00E4DO
«1060E+01
»1260E401
. 1460E401

«1171E401]
«2937E402
¢9073E+02
Ji1781EL03
«2832E4+03
3994403
«5221E403
«64ATESDS

«5825E402
«2372E4+03
«JAS4EL0]
049205f03
«5605E403
+6019E+03
J625KE+03
«6394E+03

«6000E~0]
W 2600E+00
s 6N0ES0Y
«HHDOES 0D
«B600ELUD
o IDRUYESD]

s12n0Ee0 ]

«1460F 0}

«7311E¢02
QIQIQE‘OJ
«2413E403
e2634E003
«2709E+03
+2T37E«03
«2748E+03
«2752E403
«2T53E403
«2754E403
«27564E403
«2754E4+03
«2754E403
«2754E+013
«2754FE403

+B000E~-01
+«2800Ee00
4l00E40D
«6800Es00
«ABQOE+D0
+1080E+01
«12A0E+01
«1680E+01

«2336E40]
«3412E402
19844E+02
«2944E403
JA114E403
«SA4TEDI
66146403

«7730€402
«2535E+03
«J9NRNE«D]
«5004E403
56575403
«5049E4+03
62768403
W6604E403

«ADNNE=01
«PHOCE+0O
CHRNNESDD
+ARQNE4ND
+RAQNQFE 400
«1080EeD]
«12a0ke01
«1410F 40

«A91bEs02
«1993Eep3
.2663E403
e 26458403
«2713E403
+2739E403
2T08BELD3
L2T02Ee03
«2753E403
.2756E403
«2T54E+03
«2754L 403
2 2754E403
«2754E 403
«2754E 03

«1000E+00
«3J00UEs Q0O
«5000E+00
«T000E«00
+9000E400
«1100E401
«1300E+01%
+1500ts01

#3882E401
39198402

Te1066k 403

«1979€4 99
«3057E403
«4235E403
56726403
67436403

L0613E.02
02695£403
4102403
«5084t403
«5706E403
.6078E403
6292402
6413403

«1000E4q0
«3000kLs00
«BUVVE QN
«TO00Es00
LGU00UEen0
+J1IU0E e
RNV Y]

¢1042E403
s 2062E+01
+2490E403
+2655E403
«2T17€E403
«2T40ES 03
«2T49E+0)
«2752E4+03
«2T53E+03
«2T54E403
«2754E403
+2754E403
«2754E403
.2754€403
«2156E403

«1200E400
«J200E+00
«5200E400
«T200E+00
«9200E+00
2 1120E401
«1320E4+01
+«1520E401

+5805E4+01
.4458E402
¢«1146E403
«20B1E403
«3171E«03
L4357E403
+5598E+03
«6871E+03

01147E003
«2R52E403
«4219E403
«5161E403
«5753£403
«6105€+03
«6308F 403
06622F 403

+»1200F+00
«3200F+00
52006400
«T200Es00
«3200E+00
J1120E401
L1320E8401

«1143E4+03
«2128F 4013
+2514E+03
e C664E+03
«2T21E+03
«2T42E+03
o 2T4%E+03
e 2752E403
« 2753403
«2T54E+02
+2754E403
e 2T754E+03
«27564E403
«2T7S4E+03
«2754F+03

«1400F+00
«3400€+00
«5400E«00
«T400E+00
«9400F«00
«1140€4+01
«1340€+01
«1540E4+01

«8099E+01
«5028E402
«1230E+03
«21B4E+D]

«3286E+03 .

«&44T9E+D)
«ST724E+03
+6999E+03

«1331€4+03
«3006E+03
«8332F+03
«5234E+03
«ST9TE+03
«6131E+03
«6322E403
¢6430E+03

«1400E+00
«36400E+00

«5400E+00

e T4O0E+00
+9400F+00
«1140Fsn]
«1340£401

«1314E403
«2181E+03
«2537€+03
+26T3E+03
+2724E+03
e2763E403
«2750E¢03
«2752E03
«2753E+03
«2754E+03
«2754E+03
v 2754E403
«2TS4E+03
«2754E+03
«2754E403

«1600E+00
+3600E+¢00
«5600E400
«T600E+00
«F600E«00
«1160E401

+1360E401

«1560E401

e1076E+02
«5629€402
«1317E+03
«22B9E+0]
«3402E+03
W 4602E4013
«5851E403
«7128E403

+1511€E+03
031565003
«4440E4D]
+53064E4+03
«5835E403
«6155E+03
«6336E403
«643RE+03

«1600E+00
«3J600E«00
«5600E+00
+T600E+00
«9600E400
«1160E+01
«136DE+01)

«1636E+03
«2233E+03
«2557€4023
«2681E+03
«2727E+03
+2T44E03
«2750E403
2753E403
«2753E+02
«2754F+03
2 2754£4023
027546403
«2T54E+03
«2754E403
«2754E4+03

«1B800E+00
«3B800E+00
«5BOOE+O0D

'« TBOOQE+00

+»9B00E+00
«1180E+01
«1380E+01
«1580€+01

+1378E402
«6260E402
«1406E+03
+2395£403
+3519£+03
«4T25E403
«59TTE+03
«T25TE+03 .

«16B9E+03
«3304E+03

24544F403
«5370E+03
«5879E+03
«617BE+0D3

26349E403
«6445E403

«18B00E+00
+3800E+00
+5800E+00
«7B00E+00
«9800F+00
.1180E¢01
«13R0E+01



- Lg —

NANANNNANNN

VF
VF
VE
VF
VF
'3

vF

113
TF
TF
Tt
T

TF
TF

NN NS N

n

<1742E402
.TiT8E+02

o 15681E+03

ni

0

0

ni

0

«2698E407
«%000E+03
«5433E+03
«6953E4013

«1000E-07
«1915€+03

+3650E+03

«5070E+03
«6145E403
«H911Ee03
«716435F403
«TT7TR1E403

= ,48R4E+00

L]

«2000Espn
«4000E 00
«6000Es00
.B000Ee00
«1000Es+01
«1200E401
.16400Es01

«1751E+02
. 7762E402
1615€403
2TBTE«G3
+4185F 403

57528403

2 T445E403

«1000E-07
«1932E+03
«37E5E+03
«5272€E403
+hB2BEs03
«1496E403
+8216E403
JHT34E+(03

= L63IBIE+NN

«2000Ee00
«4000Ee¢nn
+HO00ESQO
JA00NEL 0N
«JOOVE D]
J12008 401

«2000E-09
«2125E402
«7908E+02
+1683E+03
«2820F+03
,4138E+03
+5582F+03
«T109E+03

«1958E+02
«2100E4+03
«3B0TE+03
+5193E403

" +6235E403

«6974E+03
WT6T6EC03
+7TBOBE+D3

- +2000F=01

£2200E400
'QZOOE‘OO
+6200E400
+8200E400
«1020E4+01
.1220€4+01
214206401

42000€-09

.2137E+02
.8007E+02
+1720€403
.2918£403
L4334 403
.5917€403
.7620E403

+1959F+02
«2120E403
«3BYZEL03
«5611E4+03
J6H63ITE+03
+15T9F+03
«8276£403
WRTTTEN3

«2000F =01
L2200E s 0V
«4200E+00
oh200f 400
8200800
»1020t 01
«1220F s}

«3916E+00
25456402
«B&69FE .02
«1787Fe03
¢2945F403
«4278F 403
«5T31Fe03
«7T265E403

«3910E+N2
«”2R3E403
+3961E403
«5312€403
«6321E403
«T033F4+03
«7516€4+03
«7834FE4073

«4000€=-0]
2 2600F 400
«4400E400
+H400E400
AG00EL0D
«1060F+01
J1260E401

«3918E400
« 25618402
JHTRGELD2
+1B29E403
«3051E403
i44B6E 403
«60R2F 403

+3914E402
«230AF 403
«4056E403
e 95476403
«~T743E+03
« T659E403
«fi334F 403

e 4D0DE=0]
W PL00F 400

«H60NFL00 .

e 4N 60D
eh&NuEen0
elllanten)
1240t 401

S1174E401
+3002E402
«9462E402
«1A93E+03
<3072E403
$4419E403
+581E+03
ST422E403

+5855E402
.2463E403
41126403
«S5428E4+03
6405E403
+T091E+03
.7554E4+03
.T859E+03

«6000E=0]
+2600E+00
24600E+00
«6600E+00

L+A600E+0G0

+1060E+01
J1260E401

«1175€401
«3022E+02
«§9597E+02
«1940E403
«3186E403
14639E403
,6269E+03

+SRASE+D2
,2491E+03
W4218E+03
+56R0E+03
W6HGTESD3
LTT3I6E+03
LRIS0E+03

CROQUE=01
«PAO0E+OD
JA46NNESUO
CARNQE S D
JBANNESNQ
<l0ADESU]
126080

«2345E401

e3J4quEen2
2 102RE403
«2001E403
+3200E¢03
«4560E403
«6033E+03
«7579€403

«7790E02
«2641E403
+4259E403
+5561E403
64856403
07l66£003
«7591€403
«TBA3E+03

+8000E-01
«2800EeND
«4B0NE«00
QGBQQEOOO
JREn0E+00
+10R0E+01

.1280E+01

.2348E401
«1521F+02
«10464E403

T.2053E403

+3322E403
«4794E403
«64]1TE+03

«7810L 402
«2673FE+03
24377E403
«5R10E+03
«6948E+01
« 78116402
+BLsaF DI

«B0NNE=01
«2800F 400
«6BOOE SN0
«EHNNELND
«RRNNE 00
e 10H0F 0]
L12.40F 400

«3903E401
(6022E402
«1114E402
.2112E403
«3329E+03
«4703E403
«h188EeD3

«9T14E+02
.2816t403
.4403@‘03
«5650E«03
«6563E403
o T199E«03
«7626E403

W1000E+00
.3000€400
.5000E+00
+7000E+00
+ODODE+00
«1100840]
L1300E401

«3910E+01
«4055te02
oj132E403
.2169E~O3
.3461E403
s49%0E4023
+«6585E4023

2 9T49E+02
«28%64E+02
«4533E403
.5937t 03
JTU46E D]
s TBE4E« 03
LB49TESN]

«10U0E+Q0D
«300VE+n0
«5000FE«n0
+TOV0E 00
«9000E 0
«110UL+DY
L1300F401

«5B846E401
+4586E402
«1202E403
»2225€403
-3661[003
«4B4TESDI
«6337TE«03

«1163E403
«2989E+03
4544403
»5755E4+03
«6638E+03
«7250E+03
76606403

«1200E400
«3200E+00
+5200E+00
«T200E+00
«3200E400
«1120€4+01
«1320E401

L586DE01

24626E402
12226403
«2288E+03
03602E403
«510RE+03
.6755E403

«1168E+03
+3033L 403
«46ATESD3
«6061E403
«T141E403
«T955E 403
.B8548E403

«1200E+00
«3200E+00
.S5200E+00
«T200E 00
«9200E400
1120k +U1]
R EELLEYIE

+B171E+01
+S5183E+02
+«1293E4+03
«2340E4+03
«3593E4+03
04992E+03
«6490€+03

«1353F+03
e 3159E+83
«468B0E+D3
«SB858E+03
«6T710E+03

"« T299E+03

«T692E403

+1400£400
«3400E4+00
+5400E+00
«T400E+00
«9400E400
»1140E401
«1340F+01

«B198E+D1
¢5233E402
e13164E403
«2409E+03
«IT45E+03
«5267E+03
«6926E+03

«1361£4+03
«3209£+03
«4A3RF+03
«6182E4+03
«T234E4+03
«H023F+03
+B8597E«03

14006400
«J400E+00
«5400E4+00
1400400
«9400F 400
«l140F+01
«l3a0F+ul

«108BE+02
«SB15E+02
«1386E+03
W 245TE+03
«3728E4+03
«513RE+03
0 6644E403

915‘2E003

»3325E+03
«4B14E+03
+»5957€+03
«6TBOE+D]
«T346E403
«7723E403

«1600E400
+3600E+00
+S600E+00
«T600E+00

+9600E+DD

01160E+01
«1360E4+01

+1092€E302
58T4E«02
«1413E403
¢2533E+03
«38B90E+03
«5427E+02
+«TO9ARE+03

«1552€403
+3363E+03
+49B5E.403
«6300E4+03
«7324E+03
+AOBYE+D3
«B644EL03

«1600E+00

«3600£400

«5600E+00
«T600E+00
«9h00E+00
s 116A0E401
e 13A0F <01

+1396E+02
+6480€+02
+14B2€E+03
«2577E4+03
+»3BE3E+03
+5285€+03
«6798E+03

«1729E+03
«3689FE+03
e4944E+03
«6052F+023
+6B4TE+DI
«T391E+02
«7753E+03

«1B00E+00
«3800E¢00
«5B00E+00
«TB00E«00
«9800E+00
«1180E+01
«1380E+01

«1402€402

«6551E+02
<1512E+03
o 2659E+02

(4036E403
«5589£+023
0727LE‘03

«1743E+03
2+ 3555F403
+5130E403
W6415E403
«T412E+03
«+B154F+0]
+REQ0E+03

«1800E+00.
+3800E+00
+SB0DE+00
«7B00E 00
+9800E+00
«1180E+01
L1380E+01



- 8g -

PN N NNNN

iF

TF
TF
Tt

TF
TF

L N L ]

T¢
TF
1F
TF

1F
TF

0.
«1774€402
73288402
«1636E403
»2843E4+403
«4301E4073
«5960E+03

+1000E=07
«163%E4+03
«JTATESD]
«5393E+03
L6769€403
<7AB4EW0I

,8757E403

D1= ,7777€E+09

0.
«2000E400
«4000E+00
«6000E400
«AU00E+00
«1000E401

"a1280E401

«1774Es02
L7351€402
«164BE003
«287HE+0]
_+4379E403
W6104E40)

«1000E-07
«1943E403
«3793E+03
«5673Ee03
+6935F«03
LAIS9E+03
.9154E4013

NIz (91T4Ee00

o.
«2000F 40N
«4000E«00
«HO00E+ND
JHU00E«DD
_« 10008501
«1200Ee01

e
«1778E402
o T3RAC 002

«1960E+00
22162E402
BoTBE«02
W1766E03
+2978E+03
L6659F+03
<6135E403

+1960E402
«2129E+03
+3939E4+03
«5542E403
+6892E403
.1981E+03
+BHI2E+03

" .2000E-01

«2200E+00
«4200E400
2«6200E+00
«B200E+00
+1020E401)
Jd220E401

«1960E+00
2165402
+B109E+02
-i7§é5003
+3017F+03
+4543E+03
«628TE+03

2 1960E402
«2134E403
+39T70E«0
+5630E4+03
«T068€403
+8269E+03
«9241E403

«2000E=-01
«2200E400
«4200E+00
«6200F«0U
282000 +00
102080 01)
W12208401

J19ANE 0D
2167802
CE131F 407

«5R80E00
»2588€402
JBARBELODZ
+1855E£403

«3116E403

2461BE4N]
«6312E403

$3917E402
W2317ED3
«4110E403
+S6H9E+03
+7012€403
JA077E403

+B905E+03"

T4000E-01

«2400E400
JA4ANELND
W6400E+00
«R4NGE+00
«1060F+01)
12408401

«SBR0E+00
«2592E402

«8903E.02

JiR70F+03

03156E003,

J4TOBEL03
FOTPFE40]

«391RE402

«2324E403
+4145F403
«5TA4E+03
«7199F 403
+HITHESO3
9327L 403

W4000E=0]
«24N0F 400
»4400E40N
«RG00F 400
«HANNEs DD
S1040F 0
o 1240F 01

«REOFE«NO
o ?594F 402
UL Ta P

«1371E401
+30S1E+02

J96HBEOS

+196RE+0]
«3256E403
+4TBOE0D3
.6690E+03

«SAT1E+02
+2504€+03
$4279E+03
+5A33E403
+7130€403
«A1T0E+0)
+BITHE+N]

6000E=0]
«2600E+00
«4600E+00
«6600E¢00
«B600E+D0
+1060E+0])
. 1260E401

«1372E401
+I0S7E+02
«9732E+02
.1988E403
+3302E¢0)
<48TSE4D3
+6659E+03

WS5AT3F+02
«2512€4023
24318E+03
+5936E4023
.7327€+03
+B4R1E+03
«9411E403

«HOQVE=01
«2600E+00D
«46N0E0Q0
«6600E+V0
«BA00END
21060E+01
«1260F«0]

«1372€40]
«30R0E02
«97RIECUZ

02546E401
«3552€402
JA054E40)
«20RSE+0]
«3399E403
28943E4+01
-66695‘03

«7821E402
e 2690E40)
«4445E403
«597SE+03
+7245E4+03

PLELT Y K

«9045E€£403

B0o0E-61
o??OOE’Oﬂ
.4800Es00

.«6800Es0D

LABA0ES00
«1080€401
J2R0E4D1

«2546E401

«3559E4+02
+1060E+03
«2105E+03
«3449E+03
«5045€403
+6R4TESO]

«7826E+02
+2679E+03
«44HOE403
+hOHOES0]
74338402
+AS584E40]
«9432E403

«80N0E-01
«?R00Ee0N
+4RANOES00
«HBNNESND
«BANOE+QO
«10R0E+D]
«1200Ee01

«P54 1E0]
e 157 4F 402
«10n3% 0]

«4110E401]
«6090E402
«1143E403
«2205E+03
2 3544E403
.5108?003
+4850E+013

W976TEs02
«2873E403
+4609E+03
«6113E403
+T7358E403
+B349E403
«9112E+03

«1000E400
«3000Es00
«5000E400
« 7000k 00
«9000E+00
«1100Es01
«1300E401

c‘ll!EOOl
«4099€s02
»1169€403
»2226E403
«3598k4+03
-521?5‘03
-703(&003

«9776E402
«2885E403
«4658BE 403
u6£33§003
«7577E403
«A684E 403
«93572E.03

«100UE Q0
+3000E400
$500UL 600
J7000E400
+9000E 400
+1100ten1
+1300E4p)

«6112Es01
4109k s02
i 104Een3

+6063E401
«4665E402
«1235E403
«2327E+03
«3691E4+03
+5275E403
+7033E+03

21171E«02
+3056E+03
W4TTI1ES03
+6250E+023
«T46BES0D
«8438E+03
+917RE+03

+1200E400
+3200E+00
«5200E4+00
«T200E400
«9200E400
tllZOE‘Ol
«1320€401

«6066E+01
«46TRE+D2
«1243E403
+2351£403
+37649€403
«5390E+03
o 1228E401

11726403
+»30T0E+02

24826E+03 -

«637RE403
1698403
«BTH2E0]
+9649E4+023

«1200E400
«3200E+00
»5200E+00
«T200E+00
«9200E+00
«1120Fs01
. 1320F401)

«6N69FsV]
«4hB4E SN2
W1P68F+03

«8405E+01
«5276€E4+02
+»1331€+03
«2452E€403
+3840E403
+5446F403
«T216E+03

«1364€403
03236E+013
+4930E€403
«6383E403
«T576E4+03
«AS1AE+03
+9241€403

o 1400E400
¢3400E4+00
+5400E4+00
«T400E+00
+9400E+00

‘o1140E+01

«1340E401

e84]11E401
«5290€402
«1339E403
'26795003
¢3903E+03

+5566E403

«T421F 403

11366E003
«3253F4+03
+4991E 403
«6521E403
«Tal7E+03
«BBT79E+03
+9725E4+01

.lkOOﬁoOO
«3600F+00
«56400F+00
«T400E+00
«9400£400
e1160Fs01

e1340Fe¢01 .

WB414F 0]
+S300F 402
«1345F+03

«1113€E4+02
«5923E+02

«1425E403

«25R0ES03
«3992E+03
+5614E403
«T401E+03

+1557E+03
«J4]15E+03
«S5087E+03
«6514E403
«T681E4+03

«B600E+D3

«9303€E+03

«1600E+00
«3600E+00
¢5600E+00
+T600E+00
«9600E+D0

«1160E+01

+1360E4O1L

s1114E+02
«5941E402
¢1439E4+03
o 2609E403
«4060E+03
«5T744E401
«T616E+03

015595003
2 3435E+02
#5156E403
«h661E+0D
+7933E.03
«8972E+023
«9799E403

«1600E+00
«3600E+00
+5600E+00
»T600E+00
«9600E4+00
«1160E+01

«1118€+02
«5953F 02
«1445E+03

«1825E402
«6606F +02
«]531E+03
«2T10E+03
o4145E+03
«57B6E+0)
«7S87E+03

«1T49E+03
+3592E+03
«5241E+03
+6643E+03
«TT84E+03
+BET9E+03
+9363E403

+«1800F«00
+3B800E00
«5800E+00
«7T800E+00
»9800E+00°
«11R0E+01

«1426E402
+662RE+02
015‘25‘03
«2T&2€403
04218E+02
«5923E+03

o 1752E+03
«36]15E+03
«5315€+03
+6799E+03
«RO4RF 403
+9064E402

+1800E«00
«JB0QE00
«SB00E+00
«7800E+00
«9800F+00
«1180E+01

«142TE+02
«6642E402
«1550F«03



o 6g p—

NN NN

VF
VF
vF
vF
VF
VF

NN NN NN N

TF
TF

iF

Te
TF
TF
1F

<1657€403
+2904E403
.4436F403
«6211E+03

.1000E=07
«1946F 403
«3A12E+03
«5531E+03
T T056E403
«B366E+03
«945RE+03

DI= J1057E+01

0.
<2000E+00
24000Es00
«6000E+00
«8000E+0n
J1000E+81

+1200E01

J1779E402
.T3R2E402
«1663E+03
.2923E403
«44B0E+02
«6294E 403

«1000E=07
.1948€403
.3826E403
«55T4€403
WT149E403
.8526E403
«7699E+03

Nl= L1197F+01

0.
+2000E200
«4000Es00
.6000E+00
<RO0NEsOO
2 1000F+0])
«1200E+01

«1799E+02
«T612Es02
.1670E+023
«2940E403
«4516L4N3
«hIHPE 0]

«1TATE+DI
«J045F 403
«4604€403
«6401E403

«1960E4+02
«2137E+03
«3892E4+03
+5693E+03
«Ti97E .03
+84B4E+03
+9556E+03

«2000E=01
«2200E 400
+4200E+00
6200E+00
«B2U0E+QV

. 10208301

.1220€401

«1980E4+00
«2168E+02
BiatEsoe
«1775E4+03
+3066E+03
«4651E403
.64RRE+03

«1960E+02
W2140E403
,4008E+03
«5740E+03
«T296E+03
LB652E4+03
+9805E+03

L20006=01
+2200E400
W 4200E400
«6H200E+00

«B2NOE+0UV.

10208408
«12P0Fe0]

«1960E+ QU
«21H9E+02
«B173E402
«1782E+03
«30R4Es03
469k N3
«6560F 403

«1881E403
«3J189E+01
4TT73E403
«6592F+03

+3918E+02
«232RE403
«41T0E403
+5853E403
. 1336E403
+B601E+03
+9652€403

«4000E-0]
«2800E400
+4600E400
«h400E 400
«H400EL00

ERLIYIRT I O

«1260F 401

.S8BOELDO
«2596E402
JASLAELD2
«1890E+03
«3212E403
2 4826E403
W h6HEELDD

«3919E+02
«2331F403
«41RRF 403
«5904E+03
o 7440€403
«B8777E4013

«7910E+03

+400NF =01
«2400L+00
¢4400F+00
«6400E400
o H400Es00
«1040E+01
o 1240E401

«TB4NESON
«261TE 402
«HGRIE 02
+1B9AF 403
« 1232k en3
24RNKSE 0]
NTHNOF 4D

.1998E+03
+3336E+01
+4945E+03
»6785SE+03

.5875€4+02
«2518E+03
«4346E4+03
«6010E+03
JT472E40]
+BT16E+01
«9746E+03

+6000E~01
#»2600E400
24600E400
«6600E+0D
«86NDE+DO
«1380E4T]
+1260E4+0]

«1372€E401
«3062E+02

“978AE402

+200HE+03
+3361E403
«4999E+02
«HBB2E+D3

«SBT6E02
«2522E+03
W436TED]
«606KE0]
o 7T583E+03
+BH99E+03
«1001E+04

«6000E-01
«2600E+00
«4600E«QQ
«6600E+00

«R600E+00.

«1060E+01
«1260E4+01

«15hA8E+01
«30R&ES02
«9R2IE02
«2017E+03
«JIRZES 03
«5063FE ¢
«HIRZECQ]

«2119E403
+«34R8E+03
«5120E403

«69R0E+03

" W TB29E«02

+2704Ee03
+4520E+03
e6166E403
«1606E4+03
+B8828E+03
«9837E403

«B000E-01
»2800E+ 00
«6B00E+00
+5BODESOD
«8800E+00
T 1080E 01
«1280E401

«254TE+ 01

«3567E+02 .

10668403
2 2179E403
35126403
«S5177E+03
«10R3E+03

«TB31E4+02
«2711E403
+45644E403

$6227E+03.

ST724E403
<9019E+03
«1011E+04

+RONNE=01
«2800EeNO
«4800E+H0
«AHONE+QO
+BBOOFEeNO
«1080E¢01
«1200E¢01

«2T44Een]
«3589E+02
«1070E+03
»2139F+03
23536F ¢03
e 5224E403
s 71147E+03

»2242E 402
«3637k403
+5296E403
oT176E402

«9TBlE+02
.289?€b03
+4693E403

«6320E403

«TTIBE+02
+8938BE+03
«9927E+03

«1000E+00
«3000E+ND
«5000k400
«TO0VE+DO
+900UE+00
L11D0E4D1
«1300E401

L 4113E401
+4109E+02

“1157E: 03

«2254E 403
+165TE+03
«5357E40Q2
.7285E403

«9784E+02
«2F00E+D3
«6T720E403
-6355F‘O3
o 7863E403
«9137E+03
«1021E+04

+1000E+00
«300VE+0Q0
«5000E+00
«T000E+00
«9000E+00
<1100E40]
s 1300E491

e43]0E40]
L4132E402
s116lteq3
«2265E403
«369¢t 403
eH4URESG]
o 7374k 403

+236BE+03
«3792E4+03
+5475E+03
«T3T5E+03

«1173E+03
+3080E+03
+4B6SE+03
«66T1E+03

«TH6RE+D3

«9047E+03
«1002E404

«1200E400
+3200E+00
+5200E4+00
«7200E4+00
+9200E400
«1120E4+01
«1320€401

«60T0E+Q1
«4689E4+02
+1251E403
«2381E+03
«3824E403
«5540E403
«T4AGE+D3

«1173E403
«J0RTESD3
«4B894E+00
«6542E403
«7999E403
+9254E403
«1031€404

2« 1200E+00"

«3200E400
«S200E+ 0D
«71200F«00
«9200E+00
«1120E+0)
«1320€401

»626RE 401
«4T13E+02
«1256E403

«2393F 03

«3851E+03
55948407
e THH2F 03

+249BE+03
¢J949E+ 03

«5A56E4+03

o T5TSF 03

+1367F4+03

03265E4+03°

«5034E4+03
«6621€4+02
«TG96E403
«9153E4+03
«1010E+04

«1600E+00
+3400E400
«5400E+00
«T400E400
«9400E+00
«1140E401

«B4]1TE+D]
+5306E402
«1349E403
+2512€+03
¢3984E4+03
«5725€+03

+1368E403

+3278E+03°

+5066E4+03
+6696E4+03
e8134E+N3
«936BE+03

+1400E400
«3400E«NO
«5400E4+00
«T400E+00
«9400F+00
el1640E+0]

«RARI1SF+01
«5132E 402
«1354E40)
e2525F403
«4013E+03
W B732F 403

«2630E4+03
«4109€+03
+5839E+03

«1561E403
+3449E403
«5202E403
«6768E4+03
«8121E+03
«9256E4+03

«1600E+00
»3600E:00
«5600E+00
«7600E400
«9600E+00
+1180E:D1

«1115€E402
«5961E+02
«1450E4D]
«2646E403
W414TE403
«5913E4+03

+1562E+03
+3459E+03
+5237E+03
«6B49E+03
«B26TE«03
+94B0E+03

N

«1600E+00
+3600E+00
«S600E+00
«T600E+00
«9600E+00
«1160E+0])

«1135E402
«59ARE+02
s 1456E+03
«266NE«N3
«417TRAE«0]
«50973E+03

W2T66E+03
$6272€+03
+6024E403

+17564E403
+»3631E+03
+536TE+03
«6913E+03

" +B244E+03

«9358E+03

+1800E+00
+3B00E+00
+5B00E4+00
«7B800E+00
«9800E+00
+11B0ES01

.18428F402
«6653E+02
+1555€3%03
+2T83E«03
o4312E+02
«h102E¢03

«1755€4+03
«3643E+03
«540TE+03
+T7000E+03

"2B839TE+03

«9591E+03

,1800F+00
+3BO0E+00
«5B800E+00
«7800E+00
+9800E+00
+11080€+01

«1448F+02
L6681E+02
+1562E+03
«2799F 03
L4366F+03
«H166EeN3



- 09 -

Mo NN N AN N

VF
vF
vF
vF
VF
VF

-
"

11
TF
TF
TF
¥
13
1F
PF

AN ANNANNN

«1000E=-07
«1949E403
«3837E+03
«5608E+03

s7222E403

«B654E 401
.98%94E403

DI= 1336E401

0,
.2000E400
«4000E+00
«6000E+n0
«RO00E+00
LI000E01
«1200E401

3.
+1799E+02
L1al9Es02
J1674E+03

.2952E403

L4544E403
64158403

«1000E=07
"«1951E4+03
«3B4%E403
«5635E403
+71281E403
+RTSHE+ 0]
+1006E+04

nis ,1e¢76F4+01y

0.
2»2000E+00
«4000E+00
o@OOOE‘OO
+R000E+00
«1000F+Q1
«1200E+01

0.
«1R00F+02
«T426F 402
e16T7E403
«2962E403
LA486TES0]
«6460F 4013

s1000E-07
»1951E403
38828403
«H6STE N
«T330E 4013

«1960E+02
«2142E403
L4020E403
W.STTTE+03
»1374E403
+B8786E+03
«1001E4+04

22000E=-01
,2200F+00
«4200E+00
«6200E400
+8200E+00
10208401
21220E+01

.1980E400
«2190E+02
WAlasked2
«1787€402
+3098E403
+4T19E+03
«6617E403

«1960F+02
«2143E403
24030E403
»580TE+03

£ 1437E403

L BB%eE+0]

«1017E+04

22000E-01
+2200E400
24200E+00V
W6200E+00
2H200E400

J1020Eeu]"

.1220€401

«1960E4+00
«2190€E4+02
«R196E407
J1791E403
«310RE+03
J4T48F a0
«6666F 403

«1960F 02
«2145F 403
«6038F 203
«HBRIE+03
«T48G9F 403

«3920E+02
«”334E403
«4202€+03
«5944£403
.1523E403
«91TE+03
«1012E+06

«4000E-01
«2400E+00
«4400E+00
«h400ESDD
«A4N0E0D

JddanFedl .

«1260E4+01

JTRABESDD
«2618BE+02
JRGI5F B2
«1803E4+03
«3246E403
«4B9TE+03
W 6820E403

«3920£6402
+2336E403
«4213E403
«S977E403
+7591E403
«9032E+03
+ 10298404

«4000E=01
«Z400EL00
«6400E 400
«F400E400
«H40DE00
+1040F 401

«1260F401

«7B40F 40D
«2F1GQF «N?
«I004F 402
«190TF 403
«32HRES 03
»4924F«03
«HRTOF 403

«J920E402
«c337E4N3
42224073
NN NRIFY X
elhanF sl 3

«5878E+02
«2525E03
«43B3E+03
«6110E+03
«7671E4013
+9046E+03
«1023Ee08

«6000E=-D]
«2600E+00
«4600E+00
+6600E+00
«8600E+00
«1060E401
+1260E+0]

«156BE:0]
«3085E02
.9837E%02
«2023E403
«339AE+03
«5078E+03
«T026E403

.5878E+02
W252TE+03
.4395E+03

WB185E303

L7783E403
«5166E+03
«1041E+04

«6000E-01
«2600E+00
«4600E¢00
+6600E+00
«BROOE«VO
«1060E+01
«1260E+01

«1568E+01
+30R6FE+02
+IB4HELQ2
«2027E403
«3411E+03
«5106E+03
«TDTNE03

«SRTRED2
«2529E403
J84NKESD]
«hA17T4E 03
JTRO2ED]

«7B34E402
+2715E403
«4562E¢03
26274E403
«1817E+03
091735‘03
«1036E404

«8000E~-01
«2B00E+00
«4R00E+00
«6800E«00
«BR00E+00

«10RBE+01

«1280E+01]

$2745ED)

+3591E+02
L1072E403°
+2145€E403
,3553F403
+5261E4+03
s T234E403

«TRASE+ 02
«27T{8E+02
04576E+03
+6312F403
+7893E403
¢8259E+03
<1052E406

«A000E=-01
023005?00
480nE+00
«6800Ee0D
+BRONE+ND
+1080E+01
«12R0F 01

v2744E40]
»A592€402
+1073F+03
215%1E403
¢35ATE+03
«5291Fen3
«7290E+03

+7838E+02
«2721E+03
J4SNAF+N]
ehI4aulle0]
«1956E 403

«9TBTESQ2
+2905E403
$4740E403
64376403
07?625‘03
09299E‘03
J1060E404

«100VEsQ0O
«3000E+00
«5000E40QQ
«7000E400
+9000E+00
«1100E+01
«1300E+01

053125501
«413%Esp2
J1163E403
-227g£'03
«3T11E+N3
«5467€403
«7445E403

'97595002
«2908E403
c4T56E«02
+68TBELD3
«8042E403
#9429E403
+1064tens

+1000E4+00

+«3000Es00

«5000E+00
«7000E+Q0
«9000E4+00
«1100E401
.1300E40]

«4311Es01
«6136E+02
«1165€403
.2278E+03
.3726kL+03
«5480Ls 02
o 7504t 403

«9TS0E s 02
W2P91LEep3
«4Tu9Esn2
o5 12Len
LA100E4D3

¢11T4E«03
+»3093E403
«4917E403
+6597E+03
+B104E+03

«9621E+03 "

«1055E+04

«1200E400
+3200E+00
«5200€+00
«T200E+00
«9200E+00
«1120E401

2»826BE401 |

«4716E402
+1258E+03
12601E403
+3872E+03
«5636F+03

«1174€403
+3098E4+03
«4935€403
66626403
»0189E4013
.98B3E+ 013

1200400
«3200E+00
«5200£400
«T200E+00
«9200E400
«1120E401

e6269E401
W4T1GE+02
«1260E403
J2408EeV3
«3RgRESU
.5KTO0E+03

«1174E+03
«3101E 403
«4949F a0
eHATIF 403
«R259F «03

»1368E+03
«3281E+03
«5092F+03
«6756E+03
«B244F 403
e9542€403

«1400F+00
«3500E400
+56400E400

- «T&400E400

+F400E+00
«1140E401

«8616E401
«5336E402
«135TE4D3
«2534E4023
«H035E403

«5827E+03

«1369E4+03
+32B6E403
«5112E403
«6B804E+03
«B334F+03
+94B5E+8]

«1600E+00
+3400E+00
«5400E+00
«T400E«00
+9400E400

el1140E401

" W8617E401

«5339E+02
«1359€+03
«2541F+03
+4054E403
+5864F+03

»1369E4+03
+3290F+03
«5128F 03
LYY RY K]
«BanNNt «n3

«1563E+0)3
«346TE+03
«5265E+03
.$913E+03
+83B3E+03
«9661E403

«1600E+00
«3B00E+00
«SE00E+00
«T600E4+0D

«9600E+00

«1180E401

«113SE402
«5993E+02
+«1850E4+03
«2670E+03
«4202E+03

+6021E4+03

«1563E4+03
+34T3E4+03
«5288E403

.+6965€403

«BATTE03

«9810E+03

L1600E400

+»3600E4+00
«5600E+00
«T7T600E+00
«9600E400
«11A0E40]

«1136E402
«5997E+02
01462E4+403
«2678E+03
«4222E4+03
<60R0ES03

«1564E403
»3478F4+03
«5306E403
«700TE+03
«A556L+03

«1756E+03
+3653E+03
«543T7E+03
s TO6SE+03
+8519E+03
«9TTBE«03

«1800E+00
+3800E+00
+5800E +00
«TBOOE+00
+9800E+00

"e1180E+01

«1488E402°

. «66BTE02

+15B5E$03
+20809E403
«43T2E403
»6217E+03

«1757€403
+3660E+03
+5462E4+03
+T124E+03
wB8619E+023
+35934E402.

«1BODE+00D
«3800E+00
«5800E+00
«TAO00E00
+9800E«00
«1180€+01

«1648E402
«6693F+02
+1568E4+03
+2B18E +03
+4393E403
+6259E +03

«1758€64+03
«3666E+03
«5482E 403
«7T169E+03
«BTN1F .+



_'[9._

VF «AB45E+03 ,B9BBFE403 ,0128E+403 ,926TE+03 ,9404E+03 ,9540E+03 ,967T3IE+03 ,9R05F+03 .9936E+03 L1006E+04
VF «1019E+04  ,1032F+04 ,1N44E+04 ,1056E404 L106RE+04 ,1080E404 o

RD 216226201 ,5B7T3E+00 1STUE+01 ,184TE+N] 414636401 AB23E¢00 +457AF400 ,2113E400 ,A93IE=01 .3524E-01]

RD «1317E=01

Pz ,43158£-01  T6= ,35911E+p2
R= JIRGDBESDI  §0= L16331E«D5

SuiL= . 34003E+04

Pz ,642405E-01 T6= 435703E+02
@=0, S0= ,16351E404

SMU= .34003E+04

Pz ,41A}6E=01 T6= ,35484E402

u=n, 'Sa= ,16351E«06

SMLe ,34003F+04

Pz ,40R642E-0] T6= ,35269E+402
Q=0 Su=s ,16351E+0¢

SMiL= .34003€¢04

TIMES ,50000E401 SEcONDS
Tws ,23903E+02 YoC= .78R41E-02

OW= ,606RRE403 . SQW= ,1K6326E+04

TIMEe ,10000E+«n2 SECONDS

TW= 42390BE+02 yoC= ,78837E-02

UWE ,59609E+03 SOWs ,4664)5E+404 -

TiMES 156006403 &EconDS
Tws .23914E+02  Y0C= 7BRAITE-02

W= JBB474Ee0I  Sows ,T75933E404

TIME= ,20000€E402 SErQNDS
TWE 23919E+02 YOC= .7RR37E-02

W= ,57361E+03 Sow= ,106R9E+05

TI#HE= ,7250000 02 SFECONDS

BRS= .1747SE+00

MOLO= ,21570E+02

HRS=0,

MOLO= .21569E+02

RRS=0,

MOLO= ,21569E4+02

BRS=0,

MOLO= ,21569E402

SBR= 429412E+02

MOLG= ,273%58E+04

SBR= ,29502E+02
MOLG= ,27358E4+04

SBR= ,29502E4+02

MOLG6= ,27358E40%

SARe= ,29502E+02

MOLG= ,27358E404



T6= ,35058E+02

Pz .38605E<0)  TG= ,3464BE+02

S0z ,16351E+04
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TW= +23924E+02 Y0C= ,7R83TE-02

QW= ,562T0E+03 SOW= ,13330E+05

TIME= ,30000E+02 SECONDS
TWw= ,23929F+02 YoC= .78837E-02

Awz ,55199E403  Saw= ,146114E405

TIME= ,35000E+402 SECONDS
TWw=z ,23934E402 YoCc= ,78837E=02

Qw= ,54148E+03 SOW= ,1B8850E+05

TIME= ,40000E+02 SECONDS
Tws 23939E+02  YoC= ,78A3TE-02

Qw=z ,53117E+03 SOwWw= ,21531€.05

TIME= ,45000E+02 SECONDS
Twe .23944E402 YOC= ,T78A3TE02

awz ,5210AEsNH3  SAW= L,24161F 405

MOLO® ,21569E402

SBR= ,29502E+02

MOLG= ,27358E+04

SAR= ,29502E+02
MOLG= .27358BE+04

SAR= .295025{92

MOLG= ,2735BE+04

SpR= ,29502E+02

MOLG= ,2735RE+04

SRK= ,29502E+02

MOLG= ,27358E+04



- WALL TEMPERATURE (°C)

23.96 T T E T T T
- .
2394 —
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- - z
=
Z
2390 S 1 L 1 { L 1 g
5 10 15 20 25 30 35 40 45 @ 00080 T
TIME (s) *
w
-
o
Figure 30. Sample Problem Output - NACOM =
Prediction of Wall Temperature History for Z 0.0079 - .
LTV Jet Test No. 8 : L
5
0.0078 1 1 i ! L1 1 )
15 T - . T . T — . o] 5 10 15 20 25 30 35 40 45
_ TIME {s)
<
=
o Figure 32. Sample Problem Output - NACOM .
o or . Prediction of Oxygen Mole Fraction for
Q LTV Jet Test No. 8
=
5
o 5
@ 1
b
x
a
(2]
0 1 [ S L L 1
o 5 10 15 20 25 30 35 40 45
TIME (s)

Figure 31. Sample Problem Output - NACOM
Prediction of Spray Burning Rate for LTV
Jet Test No. 8
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APPENDIX D

NACOM CODE LISTING
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PROGRAM NACOM(INPUTQUTPUT)

NACOM 1S A COMPUTER PROGRAM wWHICH SIMULATES SODIUM SPRAY FIRES
IN LMFBK CONTAINMENT CELLS AS A RESULT-OF POSTULATED PIPE RUPTURES.

e NeNeNel

DIMENSION TITLE(7)eRL(2)

COMMON /NMRR/ZDT yMOLDMOLGeRsTGoVOLWYOC

COMMON /NMR/ZD(11)sFNASHISZIDDIT(11)

COMMON /NRE/ATIBRSeP U

COMMON /NR/ZASAML (40) oBsDD(119600) 9DM(11+600)sDN(119600) 4HC
IHFGIIP s TQeNeNPRTGRD(I1) oSHL o T o TRy TENDTL(40) s TS{114600),7TSI
COMMON /NM/UME sHyPI o RHOL

COMMON /NR/ul JeCPSeGWeTwW

RFAL NAZOZ

REAL MOLO+MGLG

DATA KR/E2,056/3HFG/1005./

READ 36,IR,TITLE

READ INPUT DATA,

OO0

REALU 37,ALIsHsVOLsDMESFNA, TSI
REAU 374PIoTGIaYOI 9 TMAXTEND WX
READ 3A+NAZ202yCPSenNPRT.IP

IF(IFPEQ.0) GO TO 47
0o 46 I=1 mlp
46 READ &40,TL(I) «AML(I)
47 PRINT 4]1,TITLF
PRINT 472
PRINT G630 ALTsHIVOLIOME oFNAS TSI yPI 9 TGIs YOI o TMAXsTEND e X
1NA2C2 s CPSeNFRTe IP
IF(IP.EQ.0) 6O TO 55
PRINT &)
DO S2 I=1,41IF
52 PRINT S3,TL(I)sAML(])
55 DI1=0,01%X
ALI=ALI#100CO,
H=H?*100,
VOL=vOL#1000000,
T6=TGIl+273.
TB=1154,
PepPl
YOC=YO0]
Tw=TGo
T=0e
Nz (
SBR=0.
sq=0,
SOW=0,
SML=0, '
S21.234T7RANA2C2/{1,6557~0,347T98NAZ0O2)
HC=(1,=5)#2194.5+5%2500,
Al1=S/1,43754+(1.=-5)/2.875
RHOL=0,949«2.23E=4%TS]=1,75E=b4TS]0aap
A=3¢14159/6,%RHOL
1Mz TMAX /0T
C
C SELECTION OF DROP SIZES,
c
DO 200 L=1l42
IF(LJEG.1) DL(1)=DME#®4,
IF(L.EGQ.,2) DL (2)=NME/4,
D0 201 M=1,20
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s XeXel

2ol
200

120

co

AB=EXP (3.915%(1,.=NL(L)/DME))
F=(UL(L)/DME)##S8AaB=0.01
IF(F.LT.14E=6) GO TO 200
FP=(5,%DL{L)%#4/DME#85= (DL (L) /DME) #5503, 915/DME)~AB
DL(L)-DL(L)-F/FP

CONTINUF

I10=10

IDD=1D+1

HI=(DL(1)=DL(2))/1D

DO 120 I=1,10D

D(I)=(1=1)#HIeDL (?)

CALL MOTION
DO 110 I=1,10D
JU=IT(1)

MPUTE DROP SIZE DISTRIBUTION,.

CRD(I)=(3.215/DME)#0aaD (1) ##5/120,%EXP (=3.915#D (1) /DME)

300

45
36
37
38
40
41
42
43

S1
53
8o
90

DO 110 J=1lsJJ

TS(I'J)=00

DN(IsJ)=0.

DM(I4J)=0,, : »

DD(I'J)=0. . \

PRINT 130

PRINT 100, (RD(I)sI=141IDD)

DO 45 I=1,1IMm

T=T+0T7

N=N+l

IF (NJLTJNPRT)Y GO TO 300

PRINT RO T
CALL RATES

CALL BALANCE:

SBrR=SBR+BRS#DT

SO=SQ+QsNT

SQW=SQw+Qw#DT

PP=P=P]

766=76G-273.

TWww=Tw«273,

IF(N,LT,NPRT) GO TO 45

PRINT 90sPP+TGGsTWWsYOCsBRSsSHRY u.SQ.Qh.SQN.MOLOoMOLGoSML

N=0

CONTINUE

FORMAT(I1,7410)

FORMAT (6F12,4)

FORMAT (2F12.4+2112)

FORMAT (2F1244)

FORMAT (1H1410Xe7A10//7) -

FORMAT (SOXsMWINPUT LISTING"/)

FORMAT (10X "ALI=",E10, “93X’"H-",E10 493Xy"VOL=Y4E10,4,
13X o"DME=,E10, 403X9"FNA="QE10-0o3,."751""E10 “// ‘
210X o"PI="3E10,4¢3Ky"TGI=NGE1004e3XeMNYQI=N9ELD4y,
3INMTMAX=NGE 1004 93Xy MTEND="9E10o493Xe"X="yE10, 4//
410X9"NA2O2="9oE10.493Xe"CPS="9E10.4493Xy"NPRT=Y,

SIS, 3XxeMIP=15////)

FORMAT (15X "TIME(S) FLOW RATE(G/S)™)

FORMAT(11XsE124496X9EL12,4)

FORMAT(///744 X N"TIME=1,E11,541X,"SECONDS"/)

FORMAT (10X o"P=NgFE1]1,5¢3Xs"TG="9E114593Xe"TWs",ELlLle543X,
I"YOC="QEIl.5v3X'"“R$'"vEII SedXe"SBR=WLEL11,5//710Xe"0="4E]1165
23X4"S0="9E11e593Xe"AW="sEL11eD93Xe"SQu="9E]1l, 503X'"M0L0—"oﬁllo
303X0"M0LG="9511 S5/7/710XeM"SML="yE11,5//7/)
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O0O00O0O

C
c
C

100 FORMAT (10X s"RD",2x410E1044)
130 FORMAT(//)

STOP
END
SUBROUTINE MOTION

THIS SUBROUTINE COMPUTES THE DROPLET VELOCITIES BY INTEGRATING
THE EQUATION OF MOTION FOR THE UROPLETS, :

RUNGE=KUTTA

200

110
10
70

DIMENSION TF(114600)5Z2(114600)

COMMON /NMRGL/DT 4¢MOLOsMOLGeRe TG VOL»YOC

COMMON /NMR/D(11) ¢sFNAYHI»IDDIT(11)

" COMMON /MRB/RHOGsGMsVF (115600)

COMMON /NM/DUME osHyPIsRHOL
REAL MOLO,MOLG,yMUG

‘MOLG=PI#VUL/ (R®TG)
. MOLG=MOLG#YOC

GM= (MOLG=MOLO)#2H,0)6+MOLO®3C,
RHOG=6GM/VOL
MUGS4,2E~6#T1G##(0,66

NO 40 I=1.1I0D
RP=3#KHOG/ (4 #PHOLHD (1))
DRM=D (1) #RHOG/MUG
VF(l+1)=1eb=-8

TF(Isl)=va
Z(lvl)=0.
NN=0

METHOOD T0 SOLVE THE EQUATION

Nno lo J=1,599
TF(LeJe1)=TH(19J)+DT
IF(NN,EQ.1) GO TC 200
VF(TeJe1)=980.#TF (TeJ+1)
ZUIoJe1) =490 %TF (Tedal)e?
REVEVF (1o J+ 1) #DRM
DRAG=RP#VF (IsJ+] ) #e22CD(RFEV)
IF(CRAG,LT.1s) GO TO 110
NN=1 : ‘
x=vF (I+U)
REVEX#DRA
DRAG=RPax##2#C) (KEV)
Pl=(980.-DHAG)*hT
X=VF (T4l +Pl/s2.
REV=X#DRM
92-<980 -HP“k“”Z*CU(REV))“OT
=vF(IsyJ)eP2/2,
REV X# k4 )
P3=(980,~KP#X#428CD (REV) ) #DT
X=VF (14J)+P3 '
REVEX®DR™
P4z (980, ~RP#X#u24CD(REV) ) #DT

OF MOTION FOR DROPLET VELOCITY.

VE(TeJde1)=VF(Tad) e (P12, “P?OE.“P3¢PA)/6

Z(19J*1)=2(10d)+VF {T4J) %07
IF(Z(1sd*1).GE.H) GN TO 70D
CONTINUE

11tI)=y

PRINT 25,1,0(1)

PRINT 309 (TF{TeK)eK=19J)
PRINT &0

PRINT 456 (Z2(1eK)yK=10d)
PRINT BO

PRINT 609 IVF (1K) sK=19J)
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40 CONTINUE
25 FOR”AT(//SXO"I-"oI396Xv"DI'"'EIO 4/)
30 FORMAT (10X e"TFYy2X410E1104)
45 FORMAT (10Xe"Z"e3X,10E11,.4)
60 FORMAT (10X"VF",2X¢10E11.4)
80 FORMAT (/) .
RETURM-
END
FUNCTION CD(REV)

STANDARD DRAG COEFFICIENT CORRELATIONS,

(s NaNeNel

IF(REV.LTL0,1) ClL=g6./REV

1F(REV,GE.0.1sAND REVeLTW64) CD=27,6423,T1/REV
IF(REV.GE . 6.+ ANDREV.LT.500.) CD=18,5/REV®40,6
IF(REV,GE.500.) CD=4,/9.

RETURN

END

SURROUT INF RATES

THIS IS TO CALCULATE .THE BURNING RATE OF SODIUM SPRAY AND TOTAL HEAT
RELEASED BY SPRAY COMRUTION,

SO00O0

DIMENSTION RL(bUO).QC(bOO)-Qb(ﬁon)oTSS(éoo)
DIMENSION BRF (600)+QIN(600)

COMMON /NMRB/DTsMOLOWMOLGsRs TGy VOLYOC
COMMON /NMR/D(11) +FNASHISIDDsIT (11} i
COMMNON /NRB/Z/AIBRSsP,LQ

COMMON /NR/AoAML(#O)oHyDD(llﬁBOO)QDM(110600)vDN(llobOO)’HCo
IRFGe IPy IQeNyNPRTGRO(11) 9SMLoToTEyTENDsTL(40)4TS(114600) 4TSI
COMMON /MRB/KRHOGByGMoVF (114600)

REAL MOLO+MOLGyMUNB

MOLG=zPevQL/ (R#TG)
. MOLO=MOLG#YDC

GM= (MOLG=MOLU)#2H,016+MOLO#3<,
Y0=MOLO#®#32./6M

RHOG=GM/VOL’

TA=(TG+TB) /2

CPGS0,231h+4,61E=54TA

AKG=] ,05E=-68TA®aQ, 71852

MUGS4 ,2E-6RTARR) 60

PR=CPGaMIJG /ARG

AR=Pk#e0,3333

NDP=1.R4QFE-50TAvu] ,645/P
COP=2,25F=T#TA®H#(,645

SC=MUG/ (RROG#DP)
B2HC®YO/HFG/AT+CPG& (TG=TB) /HEG

G=0,

BRS=0,

C COMPUTE ThE SODIUM LEAK RATE,

IF(T.GE.TENI} GO TO 101
IF(IP.EG.,0) GO TO 100
DO 30 K=l41IP
IF((TLIK)=T)eGT,0.,) GO TO 40
30 CONTINUE
AM=AML (IP)
60 TO 7y
40 AM= (AML(K)~AML (K=1))/(TL(K)=TL(K=1)) 8 (T=TL (K=1))*AML (K=1)
GO0 TO 70
100 AM=FNA
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OO0

GO TO 70
101 Am=u,
70 SML=SML+AM®aDT

DO 10 I=1,1IDD

JJy=1I(1)

DMI=aeD () eu3
DN(Is1)z=AMBRU (L) eHI/DMI®DT
DD(1+1)=D(I)
IF(AM LT, 1.E=10) DD(Is1)=0,

COMPUTE ThHE DROPLET AURNING RATES,HEAT OF COMBUSTION.AMD HEAT TRANSFERKED,

DO 19 J=ledu
TSS{J)=0.
RE (v)=0,
BRF (J)Y=0, -
QIN(J)=0.
QC{(J) =0,
19 QG(J) =0,

"TS(I,1)=TSI+273,
DO 20 JsleJdJ
DM(I4J)=A4DN (TsJ)#e3
IF(CD(1yJ) oL TelE=10) GO TO €0
RE(JISVF (To ) %DD (1 9J) #KHOG/MUG
A1=SQERT(RE (J))
DMTEDM(T4J) /0T
IF(TS(I4J)«GELT8) GO TO K01 .
BRF(J):CDP*YOC“3.14159#00(1.J)“(2.o0.6°A1“SC°¢0.3333)a32./AI
IF(BRF(J) «GTaDMT) HRF (J)sLimMT
QC (J) SHC#*RRF (J)
UG (J)=3,14109%AKGHID (T o) #(TS5(19J)=TO) R (2,40,6%A1%A2)
QIN(U)=0C(J) =06 (J)
G0 TO AnN2

60] BR=2,%3,14159%DD(14J)#AKG/CPG#ALCG(]1,+R)
IF‘BDOLTOIOE-XU) ;3H=ﬂn
BRF (J)=HR# (1.+¢0,304814A2)
IF (BRF (J) «GT DMT) BRF (J)=NMT
QIN(J) =HFGRARF (J)
QC (J) SHCH#HRF (J)
QG (J)=GC () =D IN(J)
TS(leu)=TH

602 IF(J.EQ.JJ} GO TO A0S
BRSZRASeBRF (J) #DN(144)
QG=Qe06 () #hIN(1eJ) -

605 TSS(JU)=TS([+J)=273, ‘

20 CONTINUE

IF(NSLT NPHT)Y GO TO 161
IF(IQ.NELLY GO TO 100)
PRINT 501,.1

PRINT 5020 (LL(LIwd)edz=1edd)

PRINT 503

PRINT 5064 (DN(IyJ)eu=1sJJ)
PRINT &n3

PRINT B154(TSS(J) sd=1sJd)
PRINT S03

PRINT 5054 (RE (J) ¢ J=1yJJ)
PRINT 5n3

PRINT S1)9 (HRF{J) sd=19dd)
PRINT 503

PRINT 506y (WIN{J) ed=]ydd)

PRINT 53
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PRINT 5074 (GC{J) sd=19Jdd)
PRINT &03
PRINT S08y (RG(J) oJ= I’JJ)
N PRINT 503
1001 CONTINUE
KJd=Jdd=-1
(o : .
C COMPUTE OKOP SIZENUMBFReAND TEMPERATURE AT NEXT TIME STEP,
C
DO 120 K=14KJ
KK=JJ+ 1=K
IF (UD(I4KK=1) ol To1sF=10) G0 TO 110
IF(TS(I4KK=1)«GE, TB) 6C 10 604
CPLT0434324~1,3R68E=4%(TS(IyKK=~ 1)-?73.)01 1064E=T4®
TS 1ekK=1)=273,) %82
Rl1=QIN(KkK=1)/(DM(IKK=~1)®CPL)
TS(LiKK)=TS(leKel)+eB18DT
G0 10 603
604 TS(IsKK)=TS(IsKK=1)
603 DDMIZHRF (XKK=1)oUT
DMD=DM (1 yKK=1}=DCM
IF(CMD.LTeleE=10) GO Tu 110
DO(lyKK)=(DMD/A) &2 ,3333
DN{I4KK)sDN(I1KK=1)
GO TC 120
110 DD(IsKK) =04
DN(IoKK)=00
TS(leKK)=04
120 CONTINUE
10 CONTINUE .
S01 FORMAT(RXs"I="413/)
502 ORNAT(IOlo"D"vZXvIOEll 4)
503 FORMAT (/)
S04 FORMAT (10X 4"ON*"42xy10E1144)
505 FORMAT (10Xe"RE",2X,10E11,4)
506 FORMAT (10Xs"GINY 32X 10ELLl,44)
507 FORMAT (10Xe"O0C"42Xe10E11,4)
508 FORMAT(10X+"QG"32Xs10F1144)
511 FORMAT(10X,"BRFy2X410E11,.4)
515 FORMAT(10Xe"TS"42x310E11,4)
RETURN
END
SUBROUTINE BALANCE

THIS SUKROUTINE OOES HEAT AND MASS RALANCES,

OO0

COMMON /NMHH/DT MOLOyMOLGsRs TGeVOLsYOC
COMMON /NRH/AL ¢HRS 4P

COMMON /MRE/RHOG4GMyVF.(11e600)

COMMON /NR/ALI «CPSsQueTHw

REAL MOLOWMOLGsMUG4MRO

FIXeY)T(Qonw® (X=Y))®V

G(XeY)zu# (X=Y)#S

C MASS BALANCE O GAS,

CPG=0,2316¢4,61E-5#TG
CvG=CPG/1,.4

MUG=4 ,2E~68TGH#(0,66
AKG=]1,.05E=6%1G®uQ, 71852
MRO=AT#BRS*DT/ 32,
MOLU=M(l O0=MRO
MOLG=MOLG=MRO
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(e XeNe!

OO0

YOC=MOLO/MOLG
IF(YOC,LT.leE=12) YOC=0,.

USE OF HEAT RBALANCF EQUATIONS TU EVALUATE GAS AND WALL TEMPERATURES.

HH=U,000054
wzHHeAL ]

V=1e/ (RHOG®#VOL®CVG)
S=1e/(ALI®CPS)
QW=W® (TG=TW)

USE OF RUNGE~KUTTA METHOD TO SOLVE FOR GAS AND wALL TEMPERATYRES,

ALSF (TG, Tw)«DT
Bl=G(TG,Tw)#0DT

A2=F (TGe¢A1 /249 Tuieil]1/2,)8DT
R2=G(TG+A1/2e9Tierdl /2,)8DT
AI=F (TG+AR /e TWek2/2,)4DT
B3=G(TG+AZ/2e0TWeHZ2/24)%0DT
A4zF (TG+A34TweBI) 6T
B4=G(TG+A3sTA+B3)e0T ,
TOG=TG+ (Al+2.%h2+2 . %A3+A4) /64
TWwsTw+ (Rle2.#B2+2,4KR3+RB4) /6,
P=MCLG#R®TG/VOL

RETURN

END
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