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ABSTRACT

An anal'ysis of potential' sodium spills and fires in liquid metal fast

breeder reactors has been made to assess the maximum equipmtnt cell loading

conditions. A caputer code called NACOM (sodium cabustion) has been de-

veloped' at Brookhaven National Laboratory (BNL) to analyze sodium spray fires.

-. This report'contains a detailed description of physical models used in this
|

| code as well as programming aspects. The single droplet cabustion model and
f

the model describing the droplets' motion are verified. Caparisons between

NACOM predictions and SPRAY-3A predictions of the Atomics International (AI)

LTV Jet Tests are made. . Good agrement is found between the NACOM predictions
~

I and the experimental data. NACOM predictions of the pressure rise are more ac-

| curate than SPRAY-3A predictions for most of the cases studied. The code has

| . been v_rified for oxygen concentrations ranging fra 0 to 21%. NACOM utilizes

j more realistic single droplet and spray combustion models than SPRAY-3A. More- -
I

over,'NACOM does not utilize adjustable parameters for the burning rate equa-

| tions,' contrary to the approach taken with SPRAY-3A. Thus, .the NACOM code is a

more reliable. code for use in the analysis of large-scale sodium spray fires in.

LMFBR contaiment cells.
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' NOMENCLATURE
4

.

î
+ - Symbol Definition
.

A Total cell surface area
- .B Tranrfer number. defined in Equation (4.6) '

C Molar Density: *

[ C Drag coefficient
~

d
1.
'

C Empirical constant defined in Equation (4.8)
,f

i C . Gas mixture heat capacityp ;

i.

C ,g Specific heat of the gas at constant volumey
'

C Specific heat of the wallsy ,,

D Droplet diameter
i D Volume mean diameter

; D Diffusion coefficientd

j D Initial droplet diameterj
;

"

'| . D The largest group sizemax
i

D The smallest group sizemin
,

g Gruitational acceleration
h Heat of evaporation-fg

h- . Heat transfer coefficient at the walls3

H Heat of combustionc

i. Stoichiometric ratio
k- Gas mixture thermal conductivity,

i K Burning rate coefficient or evaporation constant
b Droplet mass. burning rate-

.S ; Falling' droplet mass burning rate
f

'

m Total mass of gas inside a containment cellg

$ b
g Sodium leak rate

: .

m . Spray mass burning rate

m1. Total mass of the walls

'

, - 1x_ .
:

I' ,

u

_



i

|
7

!.
,

NOMENCLATURE (Cont'd) i

Symbol. Definition

m . Rate of sodium mass crossing the z plane
z

.N Total number of droplets

INu Nusselt' number

P Cell pressure
,

Pr Prandtl number. ,

q Rate of heat transfer from a single droplet to the gas
g

Q Rate of heat transfer from the sodium spray to the gas
g

i
,

'

Q, Rate of heat transfer from the gas to the. walls j

1

R Universal gas constant

R Volume fraction of spray which contains droplets of diameters
y

smaller than D !

Re Reynolds number
;

Sc Schmidt number '

t,t' Time

T Flame temperature j
f

T Average gas temperature
g

T Droplet temperature .
s

' T, Wall temperature I

V Volume of the cell

V Droplet falling velocity
f

V Reaction rate constant for water vapor reaction
H

V Reaction rate constant for oxygen reactiong

Y. Ambient oxygen mole fraction

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

Greek Symbol Definition

p Density

o Density of the gas
g

pNa Density of sodium
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1. INTRODUCTION

Sedium spills and fires in the primary and secondary systens of a liquid

metal fast breeder reactor (LMFBR) pose a potential threat to the safe opera-
tion of the plant. In current LMFBR designs, engineered safety features, such

as inerted primary systen cells, nitrogen flooding systen, are provided to pre-

vent leaking sodium fran reaching flammable caibustion. However, in the event

of large-scale sodium spills, pressure and tenperatures in an inerted cell may

increase substantially because of a large amount of sensible heat contained in

the leaking sodium, even though there is no flammable combustion. In oxygen-

enriched atmospheres, the leaking sodium will chenically react with oxygen and

release heat of combustion, resulting in pressure-temperature transients in con-
taiment cells.

Of the two basic types of sodium fires, i.e., spray and pool fires, spray

fires are generally considered to be more severe than pool fires in tenas of

equipment cell thennal 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 of ten postulated to result fran pipe breaks. The

sodium coming out of the break is usually assumed to eject upward, impinging on

the ceiling of a contaiment cell. A liquid film will fonn on the ceiling and

then break up to fonn droplets. The falling droplets fona a sodium spray. The

spray will chemically react with oxygen in the cell atmosphere, transferring the

heat of combustion to the cell gas. This leads to pressure-temperature tran-

sients in the cell. It is necessary to assess the severity of the equipment

cell thennal transients in order to detenaine whether adequate structural mar-

gins are provided for the cell. To assess the transients, a reliable analytical
tool is required.

-1-
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Sodium spray fires involve complicated combustion and transport processes

which are not yet fully understood. For example, the effects of droplet inter-

action, oxygen depletion in the spray zone, and water vapor on spray burning re-

main largely unknown. The conventional approach to modeling sodium spray fires

starts with the modeling of single droplet heat transfer and combustion. The

burning rate of a single droplet is predicted by using a vapor-phase combustion

theory. The spray is usually visualized as a cluster of droplets and hence the
In de-spray burning rate is the sum of the individual droplet burning rates.

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

Of all these codes SPRAY (I) has been widely used in the Unitedspray fires.

States. The early version of SPRAY was designed to deal with spray fires in

low oxygen concentrations (less than two volume percent *). The latest version

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

rate equations. The reaction rate constant V was used for oxygen reactionsg

and the reaction rate constant V for water vapor reactions. The values ofg

V and V were selected by fitting the code's calculational results with experi-
o H

mental data obtained from 16 Atomics International (AI) sodium spray tests. As

a result of this best fit, the values of V and V were chosen as 85 and 1500, fg H

respectively. Even with the introduction of these two parameters, SPRAY-3A j

predictions of the AI experiments in the intermediate oxygen concentrations

between 2 to 5% are poor.

*
Throughout the text the indicated percentage of oxygen designates volume percent.

i

|

|
;
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Another frequently used sodium spray fire code is SOMIX.(3) SOMIX-1

basically retains the SPRAY vapor-phase combustion model, with a major improve-

ment in the cell gas circulation model . It seens that SOMIX-1 has experienced

difficulties in predicting spray fires in high oxygen concentrations similar to

the difficulties experienced in the early development of SPRAY. Instead of

using the vapor-phase combustion model, SOMIX-2 adopted Krolikowski's diffusion

model(4) for calculating the sodium burning rate in an air atmosphere. In

50 MIX-2, sodium burning was based on the rate at which oxygen diffuses to the

burning zone. Krolih,; ski's model does not consider sodium vapor diffusion to

the burning zone, and therefore underestimates the sodium burning rate.

Both SPRAY and SOMIX seems to have difficulty in predicting spray fires in

high oxygen environments, where the accuracy of the combustion model is impor-

t a nt. SPRAY attenpted to overcoae this difficulty by means of adjustable para-

ceters, while SOMIX reverted to the early developed Krolikowski's model in order

to obtain better agreenent 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 established single droplet vapor-phase combustion theory, which

is different fran those used in SPRAY and SOMIX. The theory is well established

for combustion of hydrocarbon fuel droplets. I' is expected to be equally ap-

plicable to conbustion of sodium droplets oecause the conbustion of both hydro-

carbon fuel and sodium droplets follows the "D " law.(5)2

The SPRAY code uses the surface mean drop size, diich is derived fran 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

-3-
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considerable error in the prediction of the pressure rise. In contras',, NACOM

employs a drop-size distribution to calculate the spray burning rate and is I

therefore expected to yield better results.
I

. Both SPRAY and 50 MIX assume that sodiun droplets burn in the vapor phase

immediately after they appear at the ceiling. The preignition phase of the -

droplets has been. ignored. The neglect of preignition combustion will over-

estimate the droplet burning rate and pressure. In contrast, NACOM includes a

preignition model developed earlier at BNL.(6) These improvements and other

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

!

i

,

!

1
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2. CHARACTERISTICS OF SODIUM COMBUSTION

Sodium is a sof t silvery metal, sich melts at 98*C. Sodium burns readily

in an air atmosphere, especially in the presence of water vapor, forming various

oxides. Only two oxides, namely, sodium nonoxide'and peroxide, are found to be

abundant in the reaction products. Sodium monoxide, Na2 , melts at 1,132 C0

and decomposes at 1,950*C and may be fonned in the 'ollowing chemical reaction

2Na + h02 + Na20 (2.1)

During this exothennic reaction 2,195 cal /g of cmbustion heat is released.

With excess oxygen at 238 to 400*C, the monoxide is oxidize'd to sodium peroxide,

Na2 2 Sodium peroxide melts at 674*C and decomposes at about 1,627 C. The0

peroxide formation may be represented by

2Na + 02 + Na2 2 (2.2)0

During this reaction, 2,500 cal /g of combustion heat is released.

In the presence of water vapor in air, sodium hyd.roxide may be fonned by

the following reaction

2Na + 2H O + 2Na0H + H . (2.3)2 2

Sodium does not react with nitrogen at all known temperat:;ees. However, in

the presence of electric discharge, sodium may react with nitrogen to fonn the

nitride or the azide.

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

The sodium in.a firelis not entirely consumed to form smoke; most of the sodium

renains' as residue in the fonn of sodium oxide and unreacted sodium. Reaction

--5-
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products in the residue and smoke contain both sodium peroxide-and monoxide. In:,
,

excess oxygen, the. sodium peroxide is the principal reaction product; in excess
"

sodium, the sodium monoxide predominates; between these two extranes, 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%
,

a

oxygen, there is insufficient oxygen to sustain a flammable conbustion or incan-

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

1

'
,

|
|
\

.

j
4

.
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3. PREVIOUS WORK ON S0DIUM SPRAY FIRES

3.1 Sodium Spray Fire Experiments

In 1952 Mangold and Tidball(7) reported sodium spray fire tests conducted in
0a semi-cylindrical chamber. In the tests,14.5 to 88.9 kg of sodium at 454 C were

forced through a nozzle and driven into the chamber. The tests were performed

in various oxygen concentrations ranging from 2.75 to 21%. A maximum chamber

pressure rise of 0.48 atm was measured in 21% oxygen.

Hines and Kelley(0) have reported tests in which 454 C sodium was sprayed

into a 532 1 container. They found that the maximum pressure decreased with de-

creasing initial oxygen concentrations. In these tests, a maximum pressure rise

of 2.59 atm was obtained in an air atmosphere.

In 1958 Humphreys(9) performed a small-scale experiment in which 399 C

sodium was driven into a sealed vessel filled with air. A peak pressure rise of

5.78 atm was recorded.

Subsequently, Gracie and Droher(10) performed sodium spray experiments in

a rectangular chamber at low oxygen concentrations. A maximum pressure rise of

0.12 atm in 2% oxygen was measured.

Charak and Smith (II) have reported a series of sodium spray tests in which

1-2 grams of sodium at 649 C were injected into an air-filled chamber. The maxi-

mum pressure rise found in the tests was ~5.44 atm.

Krolikowski(4) injected 10 g of sodium at 413 C into a chamber filled with

N -0 mixtures. A maximum pressure of 3.06 atm was recorded.
2 2

More recently, Atomics International conducted a series of sodium spray

tests.02) Commercial spray nozzles were mounted on top of a spray test vessel.

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

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

-7-
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were conducted in the Large Test Vessel (13) (LTV). In the tests, sodium sprays

| were fonned by directing sodium jets upward against an impact plate. Large

! odium' drops were produced in the tests. A maximum pressure of ~0.27 atm in

5% oxygen was recorded 'n the tests.
1

I

!

| 3.2 Single Sodium _ Drop Tests

Richard et al.(5) perfonned stationary sodium drop burning experiments in
1

various oxygen concentrations, with initial droplet diameters of 1, 2, and 3 mm. '

2He found that the burning of the sodium drops follows essentially the "D " law

that has been established for the combustion of hydrocarbon fuel droplets, i.e.,

the square of the droplet diameter decreases linearly with time during combustion.

Subsequently, Atomics International conducted both stationary and falling
|

| drop tests in the Laboratory Drop Modeling (LDM) test apparatus.(I4) In the
i

,

i stationary drop tests, the droplet. burning rates for 6-7 mm droplets were

measured. In the falling drop' tests, the distance at which the droplet reaches

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

were recorded.

|
|

|

|
,

I

| \
!

-8-
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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 vesse! wi.' be discussed. The sodi-

um spray is formed by directing a sodium jet upward against an impact plate

situated at the top of the vessel. The spray contains numerous sodium drops.

Therefore, t'1e fonnulation of this sodium spray conbustion problem must start

with fonnulation of the combustion of single sodium dro 21e: s. It is a conven-

tional practice to derive the spray coubustion rate by sunining up all the burn-

ing rates of the individual droplets. The Spalding single droplet vapor-phase

conbustion 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 devoted to the discussion of

the drag coefficient and solution to the equation of droplets' motion. With the

introduction of a drop size distribution the spray coabustion will be fonnulated

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

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

4.1 Combustion Model for a Spherical, Stationary Droplet

Figure 1 shows the combustion of a stationary droplet in its final stage,

i.e. , steady state. The droplet is surrounded by a burning zone or flame zone.

The sodium vaporizing from the droplet surface diffuses toward the burning zone

fran the surroundings. Both sodium vapor and oxygen burn instantaneously and

stoichiometrically 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.

-9-
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In the conventional vapor-phase droplet combustion theory, it is often

assumed that a single stationary, spherical, burning droplet is surrounded by
,

a spherical, symmetrical burning zone. It is further assumed that all the fuel

reaching the burning zone is burned instantaneously under steady state condi-

tions. It follows that the burning rate of the fuel is controlled by the rate
!

| of evaporation of the liquid droplet, which, in turn, is determined by the rate
i

of heat transfer to the droplet.

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

crease in droplet size by
I

,

m=-h({D ) (4,j)
3

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

(4.1) may be rewritten as

2d(D ) _ 4m (4.2), -

dt upD

It has been shown in numerous hydrocarbon fuel drop combustion experiments that
,

.

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

constant, K, which is defined as K s d(D )dt , is temed the burning rate coef-
ficient or evaporation constant. Recently, Richard et al.(5) has experimentally

2verified that the combustion of sodium droplets also follows the "D " 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

linear function of the oxygen mole fraction. The mass burning rate may therefore

be expressed in terms.of K as

= "P
D (4.3)m

4

2and the linear relationship between 0 and t, namely,-

D =D - Ktj (4.4)-

2is ' called the "D " law.
,

- 10 -
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At present there are a number of quasi-steady-state vapor-phase drople-

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

the established theories proposed by SpaldingII ) gives

K=C in (1+B) (4.5)

where k is the gas mixture thermal conductivity, C is the gas mixture heatp

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

BE P (T -T)*h g sfg

Equation (4.5) has. also been proposed at Atomics International during its early

staa,*/ 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 burning rate. It is very difficult to analytically obtain the |

droplet burning rate in forced convection. Therefore, most of the burning ~ rate

expressions for falling dro'plets are either empirical or semi-empirical correla-

tions.

Both SPRAY and SOMIX assume that sodium droplets burn in the vapor phase )
i

.
immediately after they appear at the ceiling. The preignition phase of the i

droplets has been ignored. In the preignition period, a coarse film (or scale)

of oxides is fonned on the droplet surface by the surface oxidation process. I

Heat generated by the oxidation process is fed back to the droplet surface more

easily than it is trreierred to the gaseous atmosphere. This results in a

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

-- 12 - |
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when the droplet ignition temperature is reached. A preignition oxidation model

has been developed by Tsai .(6) In the model, the Ranz-Marshall correlation was

used t) predict oxygen diffusion to the droplet surface. The oxidation of sodium

at thv. droplet surface will generate heat which is partly absorbed by the drop-

let and partly transferred to the cell gas. A governing equation was obtained

by making an energy balance on the droplet, which was then solved for time and

distance at which the droplet is ignited to reach full burning. The c.ilculated

droplet fall distance to reach full burning as a function of droplet diameter

was found to be in good agreement with the LDft falling sodium drop test data.(6)

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

gen flux and the stoichiometric ratio as

YD

(2 + 0.6 Re /2 Sc /3). (4.7)
1 1

'

d
mf= $

After the droplet is ignited, the droplet is burned in the vapor phase.

The burning rate for a stationary droplet burning in the vapor phase may be ob-

tained from Equations (4.3) and (4.5). For a free-falling droplet, this burn-

ing rate should be modified by a multiplication factor that accounts for the

forced convection effect. It has been found by various investigators that,

on the basis of their experimental data, the droplet burning rate in forced con-

vectitn may be related to the stationary droplet burning rate by

1/3). (4.8)
1/2- -

m = m (1 + C R Pr
f fe

The empirical constant C has been giv.n values ranging from 0.24 to 0.31 by
f

different investigators experimenting with different fuels. In the present

analysis a value of 0.3 selected by Ranz and Marshall (I ) is used.

- 13 -
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|g The reason for choosing this value is that it correlates very well the data on the

distance for a 'fallinq sodium drop to reach full burning during its preignition

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

=2 D (1+C Re PrV3) En (1+B). (4.9)b '

m
f f

p

- Agoston(18) used 0.31 and 0.22 as the values of the constant C for ethyl alcohol
f

L and n-butyl alcohol droplets, respectively. The agreement between Equation (4.9)

with the chosen C values and experimental data is shown in Figs. 3 through 6.
|f

t

[ 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 fror **a surface of the droplet. This affects the drag force
!

on the droplet. When vapor effuses from the droplet surface, the skin drag de-
! creases 'due to the thickening of the momentum boundary layer. In addition, com-

bustion gases swept into the low pressure region within the wake of a burning

j droplet also reduce the fom drag.
1.

Considerable data on the steady-state drag coefficient for a rigid sphere '

are available, but very little data on the drag coefficient for an accelerating

sphere exist. At high Reynolds numbers, it has been observed that flattening
Iof the droplets causes an increase of the drag coefficient.
l

Due to the' lack of reliable data and correlations, the mechanisms discussed '

! above that affect'the motion of a free-falling droplet will not be considered.

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

of droplet motion, and may be written as
~

- 14 -
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!

! 24/Re Re < 0.1

2.6 + 23.71/Re 0.1 <_ Re < 6
C "<

d

18.5/Re .6 6 < Re < 5000
,

( 4/9 Re > 500. (4.10)

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

2
dV 3p V C

f gf d
dt 9-*

400 (4.11 ) |

Upon substitution of Equation (4.10) into Equation (4.11), the latter can be

integrated to yield V , which can then be used in Equations (4.7) and (4.9) to
f

Gyaluate 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 th beginning of droplets' motion, an asymptotic solution of Equation (4.T''.

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 V approach zero.
f

4.4 Drop Size Distribution

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 is then used to compute the droplet burning rate. The use of only one drop

! size could lead to substantial error in computing the spray burning rate.(I'}
|

L The log-normal drop size distribution used in SPRAY was first considered in
|
I' the present analysis. -However, it was found that it did not correlate with the drop

- 16 -
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size distribution data obtained from Atomics International Jet Test tio. 4 very

well . Later, the Nukiyama-Tanasama correlation (I } was used, which seems to better

correlate with the AI ex'perimental data. The Nukiyama-Tanasama correlation

may be written as

h = 3.
_ gxp

5 , 3. 50
(4.12).

'

Equation (4.12) is now used in the present version of NACOM. We note however

that the NACOM code is not restricted to the use of the Nukiyama-Tanasama

distribution. 'Other distributions can be accommodated.

4.5 Spray Combustion
,

The formulation of single droplet combustion is very straightforward.
4

However, for a spray of liquid droplets, the parameters that affect spray com-

bustion, such as the actual distribution of drop size, local number density of

droplets, local oxygen concentration, and interaction between droplets art gen-
.

erally unknown. Due to depletion of oxygen in the spray zone, the oxygen concen-

tration within the spray zone is lowe than that'outside the spray zone. How-

ever, the gas temperature is higher inside the spray zone than outside the

spray zone because of heat released by combustion insidc the spray '.one. Att

present, the combustion model adopted in the NACOM code does not consider the

variation of oxygen concentration over the spray zone. An average gas tempera-

ture is used in the code instead of assuming a temperature distribution over

the spray zone. It is further assumed that there are no interactions among

burning droplets, i.e., the combustion of each individual droplet in the spra.',

is not affected by its 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.

- 17 -
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Consider _ sodium leaking with a mass flow rate mg (t) into a cell of height

H as shown in Fig. 7. It is assumed that the leaking sodium first impinges on
i .

| the ceiling and then rains down to fona a spray. The spray i= assumed 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
i

spray being the sum of the burning rates of all the droplets. There are two

I nethods' to fonnulate the spray burning rate. One is the Eulerian method and
i.
| the other is the Lagrangian method. In the Eulerian nethod, a determination

is made of the total burning rate of all the droplets which occupy an elemental

volune in the spray zone at tine 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 probim because the population

of a group of droplets having a specific size changes 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 from 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 e/ery size group from its first appearance at the ceiling, the population

of each iroup 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 co' outed fran the burning. rate and its size at the last time step.

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

nanely,

l'
|-

2I 6 (t) = mf (D (D , t ',t), V f (D ,t',t)) d N (4.13)
$j3

D;; t,

|

!
|

- 18 -
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2d N is the number of droplets having diameters between D and D + dD, and hav-

2ing elevations between z and z + dz at tine t. These d N dreplets are origi-

nated fran the ceiling at time t', having initial diameters between Dj and

Dj + dDj. Since the Lagrangian nethod is used to follow a specific size

group all the way fran its appearance at the ceiling to the elevation z, the
2population of the group d N does not change with tine until the whole group

2is canpletely burned up. Therefore, d N can be derived fran the sodium leak

rate and the drop size distribution as

2 m'(t') dR

dN= dt' dD (4.14)dD j.

nDbi Na

Equation (4.14) can take any fonn of drop size distribution. When the Nukiyama-

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

have

k .915 \
/ 5 / 3 \2 E(t') 3 D

\~.915D| dN=
D ) P dt'dD . (4.15)3

D / gnDi Na
l

l

The drop size D at time t can be computed fran Equation (4.1) and the burning

rate at the la t time step. The velocity of a droplet at time t, which is.

l

needed to conpute the burning rate E , is obtained from the solutions off

Equation (4.11).
|

During the preignition period, the preignition oxidation model, namely,

Equatie (4.?), is used to conpute the burning rate af. Af ter the droplets

reach full burning, the vapor-phase burning rate expression, namely, Equation

(4.9) is used. At any instant the distances to reach full burning are con-

.

puted for different drop sizes using the method described in Reference 6 with
.

the additional consideration of heat transfer fran the droplet to the gas. '

1

- 20 - l
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To evaluate Equations (4.13) and (4.15) numerically, a constant time step,

t,t', and a constant range of drop size, ADj , are selected. The range of inte-

gration with respect to drop size is chosen by detennining the largest and

smallest drop sizes. The largest and smallest group sizes, Dmax and Dmi n e

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

of the volume of the nean size group, i.e., h = h
=D

0.01 h
_D=D.

=

D=D D
max min

The droplets between the groups Miich have the largest and smallest average drop

sizes are divided into eleven groups. The integration is then apprcximated by

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

i.e.,

E ([ 5 AN (4.16)
7 g

1 J

where the i sunnation sums over all the size groups and the j sunnation 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 1ow oxygen concentrations in which coabustion

is insignificant, the sodium spray will transfer its sensible heat to the gas.

When the spray is in vapor-phase conbustion, 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 doninant

mode of heat transfer in low oxygen environnents, the spray transfers heat to

the gas simply by decreasing its tenperature.

- 21 -
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. During.the preignition period, the rate of heat transfer fra a sodium

droplet to the gas may be evaluated from the Ranz-Marshall correlation (17) as

b
=h(2+06Re Pr ) (T - T ). (4.17)q s g

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 reaining part is transferred to

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

may be written 'as

b
fg)q D(1+0.3Re Pr ) (H -h=

g c

| .En(1+B). (4.18)
-

,

i

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 cabus-

tion period.

The heat transfer fra 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 fram the spray to the surrounding gas may be written as

2Q= g dN. (4.19)g g

Similarly, Equation (4.19) can be approximated by the summation of q 's overg

. all the size groups' and elemental -volumes, namely

Q b.q AN (4.20)
9 939 i -j

.
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4.6.2 Heat Transfer to the Walls

Heat transfer from the gas to the walls of a containment cell depends on

the gas and wall tenperatures and gas circulation inside the cell. To detennine

the gas circulation flow field, one has to solve a set of conservation equations

including the momentum, enenjy and mass transport equations. In typical sodium

spray fires, the spray duration is usually very short. During this short period

of time, heat transfer to the walls is insignificant in most cases. Since the

gas circulation has an effect on heat transfer to the walls only, it was decided

to use an enpirical value for the heat transfer coefficient rather than resort

to elaborate numerical schemes for solving the conservation equations.

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

transfer coefficient as

Q = h A (T - T ). (4.21)g g g

2The value of h for typical containnent cell walls is 0.000054 cal /cm .s

(1 Btu /ft sec) as proposed by Shire.( 0)2

4.6.3 Heat Balance on the Gas

Heat transfer from the droplets to the cell gas will increase the gas ten-
!

perature and pressure. The gas tauperature inside the spray zone will be higher

than that outside the spray zone. A knowledge of the average gas temperature is

adequate for detennining the cell pressure rise and only one average gas teaper-

ature is therefore used in the present model. Conservation of energy dictates

that the increase of the internal energy of the gas must be equal to the net

heat transfer to the gas. The energy equation for the cell gas may be written

as

"g v,9 [dT =Q -Q (4.22)g

- 23 -
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where.m is the total mass of the gas inside the containnent cell, Cy,g isg

the specific heat of the gas at constant volume. Assuming that the gas is an

ideal gas, the gas pressure may be evaluated fran the ideal gas law

P=CRT (4.23)g.

The molar density decreases with tirie because of oxygen consumption. The oxygen

consumption rate is couputed fran the droplet mass burning rate. Then the oxy-

gen nule 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 con-
|

puted from the total molar number of the gas mixture.
I 4.6.4 Heat Balance on the Walls i

Heat transfer to the walls is primarily due to convective heat transfer

fran the gas to the walls and therefore only convective heat transfer is consid-

ered. In application to LMFBR containment cells, it is reasonable to assumej

that the wall tenperature, T , is unifonn and all the outer walls of the cellsu
|

| are thennally insulated. Under these assumptions, the energy equation for the

walls becoaes

dT

w v,w dt "S (4'24)*C

where m is the total mass of the walls, and Cy,w is the specific heat ofg

|
! the walls.

I
!
!

|
1

i
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5. THE NACOM COMPUTER PROGRAM

Using the physical'nedels described in the previous sections, the NACOM

computer program has been developed to simulate sodium spray fires postulated

to occur in LMFBR containment cells. NACOM perfoms calculations of the single

droplet and spray burning rates, heat transfer from the spray to the gas and

heat transfer from the gas to the walls. The code calculates the gas and wall

temperature rises, gas pressure, oxygen mole fractions, spray burning rate, etc.

The program is written in the FORTRAN language for use on the CDC 7600/6600

computer system. The entire listing of the code is given in Appendix D. In

this section, the code structure along with the input and output fonnats will be

discussed.

5.1 code Structure

The code consists of the NACOM main progran, the MOTION, RATES and BALANCE

subroutines,'and the CD function subprogram. The main program reads input data,

initializes constants, caputes drop size distribution, and prints outputs. The

MOTION, RATES and BALANCE subroutines perfom droplet dynamic, combustion, and

heat and mass transfer calculations, respectively. They are called by the main

program. The CD' function subprogram calculates the drag coefficient. In the

following discussion, flow charts will be used to illustrate the computational

procedures in each component of the code. !

i' 5.1.1. Main Program NAC9M *

i The main program is the primary controlling program. It reads input data,

initializes constants, computes. drop size distribution, and prints outputs. Two-

options are available for reading sodium leak rate data. One is to use average

sodium leak rate, dere IP must be set to zero. The other is to use the vari-

able leak rate table. There are also two output printing options. One is to
7
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l

,

print out detailed combustion and heat transfer infomation and the other is,

to omit it completely. flore 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-"

1ations. The flow chart for the main program is given in Fig. 8.

5.1.2 Subroutine MOTION

This subroutine is designed to perform droplet dynamic calculations. The

Runge-Kutta method is used to solve the droplets' equation of motion. .ae .

velocity and distance travelled by a falling droplet are computed at discrete

times t for eleven initial drop sizes. For convenience, a constant time step at
n

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
I motion, a large tine step may lead to numerical instability. A time step re-

duction parameter of 2 is recommended as a result of compromise between accuracy

and computer time. To avoid numerical instability, an asymptotic solution of

the equation of droplets' motion is obtained for the initial stage of the motion.

The subroutine flow chart is given in Fig. 9.i

|

| 5.1.3 Function CD
!

| The function CD uses the Reynolds number from the 110 TION subroutine to

calculate the drag coefficient, which is then fed back to the subroutine to

compute the drag experienced by a sodium droplet falling in a gas stream.
i

The flow chart for the function CD is given in Fig.10.
,

|
5.1.4 Subroutine PATES,

1

| This subroutine computes the spray burning rate, heat released by the
!
I 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

- 26 -
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and the sodium leak rate. The average drop size, elevation, velocity, and burn-

ing rate of the group are then computed. Heat released by droplet combustion,

and heat transferred to the droplet surface and the gas are, in turn, conputed

frcm the burning rate. The spray burning rate and heat transferred from the

spray to the gas are simply the sum of the contributions fraa all the burning

droplets. Finally, the drop size, number of drops and droplet temperature of

each group are reconputea at the next time step. The flow chart for the subrou-

tine RATES is given in Fig. 11.

5.1.5 Subroutine BALANCE

This subroutine does heat and mass balances. The gas and oxygen molar num-

bers at the next time step are canputed fran the amount of oxygen consumed with-

| in the present time step. The oxygen mole fraction at the next time step is

I then conputed fran the gas and oxygen molar nunbers. The gas and wall tenpera-

ture rises at this time step are computed from the heat transfer rates, which

are input from 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 coabustion and heat transfer data outputs.
|

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

l
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Card No. Symbol Columns Format Definition

22 ALI 1-12 F12.4 Total cell wall area (m )
.2 H 13-24 F12.4 Cell height (m)
2 V0L 25-36 -F12.4 Cell volume (m3)
2 DME 37-48- F12.4' Volume aean droplet diameter (cm).

~

I 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 F12.4 Initial cell gas temperature '(*C)
3 Y0I 25-36- F12.4' Initial oxygen mole fraction I

3 - TMAX 37-48 F12.4 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 wal1 specific heat
2

| density and thickness (cal /cm *K)
4 NPRT 25-36 11 2 Print interval
4 IP 37-48 11 2 Number of pairs of data used

! in the leak rate table ($40)

| Card No. 4 is followed by the following leak rate table, sich 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)
i

I
| <

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

have the following outlook:
s

1

-

,,
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. Card No.

-1 Title Card
2 ALI H VOL DME FNA TSI

3 PI TGI Y0I TMAX TEND X

4 NA202 CPS NPRT IP

5 TL(1) AML(1)
6 TL(2) AML(2)
:: ::::: ::::::

IP + 4 TL(IP) AML(IP)

5.3 Output Data Format

Flexibility has been considered in the code output. The print interval can
6 be adjusted to suit specific need by adjusting the parameter NPRT. The option

of printing the detailed combustion and heat transfer information is available.
,

A sample probeim output is given in. Appendix C. The printout appears in the

following order:

1) The title of the case run

2) Input Listing

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

3) Leak Rate Table

The variable leak rates at discrete times are printed out.

4) Droplets' Motion

The solutions to the equation of 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 dicmeter for each size

group is printed o'ut.

- 31 -



6) Detailed Combustion and Heat Transfer Information (Optional)

This option prints out the drop size, drop population, droplet tempera-

ture, Reynolds number, burning rates and heat transfer rates for each

size group. Also printed out are the spray burning rate and the total

heat transfer rate to the gas. The printout of these parameters is

requested by assigning numeral "1" to the first column of the title

C2

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.

Output Parameters

The definitions and units used for the output parameters are given below:

I Size group number=

Initial diameter of size group i (cm)DI =

|

| TF Droplet travelling time (s)=

!

l Z Distance travelled by a droplet at time TF (cm)=

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

Volume fraction of sodium spray per unit diameter, occupied by droplets in aRD =

size group (cm )

Time elapsed (s)
|

TIftE =

Cell pressure rise (atm)P =

Average cell gas temperature ( C) )TG =

1,

j TW Cell wall temperature ( C)=

,

Y0C 0xygen mole fraction=

i

Sodium spray burning rate (g/s)! BRS =

Total amount of sodium burned (g)SBR =

- 32 -
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Q 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 walls (cal)=

'

l'OLO tiolar number of oxygen (g-mole)=

MOLG Molar number of gas (g-mole)=
,

SffL ' Total amount of sodium leakage (g)=

There are also optional printout of combustion and heat transfer data. The deft-

nitions of these output parameters are given below:

D Instantaneous droplet diameter (cm)=

Df! flumber of droplets in a size group=

TS = Droplet temperature ( C)

RE Droplet Reynolds number=

Falling droplet burning rate (g/s)BRF =

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

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

QG = Rate of heat transfer from droplet to gas (cal /s)

i
l

.

|

;
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6. VALIDATION OF THE NACOM CODE

In order to ensure that the code adequately predicts pressure and tenperature

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 AI experimental data.

6.1 Validation of the Model Describing Droplets' Motion

A determination of the adequacy of data on droplet velocities is crucial to

the accurate determination of droplet burning rates. The droplet velocitics are

obtained by solving the droplets' equation of motion, namely, Equation (4.11). The

single droplet burning tests (22) conducted at AI may be used for validation pur-

poses. In these tests, the final velocities of sodium droplets with diameters

ranging from 1.5 to 7 mm were measured. A case was run with NACOM to simulate the

falling of sodium droplets through a distance of 14.73 m in the test vessel. Within
|

this distance, the sodium droplets will all reach their terminal velocities. The

final velocities measured in the tests are shown in Fig.13 together with the NACOM

and SPRAY-3A(2) predictions. Figure 13 shows that the final velocities predicted

f by both NACOM and SPRAY-3A are in good agreement with the test data for droplets

|
larger than 4 mm. However, for small _ drops both NACOM and SPRAY-3A predictions of

final velocities are below the test data, with the NACOM predictions a little closer

! to the experimental values. The discrepancy between the calculated and experi-

mental values is due to the fact that the effect of droplet burning on the drag
|

| coefficient has not been adequately taken into account. The effect is to decrease
i

the drag coefficient and hence increase the final velocity of the droplet.

i

I
.

5
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6.2 Validation of Single Droplet Combustion Model

The single droplet combustion model is the basis for the formulation of

spray combustion.,
' ~ del becomes important in high oxygen concentrations.

i h TheTherefore, it is ne m ssary to validate the model in an a r atmosp ere.

single droplet burning' tests (22) ir air conducted at Atomics . International can-

be used for validation purposes. In the tests, the droplets were released

from the top of the test vessel, and the masses of droplets at the 14.73 meter

distance from the. top were measured. The diameters of the droplets used in the

tests were from 1.5 to 7 mm. The NACOM calculation of the case discussed in

the preceding section gives the final masses of the droplets at the 14.73 meter

distance. The fraction of droplet mass burned is then computed from the initial

and final masses of a droplet. The measured fraction of droplet mass burned

is shown in Fig.14 together with the NAC0ft and SPRAY-3A(2) predictions. The

fraction of droplet mass burned decreases linearly for droplets larger tean

0.3 cm. For droplet diameters less than 0.2. cm, the f r action of droplet burned

is close to one that means that droplets smaller than 0.2 cm will be totally

burned in the 14.73 meter travelling distance. AI attempted to correlate its

data by drawing a straight line through the data points for large drops. How-

ever, the linear relationship no longer holds for droplets smaller than 0.3 cm.

The NACOM prediction compares well with the experimental-data while SPRAY-3A

underpredicts the fraction of droplet burned. The largest discrepancy is partly
,

|
due to the underprediction of droplet velocities by SPRAY-3A and partly due

to the inaccurate single drop combustion model used in the code.

6.3 Code Validation by LTV Jet Tests

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

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 impact plate as .shown in. Fig.15. Sodium ejec.ted from

.the nozzle 'at velocities 3 to 6 m/s was directed upward to impinge on th! impact

plate. The sodium moved radially on the plate and then rained down forming a

sodium spray. The sodium spray contained droplets of mean droplet diameters

ranging from 0.37 to 0.53 cm. The tests were conducted in atmospheres contain-

ing 0-?1% oxygen.

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

t

I' ' Jet Tests (21,22,23) is given in Table 1. It should be noted that test data ob-
i tained from Tests No. I and No. 2 are incomplete. In these two tests, the mean

droplet-diameters and resulting oxygen depletion were not recorded. To simulate

j 'these two tests with NACOM, the mean droplet diameters produced in the tests are

needed as input parameters. To overcome the difficulty,. estimated mean droplet
.

diameters are used in the simulations. In Jet Tests No. 3 through No. 8, the
| monoxide-peroxide ratio in the reaction products was not measured. According|

to AI STV test results(12) , in low oxygen environments, the primary reaction

product is- sodium monoxide. - Consequently, NACOM simulation of Jet Tests No. 3

through No. 8 will assume 100% Na 0 in the reaction products. |

22
.

1The summary of NACOM simulations of AI det Tests is shown in Table 2. In !

Table 2, the' calculational results and experimental data on the maximum pressure i

rise, oxygen consumed, and sodium consumed for seven LTV Jet Tests are compared.

'It is ~seen t'Jt NACOM has better. predictions of the maximum pressure rise than
,-

SPRAY-3A except for det Tests No. 3 and No. 8. In 21% oxygen, NACOM predicts higher

burning rates and hence'NACOM is more conservative than SPRAY-3A in terms of the

pressure rise.

'For more detailed information on the NACOM calculational results for the
[. LTV Jet Tests, see Appendix B.

i

I

!
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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 Temperature ( C) 23.9 23.9 20 23.9 23.9 23.9 23.9-

Initial Gas Pressure (atm, gauge) 0.099 .0.099 0.099 0.099 0.099

Ambient Pressure (atm) 0.97- 0.97 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 r. 83 0.83 0.83 0.83

Initial Sodium Temperature ( C) 538 538/593 532 532 529 538 538

Sodium Jet Velocity (m/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 2.728'

Resulting Pressure Rise (atm) 0.22 0.8 0.053 0.039 0.29 0.046 0.033

Resulting 0xygen Depletion 'vol %) 0 0 0.7 0 0

Strike Plate Temperature ( C) 1093 471 604 443 449

Sodium Drop Temperature at Floor ( C) 67 527/116 316/82

Final Humidity (ppm vol) 3500 85 66 90

Fallout Mean Size ipm) 0.18 0.21 0.16 0.145 0.145

Reaction Products (% Nap 7) 100 91-960

Burning Efficiency 0.26 0.66

Peak Aerosol Concentration (um Na 0/cc) 7.2 17.1 0.1 0.13 4.8 0.18 0.072

L-
___ _



j

A
) 3 2 28 9 0 8 5% -

6 4 1 1
Y 2. A 1 0

l R 3 7 0 0 1 1

c P
n S
(

d 8 70 9 8e M 7 1
0 8 82m O 40

0 0u C 0 5
s A 4 8 1
n N 0
o
C

0 0a t
- - - - -N s

e 6 6
T 2 6

A
) 3
% - 5 4 4 3 4

0 00 0 01 5Y
s s 0 0

. A
l R 0 0 0

0 0o P
m S

d (
n s
a t d

s e M 1 5 2 5 2 8 2
0 10 14 1 0a e m O

0 0 0
t T u C 0a s A 0 1 0
D t n N 0 0 0

e o
l J C
a
t l 2 t 7n A 0 s 0 0e e - - 0 0
m r T 0

2 i o
r f

E e
L p s
B x t )
A E l . A
T u n 3

n s t - 0 0 4 5 0 0 8
3 3e e a Y 2 6 4 4 1

0 0 0 0e R ( A 0w R 0 0
t l e P 0 0 0 0
e a s S
B n i

o R
n i

o t e
s a r M 3 8 3 1 1 1 3

3 44 4 1t u O 2 6i 0 00 0
0r u s C

a p s A 0 0
p m e N 0 0 0 0
m o r
o C P

C m
u t 2 0 1 0 9 8 4

4 325 42 8m s
0 00 0

0
i e

.x T 0 0
a U 0 0 0
M

n
2o
0i)

t%
l a

5 5 8 8 8ar . 1 1
itl 2 2 1

4 0 0- 0t no 1
- emi

nc( 0
I n

o
C

.

o
N

1 2 3 4 6 7 8_

t - - - - - - -

s J J J J J J J
e
T

_

.

$
i ! 8

_



- . _ ._ _ _ _

i

1

I
!

~7. SUtMARY AND CONCLUSIONS

The NACOM code has been developed to simulate sodium spray fires that are

postulated to occur in.LMFBR equipment cells. NACOM performs-droplet dynamic,
'

combustion, and heat and mass transfer calculations. The code calculates the gas

pressure, gas and wall temperatures, oxygen mole fraction, spray burning rate, and

heat transfer rates. The code computes the spray burning rate from the single'

.

droplet burning rates. The single droplet burning rates are, in turn, predicted
;

by the Tsai(N preignition oxidation model and the Spalding( N vapor-phase com-

.bustion theory. In arriving.at the spray burning rate, no adjustable parameters

such as those used in SPRAY are utilized to fit spray fire experimental data. In
f
'

contrast, SPRAY uses two adjustable parameters whose values are determined by curve

fitting of AI experimental data. Consequently, NACOM is more reliable than SPRAY

when applied to large-scale spray fires in LMFBR equipment cells and containment

building.
.

The code has been tarified by comparison with the AI single droplet burning
~ 'l

tests. The droplet final velocities predicted by the code agree well with the AI -|

experimental data and.are somewhat better than those predicted by SPRAY-3A at small l

droplet diameters. The fraction of droplet mass burned predicted by NACOM for fall-

ing droplets has been found to be in good agreement with the AI experimental data

while.it is underpredicted by SPRAY-3A.,

!

Further experimental verification of the code is provided by the NACOM simu-

lation of the'LTV. Jet Tests. The NACOM predictions of-the pressure rise are more
|

7 accurate than the SPRAY-3A predictions-in most cases. It appears that NACOM is

! more conservative than SPRAY-3A in tenns of the pressure rise because SPRAY-3A

underpredicts Lhe single droplet burning rate. The code has been verified for

oxygen concentrations ranging from 0 to 21%. Therefore, the code is applicable

'to sodium spray. fires in the secondary sodium system as well as the primary sodium

system of an LMFBR.
- 40 -
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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
,

1

gas temperature vary considerably from the droplet surface to the burning zone i

and from the burning zone to the surroundings. Therefore, mean values of the

transport properties must be used. In the code, the arithmetic mean of the drop-

let temperature and the gas temperature is used tc .:ompute the transport proper-.

ties of the gas mixture. The variation of the transport properties with the gas

composition is less pronounced. It is a good approximation to assume that the

gas is 100% N in the evaluation of the transport properties since the gas mix-2

ture is predominantly nitrogen.

For the drpplets' 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-

perature 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.
I

Nitrogen

Specific heat (cal /g X)

C = 0.2316 + 4.61 x 10-5Tp

I solute vi_scosity (g/cm s)

p = 4.2 x 10-6 O.56T
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. Thermal conductf .'ty (cal /cm s K)

k =.1.05 x.10-6 O.71852T

Mass Transfer

N -0 binary diffusion coefficient _ (cm /s)2 2

D = 1.849 x 10-5 T
P

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

T .6450CD = 2.25 x 10-

Sodium

3Density of the liquid (g/cm ) ,

p = 0.949 - 2.23 x 10-4(T-273) - 1.75 x 10-8 (T-273)2

Specific heat of the liquid (cal /g X)

p = 0.34324 - 1.3868 X 10-4 (T-273) + 1.1044 x 10-7 (T-273)2C

The heat of combustion H and the stoichiometric ratio i depend on the com-c

position of the reaction products. When the fraction of Na 02 2 present in the

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

with oxygen to form Na 0 is22

S = 1.3478f/(1.6957 - 0.3479f)'
.

The heat of combustion may be expressed in terms of S as

H : 2195 (1-S) + 2500 S (cal /g)
e

and the stoichiometric ratio may be written as

S 1-S fg . 2
0 I

I " 1.4375 + 2 E7!i {gofNa'j

!

[-

[
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APPENDIX B

NACOM SIMULATION OF LTV JET-TESTS

i

|

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

droplet diameter of 2 mm, estimated by Shi, J2) using a correlation of jet veloc-
:

ity and drop size, was used in the NACOM simulation of the test.

The NACOM calculational results for f.he test are shown in Figs.16 and 17.

It is seen from Fig.16 that a maximum pressure rise of 0.23 atm is reached at

2.2 : aconds. The NACOM prediction of the maximum pressure rise is about 5%

higher than the experimental value, while the SPRAY-3A prediction is about 9%
Ulower. The NACOM-calculated maximum gas temperature is 88 C. The NACOM, predicted

burning efficiency (amount of sodium consumed / amount of sodium leaked) is 41% which
;

is about 57% higher than the experimental value. The discrepancy may be due to

the inaccurate estimate of the mean droplet diameter.

B.2 Jet Test 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 estimated mean droplet diameter of 1 mm(2) was used
j

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 C. A burning effi-
|

ciency of 85% is predicted, which is about 29% higher than the experimental result.

The SPRAY-3A predicts 'a lower burning efficiency and hence a lower pressure rise.

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

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

4.08 kg of-sodium at 532t were injected into a 1.5% oxygen atmosphere at
i

|- 5.88 m/s over a 2.7 second period. The measured mean droplet diameter was 0.457 cm. i

!

j The pressure rise and gas temperature predicted by NACOM are shown in Figs. 20
1
' and 21, respectively. The pressure reaches its peak of 0.043 atm at 4 seconds.

The maximum pressure rise predicted by NACOM is about 16% lower than the observed

value and is about the same as that predicted by SPRAY-3A. The low pressure rise |

predicted ~is mainly due to high humidity (0.8%) in the atmosphere since the water

vapor is almost consumed after the test. The NACOM prediction of the maximum gas

temperature is 30 C, compared with the experimental value of 33 C.
!

j B.4 Jet Test No. 4
0In this test, 5.62 kg of ' sodium at 532 C were injected into a zero oxygen

| atmosphere at 3.08m/s over a 5.7 second period. The measured mean droplet diameter

was 0.533 cm. The NACOM calculational results 'for this test are shown in Figs. 22

and 23. The maximum pressure rise predicted by NACOM is 0.041 atm reached at 6.6

seconds, compared with the measured value and SPRAY-3A prediction of 0.04 atm and

0.045 atm, respectively. This shows that the heat transfer models used in NACOM

are better than those used in SPRAY-3A. 'The NACOM prediction of the maximum gas
Utemperature is 35 C, which is the same as the experimental value.

(
I

~

B.5 Jet Test No. 6

In this test, 5.58-kg of sodium at 529 C were injected into a 4.8% 0
. 2

| -atmosphere at 3.23 m/s over a three second period. The measured mean droplet
)

diameter was 0.406 cm. The NAC0ti calculational results for this test are shown {

in: Figs. 24 and 25. The maximum pressure rise-predicted by NAC0ft 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
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is because the effect of water vapor on sodium burning is very pronounced in

this test. The effect.has not been considered in the present version of the

NACOM code. The sodium injection resulted in 0.7% oxygen consumption, compared

with the NACOM and SPRAY-3A predictions of 0.12% and 0.04%, respectively. The
-

maximum gas temperature predicted by NACOM is 54 C, compared with the experi-

mental value of 103 C.

B.6 Jet Test No. 7

In this test, 2.36 kg of sodium at 538 C were injected into a 0.8% 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 pressure rise predicted by NACOM is 0.03 atm which is

about 38% lower than the experimental value. Again, in this test water vapor

plays an important role in increasing sodium burning rate and hence increasing

pressure rise. The maximum gas temperature predicted by NAC0t1 is 32 C, compared

with the experimental value of 37 C.

B.7 Jet Test No. 8

In this test, 2.72 kg of sodium at 538 C were injected into a 0.8% 0 atmo-
2

sphere at 3.02 m/s cver a 3.3 second period. The measured mean droplet diameter

was 0.369 cm. The NACOM calculational results for this test are shown in Figs.

28 and 29 NACOM predicts a maximum pressure rise of 0.043 atm at 4.8 seconds

while SPRAY-3A predicts a maximum pressure rise of 0.038 atm. In comparison, the
'

measured maximum pressure rise is 0.034 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 lower pressure rise observed:

| in this test even though the amount of sodium injected is higher in this test.

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

'the experimental value.

1
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APPENDIX C

SAPPLE PROBLEM

|
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A detailed description of the code structure, and the input and output

i formats is given in the previous sections. For illustrative purposes, a sample
!

problem ::111 be solved by use of the NACOM code. The problem ' selected for these

purposes is AI Jet Test No. 8(21) in the Large Test Vessel (LTV). In this test.

2.7 kg of 538 C sodium were injected into the LTV filled with 0.8% 0 . The LTV
~

2

is a right circular cylinder, 9.14 m long and 3.05 m in diameter. The measured

volume mean diameter of the droplets is 0.369 cm.
,

The input data deck for this sample problem is given as follows.

| 0 AI JET TEST N0.8-50DIUM SPRAY IN LTV.

|
| 93.5863 7.62 62.2971 C J:.'9 824.6 537.8

1.07 23.9 0.008- ' t. 3.3 2.

| 0. 0.586 25 8
'

O. O.

0.5 1556.8

1.0 1354.3

1.5 1183.4
! 2.0 1107.5

i 2.5 1069.5
I 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

f obtained by setting the-first column to one. The cede outputs for this sample

.

problem are given on the following page. The major output parameters of interest
!

are the pressure rise, gas and wall temperatures, oxygen mole fraction, and spray

. burning rate. The histories of these output parameters are-shown ir Fig. 28

through 32.
,
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Figure 30. Sample Problem Output - NACOM O
Prediction of Wall Temperature History for 2 0.0079 -
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Figure 31. Sample Problem Output - FACOM
Prediction of Spray Burning Rate for LTV
Jet Test No. S
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D**0 D Y*

N Od 44 - -

PA0GAAM NACOM(INPUT 0UTPUT)
.C
C NACOM 15 A Co*1P U T LR PROGRAM WHICH SIMULATES SODIUM 5 PRAY FIRES
C 'IN LMFdM CONTAINMENT CELLS AS A RESULT OF POSTULATED PIPE RUPTURES.
C

OIMENSION TITLE (7),0L(2)
COM"0N /NMPH/DT,MOLo,HOLG,9,T6,vot,YOC
COMWON /NMW/U ( 11 ) ,F N A . H1,10D,11 ( 11 )
COM"0N /NWH/AI,dR9,P,0
COM"04 /NR/A.AML(60),H,DD(ll 600) DM(11,600),0N(11,600),HC,

1HF0,IP,10,N,NPRT.AD(11)eSf1L T,TR. TEND,TL(40),TS(11,600) TSI
COMw0N / NM/b *.F , H , P I , h bO L
COMFON / Nil /all . CPS Gh .T a
AFAL NA207 ,

ALAL MOLO.MLLG
. DATA W/92.056/,HF6/1005./
AEAC 36,IO, TITLE

C
C READ INPUT DATA.
C

AEAC 37,4L1,HekOL DME,FNA,TSI
PE4v 37,PI.T61,YO!,TMAA, TEND.x
READ 30.NA202, CPS,8 PPT.1P

C
IF (IP.E O.0) GO TO 47

-00 *6 1:1,IP
l 46 AEAC 40,TL(I),AML(I)
i 47 Pp1NT 41,71TLr
! PRINT 47
|

PRINT 41.All,H VOL,0ME,FNA.TSI,PI.TGI,YOI,TMAx,TENDex,
I thA2C2. CPS NPRT,IP

IF (IP.EQ.0) 60 TO S5
PRINT 51
DO 52 1st,IP

S2 PRINT 53,TL(I),AML(!)
SS Diso.01*x

ALI=ALI+1n0CO.
HzH'100.
v0Lav0L*1000000
TSs(GI+273.
tbs 1154
PsPI
YOCsVOI
1wmT6
T=0.
N=U
SBRs0.
Soso.
S0==0.
SMLao..
S=1 347A*NA202/(1.6957-0.3479'NA202)
HCatl.-5)*2194.5+S*2500.
AlsS/1.4375+(1.-51/2.875
RHOLeo.949-2.23E-4*TSI-1.TSE-o*TSI+*2
As3 14159/6.*RHOL
IpsTMAX/DT

C,

I- |C SELECTION OF DWOP SIZES.
.C

D0.200 Ls1,2
IF (L.EG.1) DL (1) mDME*4
IF (L .EO.2) OL(2)=0ME/4
00 201 Mst,20

l

t
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CP WR " C# ' ''

A B a E X P ( 3. 915 * ( 1. -OL ( L ) /0ME ) )
Fs(UL(L)/0*L)**5+Ae-0.01
IF(F.LT.I.E-6) GO TO 200
fps (5 *0L(L)**4/0ME**5-(DL(L)/DME)**5*3.915/D*E)*AB

201 DL(L)=DL(L)-F/FP
200 CONI!NUF

10:10
100=1D+1
H!=(DL(11-DL(2))/ID
00 120 Is1.!DO

120 D(I)=(I-1)*MI+DL(P)
C

CALL MOTION
00 110 !=1,100
JJmII(I)

C
C CouPUTE DROP SIZE DISTRI9UTION.
C

RD(I)=(3.915/0NE)**6*L(I)**5/120.*EXP(-3.915+D(I)/DME)
C

00 110 Jul JJ
TS(1,J)=0.
DN(I J)=0.
04(I,J)=0.

110 DD(I,J)=0.
PRIAT 130
PRINT 10 0, ( JD ( I ) , I = 1, I DC )
00 *5 !=1,14
T=T+0T
nan +1
IF(N.LT.NPMT) 60 TO 300
PRINT AU,7

300 CALL PATES
CALL HALANCE
SBu=S9R+BRS*DT
S0:50+0 0T
SQw=SQa+0weOT
PP3P-PI
TGGsTG-273.
Tww=Tw-273.
IF(N.LT.NPRT) GO TO 45
PRINT 90,PP.TGG,Tww,YOC,8PSeSBR,3,50,0k,50w,MOLO MOLG 5ML
I4 s 0

45 CONTINUE ~
36 FORMAT (11,7A10)
37 FORM AT (6F 12.4)
38 FORMAT (2F12.4,2112)
40 FOR"AT(2F12.4)
41 FORMAT (1H1,10X,TA10///)
42 FORMAT (50X,"1NPUT LISTING"/)

; 43 FORMAT (10x,"Allan.E10.6,3X,"H=",E10 6,3X,"v0L=",E10.4,
13x,"DME=",E10.6,3x,"FNAsu,E10.*,3X,"TSIs",E10.4//
210X,"PIs",E10.4 3X,"TGI=",E10.4 3X,"YOIsu,E10.4,
33X,"TMays",E10.4.3X," TEND =",E10.4 3X,"X=",E10.4//
410X,"NA202s",E10.4.3X," CPS =",E10.4,3X,"NPRTr",
SI5e3X,"IPs",15////)

51 FORF AT (15X," TIME (S) FLOW RATE (G/S)")
1 53 FORMAT (11X,E12.4,6X,E12.4)

80 FORMAT (///44X," TIME =u,E11.5 1X,"SECONDSH/)
90 FORMAT (10X,"Ps",E11.5,3X,"TGs",E11.5,3X,"Tws",E11.5,3X,

1"YOC=",E11.5.3X,"9RS=",E11.5,4X,"SBRa",E11.5//10X,"0=",E11.5,
23x,"50=",E11.5 3X,"Qas",E11.b,3X,"SGn=",E11.5,3X,"MOLO=",E11 5
3,3X,"MOLG=",E11.5//10X,"SMLa",E11.5///)

1

1
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.100 FORMAT (10X,"RD"e2xe'10E10.4) aoom o MUS 1 =
130 FORMAT (//)

STOP
; END

SUBROUTINE u0 TION
C

.C
THIS SUHRouTINE COMPUTES THE DROPLET VELOCITIES BY INTEGRATINGC THE EQUATION OF MOTION FOR THE LROPLETS.. C

DIMENSION TF(11 600),2(11 600)
COMMON /NMR6/DTek.0LO MOLG.R.TGeVOL,YOC

i COMPON /Nw4/0(11),FNA,HI,IOpe!!(111
'

COMMON /948/RHOG.GMeVF(ll,6001
COMWON /NM/UME.HePI,4bOL
REaL MOLO.MOLG. HUG
MOLumpleVOL/(R*TG)
MOLCsMOLG*YOC

Gks(FOLG-MOLO)*28.016+MOLO*Jt.
kHOG=GM/VOL

i

! FUG=4.2F-6*fG**0.6e
00 40 ! = 1. I f>0j !
RP=3.ekH0G/(4.*PHOL*D(II)
DRMsD(!)*RHOG/ dug
VFilells1.L-b-
TF(1,1)=0.
Z(1 11=0.
NNs0

C
, C RUNGE MUTTA

METHOD To SOLVE THE EQutTION OF MOTION FOR DROPLET VELOCITYC .

00 10 J u l ,5 V)
TF(I,J+1)=TF(I,J)+DT
IF ( A N.E Q.'l l GO TC 200
VF(I.J+1)=9e0.*TF(I,J+1)
2 (I ,J+ 1 ) = 490. * TF (I,J+ 1 ) * *2
EEV=VF(1.J+1)*DRM
DRAGsRPoVF(I,J+1)**p*CD(QEV)
IF(CRAG.LT.I.) GO TO 110
NNal

200 xmVF(I,J)
kev =x*0k4

I

DRAGaQP*A**P*CU(RFV)
Pl*(900.-DNAGl*DT
XsVF(I,J)+Pl/2.
DEV=X* DAM

-P2s(990.-wp*A**2*CD(REV))*0T
i xzyF(1,J)+P2/2.

REVaxobke
P3=(960.-RP*A**2*CU(REVI)*DIj x=VF(1,J)+P3

'

PEV=A*DR'e
!

P6=(9do.-RP*A**2*C0(WEV1)*nit

VF(1,J+1)aVF(I J)+(Pl+2.*P2+2.*P3+P41/6
.

'It!,J+1)=l(1,J)+VF(I J)*DT
110 IF(2(I,J+1).GE.H1 GO TG 70l
10 CONTINut

f 70 II(I)=J
j PRIAT 25eleD(I)

.

!
PRIAT 30.(TF(T,K).ksleJi',

PRIhi ho[ PRINT 45,(2(I M),Kul.J)
! .PRIAT 80i' PRIAT 60,(VF(IeK),Kal,J)
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40 CONTINUE
25 FORMAT (//5x,"Is",13,4X,"DIsu,E10.4/5
30 FORMAT (10X,"TFu,2x,10E11.41
45 FORMAT (10X,"2",3A,10E11.4)
60 FORM AT (10X ,"VF",2x 10E11.4 )
80 FORMAT (/)

RETLRN
END
FUNCTION CD(REV)

C
C STANDARD DRAG COEFFICIENT CORRELATIONS.
C
C

IF(dEV.LT.O.1) CLs24./HtV
IF(WEV.GE.0.1.AND.REV.LT.6.) CD=?.6*23.71/REV
IF(NLV.GE.6..ANO.REv.LT.500 ) CD=18.5/REV**0.6
IF(RFV.GE.500.) CDs4./9.
RETURN
END
SUHROUTINE NATES

C
C THIS IS TO CALCULATE.THE HUWNINu MATE OF SODIUM SPNAY AND TOTAL HEAT
C RELEASED bY SPRAY CopAUTION.
C

d DIMENSION RE (600) ,0C (600) ,06 (bon t e TSS (600)
-DIMENSION RAF(600),01N(e001
COMMON /NMR9/DT.MOLO MOLG,R,TGov0LeVOC
COMMON /NMR/0 ( 11 ) , F N A ,H ! , I DD, I I ( 11J
COMv0!4 /NRb/AI,8R5eP,0
COMMON /NR/A,APL(40),h.DD(11,600) DM(11,600).DN(11,6001,HC,

_
1HFG,IP,1Q.N,NPRT.R0(11) 5ML.T,TH, TEND,TL(40),TS(11,600).TSI

COMMON /MRfi/ H H0G ,GM o vF ( 11,6 0 0 )
REAL MOLO.MOLG, HUG
MOLGapev0L/(R*TG)
MOL0sHOLG'YOC
GMatu0LG-MOLU)*dH.016**0LO*34.
Y0=*0LO*3/./GM

i RH0G=GM/v0L
TAstTG.TH)/2.
CPG =0.2316*4.61E-5*T.A

l AKG=1.05E-6*TA**0.11852
MUG=4.2E-6*TA**0.6e
PRsCPG* HUG /inG
A2sPke*0.3333
Opsl.A49E-5=TA**1.645/P
CDPs2.25F-7+TA**0.645
SCsMUG/(RHOG*DP)
HzHC #YO/HFG/ A I + CPG 6 ( TG-Till /HF 6
Os0.
BRS=0.

C
C COMPUTE THE SODIUh LEAP NATE.
C

IF(T.GE.TENU) 60 TO 101
IF(IP.LO.0) 60 TO 100
00 30 Kale!P
IF((TL(k)-T).GT.O.) GO TO 40

30 CONTINUE
AMsAML(IP)
GO TO TO

40 AMs(AML(K)-AML(K-1))/(TL(K)-TL(K-11)*(T-TL(K-13)*AML(K-1)
00 TO 70

100 AMsFNA
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GO TO 70
101 AM=0

70.5ML*SML+AMoDT-
,

- C
|D0'10-Isl.!DD

JJsII(f)
DMisA*D(!)**3
T'N ( l e l) = A"*Ru ( I) *Hl /DMI*0f
DD ( 1,1 ) = D ( I )
-IF(AM.LT.1.E-10) 0D(1,1)s0.

C

C CouPUTE.TNE OWOPLET. DURNING WATLS. NEAT OF'COM5uSTION AND HEAT TRANSFEHktD.
C

00 19 J=1.JJ
TSS(J)*0.
RE(v)=0
8pF(J)=0.
GIN (J)=0.
GC(J)=0.

19 4G(d)"U.
TS(I.llsTSI+273
DO 20 Jul.JJ
DM(I,J)=A*DO(I,J)**3
IF(CD(I,J).LT.I.F-10) 60 TO 20
RE (V ) * V F ( f e J) *0D ( l e J) *nHOG/twG
Al=SuWT(RE(J))
DMT8DM(IeJ)/DT
IF(TS(I J).6E.T9) 60 TO 601
HWF (J) SCDP 8 Y OC+3.14159'DO ( 1 J) * ( 2. + 0.6* A l*SCo * 0.3333 ) *32./ A I
IF(dhF(J).GT.0MT) ekF (J) st'M T
QC(V)=HC's4F(J)
OG(els1.14159-aMGe00(1.J)*(TS(1,J)-Tb)*(2 +0.6*Al*A2)
QIN(J)=oC(J)-4G(J)

. GO TO 602
601 Ph=2.*3.14159*DD(I.J)*AKG/ CPG *ALOG(1.+R)

IF(da.LT.I.E-10) isk s o .
BHF(J)sHR*(1.+0.3*Al*A2)
IF(bHF(J).GT.DMT) BQF(J)s0MT
4!N(J)HF6*9AF(J)
QC(J)=HC+HRF(J)
QGtJ)=Gr(J)-JIN(J)
T S ( 1. J) = T'l

602 IF(J.EO.JJ) GO TO 605
ORS *edS +eHF ( J) *0N (1.J)
GaQ+0G(J)*iW(leJ)

605 TSS(J)sTS(1,J)-773.
'20 CONTINUE

C

IF(N.LT.NP4T) GO T O - .10 01
.IF(IC.NE.1) GO TO 1001
PRINT 501,I
'PHINT $02.(ob(1,J)*J=leJJ)
PHINT 503
PRINT SO4.(DN(1.J) Jsl,JJ)
P R I rs T . 5 n )

PRINT 51S.(TSS(J) Jsl*JJ)
PRINT 503
PRINT 505,(HE(J),Js1 JJ)
PRINT'503
' PRINT 511,(aikF(J),Jul,JJ)
PAIAT.503
Pulmi 506,(ulN(J).Jsl,JJ)
PRINT SC3

r-

t
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PRINT 507,(0C(J),Js1,JJ)
PRINT 503
PRINT 500,(OG(J),Js1 JJ)
PRINT 503

1001-CONTINer-
KJ=JJ-1

C
C ,CouPUTE Owop 512E NUHbfR AND TEMPERATUHF AT NEXT TIME STEP,
C

00.120 KalekJ
KKsJJ+1-K
IF(JD(I.Ka-1).LT.I.E-101 00 10 110
IF(TS(1,KK-1).GE.T8) GC TO 604
CPL 80.34324-1.3H64E-4*[TS(1,KK-11-273.)+1.1044E-7*
1(T5(1,kk-1)-273.)**2

'
HisGIN(KK-1)/(DM(1,KK-1)* CPL)
TS(I.KK)=TS(1,#K-1)+61*DT
GO.TO 603

604 TS(I KK)=TS(I.MF-1)
603 DOH=eRF (KK-1) *uf

DM0 04(I,kK-1)-0CM
I F (C PO .L T .1. E-10 ) GO Tu 110
00(I.Kk)=(DMD/A)**C.3333
ON(I.KK) ann (I,KK-1)

GO 10-120
110 DD(I KK)=0.

DN(I,KK)sQ,
TS(1,KM)=0.

120 CONTINUE
10 CONTINUE

501 F OR* A T ['X ,"I =",13 /)
502 FORMAT (10*,"0",2x,10E11.4)
503 FORFAT(/)
504 FOA"AT(Inx,"D4",24,10L11.4)
505 FORWAT(10x,"PE",2a,10E11.4)
506 FORMAT [10x,"QIN",2x 10E11.4)
507 FORMAT (lox,"CC",2x,10 Ell.*)
508 FORMAT (10x,"GG",2*,10t11.4)
511 F ORM A T (10 x ,"64F",2x,10E ll .4 )

515 FOR*AT(10x,"TS",24 10E11.4)
, RETURN
9 ENO

SUBdOUTINE BALANCE
C
C THIS SUHAOUTINE 00E5 NEAT AND MASS HALANCES. ;

C 1

COMkON /NukH/DT.*0LO,MOLG A.TG VOL.YOC |
|- . COM"0N /NR9/AI,695,peu j

COMMON /Mdb/dHOG,GM,VF (11,60b ) '

: COMMON /NH/ALI. CPS,0m Th )
'

i RE AL- MOL O ,"0LG , pug , MRO
I- F(X,Y)=(J-a*(x-Y))*v

G(x,Y)s *(4-Y)*S
C'

| C. MASS dALANCE ON GAS.
',

C.
CPG 80.2316+4.61E-5*TG
CVGsCPG/1.4,

- MUG84.2E-6*TG**0.66
AKG*l.05E-6*!G**0.71852

- MWO* A I *t< R 5*0 T / 37.
. - MOLusMUlo-Mko
. ' HOLGrMOLG-MRO
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'YOC= NOLO /HOLG
.' IF t YOC.L t .1.E-17 ) YOC=0.

C
C- USE OF HEAT PALANCF. EQusTIONS TO EVALHATF GAS ANO uALL TEMPERATURES. ;
C '

HHau.000054
asHe*4Lj
V=1./t4H0 Gov 0L*CVU)
Sal./ TALI *C6St

,

gas =*tT6-Tw)
C

C USE OF RUNGL-pdfTA NETH00 TO'50LVL FOR GAS AND HALL TEMPERATURES.
C

4 - AlsF(TG,Tw)*DT
; 81sGITG.T.)*DT

A2sFtTG A[/4.,Twedl/2.)*DT
f42sG I TG. A1/2. . Tn + 41/2. ) *07
A3sFITG+A///..TWe=2/2.)*DT,

63=GtTG.A//2.efw+H2/2.1*DT
AssF(TG*A3eT**H3)*uf;'

64sGIT6+A3ef=*63)*DT
TGsTG*tal 2.*A2 2.*A3+A6)/6.4

TwsTwo(P1 2.*B2+2.*A3+B4)/6
P=MCLGoW*TG/VOL
RETURN
END

,

i

1

.A

$

H
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