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ABSTRACT

An analysis of spent fuel heatup following a hypothetical
accident involving draihage of the storage pbol is presented.
Computations based upon a new computer code called SFUEL have
been performed to assess the effect of decay time, fuel elemént
design, storage rack design, packing density, room ventilation,
drainage level, and other variables on the heatup characteris-

tics of the spent fuel and to predict the conditions under

which clad failure will occur. Possible storage pool design
modifications and/or onsite emergency action have also been
considered. It has been found that the likelihood of clad
failure due to rupture or melting following a complete drainage
is extremely dependent on the storage configuration and the
spent fuel decay period, and that the minimum prerequisite
decay time to preclude clad failure may vary from less than

10 days for some storage configurations to several years for
others. The potential for reducing this critical decay time
either by making reasonable design modifications or by provid-
ing effective emergenéy countermeasures has been found to be

significant.
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1. INTRODUCTION

With the current U.S. moratorium on spent fuel reprocess-

ing, high priority is being given to the expansion of facilities

that store spent fuel under water in a retrievable configura-
tion. To accomodate the growing quantities of used fuel
bundles, existing storage pools are being enlarged and adapted
to higher storage densities. 1In the process, storage racks
have evolved from widely spaced, open frame structures to
tightly paéked, closed frame steel containers. This has
necessitated reevaluation of the safety désign basis of spent

fuel storage facilities.

To assess the safety of such facilities, a range of
postulated accidents may be coﬁsidered, and predictions of the
probability of occurrence of these accidents and the resulting
consequences may be made. Such a process can provide perspec-
tive concerning the overall public risk caused by operation of
the facility. The process is useful not only for delineating
the safety bounds 6f the system but also for suggesting design
or operational changes which may broaden these bounds.

This study addresses the most severe type of spent fuel
storage accident that has “en hypothesized, one that leads to
a complete drainage of the water from the pool. The objective
is to analyze the thermal-hydraulic phenomena involved when
the storage racks and their contents bécome'exposed to air,
and to determine the conditions which could lead to clad
failure due to overheating. Accident initiation mechanisms,
the: probability of occurrence, the magnitude of radioactive
reléase, or the public consequences are not addressed.

11
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The likelihood of a severe spent fuel pool drainage

accident is judged to be extremely low.* Many spent fuel
pools are constructed below grade, essentially precluding
complete drainage of the pool due to structural failure. Nu-

merous design features are incorporated in all facilities to

"minimize the likelihood of a loss of pool water, including

(1) the conservative design philosophy of building the concrete .
structure, racks, cooling system, and support structures to
withstand the forces that might result from a large earthquake
or tornado, (2) design of the racks to assure that the geometry
of stored spent fuel is maintained in a subcritical configura-
tion, (3) location of pool penetrations to prevent draining

or siphoning of water through associated piping systems, (4)
inclusion of mechanical interlocks and operating procedures

to prevent the crane from passing over the pool with heavy
loads, and (5) proVision of multiple water level, water temper-
ature, and radioactivity monitors which actuate alarms in the
control room. Stringent security measures are enforced to

prevent sabotage. A complete drainage of a spent fuel pool,

.therefore, has to be considered as an extremely unlikely occur-

rence.

Postulating a complete pool drainage, however, the‘fuel

elements will heat up, tending to reach a steady-state temper-

‘ature distribution when the thermal power produced by radio-

active decay is balanced by that removed by natural convec-
tion, thermal radiation, and other means. Undesirable re-
leases of radioactive materials will occur only if the maximum
attained temperature is high enough at some location in the
pool to cause the Zircaloy clad to rupture as a result of
internal pressure, or to undergo rapid exothermic oxidation
leading to clad melting. (Coincidentally, the best available

*The Reactor Safety Studyl evaluated the probability as
being in the range of 1073 to 1077 per year. Handling or
storage of spent fuel was not found to be a significant con-
tributor to the overall public risk caused by nuclear power
plant operations.
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2,3 is quite close to the

estimate for clad rupture temperature
temperature at which the air oxidation reaction becomes self-
sustaining, both being in the neighborhood of 850 - 950° C.)
The likelihood of reaching a deleterious temperature varies
inversely with the amount of time that has elapsed since shut-
down of fission power (i.e.,‘the decay time), since longer

times imply reduced decay heats.

A method of predicting the spent fuel heatup following

4,5 and implemented

drainage of the pool has been formulated
within a computer code called SFUEL (documented in Appendices

A and D). Computations have been performed to assess the
effect of decay time, fuel element design, storage rack design,
packing density, room ventilation, and other variables on the
heatup characteristics of the spent fuel, and to investigate
such issues as complications caused by incomplete drainage,
possible design modifications to promote heat removal, and
emergency action that can be undertaken to maintain coolability
after the accident has occurred. The problems considered,
methods used, and results obtained are described in the follow-
ing text, with mathematical details and a program listing

being included in the appendices.

13,14
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2. DESIGN CHARACTERISTICS

2.1 Pool Configurations

Excepting capacity and the design of the racks, the con-
figuration of spent fuel storage pools is similar for most
nuclear reactor and away-from-reactor (AFR) storage facilities.
The pools are rectangular in cross section and approximately
40 feet deep. Fuel assemblies are placed vertically in storage
racks which maintain an adequate spacing to prevent criticality
and to promote natural convective cooling in a water medium.
The pools themselves are constructed of reinforced concrete
with sufficient thickness to meet radiation shielding and
structural requirements, and are lined with stainless steel
plates of approximately 1l/4-inch thickness to insure a leak-

tight system.

Boiling water reactors (BWRs) are designed with the spent
fuel storage pool within the secondary containment. On Mark
I and II plants, the bottom of the pool is usually elevated
approximately 50 feet above ground level, which places the
top of the pool at the level of the operating floor. More
recent BWR designs, however, call for a ground-level storage

pool to reduce seismic loads.

Pressurized water reactors (PWRs) use a ground-level
spent fuel storage pool which is exterior to the reactor build-
ing, in the auxiliary building. Both BWR and PWR reactor

‘pools typically range from 30 to 60 feet in length and 20 to

40 feet in width, with a spent fuel capacity of between 1 and

2 cores.

15
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Away-from-reactor (AFR) storage pools generally have

larger capacity than reactor pools. The General Electric
facility at Morris, Illinois, for example, has the capability
to store 750 metric tons, which is the equivalent of about
five BWR cores or eight PWR cores, and has applied'for autho-
rization to double that capacity. A photograph of the G.E.

Morris storage pool is shown in Fig. 1.

In the analysis to be described (Section 3), it was
assumed that the walls and floor of the pool were comprised
of thick reinforced concrete and lined with a 1/4-inch stain-

less steel liner.

2.2 Storage Rack Configurations

The design of storage racks and fuel element holder con-
figurations varies considerably from facility to facility,
both in general appearance and in details. Fig. 2 shows a

sampling of the various types of racks currently in use.

An earlier storage rack design for PWR spent fuel (e.qg.,
original Sequoyah and Savannah River designs) consists of an
open frame arrangement with a 2l-inch center-to-center spacing
(Fig. 2a). The racks are made of stainless steel and are
approximately 14 feet high. Criticality control is provided
by the relatively large fuel element spacing together with

borating of the water.

Subsequent PWR rack designs employ solid stainless steel
holder walls to provide the neutron shielding required for a
higher density storage configuration (Figs. 2b through 2d).
The cylindrical "baskets" shown in Fig. 2b are used in the
G.E. Morrié facility, for example, and provide a 12.75-inch
center-to-center fuel element spacing. The inlet for water
circulation through these elements at G.E. Morris is provided
by a l1l.5-inch diameter hole, drilled through each basket near

the baseplate.



Figure 1. Spent Fuel Storage Pool at G.E. Morris Operation,
Morris, Illinois

17




(a) OPEN FRAME ( PWR ) (b) CYLINDRICAL ( PWR) ('¢) SQUARE ( PWR)
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NEUTRON .
ABSORBER}
T~

Figure 2. Spent Fuel Storage Racks Considered in Drained
Pool Analysis
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The square-shaped rack configuration in Fig. 2c is used
or has been proposed (with some variations) for the Sequoyah,
Oconee, and H. B. Robinson PWR power plants, among others.
These racks include a ‘13- to l4-inch center-to-center fuel

element spacing and provide for water flow through a baseplate

hole of varying diameter (3.0 inches for H.B. Robinson).

The high density racks shown in Fig. 2d, being used at
the Palisades Nuclear Generating Station as well as being
considered for other installations, provide a 10.25-inch
center-to-center spacing. Neutron absorption is accomplished
by holder walls which consist of two 1/8-inch stainless steel
plates sandwiched around a l1/4-inch absorber plate made of
50 percent boron carbide (by volume) in a carbon matrix. A

5.0-inch baseplate hole is included for water circulation.

Typical BWR spent fuel storage racks are shown in Figs.
2e and 2f. The earlier BWR rack design shown in Fig. 2e (e.g.,
original Peach Bottom reactor design) is made of aluminum and
holds 20 fuel assemblies in two rows of 10. The fuel element
center-to-center spacing is 6.0 inches in the long direction
and 11.5 inches across the rows. The cylindrical "basket"
arrangement shown in Fig. 2f is made of stainless steel,
provides a 8.5-inch center-to-center spacing, and is used, for
example, at G.E. Morris and at the Brunswick Steam Electric
Plant. The water inlet at G.E. Morris consists of a 1l.5-inch
hole drilled into the bottom part of the basket, whereas

Brunswick uses a 3.625—inch baseplate hole.

Since it was found during the study that rack configura-
tion was an important variable in the heat transfer problem
for a drained pool, each of the coﬁfigurations shown in Fig.

2 was analyzed separately. Schematics\of tﬁese configurations
together with dimensions used are shown in Fig. 3. It was

assumed in most cases that a 16-inch open space is maintained

19
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Figure 3. Cross Sectional Dimensions of Spent Fuel Holders
Shown in Fig. 2.

between the baseplate and the bottom of the pool and between
the sidewalls and the outermost basket or holder, allowing a
low resistance path for air flow from above the pool to below
the fuel elements. This assumption is generally valid, since

most storage rack configurations do provide a 1 to 1-1/2 foot

‘allowance around the sides of the pool and over the bottom. .

The high density storage configuration (Fig. 2d), however, is
an exception in that the design allows racks to be placed
within 1/2 inch of the walls of the pool. Special calculations
were made for this case to investigate possible flow constrict-

ions that might occur from full utilization of the racks.

2.3 Fuel Subassemblies

Schematics of PWR and BWR fuel assemblies are shown in
Fig. 4 and quantitative details are given in Table I. The
PWR subassemblies considered in this analysis consisted of
15 x 15 and 17 x 17 fuel pin arrays, characteristic of older
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{a) PWR ASSEMBLY (b) BWR ASSEMBLY
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Figure 4. Typical PWR and BWR Fuel Assemblies

Table I

Design Properties of Fuel Assemblies Used in the Analysis

Older Newer Older Newer
PWR PWR BWR BWR

Rod array 15 x 15 17 x 17 7 x 7 8 x 8
Number of fuel rods per ‘
assembly 208 264 49 63
Number of non-fuel rods per
assembly 17 25 0 1
Active fuel height (In.) 144 144 144 148
Rod center-to-center pitch
(In.) 0.558 0.496 0.738 0.640
Fuel rod outside diameter
(In.) 0.420 0.374 0.563 0.493
Clad thickness (In.) 0.026 0.023 0.032 0.034
Channel thickness (In.) - - 0.08 0.12
Metric tons uranium per
assembly (MTU) 0.456 0.461 0.195 0.189
Number of assemblies per core, 177 193 ‘764 732

typical reactors
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and newer fuel element designs, respectively. Heatup charac= ‘
teristics were computed both with and without the control rods.

The BWR subassemblies were comprised of 7 x 7 and 8 x 8 fuel
pin arrays, and the computations were performed both with and

- without the Zircaloy channel walls. Standard practicé at

many facilities (e.g., G.E. Morris) is to remove control rods
and channel walls before storage, but these practices are not

. 6
universal.
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3. HEAT TRANSFER MODELS

3.1 Decay Heat Generation

Decay heat produced by spent fuel elements varies strongly
with time since removal from the core as well as the operating
conditions and burnup experienced in the core.7 For the decay
times of interest here, namely 10 days to several years, the
effect of reactor experience and, in particular, the burnup
are of great importance. Consequently, a review of operating
practice was made and new decay power computations were under-
taken to account for realistic operating conditions. These
computations were accomplished with a Sandia version of the
ORIGEN code,8’9

respect to the cross section data and in particular the neutron
133

the Sandia version having been updated with
absorption characteristics of Cs, which is an important
contributor for the longer decay times. During personal com-
munications with Tal England at LASL (January 1978), it was
determined that results from the Sandia and Los Alamos versions

of ORIGEN are substantially in agreement.

Burnups achieved in operating practice for PWR fuel in
Zion units 1 and 2 and for BWR fuel in Dresden units 2 and 3
and Quad Cities units 1 and 2 are shown in Table II, these data
having been obtained from personal communications with Bruce
Momsen at Commonwealth Edison of Illinois ( February 1978).
It may be noted that for the PWR fuel in Zion unit 1, the
projected equilibrium burnup is in the range of 31,000 - 33,000
MWD/MTU*, depending on location in the core, and that the
projected burnﬁp after Cycle 3 is considerably higher than

*Megawatt-days per metric ton of uranium

23




the equilibrium value.

For this reason, two operating histo-

ries were considered for the PWR, the first (standard case)

corresponding to a 33,000 MWD/MTU burnup and the second

(pefturbed case) corresponding to a 36,900 MWD/MTU burnup,

. both involving three cycles of operation.

Table II.

Reported Fuel Burnups Achieved in Operating Practice

Average Peak
. Type/ Actual/ Burnup Burnup
Reactor Pin Array Cycle Projected {MWD/MTU) {MWD/MTU)
Zion PWR 1 Actual 18,343 19,290
Unit 1 (15 x 15)
2 Actual 30,310 32,185
3 Projected 35,550 38,700
Equil. Projected 31,000 33,000
Zion
Unit 2 1 - Actual 19,470 20,540
L ' ] 2 Projected 29,020 30,200
Dresden BWR 5 Actual 21,429 22,813
Unit 2 (7 x 7).
Dresden 4 Actual 18,255 19,369
Unit 3
Quad Cities 3 Actual 19,319 20,689
Unit 1
Quad Cities 2 Actual 17,662 19,139

Unit 2

The results for total decay heat obtained from ORIGEN

for the PWR cases are shown in Table III.

24
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TABLE III

Thermal Decay Power of PWR Spent Fuel as a Function of Decay Time and Discharge Cycle

Decay 104 30d 90d 1804 1l yr 2 yr 3 yr 5 yr 10 yr
Time

Cycle of
Discharge

(1) Standard Case: 3 cycles @ 3.3% wt. enrichment. Operating power = 37.3 MW/MTU. Total
burnup = 33,000 MWD/MTU. 30-day down time between cycles, 35-day
down time within cycles, 295 oper. days per cycle.

75.4* 43.4 21.3 11.4 5.05 2.22 1.25 0.607 0.368
8l.1 48.6 26.0 15.6 8.20 4.07 2.46 1.30 0.779
86.6 53.2 30.0 19.2 11.0 5.90 3.76 2.12 1.28

(2) Perturbed Case: Same as above except total burnup = 36,900 MWD/MTU. 30-day down
time between cycles, no down time within cycles, 330 oper. days
per cycle. :

1 79.5 46.7 23.4 12.6 5.68 2.52 1.42 0.689 0.414
2 86.3 52.8 28.9 17.5 9.35 4.69 2.84 1.50 0.888
3 92.9 58.3 33.7 21.8 12.7 6.88 4.41 2.50 1.49
(3) Reference Case (Non-practicable): Continuous operation for 1100 days @ 3.3% wt.

enrichment. Operating power = 30 MW/MTU. Total burnup = 33,000 MWD/MTU.

- | 75.5 47.9 27.9 18.2 10.7 5.83 3.68 2.10 1.27

*Units of decay power in this table are KW/MTU
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include heating contributions from fission products, actinides, .
and structural components, the first of these being the most

important for the decay times being considered. For purposes
of determining decay heats in the event of a whole core dis-
charge, the values presented include decay heats for early
discharges (i.e., discharges occurring after the completion
of an intermediate cycle) as well as the normal discharge
after three cycles. A reference case involving continuous
operation at an 80 percent power level with a 33,000 MWD/MTU
burnup is included for comparison. A comparison of decay
heating characteristics for PWR spent fuel assemblies after

various cycles of discharge is shown in Fig. 5.

The specification refueling cycle for BWR's is somewhat
more complicated than for PWR's, some of the fuel assemblies
being utilized for four cycles and others for three. The
fuel in a typical BWR core of 748 assemblies is divided into
5 categories, each having different amounts of burnup ranging
from 24,600 to 30,600 MWD/MTU, owing to differences én operat-
1 Table

IV shows the decay heating power as a function of decay time

ing power, number of cycles, or percent enrichment.

and cycle of discharge for each of these five categories of

BWR fuel assemblies.

For the drained pool heatup calculations, both whole core
discharges and normal discharges were considered. For reactor
storage, it was assumed that the pool had a capacity of 1.75
cores, with full loading as shown in Table V. In a typical
calculation, the hotteét fuel elements would comprise about
20 percent of the total fuel load, with elements of progres-

sively lower radiocactivity comprising the remainder. The

- same proportions of fuel element loading as were used for re-

actor storage were typically assumed to apply for away-from-
reactor storage as well, although parametric variations of the

fuel loading proportions were also considered in that case. ‘
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Spent Fuel
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TABLE IV

Thermal Decay Power of BWR Spent Fuel as a Function of Decay Time and Discharge Cycle

~Standard Case*

(1)

(2)

Cycle of
Discharge

Decay
Time

10d

304

90d

272 assemblies out of core:

MWD/MTU.
cycle =
time within cycles,

1

2

3

4

27.2,

Operating power,
fourth cycle =

59.7** 33.8

61.4
60.9

59.5

36.2
36.9

36.9

16.3

272 assemblies out of core:

MW/MTU.
1

2

33.3

22.0

Decay power for early discharges

1804

1l yr

4 cycles @ 2.83% wt.
first cycle
25.1.

3.82

1.67

same as for (1) above

13.9

9.77

6.24

3.63

3 yr

enrichment.
30.1 MW/MTU,

0.940
1.76
2.51

3.19

Same as (1) except operating power
Burnup = 27,200 MWD/MTU.

2.48

5 yr 10 yr

Total burnup = 30,600
second cycle = 29.0, third
30-day down time between cycles, 50-day down
275 operating days per cycle.

0.459 0.284
0.942 0.586
1.44 0.907

1.94 1.24

fourth cycle = 12.6
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TABLE IV (continued)

(3) 96 assemblies out of core: 4 cycles @ 2.66% wt. enrichment. Total burnup = 29,600
MWD/MTU. Operating power, first cycle = 29.1 MW/MTU, second cycle = 27.9, third
cycle = 25.7, fourth cycle = 25.1. 30-day down time between cycles, 50-day down
time within cycles, 275 operating days per cycle.

1 57.6 32.6 15.8 8.41 3.70 1.62 0.911 0.444 0.274
2 59.1 34.8 18.4 11.0 5.72 2.83 1.70 0.907 0.564
3 57.5 34.9  19.5 12.4 7.07 3.75 2.39 1.37 0.863
4 59.1 36.6 21.2 14.0 8.39 4.67 3.09 1.87 1.20

(4) 96 assemblies out of core: Same as (3) except operating power fourth cycle = 12!6.
Burnup = 26,200 MWD/MTU.

1
2 Decay power for early discharges
same as for (3) above
3
4. 33.0 21.6 13.6 9.51 6.04 3.50 2.39 1.50 1.01

(5) V12 assemblies out of core: 3 cycles @ 2.66% wt. enrichment. Total burnup = 24,600
- MWD/MTU. Operating power, first cycle = 30.1 MW/MTU, second cycle = 29.8, third
cycle = 29.5. 30-day down time between cycles, 50-day down time within cycles, 275
operating days per cycle. ,

1 - 59.7 33.7 l6.3 8.72 3.84 1.69 0.949 0.462 0.284
2 63.0 37.1 19.6 11.7 6.10 3.02 1.82 0.967 0.598

3 65.9 39.8 22.2 14.1 7.99 4,23 2.69 1.53 0.954

*Each of the 5 categories listed corresponds to a portion of a BWR-6 core. A full core
discharge will therefore include elements from each category.

**Units of decay power in this table are KW/MTU.




TABLE V

Typical Fuel Loadings Assumed for Spent Fuel Storage

at Reactor

G-L5432

1 42345+6V

Section Fraction
of Pool of Core

Number
of cycles
in reactor

Burnup

Decay

(MWD/MTU) Time

(A)

(B)

(c)

(D)

Full-Core PWR Discharge

AW N

1/3
1/3
1/3
1/3
1/3
1/12

Normal PWR Discharge

(o) WS, B SR USI O N )

1/3
1/3
1/3
1/3
1/3
1/12

wWwwkHENDW

wWwbwwww

Worst Case PWR Loading Pattern

ondWwhH

Full-Core

AU WNhH

30

1/3
1/3
1/3
1/3
1/3
1/12

BWR Discharge

1/8
1/4
1/4
1/4
1/8
3/4

HENNDWW

BN WD

33,000
22,000
11,000
33,000
33,000
33,000

33,000
33,000
33,000
33,000
33,000
33,000

33,000
33,000
22,000
22,000
11,000
11,000

30,600
23,700
16,300

8,300

- 27,200

30,600

2 yrs
3 yrs

+ ++3 3

HAa3

Yyr
yrs

yrs
yrs

HHaHEA3
+4++++4
Vb w N

HHEHEAa3

A3 Aa3

T+1,2,3 yrs

yrs
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To characterize the variation of decay power along the
axis of a fuel rod, a chopped sine distribution having a peak-
to-average variation of 1.5 was assumed. Thus the decay heat
generation per unit length, L, of rod was taken to be

1.5 W.. P_(t)
Q(z,t) = U 0™ sin [n(i.gsbgzsm] "

where Po is the decay power per unit weight of uranium deter-
mined from ORIGEN and WU

All rods in a fuel assembly were assumed to have the same

is the uranium weight per assembly.
decay power variation. It may be seen from Equation (1) that
the production of decay heat is symmetric about the midpoint

(z = 0.5L).

3.2 Clad Oxidation

Oxidation of Zircaloy clad at elevated temperatures by

air occurs primarily by the following reaction

Zr + 0O, +» Zr0O

2 2.

which liberates approximately 262 Kcal per mole of Zr. The
rate of reaction depends upon whether the reaction is rate-
limited or diffusion-limited, the latter case occurring when
oxygen is unable to diffuse through nitrogen to the Zircaloy
surface at a fast enough rate to sustain the kinetics of the

reaction.

For a rate-limited reaction, the rate of oxidation is

assumed to obey the parabolic rate law:
2 W = Koexp(-Ea/RT) (2)

where
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= weight gain (mj O, per cm2)

w
t = time (seconds)

E = activation energy (cal)

R = gas constant = 1,987 cal/°K
T = temperature (°K)

As discussed elsewhere,ll

‘the assumption of parabolic kinetics

for air oxidation of zirconium is an approximation, since it

is known that the oxidation process is more complex than would

be indicated by parabolic kinetics. For the times and tempera-
tures encountered in this calculation, however, the assumption

of parabolic kinetics has no visible effect on the accuracy of

the results.

The amount of data available for oxidation of Zircaloy
in air is not as substantial as that available for oxidation
in steam. Hayes and Roberson12 measured corrosion depths for
pure zirconium in moist air for a wide range of temperatures,
but their data contain considerable uncertainties in regard
to the reported temperatures, since the techniques for measur-
ing temperatures - and maintaining isothermal conditions were
not well refined at that time (1945). More recently (1967),
Whitel3
of pure zirconium in dry air, but the measurements were limited

to high temperatures (above 1200°C). Probably the most reliable

obtained some fairly accurate data for the oxidation

data for temperatures in the range of 900 to 1200 °C were re-

ported by Leistikowl4

(1975) , who exposed some Zircaloy-4
cladding tubes to an air environment for 5 to 10 minutes. The

differences between Zircaloy-4 and pure zirconium are small

enough, from a chemical point of view, to assume that their

oxidation characteristics will be very similar.

The data of Hayes and Roberson, White, and Leistikow are
shown in Fig. 6, together with the following suggested corre-

lations:




In (Wzlt) (mg Ozlcmz)zlsec

-12 +—

@
MONO-TETRA GONAL
PHASE CHANGE OF
ZrO2

g
+ 3
o -8 PHASE CHANGE

OF Zr - O2 SOLID

SOLUTIONS

o LEISTIKOW (1975)
O WHITE (1967)

> HAYES AND ROBERSON (1945)
| [ | | | |

1. 15 x 10” exp (-27340/RT)

Figure

c 7 8 9 10 1 12
1071 ek

6. Reaction Rate Correlation For Air Oxidation
of Zircaloy

33




34

K, = 1.15 x 103, E, = 27340 (T £ 920°C)
K, = 5.76 x 10, E_ = 52990 (920°C < T £ 1155°C)
K, = 6.20 x 104, E_ = 29077 (T >1155°C)

The low-temperature correlation is identical to that proposed

15 for Zircaloy oxidation in

recently by Biederman et. al.
steam, and the fact that it agrees well with Leistikow's data
at 900°C and is a lower bound to Hayes and Roberson's data
below 900°C indicates a possible equivalence between steam
oxidation and air oxidation at the lower temperatures. Above
900°C, air oxidation is clearly more efficient than steam
oxidation, judging from the available data, and special
correlations are required. At 1155°C, a change in the reaction
rate is assumed to occur. While this discontinuity is primar-
ily introduced to effect a matching of the data, there is some
physical justification for such a discontinuity to occur based
on the fact that the product of the reaction, namely Zr02,
changes phase from monoclinic to tetragonal at about this
temperature. Similarly, the slope discontinuity at 920°C may
be rationalized in terms of the o+B phase change of zirconium-

oxygen solid solutions.

When the reaction is limited by the diffusion of oxygen
to the reacting surface, a different model is required. It
is assumed in this case that the heat and mass transfer analogy
is appropriate, whereby the local Nusselt number for mass

transfer is obtained from the local Nusselt number for heat

‘transfer by substituting Schmidt number for Prandtl number.

Thus
Num = Nuh (Re, Gr, Sc) (3)

where Re is Reynolds number, Gr is Grashoff number, and Sc is

Schmidt number, and

dw Pa Yon "m Mo | ' - (4)
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where oy is the air density in the stream, Don is the diffusion
coefficient for oxygen in nitrogen, m is the mass fraction of
oxygen in the steam, and x is the distance from the origin of

the boundary layer (which is assumed to be the characteristic

length in Num). The reaction is diffusion-limited if dw/dt

from Egn. (2) is less than dw/dt from Egn. (4). The correla-

tion for Nusselt number is described in Appendix A.

When the reaction is rate-limited, the total amount of
oxidation occurring as a result of heatup after the pool
drainage will depend somewhat upon the initial oxide thickness.
According to A. B. Johnson, Jr., of Battelle Pacific Northwest
Laboratories (private communication, June 1977), the average
uniform thickness of monoclinic zrO, existing on spent fuel
after reactor discharge is about 15-20 microns for PWR fuel
and about 10 microns for BWR fuel, but the latfer is much
more variable than the former, having maximum local thicknesses
as much as 100 microns. The initial oxide thickness was
found to be a parameter of secondary importance in the heatup
calculations, and a conservative value of 1.5 microns was

used for most cases. .

3.3 Heat Transfer Within Spent Fuel Pool

The heat removal problem for the drained spent fuel pool
is considered in two parts: (1) the heat transfer problem
within' the confines of the pool, and (2) the removal of heat
from the containment building. Section 3.3 discusses the
first of these two heat transfer problems and Section 3.4
considers the second. Mathematical details of both problems

are presented in Appendix A.

Schematics of the heat transfer problem for the spent
fuel pool are shown in Figs. 7 through 9. Heat produced by
decay within the spent fuel elements and by chemicaI oxidation

of the clad is removed, in part, by buoyancy-driven air flows
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A. CONCRETE ENCASEMENT D, BASKET/SAFETY CURTAIN
B. STEEL LINER E. SUBASSEMBLY CHANNEL WALL (BWR)
C. AIRFLOWS (TYPICAL) F. SPENT FUEL ELEMENT

i
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A

Figure 7. Schematic of Spent Fuel Storage Configuration
and Natural Convection Flows Following a Complete
Drainage :

circulating in well-defined channels (Fig. 7). Transport of
mass, momentum, and energy for the air flows is calculated
within the code SFUEL through an iterative, finite-difference
solution of the appropriate conservation equations, averaged
over the cross-sections. Transient conduction equations are
solved in the axial direction to determine the heatup of the
fuel rods as a function of time and vertical location. Radia-
tion between structural elements (i.e., fuel rods, subassembly
channel walls if present, tie plates, holders or baskets, and
pool liners) is accounted for, as is transient conduction into

the concrete encasement (Figs. 8, 9).
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Figure 8. 1Identification of Heat Transfer Modes Considered
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ITEMS

SYMBOLS

SOLUTION PROCEDURE, EACH TIME STEP

FLOW PATHS o—= —=—o 7

!

SOLVE EQUATIONS OF MOMENTUM AND
ENERGY CONSERVATION, ONE DIMENSION, TO
DETERMINE AIR TEMPERATURE AND VELOCITY
AS A FUNCTION OF POSITION,

JUNCTIONS 41-— % i-»

ITERATE UNTIL (1) MASS OUTFLOW EQUALS
MASS INFLOW, (2) PRESSURES ON ALL SIDES
OF JUNCTION ARE EQUAL, (3) ENTHALPY
OUTFLOW EQUALS ENTHALPY INFLOW.

SOLVE TRANSIENT 1-DCONDUCTION EQUATION,
INCLUDING INTERNAL HEAT GENERATION, TO
DETER MINE FUEL ROD TEMPERATURE AS

A FUNCTION OF POSITION.

APPLY TRANSIENT HEAT BALANCE EQUATION
TO DETERMINE STRUCTURE TEMPERATURE AS
A FUNCTION OF POSITION.

APPLY HEAT AND MASS BALANCES TO DETER-
MINE BULK TEMPERATURE OF ROOM AIR.

Identification of Solution Procedures Used in Spent

FUEL RODS i
)
| "
nl
STRUCTURAL |
ELEMENTS
CONTAINMENT
ATMOSPHERE (NOT SHOWN)
Figure 9.

Fuel Heatup Problem




The primary assumptions embodied in the pool analysis are

as follows:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

The water drains instantaneously, leaving the pool
compietely devoid of water.

The geometry of the fuel assemblies and racks remains
undistorted.

Decay heat emanates from the fuel rods only, and not
from the surrounding structure.

Temperature variations across the fuel rods are neg-
lected, and all rods in a particular assembly have
the same vertical temperature distribution.

The air flow patterns are locally one-dimensional
and always occur in a vertical or horizontal direc-
tion, as shown in Fig. 7.

Radiation view factors are based on projected areas.

All radiating surfaces are gray bodies.

The spent fuel placement is two dimensional and such
as to have the hottest elements in the middle of the
pool and the cooler elements progressively toward

the ends of the pool (see Table V).

Heat conduction is negligible for channel walls,
holder walls, and liners. Conduction in the vertical

direction is considered for fuel rods only.

The spaces between adjacent basket walls are assumed
to be closed to air flow (a special case of Figs.
7-9), except where specifically noted otherwise.

The downcomer next to the edge of the pbol and the
base region beneath the racks are assumed to be open

to air flow.

The implications of these assumptions are as follows:

First, the assumption that the pool drains completely is not

necessarily the most conservative assumption that can be made

regarding the course of the accident. If the water ceased to

drain when it reached the level of the baseplates or slightly
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below, and if all the flow inlets to the fuel eléments were

at or near the baseplate, as they are in many of the more
recent storage rack designs, then the residual water could
constrict the flow of air beneath the baseplaterand essentially
block the inflow to the elements. At the same time, possible
heat transfer advantages to be gained by converting decay

heat to boiling energy would be minimal, since the residual
water level would be far removed from the location of maximum
heatup. The question of incomplete drainage is.discussed in

Section 5.1.

The assumption that the pool drains instantaneously is
somewhat conservative in that it disregards the fact that steam
produced by boiling will enhance the natural convection owing

to its high heat capacity.

The assumption that temperature variations are negligible
in the horizontal direction across any fuel assembly has been
found to be quite adequate, in view of the equalizing effect
of thermal radiation from one fuel rod to another and the fact
that the heatup time is on the order of hours. Variations in

temperature from rod to rod in an assembly might occur as a

‘result of variations in decay heat or differences in the

thickness of the oxide coating, but these factors are difficult

to predict and have not been accounted for.

The assumed air flow patterns, shown in Fig. 7, and the
assumed spent fuel placement, shown in Table V, represent
somewhat approximate attempts to account for a complex situa-
tion. It is felt, however, that the omission of the third
dimension and the placement of the hottest fuel elements in
the middle of the pool are fair approximations to what might
be a worst case. It has been found, moreover, that the
spent fuel heatup is more affected by the total decay heat
production in the pool and by the availability of open spaces

for air flows than by the precise placement of the spent fuel.




One of the larger uncertainties in the overall analysis
relates to the storage rack or holder design, which has been
found to be difficult to characterize for lack of detailed

information and the variability from one facility to another.

The assumption that certain flow paths are closed (Assumption
(9) above) is postulated as a somewhat conservative approxima-
tion to the fact that the airflow is often retarded in the
inter-holder spaces by structural obstructions such as those
shown in Fig. 2. Howevér, the amount of improvement to be
gained by opening all the available flow paths has also been
studied (Section 4.1). The philosophy has been to consider

a fairly wide variation of design parameters so that the results
will span at least a majority of the configurations currently

in use.

The open frame configuration, Fig. 2a, has been treated
specially because of the lack of defined channels for air
flow. Appendix A, which provides mathematical details for
the cases involving well-defined channels, also discusses the
more approximate modeling techniques used for the open frame

rack design.

3.4 Heat Removal From Containment Building

Removal of heat from the containment building under normal
operation is accomplished by a forced ventilation system. For

at-reactor spent fuel pools, ANS Standard 57.2 (dated 1976)
requires a minimum of two complete air changes per hour. Under
the accident conditions produced by a pool drainage, however,
this amount of ventilation will generally not be sufficient to
remove all the decay heat imparted to the room atmosphere by
the exposed spent fuel rods (see Section 4.2). - If the building
is closed, therefore, it is possible for the room air to heat
up significantly and to affect the natural convection process
in the drained pool through a decay heat feedback process. On
the other hand, it would be possible for the building designer
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to counteract this effect by utilizing the pressure buildup

inside the building to open doors at ground level and in the

ceiling, so as to provide a so-called "chimney effect".

Two situations have been considered. In the first case,
it is assumed that ventilation provided through a powerful
forced air system or through a chimney effect is sufficient to
keep the room air at ambient conditions (i.e., equal to the
outside air conditions). In the second case, it is assumed
that no chimney effect exists and that aside from a prescribed
forced ventilation rate, the direction of leakage is always
from the inside of the building to the outside. The following
discussion will pertain to the latter case, where the removal
of heat from the containment building becomes an important

issue.

To account for the containment building, the SFUEL code
computes the amount of heat that is removed by a combination
of forced ventilation, leakage of air through the building
structure, heat storage by the structural heat sinks, and
radiation/natural convection from the building exterior to the
outside (see Fig. 10). Because of the large uncertainties in
characterizing the nature of the building and the quantity of
heat sinks, this portion of the model is necessarily approxi-

mate in nature. The following assumptions are utilized:

(1) The building is considered to be constructed of
sheet metal having the properties of steel with an
emissivity of 0.7. The heat capacity of all the
heat sinks ih the building are approximated by
providing a 1/8-inch sheet metal wall and ceiling
thickness.

(2) The building is assumed to be capable of withstand-
ing an internal gage pressure of 2.0 psi before any
leaking occurs, and then is assumed to leak at the

rate required in order to keep the pressure from




exceeding 2.0 psi. All leakage is assumed to occur
from the inside to the outside.

(3) The ventilation system is assumed to operate with a
fixed volume rate of flow whose value is unaffected

by internal temperature and pressure.

(4) The room air is considered to be well mixed (i.e.,

isothermal, isobaric, and homogeneous).

Mathematical details of the containment building portion of

the model are included in Appendix A.
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Figure 10. Heat Transfer Modes for the Containment Building
and Outside Atmosphere :
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4. RESULTS

4.1 Perfect Ventilation

The results presented in this section correspond to the

/ case where the air in the containment building is kept at
ambient conditions, through the use of a high-powered ventila-
tion system or a containment building design feature that
produces a chimney effect. Section 4.2 treats the case of
imperfect ventilation where some of the decay heat released

to the air is recycled back into the spent fuel pool.

Because of the fact that the loading of spent fuel into
the storage pool is not uniform, with fuel of varying ages
and, hence, varying decay powers being present at the same
time, the distribution of temperatures throughout the pool is
also non-uniform. Figure 11 shows the clad temperature varia-
tion with distance along the fuel rod at six different locations
in the pool for a typical case, 5 hours after the drainage.
The figure also lists the velocities of the upward air flows
through the fuel elements for each location in the pool, and
shows the air flow temperature as a function of distance up
the fuel rods for the hottest location. The particular case
considered corresponds to a full core discharge (Table V Part

A), 10 days after reactor shutdown.

As shown in Figure 11, the location of highest temperature
does not generally correspond to the location of highest heat
production. Whereas the maximum assumed decay heat is produced
at the midpoint of the fuel rods (z/L = 0.5), the location of
highest temperature moves with time from theé midpoint toward

the upper end of the fuel rods. The reason for this phenomenon
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Figure 11. Typical Variation of Clad Temperature With

Normalized Distance, Measured from Lowest
End of Fuel Rod

is explainable by the dashed curve in Figure 11, which shows
that the temperature of the air increases as it streams from
the bottom to the top of the fuel element, owing to absorption
of heat from the fuel rods. Since the air stream becomes
hotter at the upper end of the fuel rods, the fuel rods must
also become hotter. (Parenthetically, this heatup of air in
the flow channels is responsible for the fact that the tem-
perature achieved by the fuel rods in a drained s?ent fuel
pool is much higher than the temperature that would be

achieved by an isolated fuel rod in an open air environment.)



A sampling of heatup results of PWR spent fuel in cylin-
drical holders (Figure 2b) is presented in Figure 12. Here
the peak clad temperature (i.e., the maximum clad temperature
in the pool at a given time) is plotted as a function of the
.time after pool drainage for various baseplate hole sizes that
are typical of operational practice (see Section 2.2). The
calculations in this figure correspond to a loading pattern
applicable to a full core discharge, 1 year after shutdown
of the reactor, with a maximum burnup of 33,000 MWD/MTU (see
Table V Part A). It may be noted that the results presented
here and throughout the rest of Section 4.1 are more-or-less
independent of pool size if the same fuel loading proportions
are maintained, and that this independence results from the
fact that the room is considered to be perfectly ventilated.

It may be seen from Figure 12 that the baseplate hole
size can exert a marked effect on the heatup of the spent fuel,
since a small baseplate hole tends to constrict the flow at
the inlet to the fuel assembly. It may also be observed from
Figure 12 that if the temperature of self-sustaining clad
oxidation 1is not attained, the peak clad temperature tends to
reach a steady-state maximum value that remains essentially
invariant with time. If a sufficiently high temperature is -
achieved, however, the clad oxidation reaction can become self-
sustaining, leading to a temperature divergence that results
in local clad melting. The temperature at which clad oxidation
becomes self-sustaining is a function of the storage configur-

ation, but tends to occur around 900°C.

Before contihuing on to other types of storage racks, it
is interesting to observe the partitioning of heat that occurs
in cases where a steady-state temperature distribution is
obtained. As shown in Figure 13, most of the heat produced by
radioactive decay is eventually removed by natural convection,

with a much smaller portion being removed by'radiation from
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the upper tie-plates. The remainder of the energy is primarily
accounted for by the temperature rise of the materials in the
pool, with approximately 80 percent of that energy going to

the fuel rods (including the fuel itself and the clad) and the
other 20 percent going to the steel holders. The energy ab-
sorbed by the concrete encaSement and the steel liners is neg-
ligible. Although Figure 13 applies to a particular case
(viz., the case considered in Figure 1l1), the observations

made above are applicable to a majority of the cases considered.

Although the clad heatup is not excessive for the cylin-
drical baskets as long as the baseplate holes are sufficiently
large, a somewhat different situation may exist for other types
of PWR storage rack configurations. As shown in Figure 14,
the cylindrical holders rank second in heat removal effective-
ness to the open frame construction, it being recognized that
the computations for the open frame configuration are quite
approximate due to the nature of the modeling assumptions.

The "square" baskets of Figure 2c are somewhat less efficient
than the cylindrical baskets, despite the larger center-to-
center spacing, because of the smaller flow area within the
baskets. The high density holders of Figure 243 are the least
well-suited to heat removal, as expected, particularly if the
spent fuel is packed wall-to-wall so as to preclude a down-
comer space at the edge of the pool. The high density con-
figuration is believed to be the only one where wall-to-wall

storage is currently possible.

The effect of decay time on the clad heatup is illustrated
in Figure 15, for the cylindrical holders with large baseplate
holes, where it may be seen that the temperature rise is re-
duced by a factor of six in going from a minimum decay time of
10 days to 1 year. The term "minimum decay time" refers to
the time since power shutdown for the méét recently discharged

fuel elements (i.e., the hottest elements in the pool). Also
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shown in Figure 15 is the effect of a higher burnup (36,900
MWD/MTU) on the clad heatup and the difference between the
newer PWR fuel assemblies (17 x 17 pin array) and the older

assemblies (15 x 15 array).

It has been assumed in the preceding discussions that the
pool is loaded according to a full core discharge scenario and
that the control rods have not been removed. While the cal-
culations for the open frame, cylindrical, and square con-
figurations are not very sensitive to these assumptions, it
is possible to observe rather significant differences in the
response with the high density configuration if these assump-
tions are changed. As shown in Figure 16, a 33 percent drop
in the temperature rise can be achieved by simply removing
the control rods (high density configuration only). It may
also be observed that while there is little difference be-
tween the full core discharge loading pattern (Table V, Part A)
where the decay times vary from 1 to 4 years, and the normal
discharge loading pattern (Table V, Part B) where the decay
times vary from 1 to 6 years, a significantly worse heatup
problem would occur if the fuel were loaded according to the
"worst case" loading pattern (Table V, Part C), where all the

fuel elements are assumed to have the same decay time of 1 year.

A summary of results for PWR spent fuel in a drained
storage pool is presented in Figure 17, which depicts the
minimum allowable decay times for a variety of cases. The
variables plotted here are the maximum peak clad temperature
(i.e., the highest clad temperature attained at any point in
the pool for all time) and the decay time of the most recently
discharged elements. The critical, or minimum, allowable
decay time for each case corresponds to the point at which the
curve becomes vertical. All cases correspond to a full core
discharge loading pattern with a 33,000 MWD/MTU maximum burnup
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and with control rods intact. As shown in Figure 17, the
variation is critical decay times over the cases considered

is extremely large, ranging from well under 10 days for the
open frame configuration to nearly 2 years for the high density
configuration with wall-to-wall placement. These results
should be considered in context with the fact that according

to current practice, decay times as short as 30 days in
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reactor-sited pools and [1 year in away-from-reactor pools

are possible.

Similar results have been obtained for BWR spent fuel
assemblies, and these are shown in Figures 18 through 20. By
comparing Figures 12 and 18, it may be seen that the clad heat-
up for BWR spent fuel tends to be significantly lower than for
PWR spent fuel, primarily owing to the lower heat output per
unit storage area. However, there can be considerable varia-
tions in the heatup response depending upon whether or not
the BWR channels are removed, and depending upon the specific
storage configuration used’ (Figure 19). The critical, or min-
imum allowable decay times computed for BWR spent fuel vary
from under 10 days to about 150 days for the various cases
considered (Figure 20). There. is little difference in results
between the older 7 x 7 pin array and the newer 8 x 8 pin array.

Before leaving the subject of spent fuel heatup under
well-ventilated conditions, it is worth considering the
amount of improvement that could be gained by making reason-
able design changes in the existing storage rack configura-
tions, while maintaining the original packing density. It
has been noted that enlarging the baseplate holes and provid-
ing a downcomer space at the edge of the pool are both
important considerations. In addition, a considerable im-
provement in the heat removal capability can often be effected
by removing obstructions to flow between the baskets (i.e.,
those regions that were depicted in Figure 7 as being open
to vertical air flows but that were treated as closed for
purposes of the analysis). These paths are currently blocked
by the presence of the baseplates, top plates, and other

members that are used for structural support or spacing.

The amount of imprdvement that can be obtained by the

modifications suggested here has been computed, and the
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results are summarized in Table VI. Observe that the reduc-

tion in the critical decay time is quite substantial in those
cases that might be termed problem areas. According to the
calculations, it should be possible, by making these modifi-
cations, to achieve allowable decay times as low as 80 days

for the high density configuration and at least as low as 20

days for the other configurations.
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TABLE VI

Reductions in Critical Decay Time Achievable by Modification

of Storage Rack Design, Well-Ventilated Room

CASE TYPE OF STORAGE RACK CRITICAL POSTULATED NEW
FUEL DESCRIPTION DECAY TIME \ DESIGN CRITICAL
(DAYS) MODIFICATIONS DECAY TIME
(DAYS)

1 PWR Open Lattice <5 None <5
21" C-C Spacing

2 PWR Cylindrical Baskets 400 Enlarge baseplate hole 8
12.75" C-C Spacing
1.5" Baseplate Hole

3 PWR Square Baskets 130 Enlarge baseplate hole 20
13.25" C-C Spacing Promote flow outside baskets
3.0" Baseplate Hole

4 PWR High Density Baskets 280% Leave 1.0 ft. to edge of pool 80
10.25" C-C Spacing 700* Promote flow outside baskets
5.0" Baseplate Hole

5 BWR Cylindrical Baskets <5 None <5

' 8.5" C-C Spacing
3.63" Baseplate Hole

6 BWR Cylindrical Baskets 150 Enlarge baseplate hole <5
8.5" C-C Spacing
1.5" Baseplate Hole

7 BWR Directional Baskets 45 Remove channels 15
11.5" C-C Across Rows
6.0" C-C Along Rows
Channels Attached

*Higher figure represents full utilization (wall-to-wall storage arrangement). Lower

figure corresponds to l.0-foot downcomer space at edge of pool.




4.2 Imperfect Ventilation

Maintaining adequate ventilation in the event of a com-
plete pool drainage requires either a powerful forced air
ventilation system or a building design that promotes natural
ventilation from the outside, such as from a chimney effect.
Through an approximate analysis presented in Appéndix B,
estimates for the requirements of a forced ventilation system
and/or a chimney design have been made, and the results are

presented below.

Consider first the requirements of a forced air ventila-
tion system. The analysis in the appendix shows that in
order for the air temperature in the room to be kept below a
specified value,Tr, the venting rate must satisfy the follow-

ing inequality:

y To RQdecay
Vvent = T T c (5)
r - o Po P
where
VVent = volume rate of exchange of air
R = gas constant
Qdecay = total decay heat produced in pool
Py = outside (atmospheric) pressure
TO = outside (atmospheric) temperature
cp = gpecific heat of air

Table VII indicates the venting rates and air change rates
(room air changes per hour) which would be required to keep
the room temperature rise below 150°C, a reasonable value,

for each of the following three cases:

(1) a PWR reactor-sited storage pool
(2) a BWR reactor-sited storage pool

(3) an away-from-reactor storage pool.
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Table VII.

Estimates of Forced Air Ventilation Rates or Door/Chimney Hole
Sizes Required to Keep Room Temperature Rise Below 150°C.

Case

Situation

Postulated Room
Dimensions:

Length x Width
x Height (Feet)

Minimum Decay

PWR reactor-sited pool
in auxiliary building,
2 core capacity filled
after a full core dis-
charge

40 x 30 x 30

BWR reactor-sited pool
in reactor containment
building, 2 core capa-
city filled after a
full core discharge

150 x 150 x 80

Away-from-reactor
storage pool, 750
MTU capacity filled
with PWR spent fuel
according to full
core discharge load-
ing pattern.

100 x 50 x 30

Time (Days) 30 30 365
Decay Heat 4.8 x 10 5.3 x 10° 4.6 x 10°
(Watts)

. . 6 6 6
De51rab1§ Venting 3.0 x 10 3.3 x 10 2.8 x 10
Rate (Ft~>/hr)

Corresponding Room 83 2 19
Air Changes Per

Hour

Desirable Door/

Chimney Bole 77 51 74
Size (Ft“)

Corresponding

Side of 9 7 9

Square (Ft.)




The room dimensions in Table VII were chosen to bracket the
range of volumes that are likely to be encountered at existing
storage pools, rather than to typify specific installations.

It is clear from Table VII that based on the ANS Specifi—
cation of two air changes per hour, existing ventilation sys-
tems will generally be inadequate for Cases (1) and (3). For
Case (2), however, the situation is more fawvorable owing to
the large volume associated with the fact that BWR storage

pools are located within the reactor containment building.

Now consider the question of providing for an adequate
chimney effect. Assﬁme that at the time of the pool drainage,
a door of area A is opened at ground level to allow fresh air
to enter the building, and that a chimney hole of similar area,
A, is opened in the ceiling, above the pool, to allow hot air
to escape. The analysis in the appendix shows that in order
to keep the room temperature at or below a specified value,

Tr’ the opening A must satisfy the following -inequality:

Tr(TO+Tr)

Qdecay

= L
CDcppo‘/ZgH

A

3 (6)
To(Tr—To)

~where
= discharge coefficient (n0.6)

= outside (atmospheric) density

acceleration of gravity

T Qo 0
O o
Il

= height of ceiling above ground level.

Table VII presents the door/chimney hole sizes corresponding
to Equation (6) with a 150°C room temperature rise, and
illustrates that a square opening of 9 feet on a side will be
sufficient for the three cases enumerated above.
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The preceding estimates indicate that in most cases,

existing ventilation systems will not be adequate to remove
the decay heat from the building. Although additional ventil-
ation could be obtained by other means, it appears that many
current facilities do not have this provision. Consequently,
calculations have been made to assess the effect of inadequate
ventilation on the spent fuel heatup, utilizing the detailed
pool heat transfer models discussed in Section 3.3 together
with the containment building models described in Section 3.4.
The results are typical rather than specific, in that Atten-
tion has been focused more upon the mechanisms than upon the

specifics of the building design.

Figure 21 shows that for a drained spent fuel pool in
the auxiliary building of a PWR reactor, with a 30-day minimum
decay time and a full core discharge loading pattern, the
effect of inadequate ventilation will be to cause rapid over-
heating of the spent fuel. This is to be expected on the
basis of Table VII, which showed that because of the small
room size (36,000 cu. ft.), more than 80 room air changes per
hour would be required to keep the room temperature at a
reasonable level. This amount of ventilation is not feasible

with forced air systems.

In the case of a typical away-from-reactor storage pool
loaded with PWR spent fuel having a minimum decay time of one
year (Figure 21), existing ventilation systems based on the
ANS half-hour change rate will still be rather ineffective,
despite the larger room size (150,000 cu. ft.). Again, this
effect is to be expected on the basis of the results in Table
VII, which showed that nearly 20 room air changes per hour
would be necessary to eliminate the decay heat to the outside.
Certainly, a half-hour change rate would provide little

relief, as the figure shows.
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An interesting phenomenon occurs with the away~from-re-
actor storage arrangement and is worth pointing out. Because
of the inadequate ventilation, the oxygen supply becomes de-
pleted rather rapidly when clad oxidation starts to occur.
When the oxygen disappears, the reaction terminates and the
spent fuel temperatures correspondingly "peak out." As shown
in Figure 21 and, more specifically in Figure 22, the clad
temperature may not attain melting prior to the shutoff, or
if melting is attained (as it is for the 1l.5-inch baseplate
hole, not shown), the period of melting may be too short for
clad penetration to occur. On the other hand, clad failure
may still develop via the rupture mechanism, which can occur
at temperatures around 900°C. Another interesting result
shown in Figure 22 is that the time to reach steady~-state ex-

tends to the order of days when ventilation is inadequate.

Figure 23 shows the partitioning of heat that occurs for
an unventilated, away-from-reactor storage building, corre-
sponding to the less severe of the two heatup cases in Figure
22, When steady-state is attained, such that Efuel and Ehldr
remain constant, the majority of the heat produced by radio-
active decay is thereafter removed by radiation and convection
from the sheet metal exterior (69 percent), with a smaller:
portion being removed by air leakage to the outside (23 per-
cent), and a still smaller portion by conduction into the
concrete (8 percent). Storage of heat in the building struc-
ture is computed to amount to less than 1 percent of that

stored in the spent fuel itself.

A composite of results for PWR spent fuel in away-from-
reactor storage pools without ventilation is shown in Figure
24, these cases corresponding to a 3-year minimum decay
time with a full core discharge loading pattern. Observe
that for most of. the cases considered, a 3-year decay
period is sufficient to keep the clad temperatures within

safe limits even when there is no ventilation at all. The
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only borderline exceptions are the high density storage con-
figuration and the lower density cylindrical configuration

with small baseplate holes, both of which produce clad tem-
peratures that may be high enough for rupture to occur. If

a half-hour change rate were included, these temperatures

would be reduced slightly.

The situation is more favorable for BWR spent fuel than
for PWR spent fuel, both because of the lower decay heat pro-
duced and the larger room size for reactor storage (1,800,000
cu. ft. assumed). As shown in Figure 25, the peak clad tem-
perature in a BWR reactor pool with a 30-day minimum decay
time and a full core discharge loading pattern will increase
over the perfectly ventilated case by about 300°C when ventil-
ation is completely unavailable, as compared to about 150°C
when ventilation is operative at the rate of!two air changes
per hour. The latter figure is consistent with the results
of Table VII, Case 2. In addition, the amount of heatup
occurring in the unventilated or underventilated away-from-
reactor storage pool is considerably lower when the pool is
filled with BWR fuel (Figure 25) than when it is filled with
PWR fuel (Figure 21). The loading pattern assumes that nine
BWR spent fuel elements occupy the same space as four PWR
spent fuel elements, while only producing about three-quarters

as much decay heat.
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5. OTHER CONSIDERATIONS

5.1 Effect of Incomplete Drainage

~ Many spent fuel holder designs provide only a single inlet
‘pg}e for convective flow through each fuel element, located in
the baseplate or near the bottom of the holder. If there is a
complete pool drainage, the air must circulate down and under
the fuel elements before passing through the baseplate inlet
hole into the fuel assembly. An incomplete drainage could
block this flow and reduce the effectiveness of natural con-
vective cooling. Open frame configurations are, of course,
exempt from this possibility because the flow does not have
to pass through an inlet hole in order to gain proximity to

the fuel element.

A detailed analysis of spent fuel heatup in the event of
an incomplete drainage has not been undertaken. However, an
approximate analysis has been performed to estimate the amount
of aggravation that might occur if the water ceased to drain
after exposing all but the bottom portion of the fuel elements.
The analysis is included in Appendix B and is based, among
other things, upon upper and lower bound estimates of the
thermal radiation absorbed by the water from the hot fuel rods
above. The temperature distribution along the rods is pre-
scribed in this analysis according to estimates made of the
likely distribution that would occur just prior to the onset
of self-sustaining clad oxidation. The amount of heat produced
above the water level is then determined together with the
amount that could be removed by various mechanisms, including
water boiling (latent heat), convection to thé steam produced
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by boiling (sensible heat), radiation to the building, and
convection to the air. 1If the heat removal rate is determined
to be larger than the rate of production, then the configura-
tion is coolable; if the heat removal rate is smaller than the
rate of production, overheating resulting in clad rupture or

melting will occur.

The results for a l-year decay time are presented in
Table VIII. Consider first the case where the drainage un-
covers the upper 80 percent of the fuel rods, leaving the
lower 20 percent still covered (third column). The heat
transferred to the remaining water by decay from the im-
mersed portions and by radiation from above is 3.6 - 4.9 KW
per assembly (line 2c¢). This implies that about an hour
might be required to raise the water temperature to boiling
{assuming all the assemblies produce the same decay heat)
and that the water recession rate following the inception of
boiling will be about 10 cm/h (lines 3 and 4). Meanwhile,
the decay heat produced above the water line is ‘about 4.5 KW
per assembly (line 5), and the capability for removing heat
as the clad temperatures approach the lower limit of self-
sustaining oxidation is 5.7 - 8.7 KW per assembly (line 6e).
Since the heat removal capability exceeds the heat production

(line 7), the geometry is temporarily coolable.

If, however, the drainage were to uncover the whole length
of the rods but still to constrict the flow, either by blocking
the baseplate holes or by not allowing enough space for un-
restricted flow in the base region, then the heat production
would exceed the heat removal capability (line 7, first column)
and the clad would overheat. The same situation would event-
ually occur if, rather than immediately draining to this posi-
tion, the water were to drain part way down the rods and then
boil off down to the baseplates over a period of time. Table

VIII indicates that there is a good chance of overheating, in




Table VIII.

Estimates of Heat Removal Capability in an
Incompletely Drained Pool, One Year Decay Time*

1. Normalized water level 0.0 0.1 0.2
(ZW/L)

2. Heat transferred to
water, per assembly

(KW) :

a. by decay heat 0.0 0.2 0.6

b. by thermal radiation 0.3 - 1.3 1.2 - 2.6 3.0 - 4.3

from above

c. total 0.3 - 1.3 1.4 - 2.8 3.6 - 4.9
3. Time to start boiling (hours) 1.0 - 4.3 0.9 - 1.8 0.7 - 1.0
4. Water surface recession rate 0.7 - 3.2 3.5 - 7.0 9.0 -12.2

{(cm/hr)
5. Decay heat produced by spent 5.1 4.9 4.5

fuel above water level, per
assembly (KW)

6. Removal of heat produced by
spent fuel above water level,
per assembly (KW):

a. by radiation to water 0.3 - 1.3 1.2 - 2.6 3.0 - 4.3

b. by radiation to building 0.0 -~ 0.9 0.0 - 0.9 0.0 - 0.9

c. by transfer to water vapor 0.2 ~- 0.8 0.9 - 1.8 2.3 - 3.1

d. by transfer to air 0.4 0.4 0.4

e. total 0.9 - 3.4 2.5 - 5.7 5.7 - 8.7
7. Heat removal surplus (deficit) (4.2)-(1.7) (2.4)-0.8 1.2 - 4.2

per assembly (KW), line 6e
minus line 5.

* PWR spent fuel in cylindrical baskets. One year decay time assumed,
uniformly throughout pool. Numerical ranges (e.g., 0.3 - 1.3) give
lower and upper-bound estimates. See Appendix B.
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fact, if the water were to recede below the level where the

lower 10% of the rods is still immersed.

A comparison of the peak clad temperature rise versus
time for PWR spent fuel with a l-year minimum decay time in
a well-ventilated room is shown in Figure 26. The temperature
rise corresponding to an incomplete drainage down to the bottom
of the rods, calculated by utilizing the lower-bound radiation
estimate, is compared with previous cases for a complete drain-
age with varying baseplate hole sizes. The clad oxidation
effect has not been calculated for the case of incomplete drain-
age (blocked inlets), because it is believed to be substantially
reduced by the unavailability of oxygen within the assembly.
Clearly, a l-year minimum decay time is not sufficient to

preclude overheating for this case.

The approximate method used for bracketing the thermal

- radiation downward to the water and upward to the building is

not considered to be precise enough to allow prediction of the
minimum allowable decay time in the event of an incomplete
drainage. This problem could be approached by formulating a
detailed thermal radiation model to calculate shape factors
and include the shadowing of radiating surfaces by fuel rods
and tie plates. By incorporating this radiation capability
into the overall heat transfer models described in Sections
3.3 and 3.4, a credible prediction of the minimum allowable
decay time could be obtained. No attempt to do this, however,

has been made.

It is clear, however, that an incomplete drainage can
potentially cause a more severe heatup problem than a complete
drainage, if the residual water level remains near the base-
plates. From a practical point of view, it might be possible
to make provisions for either completing the drainage or re-

filling the pool, if this should happen. However, it would
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seem that the special problems associated with an incomplete
drainage could best be circumvented by modifying the spent fuel
holders to include inlet holes at various elevations along the
vertical, rather than just at the baseplate level. According
to the predictions, these inlet holes would only be required
for the bottom 20 percent of the fuel rod length if the spent
fuel were at least a year old. With these additional inlets,
the beneficial effect of natural convection would not be

cancelled by an incomplete drainage.

5.2 Effect of Surface Crud

Iron oxides are known to deposit upon the outside of the
fuel pins during normal operation of the reactor, and these
deposits are likely to remain on the fuel pins during storage
of the spent fuel. Typically, the iron oxide crud buildup on
BWR fuel pins is on the order of 25 to 100 microns and in the
whereas the buildup on PWR pins is on the order

3[
of only 1 to 5 microns and in the form of Fe3o4.16 A calcula-

form of Fezo

tion was made to determine whether a 100 micron Fe203 coating
on the BWR fuel pins would affect the heatup of these pins
during a pool drainage accident, and it was found that the
overall effect on the fuel pin temperature was less than one

degree.

The question was also raised as to whether some of the
crud, which would be contaminated, could be levitated by the
air flows produced by natural convection after a pool drainage
and thereby produce a health hazard. An analysis of the weight
and drag characteristics of iron oxide particles revealed that
a BWR fuel assembly having a decay time of 90 days prior to
loss of water can produce upward air currents sufficient to
levitate‘a 200-micron sized particle, whereas an assembly
allowed to decay for 250 days can levitate a 175-micron sized
particle. Since any spallation of the crud would produce

particles of roughly the same size as the thickness of the




layer (namely 25 to 100 microns), the air currents produced

by the exposed assemblies should be sufficient to lift a sig-
nificant proportion of oxide particulate from the surface of

the fuel rods. Since the adhesiveness of the crud is not likely
to be sufficient to prevent spallation, it should be assumed

that some spallation and levitation will occur.

5.3 Emergency Water Spray

A number of suggestions have been made in the preceding
sections to improve the natural convection capabilities of
spent fuel storage configurations and to reduce the likeli-
hood of clad failure by overheating. An alternative way to
maintain coolability, at least on a temporary basis, would be
to provide an emergency water spray of sufficient intensity
to remove the decay heat by its latent heat of vaporization.
The water supply could be available from onsite hydrants, from
onsite storage tanks, from remote portable storage tanks, or,
preferably, from a combination of onsite and remote sources
in order to reduce the risk of unavailability. Facility per-
sonnel would presumably be available to set up fire hoses and
initiate the spray in the event of a complete power failure,
and the spray would be continued until the source of the leak

could be repaired.

The rate of water spray that would be required to maintain
coolability can be easily estimated by equating the decay heat
produced by the hottest assembly in the pool to the sensible
and latent heat of the spray droplets falling in the immediate
vicinity of that assembly. Thus

& _ chdecay
- 7
W np(cpAT+HV) (7)
where
\Y4 = volume flow rate of water

W
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C = storage capacity of pool (metric tons)

P
qdecay = decay power per metric ton, hottest assembly
n = gpray efficiency {(ratio of water falling
within pool to total water sprayed)
. 3

0 = density of water (1.0 gm/cm )

w

c AT = sensible heat (380 Joule/gm)

p

H = latent heat of vaporization (2250 Joule/gm).
v

Table IX shows the values of Vw obtained for various storage
situations and minimum decay times, and also estimates the

spray droplet concentrations obtained for a drop size of 1.0

mm and corresponding terminal velocity of 380 cm/sec. It may

be noted that the required spray rates, which are under 100
gal/min, are easily achievable with fire hoses that normally
produce up to 250 gal/min, and that the quoted terminal velocity
is easily sufficient to overcome the updrafts from the spent

fuel array, which are on the order of 75 cm/sec.

To verify that these estimated spray rates are sufficient
to keep the spent fuel temperatures within safe limits, cal-
culations have been made using the detailed heat transfer model
of Section 3.3, modified so as to include the effects of the
water spray. In order to be conservative, it was assumed that
the spray droplets collect on the holders/baskets without ever
coming into contact with the fuel rods. (This assumption may
actually be fairly accurate, in view of the fact that the
holders usually protrude upward several feet beyond the top of
the fuel elements.) The sensible and latent heats of the water
droplets were expended in keeping the holder walls at the water

saturation temperature, but only down to the depth allowed by

the availability of water. Heat transfer from the hot fuel



‘ ' TABLE IX

Water Spray Rate Required to Insure Spent Fuel
Coolability in Various Situations

Situation Minimum Decay Required Required
Decay Heat Spray Spray
Time (KW/MTU) Rate?* Density**
(Days) (Gal/min) (gm/cm™)
1. PWR reactor-sited 30 53.2 82 2.3 x 10°°
pool, 2 core 90 30.0 46 1.3 x 10°°
capacity 365 11.0 17 0.5 x 10°°
2. BWR reactor-sited 30 36.9 95 1.5 x 10-°
pool, 2 core 90 21.5 55 0.9 x 107°
capacity 365 8.58 22 0.4 x 10-°5
3. Away-from-reactor 365 11.0 71 4.7 x 10 °
pool, 750 MTU 730 5.90 38 2.5 x 10_,
capability, PWR 1095 3.76 24 1.6 x 10
spent fuel

*Based on spray efficiency of 0.7
**Based on 1.0 mm drop size

rods to the cooled holder walls was accomplished by radiation
and natural convection. No water accumulation at the bottom of
the pool was assumed to occur, any excess water being drained

immediately.

Some results of calculations utilizing this approach are
shown in Figure 27, where it may be seen that a reasonable
. spent fuel temperature (v400°C) can be maintained indefinitely
by applying a sufficient amount of spray, even in cases where
overheating would normally occur very rapidly. A l-hour
. delay between the drainage incident and the application of the
spray will generally be acceptable.
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Figure 27. Effect of Emergency Water Spray in Retarding
Spent Fuel Heatup- in a Drained Storage Pool

To confirm the feasibility of an emergency spray initiated
by personnel, it must be confirmed, first of all, that this
technique will not increase the reactivity to a critical condi-
tion as a result of undermoderation, and secondly, that the
radioactive dose will not be severely injurious to the person
providing the corrective action. The question of undermodera-

tion is easily resolved by observing that thé expected water



concentrations in the air (Table IX) are far less than those

17 The question

which would cause an increase in reactivity.
of dose, however, requires a careful evaluation of the sky-
shine radiation emitting from the drained pool. A model for
evaluating that radiation has been formulated and is described
in Appendix C. The results indicate that a person standing at
about 50 feet from the edge of a typical PWR reactor pool,
filled to capacity 30 days after a full core discharge, will
receive a full body gamma dose of about 200 Rem/hr. While
this dose rate is considerable, it is believed that with
adequate shielding, it would be easily possible for a person
to enter into and remain inside the building long enough to

perform necessary emergency measures.

In conclusion, therefore, initiation of an emergency water

spray by onsite personnel appears to be a viable means of
maintaining coolability in a drained spent fuel pool until

repalr actions can be undertaken to restore convective water

cooling.
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6. CONCLUSIONS

An analysis of spent-fuel heatup following drainage of

the storage pool has been completed, and the following con-

clusions have been reached:

Well-Ventilated Rooms

1.

Considering a complete pool drainage, the minimum
allowable decay time for PWR spent fuel in a well-
ventilated room varies from a best value of about

5 days, for open-frame storage configurations, to a
worst value of about 700 days, for high-density
closed-frame configurations with wall-to-wall spent
fuel placement. Other storage configurations fall
between these limits. The minimum allowable decay
time is defined as the lower limit of safe decay times,
such that shorter decay times would produce local
clad failures due to rupture or melting.

The minimum allowable decay time for BWR spent fuel
in a well-ventilated room varies from a best value
of 5 days to a worst value of 150 days for the cases
considered. A high-density storage rack design for
BWRs would result in a somewhat higher value of the
allowable decay time than presented here, but not as
high as for PWR spent fuel.

The allowable decay times can be reduced significantly
by widening baseplate holes, opening flow paths be-
tween holders, removing BWR channels, and avoiding
wall-to-wall storage. Decay times as low as 80 days
for the high density racks and 20 days for other
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racks could in principle be accommodated with these
design modifications at no expense in packing density.
The differences between fuel assembly designs are
small, i.e., a 17 x 17 PWR pin array and a 15 x 15
PWR pin array produce similar results, as do an 8 x 8
BWR pin array and a 7 x 7 BWR pin array. The effect

of surface crud on the fuel pins is also insignificant.

Inadequately Ventilated Rooms

5.

Current forced air ventilation systems in typical
PWR auxiliary buildings may provide insufficient
ventilation to remove the decay heat produced in the
spent fuel pool after a complete pool drainage. Con-
sequently, overheating due to inadequate ventilation
may occur. Adequate ventilation could be provided

by passive methods that utilize a chimney effect.
Ventilation systems in typical BWR spent fuel pools
inside the reactor containment building are adequate
to remove most of the decay heat, owing to the large
size of the containment building.

Additional ventilation provisions for typical away-
from-reactor facilities (750 MTU capacity) will be
unnecessary if the spent fuel is sufficiently aged.
Minimum decay times of between 2 and 4 years, de-
pending on the storage configuration, are sufficient
to prevent overheating in AFR storage pools with in-
adequate or inoperative ventilation because of the
fairly substantial size of the room, the presence of
heat sinks, and the capacity of the sheet metal walls
to reject heat through thermal radiation to the out-
side. Shorter decay times can be accomodated by pro-

viding additional passive ventilation.

Incomplete Drainage

8.

For many spent fuel holder designs where the air must

circulate under the fuel elements and pass through a




baseplate hole to enter the elements, a nearly com-
plete drainage can be more severe than a complete
drainage. For l-year-old spent fuel, coolability
can be maintained by the process of water boiling
and convection of heat to the steam, as long as the
lower 20 percent of the fuel rods remains covered
by water. If the water drains or boils off to a
lower level, but not sufficiently low to open the
baseplate passages to air flow, then the removal

of heat associated with water boiling, steam con-
vection, and air convection will all be impaired.
These circumstances can lead to an increased ten-
dency to overheat.

The potentially adverse effects of an incomplete
drainage can be counteracted by drilling air inlet
holes at various elevations in the lower part of the
holders. This will permit air flows to circulate
when the water level drops beneath the location of

the uppermost inlet holes.

Emergency Water Spray

10.

For those cases where overheating is a concern, cool-
ability in a drained spent fuel pool can be main-
tained indefinitely by providing a water spray.

Spray volumes on the order of 100 gal/min and less
appear to be sufficient for all the cases considered.
The gamma dose rate to a person entering within 50
feet of the edge of the pool to set up a fire hose

is about 200 Rem/hr.
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10.

11.

12.

13.

14.
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MATHEMATICAL MODELS IN THE COMPUTER CODE SFUEL
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English Symbols

Gr, Gr

= S .

(o

mleak

Nu

pmax

Pr

Al. Nomenclature

Cross-sectional area

Baseplate hole area

Internal basket/holder cross-sectional area
Orifice discharge coefficient (taken as 0.6)
Skin friction coefficient

Specific heat at constant pressure
Hydraulic diameter, Dy = 4A/Pw
Mass~-fraction of oxygen in atmosphere
Acceleration of gravity (980 cm/secz)
Grashoff number, Gr = 52gx3AT/ﬁ2T
Specific enthalpy

Heat transfer coefficient, h = é/AT
Thermal conductivity

Length of a flow path

Mass rate of flow

Leakage rate from building to external
atmosphere

Nusselt number based on hydraulic diameter,
NuD = hDH/k

Pressure

Maximum pressure that can be sustained by
containment building

Prandtl number




Nomenclature (continued)

English Symbols

ddecay

dchem

Re

Re

Re

Greek Symbols

Wetted perimeter

Heat rate per unit surface area

Decay heat rate per assembly

Heat rate per assembly due to clad oxidation
Gas constant for air (2.871 x 106 dy-cm/gm-°K)
Reynolds number

Reynolds number based on hydraulic diameter,
Rey = oUDy/u

Reynolds number based on wetted distance,
Re, = pUx/u

X
Temperature

Time

Velocity

Volume of room
Volumetric venting rate

Oxygen consumption rate per unit surface area

Distance along flow path

Ratio of specific heats (Y =1.4)
Thickness of heat sink wall

Free surface emissivity

Effective emissivity from surface a to surface b
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Nomenclature (continued)

Greek Symbols

Subscripts

{None)

Angle between flow direction and upward-
directed vertical

Viscosity
Density

Stefan-Boltzmann constant (5.67 x 10-12

Watt/cm2~°k4)

Shear stress

Pool liner

Outside atmosphere

Relating to clad oxidation reaction
Containment room

Heat sink structure in containment building
Spent fuel

Tie plate

Solid components ("walls") in spent fuel pool

Properties without subscript generally relate
to air flows in spent fuel array




A2, Equations for Air Flows

Refer to Section 3.3 in the main text for the primary
assumptions and methodology used in connection with the air
flows and the general heat transfer problem in the pool area.
In particular Figures 7, 8, and 9 (main text) summarize the
nature of the air flows, the heat transfer modes, and the

solution procedures used.

The following contribution provides the main equations
of the method, presented in integral form. In the computer
code SFUEL, these equations are solved in differential form
(i.e., by marching application over increments of length, Ax),
using a semi-implicit technique. To obtain the differential
equations from the integral equations presented below, one may
consider L to be a running length and may differentiate the

equations- with respect to L.

a. Conservation of Mass

L
Zmout = Zmin - f Wox Pwdx ' (A.1)
(0]

(Mass outflow from control volume)

= (Mass inflow) - (Oxygen consumption)

b. Conservation of Momentum

L L,
.- = + =—
Pin ~ Pout f pg cos 6 qx z J DHdex

0

2. 2
ZQCD Al A2 base (A.Z)
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(Pressure drop) = (Buoyancy term) + (Shear stress dis-

sipation) + (Orifice loss across base-
plate inlet hole, vertical flows only)

c. Conservation of Energy

L L
d - . _ . _ -
d_E/ PHAGX = I (mH); - I (mH)_ . f (WH) P dx
0 0

L .
vz [ nr, - me ax (A.3)
o

(Enthalpy rate of change in control volume)
= (Enthalpy inflow) - (Enthalpy outflow)
- (Enthalpy term for oxygen consumed in
reaction) + (Heat convection from struc-

tures to air flows)

d. Enthalpy-Specific Heat Relationship

T
H = f c AT (A.4)

e. Equation of State

p = PRT (A.5)

f. Heat Transfer Coefficient

h = %— Nu,(Re, Gr, Pr) (A.6)
H

g. Shear Stress

f(Re, Pr) (A‘7?
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Values of NuD(Re, Gr, Pr) and cf(Re, Pr) are obtained from

analyses and correlations (see Section V, below).

At each time step, inlet values of m are assumed for each

flow path based on the solution obtained from the previous time

step, and the equations of conservation are solved for each
flow path. Resulting exit pressures obtained for upward-
directed vertical flows are compared with the pressure in the
room above, pr, and exit pressures obtained for downward-
directed vertical flows are compared with the computed base
flow pressures, pb(x). The assumed inlet mass flows are
adjusted in an iterative manner, using a modified Newton-
Raphson approach, until the pressure discrepancies are negli-

gibly small for each flow path exit.

A3. Eguations for Fuel Rods, Structural Elements,
and Concrete Encasement

a. Fuel Rods

(A.8)

L
d _ T
dt ./.pwcp,wTwAde 94ecay * 9chem * (kwAwg-ﬁ)
X _
0] x=L
’ L
3T
_(k Aw w) - Zvjr h(Tw - T)Pwdx
9x
L
- Z/e og(T 4—T %)P ax
w "
W,W
(Rate of heat storage) = (Decay heat) + (Heat from
chemical oxidation) - (Conduction losses)

- (Convection from fuel rods to air
flows) - (Radiative transfer from fuel

rods to neighboring structures)
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The heat storage term includes both fuel and clad, viz.

(pcpA)w = (pcpA)fuel * (pcpA)clad (A.9)

b. Structural Elements (Channels, Baskets, Liners)

L L
d = — -
- / 0uCp , w TPy dx s f h(T, - T)P_dx
0 0
L
-3 s(r 2-r 4)p 4 (A.10)
0]

(Rate of heat storage) = - (Convection from structure

to air flows) - (Radiative transfer from

structure to neighboring structures and

fuel rods)

c. Concrete Pool Encasement -- The heat absorbed into

the concrete sides and bottom of the pool is determined by an
approximate technique which proves to be quite accurate. Let
Tz(t) be the temperature of the pool liner (which is assumed

to be equal to the concrete surface temperature) at some point
on the liner as a function of time, and let tn denote the
current time. Replace this temperature history with an approx-
imation, Ti(t), defined as being equalAto the initial tempera-
ture, TO, from time zero unti} a time t, and equgl to the
temperature Tg(tn) from time t to time tn' ILet t be defined

in such a way as to conserve the integral j.tn T (t) dt viz.
O L !

% (A.11)




With this approximation, the heat absorbed by the concrete
from time zero to time tn can be shown, via the error-function

solution, to be equal to

b

n (0epK) conc (Fn™®)
/‘ g(t)de = [Tz(tn)—To] (A.12)

)

Equations (A.1ll) and (A.12) are used to determine the accumu-
lated heat absorption into the concrete, with an estimated

error, due to the approximation, of no more than six percent.
A4d. Equations for Containment Building
Refer to Section 3.4 in the main text for an overall
discussion of the heat transfer problem in the containment

building and to Figure 10 for an illustrative schematic.

a. Conservation of Mass, Room Atmosphere

dp
r _ e o . _
Ve 3E = CIMoy T Meak t Vient (po pr) (A.13)
(Mass accumulation rate in room) = - (Oxygen depletion
rate, clad reaction) - (Leak rate) + (Air

exchange rate by forced venting)

b. Conservation of Species (Oxygen), Room Atmosphere

d(frpr) ) ) .
Ve Tt =-img - Emoak T Vvent (Fofo T Erpy)
(A.14)
(Oxygen accumulation rate) = - (Oxygen depletion rate,
clad reaction) - (Oxygen leak rate) +

(Oxygen exchange rate by forced venting)
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c. Conservation of Energy, Room Atmosphere

d(err) . . .
Ve Tat - Z(mH)sf,out - (stf,in)Hr = M eaktly
+ vvent(poHo - err) - hSAS(Tr - TS) (A.15)
(Enthalpy rate of change) = (Enthalpy outflow from
spent fuel array) - (Enthalpy inflow to
spent fuel array) - (Enthalpy outflow due

to leakage) + (Net enthalpy inflow due to
forced venting) - (Convective loss to

heat sinks/structures)
The building structure is treated as a single entity with a
heat transfer coefficient governed by the correlations for

free convection to a vertical plate.

d. Enthalpy-Specific Heat Relationship

H = “/” c_dT (A.16)
P

v-1 | (A.17)

The leakage rate is determined by specifying dpr/dt = 0 when

the room pressure reaches a maximum allowable value, Prax’

f. Leakage Rate

. _ ) ) < 0.
My oak 0 1if P< Plax ©F the expression below < 0
fa =X |zw) - (Ch. . ., )H_+ V. __ (pH
leak Hr sf,out sf,in’ 'r vent ‘"o 0
T PR - hsAs(Tr - Tsﬁ otherwise
(A.18)

- 100



g. Heat Sinks/Containment Building Structures

aTg ' 4 4
(QCPAS)S a‘E— = hSAS (Tr TS) + ZStSUAt(Tt ~- T )

4 4
T,) - £L0AL (T, - T %) (A.19)

- hOAs(TS

(Convective heat transfer

(Rate of heat storage)
from room air) + (Radiative transfer from
upper tie plates, spent fuel array) -
{Convective loss to outside) - (Radiative

loss to outside)

A5. Nusselt Number and Skin Friction Coefficient

Expressions for Nup(Re, Gr, Pr) and c.(Re, Pr) used in
Equations (A.6) and (A.7) are tabulated in Table A-I, next
page. On any occasion when the Nusselt number is required,
the program calculates values of the parameter for each of
the three cases listed in Table A-I, namely (1) forced con-
vection past a flat plate, (2) forced convection between
parallel plates or longitudinally past an array of parallel
tubes, and (3) free convection past a vertical plate. The
first and third cases correspond to situations where the
boundary layer velocity profile is not fully developed and
is dominated by either viscous forces or buoyancy forces,
respectively. The second case corresponds to a fully-developed
velocity profile where, by its nature, viscous forces are
predominant. The hydraulic diameter is assumed to be the
operative parameter in extending Case 2 to other geometries.
As indicated by the footnote under Table'A—I, the dominant
case 1s assumed to be that which provides the highest value
of Nu, among the three possibilities. The heat transfer
coefficient so obtained is assumed to be driven by the local

temperature difference, Tw -~ T, as indicated by Equations
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Table A-TI.

Equations Used for Nusselt Number and Skin Friction Coefficient¥*

Flow Geometry

Laminar Flow

Turbulent Flow

Forced Convection
Parallel to a Flat Plate

Forced Convection
Between Parallel Plates
(Applied Outside Fuel
Element)

Longitudinal Forced
Convection Between Parallel
Tubes in an Infinite Array
(Applied Inside Fuel
Flement)

Free Convection Past
a Vertical Plate

~ 0.5_.0.33 /p
(Nup)y = 0.332 e 0" pr ( H)
X

-0
(cg)y = 0.664 Re,

. 5
Re, = 5 x 10

Blasius Solution [A.l]

= D
(Nug), = 7.54 + 0.0234 RepPr (Eﬂ>

(cf)2 = 24/ReD

Rey < 3000

Poiseuille Solution {A.l]

(NuD)2 =8
(cf)2 = 25/ReD
Rep < 3000

Sparrow-Loeffler [A.}]

- 0.25 (/D
(NuD)3 0.36 Gr, <;ﬂ)

Gr, <1 x 107, pr = 0.71

X

Correlation [A.IJ

(Nup) | = .0296 Rexo’BPro'G(DH>
X

i -0.2
(cg)y = -0592 Re

Re, > 5 x 10°

"Power Law" Solution [A.l]

- 0.8_.0.4
(NuD)2 = 0.023 Repy Pr

5
- -0.32
(cf)2 = 0.0014 + 0.125 Re

Re, > 3000

D

Correlation [A.l, A.Z]

Assumed to be same as (2a).

_ 0.33 /D
(Nup), = 0.116 Gry <_E)
X

6r, > 1 x 10%, pr = 0.71

Correlation [A.l]

*To obtain Nusselt number for a particular condition, take the maximum of (NuD)l, (NuD)Z, and

uD)3.

102

To obtain skin friction coefficient, take the maximum of (cf)l and (cf)z.




(A.3) and (A.10). The skin friction coefficient is evaluated
by a similar procedure, except that the buoyancy-driven

alternative is deleted.

It should be observed that in the process of exercising
the code, the flow inside the fuel elements was almost always
governed by laminar fully-developed forced convection, Case
2b, except in the immediate entrance region. Flows in the
interspaces between baskets or down the liner along the side
of the pool were sometimes dominated by forced convection,

Cases 1 and 2a, and sometimes by free convection, Case 3.

A6. Code Validation

To validate the SFUEL code, comparisons of SFUEL results

were made against (1) hand calculations, (2) approximate

analytical solutions, and (3) experimental data [Ref. A.4, A.SJ.

The code was considered to be validated when all of these

comparisons were positive.

The comparison with experimental data is of particular

interest because it provides some insight into the accuracy

of some of the assumptions. The experimental models consisted
of long, narrow, open-ended channels (6.0-ft high, 4.5-ft
wide, l.5-inch to 15-inches deep) suspended vertically in room
air (65°F) with the side walls heated to 135°F and the end
walls insulated against heat loss. Steady-state heat transfer
rates governed by naturally induced convection through the
inside of the channel were measured at three elevations, and
are shown in Fig. A-1, next page. While the geometries
considered in the experiments do not exactly duplicate a
typical spent fuel storage configuration, they show some
similarity in regard to the large channel heights and narrow

wall spacings.
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The solid and dashed curves in Fig. A-1 correspond to
SFUEL predictions based on heat transfer coefficients obtained
from Table A-I (Cases 2a and 3, respectively), together with
solution of the flow conservation equations to obtain the gas-
side driving function, Tw - T, as a function of elevation.
According to the assumption that the dominant heat transfer
mechanism is that producing the highest heat rate (Section V),
laminar free convection is indicated to be the dominant mode
very near the entrance. Fully-developed turbulent, forced
convection dominates at the higher elevations, except when
the wall-to-wall spacing is fairly large (Fig. A-1l, parts c
and d), where the predictions indicate a change to turbulent

free convection as the driving mechanism near the exit.

It is not certain whether the transition from turbulent
forced convection to turbulent free convection in parts c and

d of Fig. A-1 is real, there being a reasonable argument to

support the idea that the flow is probably in a mixed state for

these cases. However, the advantage of the model is not in
its ability to predict the mode of heat transfer but in its
ability to predict the amount of heat transfer, and in this
regard it may be noted that the predictions are generally
within 20 percent of the data. This level of accuracy is con-
sidered quite reasonable in view of the fact much of the error

may be due to experimental uncertainty.

A7. Approximations for Open Frame Configuration

The open frame configuration (Fig. 2a in the main text)
is more difficult to analyze because of the lack of defined
flow paths. On the other hand, it is obviously a very cool-
able configuration, because of the openness of the structure
and the large spacings between elements, so that a detailed,
exact flow calculation was not deemed necessary from a practi-

cal viewpoint.
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For the open frame configuration, a considerably abbre-
viated version of SFUEL was created based on an overall heat
transfer coefficient approximation that obviated the need to
solve the gas phase conservation equations at all. The driv-
ing function for the heat transfer coefficient was the differ-
ence between the local clad temperature and the room air
temperature, Tw - Tr’ and the values of the heat transfer
coefficient were estimated by using experimental data [Ref.
A.S] applicable to laminar or turbulent natural convection
between narrowly spaced walls or within narrowly spaced
channels. These heat transfer coefficients were evaluated
in the form of correction factors, having values less than
1.0, to the case of natural convection past an isoclated,
vertical plate. They were applied to the internal fuel pins
of the spent fuel assemblies by estimating an equivalent "wall-
to-wall spacing" based on flow area considerations. The

correction factor was taken as being 1.0 for the outermost

fuel pins.

The calculations for the open frame configuration should
be viewed as very approximate, with minimum allowable decay

times being accurate, perhaps, to within a factor of two.
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English Symbols

= o\«

s B

v,wW

Qdecay

Bl. Nomenclature

Area of door or chimney opening

Water surface area inside holder or basket*
Discharge coefficient (taken as 0.6)

Specific heat

Inner diameter of radiating cylinder

Hydraulic diameter

Acceleration of gravity (980 cm/secz)

Specific enthalpy

Heat transfer coefficient

Latent heat of vaporization of water (2250 Joule/gm)
Length of spent fuel rod*

Height of containment room

Mass rate of flow

Leakage rate from building to external atmosphere
Pressure

Decay power per metric ton of uranium

Wetted perimeter

Rate of heat convected to air, per assembly

Rate of heat convected to steam, per assembly
Decay heat rate per assembly

Total decay heat rate generated in pool

*Asterisks call attention to differences between Appendix
B nomenclature and Appendix A nomenclature.
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Nomenclature (continued)

English Symbols

Decay heat rate generated beneath water level,

q
B dw per assembly

9 p Rate of heat radiation to building, per assembly

iy Rate of heat radiation absorbed by water,
per assembly

R Gas constant for air (2.871 x 106 dy-cm/gm-°K)

éw Surface recession rate of water

T Temperature

t Time

Thoil Boiling temperature of water

tboil Time after drainage until initiation of boiling
of remaining water

Tc Clad temperature
Maximum clad temperature within fuel assembly

C,max

Tmax Maximum allowable room temperature

Vr Volume of room

y Volumetric venting rate

vent

WU Weight (metric tons) of uranium per assembly

z Vertical distance measured from bottom of
fuel rods

z, Elevation of water surface level, measured

from bottom of fuel rods

111




112

Nomenclature (continued)

Greek Symbols

Subscripts

1b

st

ub

Depth of residual water, measured from bottom
of pool

Angle between radiation path and vertical*
Dummy variable
Density

Stefan-Boltzmann constant (5.67 x lO'12
Watt/cm?-°k?)

Lower bound
Outside atmosphere
Containment room
Steam¥*

Spent fuel

Upper bound

Water*




B2. Forced Air Ventilation Requirements

The derivation in this section leads to Equation (5) in
Section 4.2 of the main text, and provides the means for cal-
culating the desirable forced air ventilation rates tabulated
in Table VII of the main text.

The equations of mass balance and energy balance for the
room atmosphere were presented in Appendix A, viz. Equations
(A.13) and (A.15). Neglecting heat convection to walls and
structures and chemical oxidation of the clad, it is possible

to write these equations as follows:

dp .
r _ _: , _
Vr at - ™eak Vvent (po pr) (B.1)
d(p H_) .
rr’ _ _ N
Vr dt =L Mg (Hsf Hr) M eak Pr
vent (poHo - err) (B.2)

Using the definition of enthalpy (Equation A.16) and the per-
fect gas equation of state (Equation A.l17), together with the

following approximation for a very leaky building:
p. =P (B.3)

and the following assumption of equilibrium between the total

decay heat production, and its removal by natural con-

Qdecay’
vection:

1

2 Mgf <Hsf - Hr) - Qdecay
it is possible to reduce Equations (B.l) and (B.2) to the
following differential equation for the temperature of the

room air:
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R Qdecay + Vvent 7 - -vent T 2 (B.5)
. dt pOVrcp V. r VrTo r .

Equation (B.5) has a steady-state temperature value given by

T, = [1+
P

R Qdecay T (B.6)
7 o

ocpvvent

which indicates that if the room air is to remain within a
maximum of Tmax for all time, the venting rate must satisfy
the following inequality:

y T R Qdecay (B 7)'

vent Tmax; To pocp

Y

B3. Door/Chimney Requirements to Produce Chimney Effect

The question of providing an adequate chimney effect
also can be approached from an approximate point of view, from
which one can estimate the size of open doors/windows that
would be required. Assume that at the time of the pool drain-
age, a door of area A is opened at ground level to allow fresh
air to enter the building, and that a chimney hole of similar
area, A, is opened in the ceiling, above the pool, to allow
hot air to escape. Air entering the building through the
door at temperature TO is assumed to enter the exposed spent
fuel array at the same temperature, to be circulated and then
discharged into the room at a higher temperature, Tsf‘ The
discharged air 1is then assumed to mix completely with the
room atmosphere (a conservative assumption), so that the air
which is expelled to the outside through the chimney hole
possesses the temperature of the room, Tr' The room atmosphere

itself is assumed to be in thermal equilibrium, so that the



rate of air inflow through the door, f, is equalled by the out-

flow through the chimney.

Neglecting inertia and viscous effects, which can be
shown to be of secondary importance in this problem, one can
write an equation expressing conservation of momentum from the
door to the chimney hole in terms of entrance and exit losses

and buoyancy forces, viz.

. \2
_ 1 i 1 (B.8)
Ap = ;E_E <A > {5— + } + p gl
D o] r

The pressure change, Ap, must also be equated to the outside

'O[l—'

hydrostatic pressure change over the height L.+ viz.

Ap = p, 9L, (B.9)

With the room in thermal equilibrium, however, it can also be

assumed that

mc (T _ - T ) (B.10)

p r ol T Qdecay
By combining Equations (B.8), (B.9), and (B.10) to eliminate
Ap and m and by introducing the perfect gas equation of state,

one may derive the following transcendental expression for the

steady~-state temperature of the room:

Q
_ decay
Tr =Tt T (T - T ) (B.11)

o''r o
CDCppoA‘/szr

Equation (B.ll) can be rearranged as a cubic equation and
solved explicitly for Tr' However, the objective is to deter-

mine the door/chimney hole size that insures a maximum room
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temperature of T ax’ ©F less. By rearranging Equation (B.11),

the following inequality is obtained:

0 T (T + T (B.12)

A > decay m
CpCpP oV 29L, To (Thax =~ To)

max)
3

Equation (B.12) corresponds to Equation (6) in the main text
and is the basis for the door/chimney hole sizes reported in

Table VII of the main text.
B4. Effect of Incomplete Drainage
The equations presented in this section support the
analysis of incomplete drainage described in Section 5.1 of
the main text and, in particular, are the basis for the numbers

presented in Table VIIT.

a. Heat Transferred to Water by Decay Heat, Per Assembly --

Using Equation (1) of the main text (Section 3.1) to charac-
terize the distribution of decay heat along the fuel rods, the

portion produced under the water level can be written as

z
i w
T 40 W
o _ WUPO L cos[ "y ( 0 T + Q]
dw 2 (B.13)
i
cos [Zf]

b. Heat Transferred to Water by Radiation from Above,

Per Assembly -- The heat transferred to the water by thermal

radiation from the hot fuel rods and structure above is a
complicated problem which depends upon the details of the

geometry. It is possible, however, to make lower-bound and

upper-bound estimates of this radiation contribution by con-

sidering two limiting cases. For the lower-bound estimate,



assume that the fuel pin array is so dense that one can approx-

imate the radiating source as being a horizontal flat plate
located just above the water level and having a temperature
equal to the clad temperature at this level. Assuming black-
body radiation, the radiation absorbed by the water inside a

basket is given by

4 4
(qrw) 10 oA, [Tc (zw) - T, (B.14)

If the water level is beneath the bottom of the fuel rods,
(1.e., if Z,; < 0), replace Tc(zw) by TC(O).

For the upper-bound estimate, consider the radiating
surface to be a vertical, right circular cylinder having an
axial length equal to that of the full assembly and a cross-
sectional internal flow area equal to that of the basket or
holder. The temperature distribution on this radiating cylin-
der is equal to that of the fuel pins, Tc(z), but the fuel
pins themselves are considered to be physically absent. This
approximation will overestimate the radiation received by the
water because of the removal of the blocking or shadowing
effects caused by the presence of the pins. As a further
approximation in the same direction, consider the radiation
flux at the surface of the water to be uniform and equal to
that at the centerline. The radiation absorbed by the water

within the basket is then given by

2
4 4 .
(qrw)ub = OAWf 2 [Tc (z) - TW] sinf cos6 df (B.1l5)
9,

where 6, D, and z are depicted in Fig. B-1. By defining
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n(z) = sin®6(z) =

Equation (B.15) may also be written as

niz ) . .
(@) up = B [ [Tc (m -t.*| an
(L)

If z_ < 0, replace n(zw) by n(0) in Equation (B.17).

w

(B.16)

(B.17)

To evaluate the radiation received by the water via

Equation (B.1l4) or (B.l17), the temperature distribution along




the fuel pins must be known a priori. 1In order to obtain the
estimates in Table VIII of the main text, it was assumed that
the fuel pin temperature had risen to the point where clad
failure was imminent. The particular temperature distribution
used is shown in Figure B-1 and was taken from the printout
corresponding to the curve labeled "Blocked Inlets"” in Fig. 26
of the main text. The low temperatures at the top end of the
fuel rods, depicted in Figure B-1, are caused by local natural

convection cooling as described in Subsection h.

c. Time to Start Boiling -- Assuming that the water

drains instantaneously to the given level, Zgr and that all
the fuel elements are of the same age, the time required to
raise the water temperature to its saturation or boiling point
can be estimated by

T )

pwcp,wAw S (Thoil ~ To

(B.18)

t, .
boil qdw + qrw

This time will be lengthened somewhat if qgqw and 9w correspond ;
to the hottest elements in a pool having spent fuel with vary-

ing decay times.

d. Water Surface Recession Rate -- Under the same

assumption of uniform decay times, the water surface recession

rate after initiation of boiling can be estimated by

qdw + qrw

S = =y =7
W
PPty (B.19)

This recession rate will be reduced somewhat if the pool con-

tains older elements and the water is free to seek a uniform

level.

e. Decay Heat Produced Above Water Level, Per Assembly --

Based on Equation (1) of the main text, the portion of decay
heat produced above the water level can be written as
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f. Heat Radiated to Building, Per Assembly -- The lower-

bound and upper-bound estimates of heat radiated to the build-

ing, analogous to Equations (B.14) and (B.1l7), are

_ 4 _ 4
and
n (L)
(Arp)up = 9B, [TC4(n) - TO4] dn (B.22)
n(z.)
where
2
n(z) = D (B.23)
2 2

(L - z) + D
Replace n(zw) by n(0) in Equation (B.22) if 2, < 0.

g. Heat Convected to Steam, Per Assembly -- The maximum

amount of heat that can be removed by convection to the vapor
produced by boiling is the sensible heat corresponding to a
steam temperature rise from the saturation temperature to the

maximum clad temperature. This heat convection rate is given

by

= Z2r =% - , B.24)
9es H Cp,s (Tc,max Tb01l) (
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h. Heat Convected to Air, Per Assembly -- The amount of

heat that can be removed by natural convection of air into the
fuel assembly is limited by the blockage of the inlets caused
by the residual water. In this situation, air must enter and
exit through the top of the assembly. Analysis and experiments
indicate that for long, narrow channels that are closed at

the bottom and open at the top, the effectiveness of natural
convection is limited to the top portion of the channel where
the vertical penetration distance, L-z, is less than 25 times
the wall spacing. Using hydraulic diameter as a common denom-
inator, this implies that only the top 10 percent or so of the
fuel assembly is coolable by natural convection of air. This
figure will be reduced still further by steam generation from
water boiling, which tends to further block the penetration

of the air.

Based on the preceding discussion, the heat removed by

convection to air is estimated to be

i
Ay = Py / h(z) [Tc(z) - Tr]dz (B.25)
-1
L ‘J.2.5DH
where
4A
D = 3 (B.26)
H Pw

The heat transfer coefficient, h(z), is taken to be that for
natural convection from an isolated vertical plate, Case (3)
in Table A-1l.
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Cl. Introduction

This appendix supports Section 5.3 of the main text by
determining the dose rate to personnel performing emergency

actions in the vicinity of the drained spent fuel pool.

The MORSE~SGC code (Ref. C.l), a Monte Carlo radiation
transport program, was used to determine the tissue dose rate
at ground level at various distances from a drained PWR on-
site spent fuel storage pool, 30 days after a full core dis-
charge. To simplify the analysis, the calculation was separated
into two parts. In the first part the gamma ray emission rate
through the top of an infinite array of spent fuel rods was
determined, neglecting the presence of the air, the pool
boundaries, and the spent fuel holders. The result of this
calculation was then used as the source in a second calcula-
tion which determined the dose rates out to a radius of 550 m
from the center of the pool. The second calculation included
the effects of the air, the sides of the pool, and the ground
outside the pool but neglected the presence of the containment
building. Division of the analysis into two parts neglects
multiple scattering at the sides of the pool, but this effect

is small except near the edges of the fuel array.

Only gamma radiation was considered in this analysis.
The dose rate on the surface of a PWR spent fuel assembly
with a nominal burnup (33,000 MWD/MTU) and a 150-day decay
time is approximately 2.4 x 106 rad/hr from gamma rays,
compared with 0.25 rem/hr from neutrons. The relative gamma
ray and neutron dose rates continue to be of this order of
magnitude at longer cooling times of interest in this study,
and thus the neutron contribution to the tissue dose rate may

be neglected.




The cross sections used in the present calculations were

‘ an ll-group, P3 set generated with the GAMLEG code (Ref. c.2).

The energy group structure and dose conversion factors for this

P cross section set are shown in Table C-I. The dose factors

were obtained from Ref. C.3.

TABLE C-1I.

Gamma Ray Cross Section Group Structure and Sources

Gamma Ray Calculated Gamma Ray
Upper Dose Source in 30-day Emission Rate Through
Energy Factor Cooled PWR Top of Spent Fuel
Energy Bound mr/hr Spent Fuel Array
Group (MeV) photons/cmé-sec (photons/MTU-sec) (photons/MTU-sec) fsd*
1 3.5 4.36 x 1073 3.15 x 1012 5.63 x 1010 0.029
2 3.0 4.00 1.48 x 1014 2.54 x 1012 0.025
3 2.6 3.71 6.37 x 1014 1.09 x 1013 0.030
4 2.2 3.24 1.01 x 1015 1.69 x 1013 0.030
5 1.8 2.77 1.56 x 101° 2.41 x 1014 0.033
6 1.35 2.30 4.29 x 101° 8.90 x 1013 0.044
7 0.9 1.51 1.80 x 1017 2.67 x 1013 0.056
8 0.4 0.83 ,9.31 x 1015 7.30 x 10%4 0.088
9 0.2 0.36 - 6.09 x 1013 0.187
10 0.1 0.37 - - -
11 0.01 0.37 x 1073 - - -
*fsd = fractional standard deviation of the Monte Carlo result

C2. Calculation of the Gamma Radiation Escaping Through
the Top of the Spent Fuel Storage Array

In a typical PWR storage pool, the fuel assemblies, éach
) containing 264 fuel rods, 24 guide thimble tubes, and 1
instrumentation tube in a 17 x 17 array, are stored upright
on a rectangular pitch of 33.02 cm (13 inches). Around each

‘ assembly, which is 21.4 cm (8.426 inches) square, 1s a stainless
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steel basket or holder and above the fuel pins is a rod
cluster control assembly, a nozzle, and a set of alignment

pins. Thus the spent fuel array presents a relatively complex
geometry for use in a radiation transport analysis. To make
the problem tractable, a simplified model was used to determine
the intensity of gamma rays escaping through the top of the

spent fuel array.

Diffusion of the gamma rays axially through the dry fuel
array will be dominated by streaming of the radiation along
the coolant paths between the fuel rods and in the gaps
between the fuel elements and the stainless steel racks. To
account for this streaming, a geometry model consisting of
an infinite array of equally-spaced PWR fuel rods having a
pitch of 1.905 cm (0.75 inch) was used (see Fig. C-1). This
pitch was chosen to provide the correct amount of void space
for a group of assemblies on 13-inch centers, and not to
duplicate the actual rod-to-rod spacing within a single

assembly. The steel racks were not included in the geometry.

The source used in this calculation was generated with
the ORIGEN code (see Refs. 8 and 9 in the main text). The
fresh fuel was assumed to be 3.3 percent enriched in 235U.
The 33,000 MWD/MTU burnup was achieved over a 3-year operat-
ing life assuming an 80 percent use factor and 30-day annual
refueling intervals. Decay heat for this case was presented
in the main text, Table III, Case (l). The corresponding
gamma ray source for 30-day-cooled spent fuel discharged
after the third cycle is shown in Table C-I, normalized to

1 metric ton of uranium charged to the reactor.

Source photons with energies below 200 keV are produced
by bremsstrahlung, by Auger reactions, and by other sources.
They are significantly lower both in intensity and penetration
than the gamma rays with energies above 200 keV and have been

neglected in the present calculation.
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Figure C-1. MORSE Geometry Model of a PWR Spent-Fuel
Storage Array

The energy spectrum of gamma rays emitted from spent
fuel softens with increasing decay time; therefore, to be
conservative (i.e., to maximize the calculated gamma dose
rate above the fuel), all the gamma rays were assumed to be
born with the 30-~day energy spectrum of Table C-I, regardless
of the age of the fuel. >Furthermore, the gamma source varies
with axial position in a fuel rod due to the buckling of the
neutron flux, the presence of partially withdrawn control
rods, and other factors. The maximum gamma intensity is
usually located at a point near the axial center of the core.
In addition, the escape probability of a gamma ray varies
markedly with the axial location at which it is born, being
much higher near the top of the fuel pins than at the center
or bottom. However, for the present calculation, the gamma

source obtained from ORIGEN was assumed to be constant along
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the entire length of the active fuel and equal to the average

value. The conservatism in this assumption is estimated to

be around 30 percent.

The calculated gamma ray leakage through the top of the
spent fuel array is shown as a function of energy in the last
two columns of Table C-I for 30-day cooled spent fuel. Under
the present model the average probability of a gamma ray,
born at random in the spent fuel rods, escaping through the

top of the array was determined to be 0.0181 = 0.0008.

The photons leaking through the top of the spent fuel
array have an anisotropic angular distribution from streaming
through the coolant channels. Thus, in the MORSE calculation,
the escaping gamma rays were "scored" as a function of their
velocity vector with respect to the upward-directed normal to
the top surface of the spent fuel array. The calculated
angular distribution, summed over energy, is shown in Figure
C-2. The error bars represent the Monte Carlo statistical
standard deviation. It is apparent that relatively few
photons are emitted tangential to the top of the array and
that most of the gamma rays are emitted in a cone with a solid
angle of about m steradians. The average escape angle for

the gamma rays is about 47° to normal.

The energy and angular dependences of Table C-I and Figure
C-2 were used to define the source in the second part of this
analysis. The angular variation was assumed to be the same
for all energy groups. A major source of uncertainty in the
results of the calculation to this point is in the simplified
geometry model of the spent fuel storage array. However,
several conservative assumptions were made (e.g., the uniform
distribution of the gamma source over the length of the fuel
rods and the omission of the upper fuel element hardware),
which make it highly unlikely that the gamma ray leakage
through the top of the spent fuel array has been underestimated. ‘
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Figure C-2. Angular Dependence of Photons Escaping Through
the Top of the Spent Fuel Storage Array

C3. Calculation of the Gamma Ray Tissue Dose Rate
at Various Distances from the Pool

To complete the calculation of the gamma dose rate at
ground level, the leakage determined in the first calculation
was input to the air-over-ground geometry shown in Figure C-3.
The source plane was located 762 cm (25 ft) below ground level
in a concrete pool 825.5 by 1056.64 cm (27.08 by 34.67 ft).

The pool can thus hold 32 rows of 25, or 800 total, PWR spent
fuel assemblies on a 33.02 cm (13 inch) pitch. This represents
a capacity of approximately 4 PWR cores at 193 fuel assem-

blies per core.

For the present calculation the assumption has been made

that the storage pool is full of spent fuel. From a radiation
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standpoint this may not be the worst case.

In the absence of

water, empty portions of the pool would provide a streaming

path for the escape of radiation emitted from points at the

center and bottom of the fuel ro

ds.

Thus a partially empty

storage pool might result in a higher radiation dose rate on

the surface than the fully loaded pool considered here.

For the present analysis,

has been assumed,

a severe fuel loading pattern

in which the most active elements correspond




to a full core of 30-day-old spent fuel divided into thirds
having burnups of 33,000, 22,000 and 11,000 MWD/MTU, respec-
tively (i.e., a full core discharge). The remaining positions
in the pool are filled with full cores having decay times of
1, 2 and 3 years, respectively, and a uniform burnup of 33,000

MWD/MTU.

No systematic attempt was made to determine the worst-
case distribution of the fuel elements from the four cores;
instead, the distribution shown in Figure C-4 was assumed.

In this distribution, photons emitted at 45° to normal from
the 30-day-cooled core assemblies have approximately a 20-
percent probability of being emitted in an azimuthal direction
that will give them a direct line-of-sight to the surface.

The loading distribution shown in Figure C-4 is believed to be
more severe than, say, a uniform or random distribution of

the six types of fuel elements.

The source strength for each source region is also shown
in Figure C-4 in units of photons/cmz—sec. (The source shown
for the 30-day-cooled core is the average for the 3 burn-
ups used.) These figures were obtained by multiplying the
ORIGEN-calculated gamma source rates for each source region
(photons/MTU-sec) by the escape probability (.0181) and the
weight loading of the pool (7.5 x 1072 MTU/cm?). The total

17 photons/sec, of which

source from the pool is 4.1 x 10
approximately 77 percent is contributed by the 30-day-cooled

elements.

The calculated gamma ray tissue dose rate at ground level
from the dry PWR spent fuel storage pool is shown in Figure
C-5. The results are based on calculated free field gamma
ray fluxes 1 meter above ground level, and hence represent
whole-body dose rates to personnel standing on the ground.
These dose rates have been averaged over the direction taken

from the center of the pool, and therefore represent a mean
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dose rate for all points on a circle having the radius given

by the abscissa. The variation of dose rate with azimuthal

angle is small at large distances from the center of the pool

(about 25 m or more), but becomes large as the detector

approaches the lip of the pool.

Thus the azimuthally-averaged

dose rate becomes less meaningful as the edge of the pool is

approached, and the results are therefore indicated by dashed

lines in this region.
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The error bars shown in Figure C-5 indicate the statisti- ‘

cal standard deviation of the Monte Carlo results and are

not a measure of the overall accuracy of the solution. Such
accuracy is a function of the calculational models, the source
definition, the cross sections, the material compositions, and
other factors, including the statistical uncertainty. Be-
cause a series of conservative assumptions was made in obtain-
ing the present results, the upside uncertainty in the data
shown in Figure C-5 is probably +25 to +30 percent, whereas

the downside uncertainty is probably -30 to -50 percent.
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D1. SFUEL Input

The input for SFUEL is entered via namelist under the

heading $INPUT.

dimensions of the variables,

the nominal values built into the program.

INPUT

VARIABLE

NAME

ASINK

CPC@N

CPL

CPNI
CP@X

CPS

CPW

CSINK

DAMP

DELT

DLFACT

DMWTR (3)

DEFINITION

Surface area of sheet metal walls and
ceilings in containment building (cm?)

Specific heat of concrete (Joule/gm-°K)

Specific heat of liner material (Joule/
gm-°K)

Specific heat of nitrogen (Joule/gm-°K)
Specific heat of oxygen (Joule/gm-°K)

Specific heat of channel structure, BWR
elements (Joule/gm-°K)

Specific heat of holder wall (Joule/
gm-"°K)

Heat capacity of sheet metal walls and
ceilings in containment building (Joule/
OK)

Damping factor for mass flow iteration
Computational time step (sec)

Factor by which time step is reduced if
fuel rod temperature exceeds TRDELT

Mass rate of spray water addition per
per assembly (gm/sec):

The following list provides the names and

their definitions and units, and

NOMINAL
VALUE

0.

1.047

0.460

1.130
1.130

0.364

0.883

50.

3*%0.




INPUT
VARIABLE
NAME

EPC
EPL

EPS

EPT
EPW

FDECAY (8)

FL

FMULT

FSTR

IBL@CK

DEFINITION
DMWTR (1) : amount collecting on fuel rods
DMWTR(2): amount collecting on channels
(BWE)
DMWTR(3) : amount collecting on holders

Emissivity of the clad
Emissivity of the pool liner

Emissivity of the channel structure, BWR
elements

Emissivity of the tie plates
Emissivity of the holder walls

Decay power per unit fuel weight, for each
section of pool (KW/MTU). Operative only
if FMULT<O.

Active length of the fuel rods (cm)

Multiplier on decay heat rate. If negative,
program multiplies FDECAY input by absolute
value of FMULT. If positive, program uses
built-in tables of decay power ratio versus
cooling time, and multiplies these values
by FMULT.

Flag indicating whether holders are direc-
tional (FSTR=0.5) or nondirectional
(FSTR=1.0). Fig. 2e in the main text
shows a directional holder.

Flag indicating which vertical flow paths
are blocked.

IBL@PCK=0: all flow paths open
IBL@CK=1l: no flow -through fuel elements

IBLPCK=2: no flow between channel and
holder (BWRs)

IBL@CK=3: no flow between holders.

NOMINAL

VALUE
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INPUT

VARIABLE

NAME

ICHEM

IPL@T

KMAX

NASS (8)

NCEND

NDECAY

NPRINT

NPRNEW

NR@D

NSECT

POWP

PRMAX

RCI
RC®
RF

RH@C

NOMINAL
DEFINITION VALUE

Flag for chemical oxidation of clad: 0
0 - off, 1 - on
Plot flag: 0 - off, 1 - on 0
Maximum mass flow iterations per time 15 .
step
Number of node points in vertical direc- 21
tion
Number of assemblies for each section of -
pool, counted along a single row from the
middle to the edge of the pool
Flag indicating last case (if NCEND=1) 0

of a series of stacked cases

Number of entries in FDECAY, only if -
FMULT<O0.

Number of time intervals between printouts. 36
Also a flag indicating long print (if
positive) or short print (if negative).

Number of time intervals between print- 1
outs if fuel rod temperature exceeds TRPNT

Number of rods per assembly (including -
control rods, if present)

Number of sections in pool. I.e., number -
of separate fuel clusters in a row from

the center to an edge of the pool.

If FMULT<0, number of metric tons of -
uranium per assembly. If FMULT>0, operat-

ing power per assembly (KW).

Maximum room pressure (absolute) 1.151 x 106
sustainable without leakage (dyne/cmz)

Inner clad radius (cm) -
Outer clad radius (cm) -
Fuel radius (cm) -

Density of clad material (gm/cm3) 6.5




INPUT
VARIABLE
NAME

RHPCHN
RH@F
RH@L

RH®ZS

RHZW

RPWS

SMB

SMKC@N

TIMAX

TIME® (8)

TIMW@F

TIMWEN

T@

TRDELT

TRMAX

TRPNT

UL

VENT

DEFINITION
Density of concrete (gm/cm3)

Density of UO, fuel (gm/cm3)

2

Density of pool liner material (gm/cm3)

Density of channel structure material,
BWR elements (gm/cm3)

Density of holder wall material (gm/cm3)

Number of rows of fuel elements evaluated

so that the total number of assemblies
in the pool is equal to R@PWS* (NASS(1l)+
NASS (2) +-—-—-+NASS (NSECT) )

Constant in decay power axial distribu-
tion equation, Egn. (1) in main text

Thermal conductivity of concrete (Watt/
cm-°K)

Termination time in spent fuel heat-
up calculation (sec)

Decay time for each section of pool
(used only if FMULT<O0)

Time when water spray is turned off
(sec)

Time when water spray is turned on,
TIMWZN<TIMW@F (sec)
Outside ambient temperature (°K)

Maximum fuel rod temperature allowed
before cutback of time step (°K)

Maximum fuel rod temperature allowed
before termination of case (°K)

Maximum fuel rod temperature alloyed
before change of print interval (°K)

Length of inactive part of fuel rods (cm)

Volume exchange rate for forced air room
ventilation system (cm3/sec)

NOMINAL
VALUE

2.34

10.4

.025

.012

36000.

283.
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INPUT
VARIABLE

NAME
VROPM

WS

XB

XKB@T

XKT@P

XL

XS

XTB

XW

XWL

XWW

A sample input listing is shown in Table D-I.

NOMINAL

DEFINITION

Containment room volume (cm3)

Inside distance between parallel walls
of a channel if present, BWR elements (cm)

Inside distance between parallel walls
of a holder or basket (cm)

Thickness of liner on bottom of pool (cm)
Coefficient of (%)pU2 in equation for
pressure drop due to constriction of flow
through baseplate hole

Coefficient of (%)pU2 in equation for
pressure drop due to constriction of flow
at top of assembly

Thickness of liner on bottom of pool (cm)

Thickness of channel structure if present,
BWR element (cm)

Distance from bottom pool liner to lower
tie plate or baseplate (cm)

Thickness of holder or basket wall (cm)

Distance from sidewall pool liner to
nearest holder or basket wall {(cm)

Distance between adjacent holder or
basket walls (cm)

VALUE

.635

40.6

This

particular case corresponds to PWR spent fuel with a l-year

minimum decay time, full core discharge loading, cylindrical

baskets, large baseplate hole, perfect ventilation (see Fig.

12, lowest curve, in main text).
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SFX4

ASINK=
CSINK=
DAMP=
DELT=
DLFACT=
DMWTR=

FL=
PSTR=
IBLOCK=
ICHEM=
IPLOT=
N=
NCEND=
NPRINT=
NPRNEW=
NROD=
NSECT=
POWO=
PRMAX=
RCI=
RCO=
RF=
ROWS=
SMB=
TIMAX=
TIMWOL'=
TIMWON=
TRDELT=
TRMAX=
TRPNT=
UlL=
VENT=
VROOM=
WS=

WW=

XB=

XI=

XS=
XTB=
XW=
XW1=
XWW=

TABLE D-1I

Sample Input Listing

0

0

0
5.000E+01
1.000E+00
0
0
0
3.
1.

60E+02
00E+00
3
0
0
21
1
-36
1
289
6
4.614E-01
1.151E+06
4.180E-01
4.750E-01
4.010E-01
0
2.500E~-02
9.000E+03
1.000E+09
0]
1.000E+09
2.073E+03
1.000E+09
0
0
4.250E+09
2.140E+01
2.800E+01
6.350E-01
6.350E-01
0
4.060E+01
3.510E-01
4.060E+01
3.690E+00

6
0

CPCON=

1.047E+00
CPL= 4.600E-01
CPNI= 1.130E+00
CPOX= 1.130E+00
Cps= 3.640E-01
CPW= 4.600E~-01
EPC= 7.000E-01
EPI= 3.000E-01
EPS= 7.000E-01
EPT= 7.000E-01
EPW= 3.000E-01
FMULT= -1.000E+0O0
KMAX= 15
NDECAY= 16
RHOC= 6.500E+00
RHOCON= 2.340E+00
RHOF= 1.040E+01
RHOL= 7.820E+00
RHOS= 6.500E+00
RHOW= 7.820E+00
SMKCON= 1.200E-02
TO= 2.830E+02
XKBOT= O
XKTOP= O
J NASS FDECAY
1 1 2.720E+00
2 4 3.760E+00
3 4 5.050E+00
4 4 5.900E+00
5 4 8.200E+00
6 4 1.104E+01
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D2. SFUEL Output

The user has a choice of long or short output format,
depending upon the sign of the input guantity NPRINT (see
preceding definition of input quantities). The only difference
between the two options is that the long output format includes
a printout for each identified section of the pool, whereas
the short output format provides output only for the section
of the pool containing the hottest elements (j = NSECT). A
sample short-format output is shown in Table D-II, these results
corresponding to the input of Table D-I with an elapsed real
time of t = 2.0 hours. The variables shown in Table D-II are

defined below in the order of their appearance in the output.




(AT

SFX&

XIT= 1

TLeD

1.031E¢01
1.032E+01
1.035€+01
1.038E+01
1.041E¢01
1.065E+01
14 069E+01
1.052E+81
1:056E+01
10 1.058E+01
11 1.060E+01
12 1.060E+01
13 1.061E+01
16 1.059E+01
15 1. 052E+01
16 1. 053E+01
17 14050E+01
18 1.06bE+01
19 1+039€E+01
20 1. 030E+01

OO NORY WN -

-

TR

1.555€+01
2.082E+01
2.7T13E+01
3.419E¢01
ho185E401
R.FIESOS
Se828E¢01
66T 2E+ D1
7.509E+01
10 80 3226+01
11 9. 09E+01
12 9.810E401
13 1.065E402
16 1101£+02
15 1.1647E002
16 1,181€002
17 1.202E+02
18 1. 210E+02
19 1,203E¢02
20 1.155E+82

VBN NS W N

EGEN= 4o602E+08
ELINRS> 14304E 04
ECONWI=-1.190E+09

PEE N= 60 391E ¢06
PLINRS > 1.696GE ¢80
PCONY 3x-2,093E+05

DPFRAC= 94617E-03

-«

AL NN

TAVEL

1e160c¢01
14367E¢01
1e€W7E4OL
2.057E+01
24%263E+01
3.168€+01
36 B4SE D1
hetB1E¢01L
5.362€+01
6.168E+01
6+9082E+01
To785€¢01
8.557E+01
90279€¢ 01
94935E+01
1.051£¢02
1.098E¢02
1e334E+02
1.,158E¢02
1.163E¢02

ECHEN=

ELINRB= 1,S71E404
ESTAIR= 3,292E405

FCHEM=

PLINRE= 2, 0185+00
FSTAIR= 3,088a6E¢08

Sample Short-Format

DGFRAC= 2.439E-03

Table D-IT

*89 TIME = 7,200£+03 °°°

TRMAX= 1,210£402

Te(J) TALAVE (J) SALAVE (V)
1. 02€E+01 10902401 ®e236E*02
1.038z+01 1.090€+01 4,276€E+02
1. 038€+01 1.091€+01 “s251E¢02
14 037€+01 1.092E+01 “e251€402
1,037E+01 1.093E+01 bo246E402
1.038E+01 1.096E+01 “o26bEr02
I1 1s TAVE?2 I2
3 14 198E +01 1.,00CE+01 0
3 1ew2€Es01 1,000€+01 L}
3 14770E+01 1.000€+01 0
3 24220E+01 1.000€401 0
3 2.771E+01 1.,000E+01 L]
3 Jek05E 01 1,000£+01 0
3 Le114E-01 1.,000E+01 0
3 4eB874E+O1 1.000£+01 0
3 S5.671E+01 1,0008+01 0
3 EelLB2E+01 1,000=+01 0
3 7.291E+08 1.000E+01 0
3 3.073E+01 1.000E+01 L
3 8.812€+01 1.000€+01 Q
3 9e«85E+01 1.000E+01 L}
3 1. 008E¢02 1,000€+01 Q
3 1.057E+02 1.000E+01 e
3 14094E¢02 1.000E+01 0
3 14113E+02 1+000E+01 9
3 1.130€+02 1.,000€+01 0
3 1.118E+02 1.000€+08 L}

EFUCLE  1.74eE+08 ESTR=

ECONCS= 5,570€+04 ECONC®:

ZREMOR= 1,352E-02 EPOOM:

PFUEL= 1,928€+03 PSTR=

PCONCS= 14372€+01 PCONCE

PREMOR= 2,243E-06 QROON=

FOXAVB (JY

2.300Z-01
2.3905-01
2.300€-01
2.300€~-01
2.3005-01
2.300:-01

T

1.198E+01
1.426E+91
1.770E+01
2,220E+01
2,771%¢01
3.,40€5401
&o114E+01
Se874C 01
5.67124801
Go82Ee01
7.29132401
4,073E+01
8.312c+01
9. B85E+01
1.008c+0?
1.057E+02
1.094E+02
1.119€+02
1.1305002
1.118E+02

as
= G4bLTE+O4
[

[ X0
= 1.871E+01
O

Output

TROOM= 1,000€E+01

GNIAVB ()

2e45cI*02
4e53CE+02
3.729€+02
248292402
1.8142¢02
6.323E+01

TAVES

1.197€+01
1+ 4232401
1e7T6uE+01
2.205¢c+01
2475¢E¢01
3.3806E401
~e067EO1L
cefWL2EeC]
Ee631c ¢ 01
€obe32 2401
7.237:401
2e010€+01
7wl 401
Geiel6E¢DY
Se 995E4+01
1. DuzeeD2
1.085E+4C2
1. 1102402
1. 120E¢02
1.10E€402

EHOLLR=
ECONVL=
£SINK=

FHOLCF=
PCONVisE
QSINK=

PROOM= 1.013E+06

TSINK= 1,000£+01

GNIGJ, 1) GNI W, 2) GNI(J,3)
14257E«01 1. 000210 =5,033r+02
T7e500E£+01 1.,000€~-10 ~-2.,000E-10
3.680E+01 1.000E-10 ~2,0002-10
943228401 1,000£-10 =~2,000E~10
1.03%€+92 1, 000E~-10 =2.000%-10
1,2€63E402 1,000c-10 ~2.000:-10

I3 FCT FeX IS

1 1.536c 0w 2.300£-01 [
1 1e532E~170 2430Cc-01 0
1 1e532€=04 24300c-01 o
- 145352-0+ 2430(%-01 L]
- 1.5326-0~ 2.300z-01 0
- 1,538E-0¢6 2430Cc-01 []
- 1.536c-04 2430C&-01 ¢
~ 153:5-04 2.30(E~-01 1]
- 1,53685«0n 2.3000-01 L]
- 14538604 ?«3005-01 ]
- 1.5356-0~ 2,3008-014 1
+ 1e238E=0~ 2.,30C:-01 0
“+ 1.53cE~04 2.300E-01 L]
“ 1.63%-~0¢ 243008-01 0
- 145362 0w 2+300e-01 0
+ 145362 =04 2,3006:-01 0
- 1.8382-04 ce30(t-01 ]
& 1,538E-0 2.200:-01 ]
“ 1e52cE~04 2430(E-01 9
- 1,538E -0 24.300F-91 ]

GeTH1C D7 CRAD= 2.551E+0¢

1e426E40¢ ECCNV2= 0. ,

0. ELCSS=z 9.

1.185E¢03 FRAD= Te217€4082

2.693E+05 FCCNV2T 0,

0. CLCSS= 0.
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OUTPUT
VARIABLE
NAME

TIME
KIT

DPFRAC

DGFRAC

TRMAX
TREGM
PROZM

TSINK

TL(I)

TB (J)

TA4AVE (J)

PA4AVE (J)

F@PXAVB (J)

GNIAVB (J)

GNI (J,1)

DEFINITION

Elapsed real time (sec)
Number of mass flow iterations performed

Relative pressure change between last two mass
flow iterates

Relative mass flow change between last two mass
flow iterates

Maximum fuel rod temperature in pool (°C)
Room temperature (°C)
Room pressure, absolute (dyne/cmz)

Temperature of heat sinks in containment build-
ing (°C)

Nodal index for vertical direction. Vertical
distance from bottom of fuel rods = (I-%)AX.

Temperature of sidewall liner (°C)

Section of pool, measured from pool side toward

center of pool. J = NSECT corresponds to
hottest elements, which are located in center
of pool. Each section consists of the number

of fuel assemblies given in the input under
NASS, assumed to be aligned in a single row.

Temperature of liner along bottom of pool (°C)

Temperature of air flow along bottom of pool
(°C)

Gage preisure of air flow along bottom of pool
(dyne/cm“)

Oxygen mass fraction for air flow along bottom
of pool

Nitrogen mass flow rate along bottom of pool,
for a one-assembly flow path width (gm/sec)

Nitrogen mass flow rate within fuel assemblies
located in Section J, positive upward (gm/sec)




OUTPUT

VARIABLE
NAME

GNI(J,2)

GNI (J, 3)

TR

TAVE1

Il

TS

TAVE?2

12

W

TAVE3

I3

RCT

F@X

15

DEFINITION

Nitrogen mass flow rate between channel structure
and holder/basket for assemblies located in
Section J, BWR elements (gm/sec)

Nitrogen mass flow rate between adjacent holder
walls for assemblies located in Section J .

(gm/sec)
Temperature of fuel rods (°C)

Temperature of air flow within fuel assemblies
(°C)

Index indicating which heat transfer correlation
was used for air flow within fuel assemblies:

laminar free convection

laminar forced convection, entrance flow
laminar forced convection, fully developed
turbulent free convection

turbulent forced convection, entrance flow
turbulent forced convection, fully developed

YUl W N

Temperature of channel structure, if present
(°0
Temperature of air flow between channel structure

and holder/basket, BWR elements (°C)

Index indicating which heat transfer correlation
was used for air flow between channel structure
and holder/basket, BWR elements

Temperature of holder or basket wall

Temperature of air flow between adjacent holder
walls (°C)

Index indicating which heat transfer correlation
was used for air flow between adjacent holder
walls

Depth of chemical oxidation of clad (cm)

Oxygen mass fraction for air flow within fuel
assembly

Index indicating type of chemical reaction -
1: kinetics rate limited; 2: oxygen diffusion
limited
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ouTPUT

VARIABLE
NAME DEFINITION

EGEN Total energy generated by decay heat, per row
(Joule)

ECHEM Total energy produced by chemical reaction, per
row (Joule)

EFUEL Total energy absorbed by fuel rods, per row
(Joule)

ESTR Total energy absorbed by channel structures if
present, per row (Joule)

EH@LDR Total energy absorbed by holders/baskets, per
row (Joule)

ERAD Total energy radiated to building by upper tie
plates, per row (Joule)

ELINRS Total energy absorbed by sidewall liner, per
row (Joule)

ELINRB Total energy absorbed by bottom liner, per row
(Joule)

EC@ONCS Total energy conducted into sidewall concrete,
per row (Joule)

EC@NCB Total energy conducted into bottom concrete,
per row (Joule)

EC@NV1 Total energy convected out of spent fuel array
by air flows within fuel assemblies, per row
(Joule)

EC@NV2 Total energy convected out of spent fuel array
by air flows between channel structures and
holder walls, BWR elements, per row (Joule)

EC@NV3 Total energy convected out of spent fuel array
by air flows between adjacent holders, per row
(Joule)

ESTAIR Total energy assigned to air currently within
spent fuel array (Joule)

EREMDR Total energy balance error for spent fuel pool,

per row {(Joule)




OouTPUT
VARIABLE
NAME

EINT®

ESINK

EL@SS

PGEN

PCHEM

PFUEL

PSTR

PHPLDR

PRAD

PLINRS

PLINRB

PC@NCS

PC@NCB

PC@NV1

PC@NV2

DEFINITION

Total energy transferred into room atmosphere
by spent fuel air flows (Joule)

Total energy absorbed by containment building
heat sinks (Joule)

Total energy lost to outside atmosphere by
leakage, forced venting, and radiation/convec-
tion from building structure (Joule)

Current rate of heat (power) generation by decay.,

per row (Watt)

Current rate of heat production by chemical
reaction, per row (Watt)

Current rate of heat absorption by fuel rods,
per row (Watt)

Current rate of heat absorption by channel
structures if present, per row (Watt)

Current rate of heat absorption by holders/
baskets, per row (Watt)

Current rate of heat radiation to building by
upper tie plates, per row (Watt)

Current rate of heat absorption by sidewall
liner, per row (Watt)

Current rate of heat absorption by bottom
liner, per row (Watt)

Current rate of heat conduction into sidewall
concrete, per row (Watt)

Current rate of heat conduction into bottom
concrete, per row (Watt)

Current rate of heat convection out of spent
fuel array by air flows within fuel assemblies,
per row (Watt)

Current rate of heat convection out of spent
fuel array by air flows between channel
structures and holder walls, BWR elements, per
row (Watt)
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OuUTPUT

VARIABLE

NAME DEFINITION

PC@NV3 Current rate of heat convection out of spent
fuel array by air flows between adjacent
holders, per row (Watt)

PSTAIR Rate of energy increase of air within spent
fuel array (Watt)

PREMDR Current heat rate balance error for spent fuel
pool, per row (Watt)

PINTQ Current rate of heat transferral into room
atmosphere by spent fuel air flows (Watt)

PSINK Current rate of heat absorption by containment
building heat sinks (Watt)

PL@SS Current rate of heat loss to outside atmosphere

by leakage, forced venting, and radiation/
convection from building structure (Watt)
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D3. SFUEL Program Listing

PROGRAM SFUEL(INPUT,0UTPUT,TAPES=INPUT,TAPIO=0UTPUT,TAFELD)

GLOBAL TwWO-DIMENSIONAL PROGRA™M TO CALCULAT:Z FUZIL
TEMPERATURE RISZ IN A BWR CR PWR SPINT FULL POOL
WITH NC WATER.

ODIMENSION AB(8), AC(HA), AF(8)y AR(3), AS(8), ASPL(8), AT(3)
DIMENSICN AW(B), AWPL(8), AXAL1(3), AXA2(8), AXA3(8), CB(8)
DIMENSION COEFF1(3), COEFF2(3), CS(d)y, CW(3)y DELY(H)
OIMENSICN OGNI(3,3), DMWTR(3), DP(8,3), OPO1(c,3), DFC2(8,3)
OIMENSIGON DPO3(8,3), DPCula,3), DG3(E), DAL(31), DAS(21,8)
CIMENSICN DUW(31,8), FACS(8), FASK(8), FATS(8), FATSNK(8)

OIMcNSICN FOBWR(21), FDcCAY(21), FOPWR(21), FOX{31,8), FOXAVB(8)

OIM4ENSICN GCPB(E,3), GNI(EH3), GNIAVBI(5), GNIB(9), GNIO1(3,3)
DI“cNSION GNIO2(R3,3), GNIC3I(86,43), GNIOWL(8,3)

UIMENSTION GOX(31), GOXB(S9), GCXB0T(8,3), HBAL(E), HDR(31,8)
UDIMENSICN HRA1(31,8), HRAZ2(31,3), HSA1(31,38), H3A2(31,8)
OIMENSICN HTA4(8), HWA2(31,38), HWA3(31,&), HAUML1({31,3)

DIMENSICN IDECAY(3), IND1(31,8), IND2(31,8), IND3(31,5), IS(31,6)
DIMENSICON NASS(o)y NOT(3), OXM(31,3), PAL1(31), FA2(31), FA3(31)

CIMENSICN PL&4(3), PALAVE(E), PTAU(3), FTAUAV(Q)
OIMENSICN Q(31), QGB(3), QC3(&), QC3TOT(8), QCHEM(31,&)
OIMENSICN GCL(31), GCLTOT(31), QCCHND(31), QUDECAY(31,38)
DIMcNSICN QL(31), QR(31,8), QS(31,8), QTBOT(&)
DIMcNSICN QTTOP(8), QW(31,3), =CT (31,2), RHOA1(31)
OTIMENSICN RHOA2(31), RHOA3(31), RHOA4(Y), TAVTI1(31,£)

OIMZINSICN TAVEL10(31,8),y TAVE2(31,8), TAVC20(31,%), TAVE3(31,8)

OIMENSICN TAvc30(31,8), TAL1(31,8), TA2(31,3), TA3(31,t)
DIMENSICN TA4(3), TALWAVE(?), TA+AVO(&), T3(3), TBTOT (&)
DIMENSION TCOOL (21), TIMEC(3),y TITLE(S), TL(31), TLTIOT(31)
JIMENSION TR(31,8),y T5(31,3), THW(21,8), TwWiJM1(31), X(31)
DIMENSICN XLAB(5), XPL(100), YLA3(5), YRPL(100)

CCMMCN /FLGW/ FOXAVBy GCPE, GNI, GNIB, GOX3, 50X80T

NAMELIST /INPUT/ ASINK, CSINK, 0AMP, OfLT, OLFACT, OMWIR, FL,

FSTR, IBLOCK, ICHEM, IPLOT, N, ®NASS, NCZND, NPRINT, NPRNLW,

NROD, NSECT, POWG, PRMAX, RCI, RCO, RF, ROWS, 3M3, TIMAX,

TIMEC, TROCLT, TRMAX, TRPNT, TIMWOF, TIMWON, UL, VENT, VRUOM,

HS, Wiy XB, XL, XS, XTB, XW,y XHL’vX“H,
CPCON, CPL, CPNI, CPCx, CPS, CFPW, ZPC, ZPL, E£PS, cPT,
EPW, FCZCAY, FMULT, KMAX, NOZCAY, xHCC, RHOCON, RHUF,
RHCL, RHOS, RHOW, >MKCCN, TCCOL, TO, XXB80T, XxKTOP
O0ATA CPCCN, CFL, CPNI, CPCX /1,047y +460, 1130, 1.130/
DATA CPS, CPW, CPCy ZPL /.364y JEE3y o7y o3/
DATA <SPS, PT, tPWy KMAX /e7y o7y o2y 12/
DATA PI, POy, RAy RHOC /341415¢2654y 1401325, 2.571€6, 645/
DATA RHCCCN, RHCF, RHCLy RHOS /2,34,y 104ky 7452y haeS/
BATA RHOw, SIGy SMG, SMKCON /2479, 5457&£-12, 980., 012/
OLTA TCy XKBOT, XKTOP /2834y Oes Co/
DATA NOECAY, FMULT, TCOOL, FDBRWR, FLCPWR /1by 1.00,
1.E-1, 1.£0, 1.51, 1.22, 1.23, 1.24,
1.t5, BebB4ES,y 2,592E0y Te775cby 135527, 3.155L7,
6e311E7, Q.40dET7, 1.57E6E8y 3.155E6, S*%*0.,
5033&‘2, ~.785'2, 3092E‘2’ 20525'2’ 1.“55'2, 7t61£‘3)
30766‘3, 2.395'3) 1.“96'3, 9065E'“, 507“3'“, S.QSE‘Qy
10935‘“, 1.255‘“, 7030{'5, “099£°5, 5‘00,
563362y we78C=2y 3492E-2y 205CC =2y 1445t =2y 7.061E-3,
3.76&‘3, 20325'3, 10“3E‘3, 3.055-&, 5.195-#, ZoQEE'Q)
1e61E=-by 1.01E=4, 5,70E=5y 304 c¢E=5, 5*%0./
CATA OAMP, OELT, OLFACT, CMWTR, IFLOUT /0sy 504y 1ey 3*0sy 0/
DATA Ny NPRINT, NPRNZwWy, PRMAX /21, 36y 1y 1.151_.06/
UATA SMB, TIMAX, TRCELT, TRMAX 7,025, 36000e¢y 189y 1.E£9/
DATA TRENT, TIMWOF, TIMWON, X8 /1,5G, 1.E3, 0., «63%/
DATA XL, XTB /4€3%, 0.6/
JATA TITLE /5*10H /

3FU00100
SFU00110
SFU00120
3FUD0130
SFUNOD140
SFU00150
SFUDDB160
SFU00170
SFU00180
SFUDD4190
SFU00200
SFU00210
SFUpo220
SFU00238
SFUDBD240
SFUD0250
SFUD0260
SFUGD270
SFU002880
SFU0D0290
SFU00300
SFUD0310
SFUD00320
SFU00330
SFUD0340
SFU0035¢
SFU0D360
SFUD0370
SFUB0380
SFU0039¢0
SFUD0400
SFU00+10
SFUB0&20
SFUBOB+ 30
SFURO&40
SFUO D450
SFUDO0+60
SFU00470
SFUG0480
SFU00490
SFUO00500
SFudgs10
SFU00520
3FU00S 30
SFU00540
SFU005510
SFUD0560
SFUD0S70
SFU00S80
SFU00590
SFUDD60D
SFUBD0610
SFUOUB20
SFU00630
SFUO0&KLD
SFU00650
SFU00660
SFU00670
SFU00630
SFUD 0630
SFuUoon7go0
SFUOD710
SFuUa0720
SFU0G7 30
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80
31

4890

OO

150

62

85

37

S0

35

1

DATA XLAE /10HTIME (SZC)y +*10K /

OATA YLAE /10HPEAK CLAD , 10HTZMPERATUR,y 10ME
2*10H /

DATA XMAX, YMAX, XPMAX, YPMAX /28.y 1400,

ISTART=1

NPLOT=0

I£0fF=0

READ(S,4850) TITLZ(1)
FOIMAT (A7)

IF (tOF(5)) 82, &5

If (IECF.EG.1) GO TO 999
IEOF=1

GC TO &1

READ(S,INFUT)

IF (ISTART.EG.0) GO TO 87
IF (IFLCT.cQ.0) GO TO ¥7
CALL ROCCFY(4D)

ISTART=0

WCS=HWS

IF (XS.NE.0s) GC TO 990
WS=nNW

INITIAL VALUES

DELX=FL/ (N=-1)

nSPL=KS42,.,*XS

WHPL=WW42 ¥ XN

XSH=(hK-hSPL) /2,

CELZ=SHWR+ XN

IF (FSTR.EQ.D0.5) GO TJ 95

BELZ=WKPL

IF (XWKelLTo10004) ODtLZ=WHPL4+XKHW
DZ0X=DELZ*DELX

WW3X=0ZCX

IF (FSTR«£Qele) WWOX=AWPL*ICLX
SMAR=2,*FI*RCO*DELX*NROD
SMAF=PI*RF*RF*NROD

SHMAC=PI* (RCO*RCO=-RCI*RCI) *NROD
SHAS=L «*WS*DELX

SMASFPL=L*WSPL*DELX

SMAW=4 s *WW*DELX

SMAWPL=2.*DELZ*DELX

IF (FSTR.EQe1e0) SMAWPLZL,*WWPL*DELX
SMAT=WSPL®*NWSPL

SMAB= (WWFL ¢ XWW)*DELZ

IF (FSTR.ZQ.1,0) SMAB=DELZ*DELZ
SMAXAL=NS*WS-PI*RCO*RCO*NROD
SMAXA2=Rh*Wh-WSPL*WSPL
SMAXA3I=XhW*OELZ

IF (FSTR.tQUs1e0) SMAXAZ=DZLZ*OELZ-WWPL*WWPL
AXAL=XTB*LELZ

0C 100 J=1,NSECT

AR(J)=SMAR®NASS ()

AF (J) =SMAF®*NASS(J)
AC(J)=SMAC*NASS (J)
AS(J)=SMAS¥NASS(J)
ASPL(J)=SMASPL¥NASS(J)
AWK(J)=SMAR*NASS(J)

AWPL (J) =SMAWPL*NASS (J)
AT(J)=SMAT*NASS (J)
AB(J)=SMEB*NASS(J)

IF (JeEGe1) AB(II=AB(J) ¢DELZ* ( XWL =XHNW)
IF (JeSQNSECT) AB(J)=AB(J) +.5%DILZ* XNk

28-’

;)

1%00./

SFU0D740
SFU00750
SFU00760
SFU00770
SFUDDT780
SFU00790
SFU00400
SFUD0810
SFU00820
SFUD0330
SFUDO0840
SFU00850
SFU008c0

. SFUDDa70

SFU00880
SFUDD890
SFU00300
SFU00910
SFU003920
SFU00330
SFUOD3&0
SFU00350
SFU0G960
SFUDD370
SFU00380
SFU00990
SFU01000
SFuo10140
S5FUD1020
SFU01030
SFU01040
SFU01050
SFU01060
SFU01070
SFuUo1080
SFU01090
SFuU01100
SFU01110
SFUQ1120
SFU01130
SFUD1140
SFUD1150
SFUO1160
SFU01170
SFU01180
SFUD119¢
SFU0L200
SFU01240
SFuo1220
SFU01230
SFU01240
SFU01250
SFUD1260
SFUQ127¢0
SFug1280
SFUD1230
SFU01300
SFUD1310
SFUG1320
SFUD1330
SFUD013a0
SFUD1350
SFU01360
SFUD1370




100

105

110

112

AXA1(J)=SMAXAL*NASS (J)
AXA2(J)=SMAXA2*NASS (J)
AXA3(J)=SMAXAI*NASS (J)

IF (JsEGe1) AXA3(JI=ZAXAZ(L) 4DELZ* (XWL=XNW)
IF (JoEGeNSICT) AXAI(JY)=AXA3(J) +.5% 0L 2% XNA
CCNTINUE

NFINTA=TLES (NPRINT)

NF=NPRNTA

NM1=N-1

8L=0.

DC 10% J=1,NSECT

DELY(J) s (WWPL+XKWN) *NASS (J)

BL=3L+DELY(Y)

CCNTINUE

BELY (1) =CELY (1) ¢XWL =XHKNW

DELY(NSECT) =DELY(NSENT) ¢+, % XKW
BLEBLAIXWL=XNI) ¢+ S*XWN
CL=RHCL*CFL*DLLZ*DELX*XL

DC 110 J=1,NSECT
CS({J)=RHCS*CPS* (WSPL*WSPL =WS*WS)*DZLX*NASS (D)

Ch{J)=RHCA*CPR* (WRPL® (WWPL=2.% (1, =F3Tk)*XW)~HW*WH)*DCLX*NASS(J)

CB(J)=RHCL*CPL*AB(J)*XB

CCNTINUE

FAWL=C2CX/(UZOX/ (EPW* WWOX) +1 . /EFPL=1,)

FARW=WHCX/ (2./EPWN=-1,)

CC 115 J=1,NSECT

FACS(J) =FSTR®*AS(J) /(1 +/EPC+1,/EPS-14)

IF (XSeNEsDes) GO TG 112

ACS=4 *hCS*CELX*NA3S(Y)
FACS(J)=FSTR*AW(J)/ (AW(J) 7 (EPCRATS) 41, /EPH=14)
FASW(J)=FSTR*AR(JIIZ7(AW{I) 7 (EPS*ASFL (J) ) ¢1./PwW-1,)
FATB(J)ZAB(JI) 7(1/EFT 1 ,/EPL-1.)
FATSNK(J)=AB(J) /7 (1./EPT+14/0.7=1,)

CCNTINUE
TMAX=TO
PrIN==PO
WSMG=SMG*CEL X/RA

RHCO=P0O/ (RA*TO)

FC=.23

CPO=FC*CPCOX+(1,-F0) *CPN]
FPL=SMG*RHCO*FL

UPL=SMG*RFOO®UL

APL=FPL ¢+UFL

PR=4.*WS+2.*PI*RCO*NRCUD

DE=4+®"SMAXAL/PH

EL=FL*(1+42.%5SMB)/P1
QDENCM=COS(SM3*FL/ZL) =GOS ((1.+4SM3)*FL/EL)
cGEN=0,

ECHEM=0,

EFUcL=0,

ESTR=0.

£HOLDR=C.

ERAC=0.

ELINRS=0,

ELINRE=0,

ECONCS=0.

ZCONCB=0.

cCONV1=0,

ZCONV2=10,

ZCONV3=0.

ESTAIR=0.

EREMOR=0,

enCCM=0,

ESINK=D0.

\

SFUD13s60
SFU01320
SFUO1-00
SFUOL%10
SFU01.20
SFUO0L4 30
SFUOLweO
SFUD1450
SFU01«60
SFUD1i470
SFUO1430
SFUD1490
SFU015090
SFU01510
SFU01520
SFU01530
SFUD15+0
SFUD1550
SFUD1560
SFU01570
SFU0D15¢80
SFUD1590
SFU01600
SFUD1610
SFU01620
SFUU1630
SFUG164L0
SFU01650
SFUD1660
SFUD1b570
SFUD1660
SFUD1690
SFUL1700
SFUC1Li710
SFU0172¢0
SFUD17 30
SFUD1740
SFUD1750
SFU01760
SFU0L770
SFUD1780
SFU01790
SFU013 00
SFUD1810
3FyU0o182as
SFUD1830
SFU01840
SFU01350
SFUR1860
SFUD1870
SFU01360
SFUD18%0
3FuU01900
SFUD1910
SFU01320
SFU01930
SFU01940
SFUD1950
SFU015¢€0
SFU0Q1970
SFUN1380
SFU01890
SFU02000
SFU02010
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120

130

1-0

160

162
165

152

ZLJS8S=0.
PCONCS=0,
PCONCE=0.
QSINK=0,
QASINK=0.
QLSINK=(.
QLOSS=0.
QOUT=0.
DELIC=0D4LY
TIME=0,
X(1)=0.

DC 120 I=1,NM1
X{I+1)=I%CcL X

GUI)=(CCSUIXUL) +SMB*FLI/ZEL)=COSUIX{I+1)+SMB*FL)/EL)}/UDENOM

CCONTINUE

DO 130 I=1,N+1
TL(I)=TC+1,2~-10
TLTOT(I)=0,.

QCL (1) =0,
QCLTCT(I)=0.
CCNTINUE

00 140 J=1,NSECT
To(J)=TO+1.,E-10
TBYOT(J)=0.
QC8(J) =0,
QC3TCT(J)=0,
QT30T(J) =0,
Q8(J4)=20.
TA4(J)=TC
TAGAVE(J)=TO
PAGAVE (JU) =APL
FOXAvB(J)=FC
IDZCAY () =1
CONTINUE

D0 160 J=1,NSECT
GNI(Jy1)=1,C-10
GNI(Jy2)=1.c=-10
GNI(Jy3)==2,.,E~1C
GCXBCT(Jy2)=0.
DGNI(Jy1)=0,
ODGNI(Jy2)=0.
DGNI(J,y3)=0.
CONTINUE

DO 165 J=1,NSECT
DC 162 I=1yNM1
TA3(1,4)=T0
TA21(I,J)=TC
TAL(I,J)=T0
TAVE3(I,4)=T0
TAVE2(I,4)=T0
TAVEL1(I,4)=T0O
THR{IyJ)=TCeier-10
TS{I,J)=TC+i.E-10
TR(I$J)=TC+1ec=10
OXM(I,J)=0,
QDECAY(I,J)=0.
QCHEM(I,J)=0,
RCT(I,J)=1./6200,
IS(I,J)=0
HHAZ(I,J,:UC
HSA2(Iy4)=0.
HRA2(IyJ)=0.
CONTINUE
CONTINUE

3FU02020

SFUD2030

SFU02040

SFU02050

SFUg206e0

SFUg2a7g0

SFuo2080

SFU02030

SFuU02100
SFUD2110
SFuU02120
SFU02130
SFUD2140

SFUD2150

SFU02160

SFUD2170

5FY021890
SFUD2190
SFU02200

SFUD2210
3FU02220
SFUB2230
SFU02240
SFU02250
3FUB2260
SFUD2270
SFUD2280
SFuU02290
SFy02300
SFUD2310
SFUD2320
SFUD2330
SFU02340
SFU02350
SFUD2360
SFUD2370
SFUB2380
SFU02390
SFUD2«00
SFU02610
SFU02420
SFUN2430
SFUQ2&40
SFUB2450
SFU02460
SFU02470
SFUD24AD
SFU02490
SFU02500
SFU02510
SFUD2520
SFU02530
SFU02540
SFU02550
SFU02560
SFUB2570
3FUD2580
SFU02590

SFU02600

SFU020610
SFU02620
SFUQ2030
SFUQ2640
SFUD2650
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PRCCM=PC S5FUN2660
TROOM=TGC SFU02570
FRCCM=F(C SFU02020
RHORM=RHCC SFU0266G0
OPMAX=0., 3FU02700
DGMAX=0, SFU0271n
GNIMAX=1,E10 SFUQ272¢
TSINK=TC SFU027 30
NPL=0 SFU02740
IPL=IPLCT SFUD27590
TRPL=TC SFUUQTBO
SFuUgerz7o

IVENT=D SFU02780

IF (PRCCM.GrLFPRMAX) I VENT=1 SFUD2790

NCT (1) =0 SFU026 00

IF (IBLOCK«EQe1) NOTC(L)=1 SFU02510
NCT(2)=0 3FU02520

IF (XSecCeNseORIBLOCKScGe2) KNCT(2)=1 SFU02830

NCT 3=0 SFU024 40

If (IBLCCK.:Qe3) MNOT3=1 SFU02350
S3FUD2660

IF (FMULTWLT.N.)GO TO 163 SFU02370

IF (NROC.GF.100) GO TO 1&7 SFU02c480

D0 16€& ICCY=1,NDzCAY SFUD023930

166 FLZCAY(ICCY)=FDOWR(IDCYI*FMULT SFU02300
GC TC 16¢ SFU02910

1o? 00 168 IDCY=1,NOECAY SFU02320
156 FOZCAY (ICCY)=FDOPWR(IOUCY)*FMULT SFUD2930
SFU023%0

WRITE INPUT SFU02950
SFUD2360

163 WKRITE(6,4900) TITL-(1), ASINK, CS INK, DAMP, DZLT, DLFA4CT, DMWTR, 35FU02370
1 FLy FSTR, IBLOCK, ICHENM, IFLOT, Ny, NCENJ, NPRINT, NPRNcW, NROD,SFU02980

2 NSECT, POWC, PRMAX, KCI, RCO, RF, ROWS, SMB, TIMAX, TIMWOF, SFU02330

3 TIMWKCNy TROELT, TR™AX, TRPNT, UL, VENT, VX0OOM, WCS, WW, XB, XL,SFUG3000

& XS, XTE, XW, XWL, XWW SFUD3010
4300 FCRIMAT(*1*,A7 // * ASINK= *,1P210.3 /7 * CSINK= *,:10.3 / SFut 3020
1 * DAMF= *,21043 / % 0cLT=  *,E1043 /7 * OLFACT=%,.1043 / SFU03030

2 * DMRTR= *,01063/6X321043/8X,E1043 / SFUB3040

3 * FL= *,E£10e3 /7 * FSTR= *,E10e3 7 * IBLOCK=%*,IC / SFUD3050

) * ICHErM= *,1I5 /7 * IPLOT= *,I5 / * N= *,15 /7 *» NCEND= *, SFU03060

5 IS /7 * NPRINT=*,I5 /7 * NPRNEW=%,I5 / * NRQOU= *,I5 / SFU03070

b * NSZCT= *,I5 7 * POWO= *,510,3 / * PRMAX= *,Z10.3 / SFUQ 3080

7 * RCI= *,£10.3 /7 * RCO= *,51043 /7 * RF= *,£10,3 7/ SFUQ3090

8 * ROWS= *,210.3 /7 * SM3Z= *,c10e3 /7 * TIMAX= %,£10.3 7/ SFU03100

g * TIMWCF=%,21043 7/ * TIMWACN=%*,£10e3 /7 * TROCLT=%*,E1063 / SFU03110

+ * TRMAX= *,E10.3 / * TRPNT= *,E103 /7 * UL= *,e10.3 7/ SFuUp312d

1 * VENT= *,210.3 /7 * VROOM= *,210,3 /7 * WS= *,010.3 / SFU03130

2 * WK= *,E10,3 7 * XE= *,81063 7 * XL= *,c1063 7 SFUOD3140

3 * XS= *,81043 /7 * X78= *,£1063 /7 * XiN= *,E10.3 / SFU03150

4 * XMWL= *321063 7/ * XHHW= *,£10.3) SFU03160
ARITE(6,4510) SFUD3170
+910 FORMAT(/* J NASS TIMEO* /) SFU03180
WRITE(6,«S20) (Jy NASS(J), TIMECUIJ)y J=1,NSECT) SFU03190
4220 FORMAT(I4,I6,1PE12,3) SFU03200
WRITE(6,4530) CPCON, CPL, CHNI, CPOX, CPS, CPW, ZPC, LPL, SFUD3210

1 ZPS, E£PT, EPW, FMULT, KMAX, NUO:tCAY, RHTCC, RHICOM, RHOF, SFUD3220

2 RMCLy RHOSy RHOW, SMKCCN, T0, XxKBOT, XKTOP SFUD 3230
4330 FCRMAT(/* CPCON= *,1F=Z10,3 7 * CP.= #,21043 7 % CPNI= », SFU03240
1 21043 7 * CPOX= *,E10.3 7/ * CFS= *,21043 /7 * CPh= *, SFUD 3250

2 £10.3 7 * gPC= *,£104,3 /7 * CcPL= *,21043 ¢ * TPS= *, SFUD3260

3 z210.3 7 * tPT= *,E1043 / * EFW= 4,103 /7 % FMULT= *, SFuU0327¢

L £10e3 7/ * KMEX= *,I5 / * NOzZCAY=*, SFUN3280

€ IS 7 * RHOC= *,E10e3 /7 * RHOOCN=*,210.3 /7 * RHOF= *+, 5FUD3230
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[N

OGO

OGO

GCOOGO

154

340

250

170

172

174

176
178
130

130

200

210

6 1063 7 * RxHOL= *,E1043 7 * RHOS= *,310N0e3 / * RHCKW=
7
8

»

210e3 /7 * 3MKCON=*,g10.3 /7 * Tg= ¥y21063 /7 * XKECT= *,

c10s2 /7 * xKTOP= *,210,.3)
WRITE(644940)
FCRMAT (/* I TCCOL FUCLCAY*/)
WRITE(6,4S50) (I, TCOOL(IV, FLECAY(I), I=1,ND:CAY)
FCRMAT(IL,1P2212,3)

START TIME LGOF

0C 174 J4=1,NS3cCT

0C 172 I=1,NM1
TAVC10(I9Jd) =TAVEL (I 4 )
TAVE2C(I,J) =TAVE2(I,J)
TAVEIGLIJ)=TAVEI(I, N
CCNTINUZ
TALAVO(J)=TaswAvE (D)
CCNTINUE

0C 1786 J=1,NSECT

0C 17€ L=1,3
AGNI=AXAL(J)

IF (L.EGe2) AGNI=LXA2(W)
IF (LeEQ3) AGNI=AXA3(J)
GNIO1(JyL)=-200.%AGNI
DPC1(J,yL)=-PO
GNIO2(J,yL)=0ONI0L(J,y)
BPO2(J,yL)=DFO1(J,yL)
GNIO3(JyL)=200.*AGNI
OPO3(JyL)=PO
GNIOL(JyL)=GNIO3I(U,L)
DFOL(JyL)=DPO3(J,L)
CONTINUS

CONTINUE

0C 550 K=1,KMAX

KIT=K

PCONV1=0,

PLUONV2=0.

PCCONV3=0.

PSTAIR=0,

ICIREC=-1

START LOOF THROUGH SECTICNS OF PGOL
GC 325 J=1,NSECT

START CETERMINATION OF AIR FROFcRTIES
CHANNEL 3, BITWEEN HOLLERS
P IS PRZSSURL 4AA0VI ROCM PRCISSURE

IF (GNI(J,3)*IDIREC.LTs0.) GC TO 245
IF (GNI(J,3).GT.04) G3 TO 200
PL3(N)=0.+UPL

TA3(NyJ)=TRCOM

FCXC=FRCCM

GC TO 210

PR3 (1) =PALAVE (J)

TA3(1,4)=TASAVI (J)

FCXO=FOXAVB(J)
GCXC=FCXC/(1e=FOXU)*GNI(J,3)
GCP=GOXC*CPUX+GNI(Jy3)*CPNI
GCPA=ABS (CCP)

GI=GNI(J,3)+G0X0
CF=FOXC*CFOX+(1.=-FOXO)*CPNI
PCA=PRCCM*CP*AXAZ (J)*OELX/(RA*QELT)

SFU03300
SFUDB3310
SFU03320
SFU03330
SFUD3340
SFU03350
SFU03360
SFUD3370
SFUD 33480
SFU03330
SFU03400
SFUD3%10
SFUD 3«20
SFUD3+430
SFU03440
SFU03450
SFUQ34b60
SFU03470
SFUD 3480
SFUD34L90
SFU03500
SFU03510
SFU0352¢0
SFU03530
SFUD3540
SFU03550
SFU03560
SFU03570
SFU03580
SFUD3590
SFU03600
SFU035610
SFUD3620
SFU03630
SFU03640
SFUB3650
SFU03660
SFU03670
SFUD3680
SFUD3590
SFUD3700
SFUD3710
SFU03720
SFU037 380
SFUD3740
SFUD3750
SFUD3760
SFUD3770
SFU037480
SFU03730
SFU03600
SFUD3810
3FU03320
SFU03830
SFUD 3840
SFU0 3350
SFU03860
SFUD3870
SFUD3880
SFU0338990
SFU033900
SFUD3910
SFU03320
SFU03930
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IF (ICIRZIC.uQe-1) PATUINI=FAZIN)-(XKTORP®LI*GI*RACTASINGJ))
1 /{2«*FROCM*AXAZ(J)*AXAZ(S))
IF (ICIRIC.5Qet¢1) PAI(L)=FAZI(L)~( XKBOT*GI*,I*RAYTAS(L,U))
1 /(2 *PROUMPAXAI(J) *AXAS(U))
0C 2«0 II=1,NM1
I=N®*((1-ICIREC)Y/2)+1I*IDIR:C
[BACK=I+(1-I0IREC) /2
IFAO=T¢(14]I3IREC) /2
XFATH=(II=-.S)*D_LX
XNC=FL*((1=-I0IRZL)/Z2) +XPATH*ICIREC
IF (JeN£el) GU TO 220
TRIML(D) =TL (D)
XWWJIML =X R
W23IX=CZCx
GC TO 230
220 TWIMI(I)=THW(I,J-1)
XAAJIML=Xhh
WZDX=WREX
230 OH=2.*XWhJMI

CALL APRCF (1, XPATH, XNC, FL, GL, OH, ThJMI(I), T2S(ILACK,J),
1 RHOA3(IBACK), PRCOM, RE3, HWJMI(L,J), sMFJM1, AXA3(J), FOXJ,

2 HOR(I,d), INDI(I,J))

IF (JeECe1) CALL APROP(1, XPATH, XWdl, FL, 0L, UHy, TW(I,J),

1 TA3({IRACK,Jd), RHCAZ(IRACK) , PRCIM, RE3, HTIMP, SHMFTEM,

2 AXA3(J), FCX3y HOR(IyJ), INUZ(I,J))

OHZ2Z *XWH

CALL APROP(1, XPATH, XNC, FL, GI, OHy TW(I,J)y TA3ZCIBACK,J),

1 RMCA3 (IBACK), PRCOM, RE3, HWA3(I,J), SMFWAS, AXA3Z(J), FOXO,

2 HOR(I,J)y IND3(I,J4))
IF (HWA3(I1,U)ECe0e) HWASII,J)=1.E=-1C0
AWAS=AWPL (J) =WZDX
IF (JJEQ.NSZCT) AWAS=AWA3+HNDX
IF (JeNcel) GO TO 232
HIWAS(L yJ) = (HWAS(1yJ)* (AWA3-WHEX) +HTEMP*AWEX) /AL S
SMFWA3= (SMFWAS* (AWAZ=-WWOX) +SHFTEMPHRUX) /AWAS
232 WK1=HWA3(I,J)*AWA3Z+HWNIMI(I,J)*nZ0X
HAT=HWAI (I, J)*AWAZ* TA (1, J) +HWUMI (I, ) *WZ0X*THIML(])

TAVE3(I 3 J)={2.%GCPA*TAZ(IRACK,,J)+PCLA+HAT) /(2.*GORA+PCA/TAVLI0(1,J)

1 +WK1)
TAZ(IFRL yJ) =2.*%TAVL 3(I,0) -TA3(IBACK, J)
PSTAIR=PSTAIR+PCA*(TAVc3(I,J)=TAVEIO(I,J))/TAVLSO(I,N)
235 ALPH=2,0
IF (PE3,61.3000,) ALPH=1.1
ALPH=0, ’
PAS(IFWO) =PAJ(IBACK) =WSMO*PRCUGM/TAVES(T,J)*I0DIRLC-(GLI*CTI*RA)
1 /7 (PRCCM*AXAI(JI*AXAZ (I * (LLPHA(TAT(IFWD,J)-TA3(IBALK,,J))
2 +(SMFWAZ*AWAS+SMFUMLI*NZOX) /2. *TAVES Ly D/EXR3ICH)
240 CCNTINUZ
IF (GNI(Jy3)4GTaDs) UPUJy3)=PRWAVE(J)-PA3 ()
1 +SMG* (FRCOM/ (RA*TA3(N, ) ) ) *UL
2 ¢+ (XKTCF2GI*GI*RA*TARING,J) )/ (2.*PRUVMALXAZ( ) *LXAZ()))
IF (GNI(J,3).LT.U.) DP(J’S):FAE(l)-OO
1 “(XKRCT*GI*GI*RKAPTAI(1,J)) /7 (24*PRCUM*LXAT(II*AXAS(I))
GCX30T (4, 3) =GOXO
PCONV3=FCONV3I+GCP*TA3(N,yJ)

CHANNEL 2, BeTWitbN STRUCTUR: ANJ HILCe?

245 IF (X$S+42G.04) 6O TO 2530
IF (ONI(J,2)*I0I=22C.LT.0,) GO TO 230
IF (GNI(Js2)46T4Ns) GC TC 220
PA2(N) =0,+UFL
TA2(NyJ)=TRCCH
FCXC=FRCCH

SFUD 596D
SFUD 3350
SFU0 3460
SFUUSITO
SFUB 3980
SFUD 5930
SFU&BD0
SFUN4N1D
SFUDLD2D
SFUN«030
SFUO 404D
SFUTL 05D
SFUNY06D
SFUO40ZU
SFU040:D
SFUN4090
SFUDL 100
SFUD110
SFUU4120
SFUDLL 30
SFUOL1LD
SFUL150
SFUBL16D
SFUNW170
SFUD1EN
SFU0L 190
SFUBW200
SFUOL2Z1D
SFUQL22D
SFUD42 3D
SFUOL240
SFUNu2sn
SFUD4260
SFUDL270
SFUN4280
sFUBL290
SFUDLS0D
SFUOL3LL
SFUNL320
SFUN«330
SFUD W SWl
SFUDW3IS0
5FU04 360
SFUD& 370
5FU0L380
SFUBG 330
SFUOLLOD
SFUDGWLD
SFUDw420
SFUOLL30
SFUDG L0
SFUOL5D
SFUNL 46D
SFUOLGTU
SFUOLWBO
SFUN+w30
SFU0S500
SFUDLS1D
SFUUL52D
3FUNLS SN
SFUBLS54LD
SFUNLLYE

5FUNWS60
SFUNL3T0
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OO0

156

260

i

1

1

2

1

2

1
2

262
1

255

1
2
270

1
2

1

290

GC TC 28C SFUD0L580

FA2(1)=FRLAVE (D) SFUUL590
TA2(1,3)=TALAVI(J) SFUDLL OO
FCXC=FOXAVB(J) S3FUQuLA1LD
GOXCFOXC/ (1e=FOX0) *GNI(Jy2) SFUQL520
GLP=GOXC*CPOX4GNI(J,2) *CFN] SFUDL5 30
GCPA=ABS (GCP) SFUD4640
GI=6NI(J,y2)+GOXC SFUD4n50
CF=FCXC*CFOX+(1.~FOX0)*CPNI SFUD«EED
PCA=PRCCM*CF*AXA2(J)*IELX/(RA®DELT) SFU04ST0
IF (IDIREC.,z2Qs=1) PAZ2(N)=PA2(N)=-(XKTOF*GI*GCI*KkA*TAZ2(N, J)) SFUO4580
/(2.*PROOM*AXA2{J)*AXAZ(J)) SFUD4H50

IF (ICIREC.EQe+1) PA2(1)=FA2(1)=(XKBOT*GI*GI*RA*TA2(1,4)) SFUBL?700
/(2+FFRCCM*AXL2(J)*AXAZ2(J)) SFUOL710

DC 270 II=1,NM1 SFU0u720
I=N*((1~-ICIRcC)/72)+II*ICIR=C SFUDWL7 30
IEACK=T+(1-I0JREC) /2 SFUDLTLO
IFRD=1+¢(1+4¢I0IREC) 72 ’ SFUQ4750
XFATR=(II-.5)*0cLX SFUDL760
XNC=FL* ({1-IDIRZC)/2) +XPATH*ILIREC SFUD&770
DH=SMAXA2/ (KSPL +WHW) SFUQT780
CaLL APROP(1, XPATH, XNC, FlL, GI, DHy TW{(I,J), TA2(IBACK,J}, SFUOGT790
RHCA2(IBACK) , PRCOA, RE2, HWL2(I,J)y SMFWA2, AXA2(J), FOXO, SFUD4800
HOR(Iyd)y IND2(Iyu)) SFU0L310
CALL APRCF(1, XPATH, XNCy FLy GIy JHy TS(IyJ)y, TA2(IBACK,J)), SFUQX820
RHOA2(IUACK) , PRCOM, REZ2, HSAZ2(I,J), SMFSA2, AXAZ2(J), FOXU, SFUD0LE 30
HOR(I,4)y IND2(I,J)) : SFUO4940

IF (HRA2(I,J)EQe0s) HWA2(I,J)=1.E~100 SFUOL350
WK1=HWAZ (I, J)*AN(J) +HSAZ (T, ) *ASPL () SFUOL860
HAT=HWA2 (L, J)*AR(I) *TW(I,J) ¢HSAZ(L, ) *ASFLII *TS(I, P SFUDLaTo
SMFA= (SMFRAZ*AW(J) +SMFSAZ *ASPL(J ) /2, SFUDL#35B0
IF (FSTRJ.EG.1.0) GO TO 262 SFUDe890
CALL AFRCP(1, XPATH, XNC, FL,y GI, OHy TR{I,J), TA2(IBACK,J), SFUB&300
RHCA2 (IBACK) , FROOM, REZ, FRA2(I,J), SMFRA2, AXA2(J), FOXQO, 3FUDLILD
HOR(I,Jy)y 1I2) SFUD&4%$20
WKL1=WK1/2. #4HRAZ (I, )% (AWCY) +RSPL(JII) /2, SFUpL9 30
HATSHAT/24+HRA2(I,J)* (AW(J) +ASPL(J))*TR(I,J) /72, SFUQ 494D
SMFL=SMFA/2.+SMFRA2*(AN(J) +ASFL(J)) /L, SFUOLISD
TAVE2(I,J)=(2.,*GCPA*TA2 (IBACKy J)+PCA+HAT) /(2. *GLPA+PCA/TAVE20(1,J4)5FUBLI6D
+RhK1) SFUQeS70
TR2(IFWC,J)=2.*Tave2(I,J) -TA2 (IBACK, J) SFU0w360
PSTAIR=PSTAIRPCA* (TAVE2(I,J) =TAVE20(I,J))/TAVEZ2D(I,4J) SFUO49930
ALPH=2,0 SFU05000
IF (RE2.GE+3000.) ALPH=1,1 SFUDS010
ALPH=0, SFU0s0620
PL2UIFWD)=PA2(IBACK) ~WSMG*PROCM/TAVIZ2(I,J)*I0IR:C-(GI*GI*RA) SFU05030
/(FRCCM*AXAZ(II*AXA2(I)) * (ALPHY(TA2(IFNN,J) ~TA2(IRACK,J)) SFUD50«0
+SMFA*TAVE2(LyJ)7aXA2(4)) SFUD0S050
CCNTINUE SFU05060
IF (GNI(J,2)¢GT40,) OP(J,2)=FALAVC(J)=-PR2(N) SFU05070
+SMG* (FRCOM/Z (RA*TA2(NyJY))) *UL SFU0>0480
+{XKTOF*GI*GI*RA®TA2(N,J)) 712, *PROOM*AYAZ () *AXA2(J)) SFU05099

IF (GNI(J;2).LT.04) OP(Jy2)=PA2(1)~-0, SFU05100
“(XKBOT*GI*GI®*RA®TA2(1,J)) /7 (2. *PROOM*AXA2 (J)*AXA2(J)) SFU05110
GCXBCT(J,2)=G0XC . SFUB5120
PCCONV2=FCCNV2+GCP*TAZ (NyJ) SFUD5130
SFUD5140

CHANNEL 1, WITHIN ASSEvBLY SFU05150
SFU05160

IF (GNI(J,1)*I0IREC.LT40.) GC TO 325 SFUB51790
IF (GNI(Jyy1)eGTe0s) GC TO 300 SFU05180
PAL(N)=D4+UPL SFU05190
TAL{(N,y J)=TRCOM SFYos5200
FCXINyJ)=FRCOM SFUD5210


http://J)=FP.COM

GCXAN)ZFCX(Ny )/ (1e=FOXINyJI)*GNI(Jy1)

GI=GOX(N) ¢GNI(J,y1)

6C TC 310

300 PAL(1)=PALAVE (J)

TAL(1,Jd)=TAGAVE (J)

FCX(1,J)=FOXAV3(J)

GOX(1)=FCX(1,J)/(1e=FOX(1,J))*GNI (Jy1)

6I=GOX(1)+GNI(Jy1)

310 IF (IDIREC.EQe=1) PAL(NIZFAL(N)=(XKTOP*GI*GI*RA*TAL(N,yJ))
1 /(2.*FPSOOMSAXAL(J) *AXAL(J))

IF (IDIREC.ZGe+1) PAL1(1)=PA1(1)-(XKBOT*CI*SI*RA*TAL(1,U))
1 /(2.*PROOM*AXAL(J)*AXAL(J))

0C 320 II=1,NM1

I=N*((1=-ICIREC) 72) + II*IDIREC

IBACK=I+(1-IUIREC) /2

IFWU=I+(1+I0IREC) /2

XPATH=(I1=.5) *0eLX

XNC=FL*® ((1=IDIREC)/2) +XPATH*IDIRLC

GOX (IFWD)=GOX(IBACK) =CXM(I,J) #IDIRZC

IF (GOX(IFWD)*G0X(IBACK) «LZe0e) GOX(IFWD) =0,

FCXCIFWDyu)=GOX(IFWD) Z/(GOX(IFWC) +GNI (Jy1))

FOXAV=(FOX(ICACK,J) +FOX(IFWD,J)) /2,

GI=.5%(GCX(IBACK) +GOX (IFWD) ) ¢GNI (Jy1)

CALL APRCF(2, XPATH, XNCy FL, GIy Dz, TS(I,4), TAL(IBACK,J),
1  RHOA1(IBACK), PRCO4Y, RE1, HSA1(I,J), SHMFSAL, AXA1(J),
2 FOX(IEACK,J), HDR(I,J)y INC1(I,J))

CALL APRCF(2, XPATH, XNC, FLy GI, 32, TR(I,J), TAL(IBACK,J),
1 RHOA1(IBACK), PRCOM, RZ1, FRA1(I,J), SMFRA1, AXA1(J),
2 FOX(LEACKyJ)y HDR(IyJ)y INDL1(I,J))

GCP1=GOX (IRACK) *GPOX¢GNI(J,1) *CPNI

GCP2=GOX(IFWD) *CPOX+GNI (Jy1) *CPNI

GCP=(GCP14GCP2) /2,

GCPA=ABS (GCP)

CP=FOXAV*CPOX+(1,-FUXAV)*CPNI

PCA=PRCCM*CP*AXAL () *DELX/ (RA®DELT)

IF (HRA1(I,J).EQe04) HRAL(I,J)=1,8-100

WK1=HRA1 (I, J)*AR(J) ¢HSAL1(1,J) *AS (D)

HAT=HSAL(I,J) *AS(J)*TS(I,J) +HRAL (I, D *AR(I *TRII, W)

SMFAZ (SMFSAL1*AS (J) +S4FRAL*AR(JI) 7 s

IF (FSTR.EQs1.0) GC YO 312

WK1=WK1+(hRAL (I,J)=HSAL (IyJ))*AS(4) /2.

HAT=HAT ¢ (HRA1 (I 3 ) *TR(I,J) =HSAL(I ,J)*TS(I, ) *AS(JI) /2,

SMFA=SMF A+ (SMFRAL=SMFSAL) *AS(J) /4,
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SFUOS440
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SFUD5560
SFU05570
SFU05580
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SFUD5600
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SFU05640

312 TAVEL(I,J)=(2.*GCPA*TAL(IPACK, ) +FCA+HAT) /(2.*GCPA+PCA/TAVELIO(I,J)SFUOSHST

1 +WK1)
TAL(IFWC,J) =2+*TAVEL(I,4J) ~-TAL(IBACK,yJ)
PSTAIR=PSTAIRPCA®(TAVIL(I,4) -TAVZL10(I,J))/TAVEL10(I, I
315 ALPH=2,0
IF (Re1.CEL3000.) ALPH=1,1
ALPH=0,
PAL(IFWD)=PAL(IBACK) =HWSHMG*PRCCM/TLVII (I, ) *IDIREC-(GI*GI*RA)
1 /(PRCCM*AXAL(J)*AXAL(U))* (ALPH*(TAL (IFWD,J)=TAL(IBACK,J))
2 +SMFA®TAVEL (I, J) /7AXAL(J))
320 CONTINUE
IF (GNI(Jy1)eGTe04) DP(Uy1)=PLGAVE(J)-PALIN) #(XKTOP*GI*GI*RA
1 *TALINJJ))/ (2., *PROCM*AXAL (V) *AXAL(J)) ¢IMGY (PRODM/ (RA
2 *TAL(N,J)))*UL
IF (GNI(Jy1)4LT40e) OP(J,1)=PAL(1)=(XKBOT*GI®GI*RA
1 *TAL1(1,J)) /7 (2."PROOM®AXAL(JI*AXAL(J)) =0,
GCXBCT(Jy1)=GOX(1)
PCONVI=FCCNV1+(GOX(N)*CPOX+GNI (Jy 1) *CPNI)*TAL1 (N, J)

325 COCNTINUC
If (IOIREC.EG.-1) GO 710 w22
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C
c
c

QOO

HREAT FLUXSS TO VeRTICAL STRUCTURE -LEMZINTS

0C 350 J=1,NSECT
CC 34D I=1,NM1
IF (JeNZs1) GO TO 320
TWwiML(I)=TL(I)
FAJYL=FARL
WZ3x=0ZCX
GC TC 32¢u
326 TwWIMI(I) =T (I,J=1)
FAJMI=FAWW
WZIX=WKDX
328 QRWIMISFLUMLI*SIG* (TW(I,J) **4=-TwWiM1(I)**s)
AWIMI=HWOML (T g JI*WZOX* (TAVI3 (I, ) =THWIML(I)) +URNIML
IF (JoNZe1) GO TO 330
GLCI)=0WJML1-GCL(I) .
DGLUAI) ==FnJMLI (I3 ) *WZOX =4 *FAUMLI*SIG*TRUML(I)**3
6GC TC 33¢
330 AW(I4J=1)=QW(I,J=1) +QWJIM14
COWtIyJ=-1)=0GW(I5J-1)~HWINML (T yJ) *hZOX-w*FAJMI*SIG*THIMI(I)**3
335 ARSH=FASW(J)*SIGH(TS(I,J) *%4=-THW(I,J)**4)
QAR (I 9 J)=PWAR (T 9 J) ¥ (AWFL (J) =WZEX)* (TAVE3I(T, D) =TR(I,J)) +HNL2(T,J)
1 *AN(J)*FSTR®(TAVE2 (I, ) =TH(I,J)) +QRSH=GRAIML
COW(IyJ)==HRAS (I, ) ¥ (AWNPL (J) =K2DX)-HWA2(1,J)*AW(J)*F3TR
1 =4e® (FASW(J) #FAJML)*SIG*TH I, J)**3
IF (JUeNEWLNSZCT) 60 TO 337
GRII,J)=CW(IyJ) +HWA3 (I J) *WANDX*(TAVEI(I,ZU)=-THW(I,J))
OUW (I, )=CAN(IyJ) ~HNAZ(I,J)*WNOX
337 QRRS=FACS(J)*SIG*(TRII,J)**&=TS(I,J)*"4)
GS(IyJ)=(HSAZ(I L U)*ASPL(II*(TAVER2 (I, J)=TS(I,J)) +HSALIT,J)*AS(J)
1 FUTAVELLI U =TS(I,J)) ) #*FSTR+NRRS-URSH
DAS(IyJ)==(HSA2(I,J)*ASPL(JI+HSAL (I, J)*AS(J))*FSTR
1 ~Lo®* (FACS(J) ¢FASW(J))*SIG*TS(I,J)**3
IF (XSeNEWOe) GO TO 338
AW (Is0)=Cn(Il,0)+QS(1sJ)
OGAW(IyJ)=CQAW(I,J)+DCS(I,J)
3386 QAR(IyJ) =HRAL(I,LJ)*AP(J) *(TAVEL1(I,J)=TR(I,J))=URRS
IF (FSTRWEQe0e3) AR (I 4J)=QR(I 4 J) + 5% (HRA2(I,J)* (AW(Y) +ASPL(J))
1 CUTAVE2(IyJ)=TR(I,J)I+HRALI(I,II*AS(II*(TAVEL(I,LJ)=-TR(I,J)))
340 CONTINUE
350 CONTINUC
GC TC w34

BASE FLOW PRUPERTIZS, MASS FLGOWS

%22 GNIB(1)=20.
GCXxB(1)=0.
GNIB(NSECT+1)=0.
GOXBINSECT+1) =0,
PTAU(1) =0,
DC 424 J=1,NSECT
GNIB(J+1)=GNIZ(J) =GNI (Jp21)=GNI (Jy2)=GNI(J,3)
GNIAVB(J)=.S*(GNIS(J) +ONIE(J+1))

L24 CONTINUE

J=0
JJ=¢
-26 J=J+t
JéJd=d
IF (JJGT,NSECT) GO TO %30
IF (GNIB(J+1).LT.0s) GO TC 2€
CALL BFLCW(J)
IF ((J=33).6T.1) GO TO 428
Jd=d
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(X eN 9!

»30

w32

o34

GC TC &2¢

J=J=1

CALL BFLCW(UD)

IF ((J=34)4GT41) GO TO 238

JuzJJJ

J=JJd

GC TO 42¢

XPATH=0,.

XPATH=1,£10

XNC=0,

TA4(1)=TL3(1,1)

B0 432 J=1,NSECT

XPATH=XPLATH+,5*0CLY (J)

IF (JUeNEs1) XFPATH=XPATH®.E*DELY(J=1)
GI=eS*(GNIB(JU) +GOXB(J) ¢GNIB(J41) +GOXBLI+1))

IF (GI.EG.Ds) GI=1,.,E=30

ICIkB=+1

IF (GIelLTo.04) IDIRA==1 -
DH=2,*XTB

CALL APRCP(-1, XPATH, XNC, BLy GI, OH, TR(1,J), TAL(J),

1 RHCA4(J)y PROOM, RZ4, FTAWL(J), SMFTA4, AXAL, FOXAVL(J),
2 HORB, INCW)

CALL APRCF(=-1,y XPaTHy XNC, BLy GI, CHy T8(J), TEL(J),
1 RHOA4 (J)y PRCOM, RIs, FBALI(J), SMF2AL, AXAL, FOXAVE(J),
2 HCRB, INDB)

GCP1=GOXE(J) *CPOX+GNI3(J) *CPNI

GCP2=GOXB(U+1)*CPOX ¢GNIR(J+1) *CPNI

GCP=(GCF1+GCP2) /2,

CF=FCXAVB(J)®CPOX+{1,-FOXAVB(J))*CPNI
PCA=PROCM2CP*AB(J)*XT3/(RA*DELT)

IF (HBAW(J)+2Gele) HBALIJIZ=1,E-100

WKL=HTAQ (J)*AT(J) +HBAL(J) *AB(J)

HATSHTALY (W) *AT(J)*TR(1,J) ¢HIAL (J) *AB(J)*T3(J)
GIN=(ABS(GNI(Jyl) ¢00X30T(Jy1) ) ~GNI(Jy1)=GOXBCT(J,y1) +ABSIGNI(J,y2)
1 +GOXBCT(Jy2))=GNI(Jy2) ~GOXBCT (Jy2) +ABSIGNI(Iy3)+G0XBAT(JY,3))
2 “GNI(J,3)=-G0XBOT(J,3)) /2,
GCPTIN=((ABS(GCPB(JU,1))=-GCP3(J,1))*TAL(1,J)+(ABS(GCPHE(J,2))
1 ~GCPB(Jy2))*TA2(1,J)+(ABS(GCPB(J,3))~GCPB(Jy3))*TL3(L,U))/2.
TAGAVC (J)S(2¢*0CP*TAL(J)I+GCPTINSPCA+HATI/Z (2,*GCF¢GIN*CP+PCA
1 /TAGANVC (J) +WK1)

PSTAIR=PSTAIR+PCA*(TALAVL (J)=TAGLAVO(J))/TA4AVO(J)
TAL(J+1) =2 *TAGAVI(J) =TAL (D)

ALPH=2.0

IF (RE@eGES3000.) ALPH=141

ALPF=0,

CPTAU==(GI*GI*RA) /(PROOM* AXALPAXAL)® (ALPH*(TAL(J+1)=-TLL(Y))
1 +{SMFTAG*AT (J) ¢SMFBAG*AB(J))I/2.*TALAVE(N) 7LXAG)*IDIRS
PTAU(J+1)=PTAU()) +DFTAU

PTAUAV(J)=«5* (PTAU(J) +PTAL(U+1))

CONTINUE

IDIREC=+1

GC T0 190

3ASE FLOW PROPZKTIES, PRESSURL

PNUMER=0.,

POCTNCM=0,

OFMAX=0,

NCT(3)=0

UC &50 J=1,4NSECT

IF (JeNtel) NOT(3)=NOT3

CC 440 L=1,3

IF (NCTU(L)ecQel) GC TC &3¢

IF (UP(JyL)GTLPALAVE(Y)) GO TO «38

SFUDB500
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OO

[N oN @

160

436

~38

.39

s+0

630

500
510

1

GNIC2(JyL)=GNI(I,yL)

DPO2(J,L)=DP (Jyl)

IF (DPO3(JyL)«GT PALAVE(J)) GG TC 438
GNIO3(JyL)=6NId-(Jyl)

OF03(JyL)=0P0G(JyL)

GC TC 63¢

GNTIO3(JyLI=GNICJyL)

OF03(JyL)=DP(JyL)

IF (DPC2(Jyl)LT.PALAVE(J)) GC TO 438
GNIO2(J,yL)=GNI01(J,L)

DFO2(JyL)=OFPC1(JyL)
CCEFF2(L)=U(GNIO3(UyL)-GNIC2(J,L))/Z{CPO3(JyL)=DPO
CCEFF1(L)=CCEFF2(L)*(DP (U L)-FTAUAV(J))
GC TO 440

CCEFF2(L)=0.

CCZFF1(L) =0,

CONTINUE
FNUMER=FANUMEIRCCEFF1(1) +CCCFF1(2) +CCEFFLLD)
PCZNCM=PLENCM+COZFF2(1) ¢CCEFF2(2) ¢CCEFF2(3)
CCNTINUE

PRe(1)=PNUMER/PCINOM

NCT(3) =0

DO 470 J=1,NSICT

IF (JeNS41) NCT(3)=NOT3

Phe (J+1)=FA4 (1) +PTAU(J+1)
PAGAVE(J) = 5% (PAL(J) +PAL(J+1))

DO «&C L=1,3

IF (NCTUL) #eEGel) GO TO b0
DFPMAX=AMAX1(DFMAX,ABS(DP(JyL) =PALAVECH))
CCONTINUE

CCNTINUE

HEAT FLUXES TO HCRIZCONTAL STRUCTURAL cLIMENTS

QGRSINK=0.

D0 «80 J=1,NSECT

GTTOP(J)==FATSNK(J) *SIG*(TR(NM1,J)**4~-TSINK®*,)
GURSINK=GRSINK=QTTIP(J)
QrB==FATB(J)*SIG*(TB(J)**4=TR(1,J)%*%4)

AT30T () =hTAL(JI)*AT (JI* (TALAVE(J)=-TR(L,J))-QRH
CE(J)Y=HBAL( N *AB(J) *(TAGAVI(J)-TB(J)) +URB=-QCB(J)
BG3(J) ==HABAL(JI*A3( ) ~4*FATB(J)*SIG*TB(J)**3
CCNTINUEZ

CCONVZIRGENCE JF MASS FLONWS

GNIMAX=0,

OGMAX=0,

NOT(3)=0

0C 510 J=1,NSEZCT

IF (JeNEWwl) NOT(3)=NOT3

BC 200 L=1,3

IF (NCT(L)sEQ.1) GO TO 500

OONICJyL)==(GNIOI(J,HyLI=GNI02(J,L))I*(DP(JyL)=PALL
/(OPO3(J,L)=0P02 (Jyi))

GNIMAX=AMAXI(GNIMAX,A3S(GNI(J,L)))

CGMAX=AMAX1 (DGMAX,ARS (DGNI(JybL D))

CCNTINU:

CCNTINUE

IF (OPMAXLT40s01%AFL JAND,IGMAXSLT 0. 01*GNIMAX)

IF (TIMZsZUWe0,) GO TC 560

0C 530 J=1,NSECT

DO 520 L=1,3

520 GNICGJyL)=CNI(IyL)+DGNI(I L) *(L.=DIMP)

2{J,sL))

veidn)

GO YO 560
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530 CCNTINUE
520 CONTINUEZ
DFFRAC=CPYAX/APL
OGFRAC=CGMAX/GNIMAX
WRITE(H,35010) TIMz, DPFRAC, OGFRAC(
5010 FCRIMAT(/38H MASS FLOWS FAILSO TO CONVoRG: AT TIME,1PZ10.3,
1 10Hy CPFRAC=,310.3,10H, CGFRAC=,-10.3)

PRINTCOLTY

60 NF=NP+1

IF (NPJLT NPRNTALANU, TMAX,LT.TRMAX) GO TO 530
IF (IPL.LGC.0) GO TO 3565

NFL=NPL 4]

XPLINPL)=TIME/ 3000,

YPLINPL)=TRPL=-273.

OCPFRAC=CFMAX/APL

DGFRAC=0OGMAX/GNIMAX

DTFRAC=1,0

IF (TIME.GT.0,) OTFRACZUTHAX*TIMI/(TMAX=-TO)
TROOMC=TRCOM=-27 3,

TSINKC=TSINK=273.

TRPLC=TRFL=-273,

WRITE(6,5C020) TITLE(1), TIMZ, KIT, DPFRAC, OGFRAC, TRFLC,
1 TRCCMCy PRCOOM, TSINKC

(4
o
v

2020 FORMAT (1F1,A7 yu3X,10H*** TIME =,1FEZ10.3,4H ***//6H KIiT=,13,
1 10H OPFKAC=4y710+3,10H DGFRAC=,C1043,56H TRMAX=,E10.3,

2 9H TROCM=,£1043,3H4 PRCCM=,c10,3,8H TSINK=,210.3)
WRITZ(6,5030)
2030 FORMAT(//746X, *I* 7X, *TL(I)*® 11X, *J* 7X, *To(d)* 3X,

1 *TAGLAVE(J)® 3X, *PALAVE(J)*® 3X, *FUXAVI(J)* 3X,

2 “GNIAVE(J)* 4Xy *GNIGJy1)* uX, *GNI(Jy2)% LX,
3 *GNI(Iy3) %)

MAXTJ=MAXO(NML14NSZICT)

CC 590 IJ=1,MAXIJ

IF (IJeGTeNSECT) GO TO 570

IF (IJ«eGTNM1) GO TO 580

TLIY=TL(14)=273.

TRIJY=TB(IWN =273,

TA@IJ=TALAVE(1J)-273.

WRITE(6495060) IJy TLIJy Iy TEIJy TAGIJ,

1 PALAVE(IJ), FOXAVB(IJ)y GNIAVU(IJ), GNI(IJ,1)y GNI(IJy2),

2 GNI(IJ,3)
50«0 FORMAT(2X,I3,1P512+3,3X,13,8c12,3)
GC TC 530
70 TLIJ=TL(IU)=-273,
WRITE(6,5050) IJ, TLIJ
5050 FCRMATI(2X,13,1P212.3)
GC TC 560
530 TBIJ=TB(1J)=-273,
TAwld=TAGAVE(IJ) =273,
WRITE(B,5060) IJ, TBIJ, TA4IJ, PAGLAVI(IJ),
1 FCXAVB(IJ), GNIAVB(IJ)y GNI(IJy1), GNI(IJ,y2), GNI(IJ,3)
50c0 FCRMAT(26Xy13,1P2312.3)
530 CCNTINUE
00 610 J=1,NSZCT
IF (NFRINT.LT.0,AND«J«LToNSZCT) GO TO 610
WRITE(E,E070) J
5070 FCRMAT(//* J=%,12)
WRITE(6,8080)
5040 FCIMAT (74X, *I* 10X, *TR* 7x, *TAvIi* 4X, *I1* 10X, *TS*
1 7X, ®TEVER2* WX, *I2* 10X, *TW* 7X, *TAVE3* ox, *13*
2 gx, *RCT* 39X, *FCX* 4X, *1S*/)
0G 600 I=1,NM1
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TRIJ=TRI(I,HJ) =273, SFU08 420

TALIJ=TAVEL(]1,)-273. SFU0&430
TSIU=TS(1,u) =273, SFUD3 440
TA2IJ=TAVEZ(TI,4)-273. SFUD8450
Thld=Tr(I,J)=-273, SFUD84L6D
TA3IJ=TAVE3(I,J)=-273. SFUD&4TO
WRITE(6,5090) I, TRIJ, TA1IJ, INO1(I,J), SFUD8LED

1 TSIJ,y, TA2IJ4, IND2(IyJd),y TWIJy SFUDB490

2 TA3IJy, IND3IC(IsJ), RCT(IZJ)y FOX(Igdd,y IS(I,v) SFUD8&S00

S030 FCRMAT(2X,I1351P2:1243,51692512e391€92E1243,16,5281243910) SFU0E510
600 CCNTINUE SFUgec20
€10 CONTINUZ SFU06530
WRITE(6,€000) EGINy cCHEM, ZFUIL, CSTR, EKROLDOR, ZRAD, SFUQ8S 0

1 ELINRS,y ZLINRB, ECONCS, £CONCB, ZCONV1, cCCNV2, ECONV3, SFUD08550

2 cSTAIR, ZREMOR, ERCOM, ESIMK, 2L(S3 SFUD&560

6000 FCRMAT(//* [GIN= *,1Pz1(.3, * ECHZNM= *,71043,* cFUEL= *, SFU06570
1 £10s63, * ESTR=  *,210.3, * ZHOLDOR=%,-10,3, * ERAD= %, SFU03580

2 £10437 * ELINRS=*,£10.,3, * ELINRB=%,-10.3, * _LCONCS=*, SFU0&590

3 cl1043y * ECONCE=%y21C0,3, * cCONVLI=*,710.,3, * FLCONvV2=*, SFU0G500

“ £10437 * ECONVS=*,£10,3, * cSTAIR=*,210.3, * ~REMDR=*, SFUD&010

> 21043, * ZROOM= *,E1(C.3, * ZSINK= *,E10.3y * ELOSS= *, SFUD¥520

<) £1043) SFUD8&630

NF=0 SFU08640

c SFUD8&esD
530 IF (TIME.CE.TIMAX) GO TG 300 SFU08660
IF (TMAX,GELTRMAX) GO TO <00 SFUDS8L70

IF (TMAX,GE.TROLLT) DELT=DELTO/DLFACT SFU08b30

IF (TMAX.Ge+TRPNT) NPINTA=IABS (NPRNEN) SFU06690

IF (IPL.ZC.0) GO TO 35 3FU0s700

IF (TRPL=2734¢LT YPMAXGANCoTIM./3€00++LTexPMAX) GO TO €35 SFU0E710

IFL=0 SFU0&720

CALL PLCTPR(O0, 0, XPL, YPL, NPLy 1, 1, 0, 14 , TITLY, XLASB, SFUOE7 30

1 YLAB; ?, 1, 0., XHAXQ 1, Uo) YMAX) SFUD87 40
NFLOT=NFLCT+1 SFU03750

CALL FLCTND(940) SFUDE760

c SFUDR?70
< ADVANCE TIME " SFU05780
C SFU087350
£35 TIME=TIME+DELT SFU08800
ECONV1I=ZCONV1+PCUNV1I*DELT SFUDBE 1D
ZCCNV2=ZCCNV2+PCONV2*0cLT 3FU08820
ECCNV3I=ECCNV3I+PCONV3I*BELT SFU08330
CSTAIR=ESTAIR+PSTAIRP*DELT SFU08340

¢ SFUD88sS0
¢ CALGULATZ NEZW TEMPLRATURES THRCUGH WALLS AND STRUCTURES 3FU06860
C SFup8erao
PGEN=0. SFUDB840
PCHEM=0. SFU0ARBSO
PFUcl=0, SFUDB300
FSTR=0, SFU08910
FROLOR=D0, SFUD8320
PRAD=0, SFU0E330
FLINRS=0, SFU08340
PLINRB=0, SFUDE3S0
OXMTCOT=0, SFUDB960
DTMAX=0, SFU0&370
TMAX=0, SFU08933D
TRPL=0., SFU08390
QReML=0, SFUo9000

IF (TIMZ GT TIMWOMGAND TIMELLESTIMWOF) GREML=2526*DMNTR(3) SFU09010

0C 690 II=1,nNM1 SFU0%9020
I=N-II SFU0S030
QLI=(373¢~TL(I))*DQLID) Z/(EXPICGLCI)*DILT/CL) =14} SFU03040
QLI=AMINT(GLI,,QLCIN) SFU03050
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700

701
702

70%

706

708 F=FDECAY(IDCY~-1)*(FOECAY(IOCY)/FOcCAY(IDCY=-1))**(ALOG(TIMEC

710

712
713

715

IF ((OL(I)=QALI)GT,.QRML) QLI=GQL(I) =GREML
QRIML=QREML-GL(I) +QLI
TULNEW=TL(I) +GLI/ZGAQL (I * (TXP(OGL(II*DELT/CLY=14)

TLTOT(I)=TLTOT(I) ¢ ((TL(I)=TO)*(TIMZ-D:LT) +(TLNEW=TO)*TIME)*DELT/ 2,

TLOD) =TULNEW

PLINRS=PLINRS+QL{I)

CONTINUE

CC 780 J=1,NSECT

QRZ143=0.,

GREM2=0,

QRZM1=0,

IF (TIMECLE«TIMWONGURGTIMESGT ,TINWOF) GO TO 700
QRZIM3I=25BE,*UMWTR (3 1*NASS (J)
QREM2=2Z8€E,*DMHWTR(2)*NASS (J)
QREM1=258€,*OMWTR(1) *NASS (J)

QCONDB(1)=CTB0T (W)

QUONJ(N) ==QTTOP(J)

FRAUD=PRAC+QCCND(N)

IF (FMULT«GTe0s) GO TC 701

F=FDECAY ()

GC TC 710

TIMEC=TIMCO(J) +TIME-NZLT

ICCY=IBECAY(J)

IF (TIMTC.LELTCSOOL(IODCY)) GO TC 704

IF (ICCY.EQ.NDECAY) GC TO 704
ICZCAY(J)=10ECAY(J) +1

G0 TC 7082 -

IF (IDCY.GT.1) GO TG 706

F=FOECAY (1)

GC TC 710

IF (TCCCL(ICCY=1).GTe0,4) GO TC 70¢

F=FOECAY (IDOCY=1)+(TIMzC=-TCOOL(IOCY=1))/7(TCOOLLIOCY)
1 “TCOCL(IDCY=1))* (FDICAY(IDCY) -FDcCAYLIDCY=1))
G0 TC 710

1 /TCOCL (JOCY=1))/7ALOG(TCOOL(IDCY)/TCOOL(IDCY=1)))
F=F*ABS(FMULT)

OC 7LD IT=14NM1

I=N-I1

CWW=(2e*FSTR*14)/3.%CH(J)

UWIJ=(373e=TW (I, 0))*0QAW(I /7 (EXP(DAW(I,J)*DELT/CANW) -1,)
AWIJU=AMINL(QWIJ, QAW(I,y J))

IF ((GW(I,J)=QWIJ)GT.QRENMI) CGRIV=AW (I, J) =AREM3
QREMI=QAREMI-GWI( I, J) +QWIJ
TRIIZJ)=Th(I,J) ¢QWI U/ DAWCIHJ) *(EXP(DQAH (I, J)*DILT/CHH) =1,)
PHOLDR=PHCLOR+QW(I,J)

IF (XSe€Ce0e) GO TO 712

CSS=FSTR*CS(J)
QSIJU=(373.-TS(I;J))*DASII N/ (EXP(DQAS(ILI)*DELT/CSS)=-14)
ASIJU=AMINLI(QSIJ,QS(I,J)) .
IF ((QS(I,J)-QSIJ)GTLQREMP2) GSIJU=QS(I,J)~QAREM2
QREM2=QREM2~-QS(I,J) +QSIV
TS(IZJ)=TS(I,J)+QSIU/DAS(ILI)*(EXP(DAS(I,J)*DELT/CSS)-1,)
PSTR=PSTR+QS(I,J)

GO TC 713

TS(I,U)=Tw(I,J)

IF (1.EQe1) GO TO 712 .

CALL FPRCF(TR(IyJ4)y CFy CCy SFKFy, SMKTy 0)

CALL FPRCF(TK(I~1,4)y CFy CC, SMKF1i, SMKC1, 0)

GCONCUI) = (AF(J)*(SMKF+SMKFL) /2, +AC(J)* (SMKE+SMKLL1)/724)
1 FUTR(I=1,J)=TA(I,J))/3ELX :
QCZCAY(IyJ)=1000,2PCWNO*NASS(II*C(I)*F

IF (ICHEM.EN.D) GO TO 730 )

CALL CHEM(TR(I,J), DELT, RCI, RCO, RCT(I,J), RCNy QC)

SFU09060
3FU0S070
SFU0S080
SFU03030
SFUQ3100
SFU09110
SFU09120
SFU03130
SFU0S140
SFU09130
SFU09160
SFU0Q9t70
SFU0S9180
SFU09190
SFugs2o0
SFU09210
SFU09220
SFU09230
SFUQg932460
SFU1S250
SFU09260
SFU09270
SFupg2son
SFU09230
SFU09300
SFU09310
SFU09320
SFU02330
SFU03340
SFU09350
SFUDS360
SFU0S370

" SFUD9380

SFUD33390
SFU09400
SFUD3«10
SFUD9420
SFU09430
SFUDG640
SFU09450
SFU0346Y
SFU0S470
SFU0S4890
SFU09490
SFUGS9500
SFU09510
SFU09520
SFU09530
SFU0954LD
SFU09550
SFU09560
SFUQ9570
SFU09580
SFU09590
SFUB9600
SFU03610
SFUlSe 20
SFU096 30
SFUD964D
SFU0S650
SFU09560
SFUD9670
SFUD95688D
SFY0%690
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720

730

70

700

770

OXMK={(32:%645)/%1,22) %AR(I)*(REN=RCT (L)) /0ZLT SFU05703
CXMOZAR(J)*HUR(I, J) *PROOM/ (RA*TAVEL(I4J))*(FOX(I,J) ¢FOX{I+1,J))/2,5FUDS710

IS=1 =-- PARABOLIC KINZITICS LIMITED SFU09720
IStI,J =1 SFU0S730
OXM(I,4J)=CXMK SFUOS74O
IF (CXMK,LT.0GXM3) GC TO 720 SFUBS750

IS=2 == CIFFUSION LIMITED SFUDS760
IS(IyJ) =2 SFU04770
CXm(IyJ4)=Cx1D SFU02780
RCN=RCT(I9J) #(91,27(32.%5.3)) *CXMD*DELT/ARY) SFU0S730
GC=7 e EE+* (RCN=-RCT(I,J)) 7UELT SFUD9500
RCT(I,J)=RCN SFUDQs 10
QCHEMI(I,J)=AR(J) *QC SFU03620
CALL FPRCF(TR(I,J)y CFy CCy SMKF, 3MKC, 1) 5FU095 30
CR=(RHCF*CF¥AF (J) +RHOC*CC*AC(U) ) *CELX SFU09840
IfF (FSTRscle0s5) CR=CR4CS(J)/2.¢CHIJ)/ 3 SFU0S350
QRT=QDECAY(I,J) +QCHEM(I,J) ¢QCCNL(I)=QCOND(I+1) +3R (I, W) SFU09360
QRIJ=(372.~TR(I,J}I*CR/OZLT SFU0S37o
CGRIJ=AMINI(GRIJ,QRT) SFU09880
IF ((GRT-CRIJ)GT.QAREML) GRIJU=QRT=QREM] SFU09390
QREM1=QREML1-QRT+QRTJ SFUD3900
TROLyJIY=TRUI,J)+QRIJ*CELT/CR SFU09910
PFUEL=PFUEL +GRT SFUQ9920
PGIN=FGEN+QCECAY (I, J) SFUD9930
PCHEM=PCHEM+QCHEM (T ) SFU03940
OXMTCT=CXMTCT+0XM(I ) SFUD 3950
DTMAX=AMAXL (DTMAX,ABS{GRT/CR)) SFU09900
TMAX=AMAXL(TMAX,T2(I,J)) SFU09370
IF (JJEQeNSELT) TRPL=AMAXLI(TRPL,,TRKI(I,4)) SFU09330
CONTINUC SFU03990
TENEW=TB(J) +QB(J) /DCRB(JI* (EXP(DBUIB () *DELT/C3(N ) =1,) SFU10000
TBTOT(I) =TBTOT(J) +{(TB3(J)=TO)* (TIMZ-DILT) +(TBNEW=TO) *TIME)*DELT/2.SFUL0010
TB(J)=TBNEW SFU10020
PLINRB=PLINRB+QB(J) SFU10030
CCNTINUEZ SFU10040
EGEN=EGEN+PGEN®CELT SFU1 0050
£CHzM=ECHEM®PCHEM®DELT SFU10060
cFUCL=EFUEL+FFUCL*0cLT 3FU10070
ESTR=ESTR4PSTR*DELT SFU10080
ZHOLDOR=ZHCLOR+PHOLOR*DELT SFUL10090
CRAD=ERAC+PRAD*DILT SFU10100
ELINRS=ELINRS+PLINRS*DELT SFU10110
tLINRB=ZLINRB+PLINRB*DELT SFU10120

SFU10130

DETERMINE HEAT FLUX INTO CONCRETE SFU10140

. SFU10150

IF (RHOCCN.LE.D,) GC TO 800 SFU10160

PCONCS=0. SFU10170

PCONCB=0. SFU10180

DC 760 I=1,NM1 SFU10190

PCONCS=FCCNCS+QCL (1) SFUL10200

QCLUI) = (L o®*TLTOT(I)*DZDX* (RHCCCN*CPCON® SMKCON/ (PI*TIMc**3))**,5 SFU10210

i =QCLTCT(I))/DELT SFU10220
QCLTOT(I)=QCLTOT(I) +GCL(I)*DELT SFUL10230

CONTINUE SFU10240

DO 770 J=1yNSECT SFU10250

PCONCB=FCONCB+QCB(J) SFUL10260

QCB(J) = (Lo*TBTOT(J) *AB(J) ®(RHCCON*CPCON®*SMKCON/ (PI*TIME**3))**,5 SFUL10270

1 -GCBTCT(J))/DELY SFU10230
QCBTCT(J)=QCBTOT(J) +QCR(UI*DELT SFU10290

CCNTINUE SFU10300

ECONCS=ECCNCS+PCONC S*DELT SFU10310

ECONCB=ZCCNCB+PCONCEB*JELT SFU10320

SFU10330




. C DETERMINI ROOM AIR PROFERTIES SFU10340

¢ SFU10350
200 CPROCM=FRCCOM*CPOX+(1.-FROCM) *CPNI SFU10360
iF (CSINK®*ASINK.EQsD,) GO TO 802 SFU10370

. CALL APRCP(3, 1.,E10, 14210y 14610, 1.-10, 14310, TSINK, TROOHM, SFU10380
1 RHOX, FRCOM, RE, HRM, SMFX, ASINK, FROCM, HDRM, INOX) SFU10390

CALL APRCF(3, 1,310y 1+E10y 14E10y 14210y 1.510, TSINK, TO, SFU10400

1 RHCX, FO, RE, HOUT, SMFX, ASINKy 0.23, HDRM, INOX) SFU10410

- QLSINK=ASINK® (HCUT® (TSINK=-TO) 4 ,7%SIG*(TSINK**u=T0%**%4)) SFU10420
QASINK=HRM¥ASINK*® (TROCM=TSINK) SFU10430
GSINK=CASINK+QRSINK*RIWS=CGLSINK SFUL10uw40
ESINK=ESINK+USINK*OEL T SFU10450
TSINK=TSINK+QSINK*DEL T/CSINK SFUL0460

202 QINTC= (FCCNV1+PCONV2¢PCONV3) *RONWS SFU10470
GVENT=VENT* (RHORM*CPRCOM* TRCONM=-RH (O*CPO*TG) SFU10430
GRMOUT=0., SFU10490

IF (IVENT.¢Gel) GRMCUT=(QINTGC-GAS INK=QVINT) /(CPROGOM*TRGOM) SFU10500
QALOSS=GRMOUT*CPROOM* TROOM SFU10510
QLOSS=GALCSS+QLSINK+QVENT SFU10520
ELOSSSELCSS+QLOSS*0ELT SFU10530
RHONEW= (RHORM* VRCOM=(OXMTCT*RCRS+GRMOUT ¢ VENT* (RHOIM=RHCO)) SFUL0540

1 *0ELT)/VROOM SFU105580
FNEW=(FRCCM®*RHORM*VROCM=(CXMTCT*RCWS+FRCOM*GRMOUT ¢ VENT* (RHORM SFU10560

1 *FRCCM-RHOO*F0) ) *DilT) / (RHCNEW®VROOM) SFU10570
CENERW=FNER*CFOX+(1e=FNEW) *CPNI SFU1 0540
QROOM=QINTO-QASINK~QVENT=-CALCSS SFU10590
FROOM=ERCCM+GIOCM*DELT 3FU10600
TROOM= (RHCRM* VRCOM®*CPROOM*TRCCM+QROCM* DELT) /7 (RHONEW* VRCOM®CPNLW) SFU10610
FROOMZFNEN SFU10520
RHORM=RHCNE W SFU10630
CFRCCM=CFNEN SFUL 064D

IF (IVENT.EQ.1) GO TO 805 SFU10650
PROOM=RHCRKM*RA*TROOM SFU10660

IF (PROCM.GELPRMAX) IVENT=1 SFU10670
UPL=SMG*RKORM*UL SFU1 0680

c SFU10690
c CLOSURE SFU10700
C SFU10710
B05 EREMORZEGEN+ECHEM=-IFUIL-ESTR=ZFOLCR-CRAD=-ELINKS=-ELINRS SFU10720

1 -ECCNC3-£CONCB-ECONV1=-ECONV2-ECONV3=-ESTAIR SFU107 30
PREMCR=FPGEN+PCHEM=PFUTL=PSTR=FHOLCR=PRAC=FLINRS=-PLINRA SFUL0740

1  -PCCNCS=-PCONC8=-PCONV1~-PCONV2=PCONV3-PSTAIR SFU10750

IF (NP.EC.0) WRITE(6,5018) PGEN, PCHE4, PFUZL, PSTR, FHOLOR, SFU10760

1  PRAD, PLINRS, PLINRB, FCONCS, FCON(C3, PCOMVL, PCONV2, SFU10770

2 PCCNV3y PSTAIR, FREMOR,y QRCCM, QASINK, QLOSS SFU10740
5010 FCRMAT(/*®* PGEN= *,1P510.3, *  FCHEM= *,£10.3, *  PFUEL= *#, SFU10790
1  £10.3, * PSTR= *,Z10.3, * PHOLDR=%*,510,3, * PRAD= *, SFU10300

2 E10.37 * PLINRS=*,E10,3, * PLINRB=*,E10.3, * PCONCS=*, SFU10810

3 E10.3, * PCONCB=*,£1043, * PCONV1=*,£10.3, ® PCONV2:z*, SFU10520

4 E10.3/ * PCONV3=*,E10.3, * PSTAIR=*,310.3, * PREFUR=®, SFU10330

5 £10.3y *  GUROOM= *,51C.3, * QSINK= *,710.3, * QLOSS= *, SFUL10640

& £10.3) SFU10850

60 T0 170 SFU1 0560

900 IF (IPL.EC.0) GO TO 310 SFU10870

i CALL PLCTFR(D, 0, XPL, YPL, NFL, 1, 1, 0, 1H , TITLZ, XLAB, SFU10680
1 YLAB,y 24 1y Cey XMAX, 1, 04y YMAX) SFU10890
NPLOT=NFLOT+1 SFU10900

CELL PLCTND(340) SFU10910

- 910 IF (NCENC.EG.0) GO T0O 80 v SFU10920
399 IF (NFLCT.GT40) CALL EZXTFLM(D) SFU10930
stop . SFUL0940

END v SFU10930
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SUBRCUTINE AFROFU(ID, XPATF, XNCy XLy Gy Dz, Tw, TA, knOA,
1 FRCCMy RE, Hy, SMF, A, FOX, HD, IND)

AIR FRCPERTILS

CIMENSICN FI(7), HM(7)

DATA NF, FI, HM /7’ 00’ 00“51 0070, .105) 01“5’ 0213’ -285,
i Doy 52y oDy o73y o739y o486, o2/
AMAIR=1.,/7(FOX/32.,00+¢(1.-FCX)/25841¢)

RE=38¢2144E+7/AMAIR

SKG=3480,
TEAR=(TW+TAR) /2,
RHEOA=PRCCM/ (RA*TA)
XMU=0o14EE-w*TBAR**1., 5/ (TEAR+109,33)
RE=ABS(G)*DE/{(XMU*A)
REX=REZ*XFATH/OC
PR=,714

SC=.748
CF=e27%¢o184
SMK=CP*XMLU/PR
DIF=XMU/ (RHCA*SC)

ONU1=0,

IF (ID«LT40) GO TO 20

TBARNC=Th=-0.33%(TH=TA)

RHONC=PRCCM/ (RA*TBARNC)
XMUNC=0,146E-4*TBARNC**1.5/(TBARNC+103.52)
BETA=1./TBARNC

GRL=SMG*BETA* (RHONC**2) * (XL **3)*AEBS(TR=-TA)/ (XMUNC**2)
GRX=GRL® (XNC/XL)**3

IF (GRX+GT«1.E¢39) GO TO 1O
LAMINAR NATURAL CONVECTION ON A VERTICAL PLATE

DNU1=0.360% (GRX**0,25)*(Dc/XNC)
IND1=1
GC TC 29

TURBULENT NATURAL CONVECTICN ON A VEZRTICAL PLATE

ONU1=0+11c0*(GRX**0.33333333)* (02 /XNC)
IND1=2

CORREZCTICN FOF PARALLEL PLATIS, TURBULINT NATURAL CONVECTION

FCLLCWING STATIMENT DZLETES CORRZCTICN FACTOR
IF (INC1.cQe2) GC TGO 20
F=(DE/(2.*XL))*(OGRL*PR/1,8210)**(1./64)
I=2
IF (FJLZI,FI(I)) GO TO 1w
IF (1.EQ.NF) GO TO 14
I=I¢t
GC TC 12
HMULT=HM(I=1)+(F=-FI(I-1 N /(FI(I)=-FI(I-1))*(HM(I)-HM(I-1))
IF (HMULTLTeD0e) HMULT=0.
IF (HMULT.GT.14) HMULT=1,
HDIV=eGu¢77%F =4 33* (XNC/XL)
If (HOIVLCTs1e) HIIV=1.
DNU1=CNU1*HMULT/HDIV

IF (ICeNE+3) GO TC 25
JNU=0ONU1L
GC TC 14¢

APR0OOD10D
APRQO110
APROD120
APROD130
APROO140
APRDD150
APROD160
APR0O170
APROO180
APRO0190
APRO0200
APROOQ210
APRO0220
APROD230
APRO0240
APROD250
APROO 260D
AFPROD0270
APROD280
APROD290
APROO0300
APROO0310
APROD 320
APRO0330
APRO0340
APRBO350
APROODS60D
APROO370
APRO0380
APR0OD3490
APROD40O0
APROD410
APROOL20
APRDOWL3D
APROO&40
APRO0450
APROOwB0
APROU470
APROO4SD
APROO490
APRDO0500
APROD510
APROD520
APRDOS530
APROOS540
APROGS50
APROO560
APRO0570
APROOS 80
APRDO05930
APROO0600
APROOB1D
APRO0b20
APROD6 30
APROOG6 LD
APROD650
APRO066D
APROOBL70
APRO0640
APRO0690
APRDO7 OB
APROO710
APRDD7 20
APROD7 30
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100

IF (REXGT42.2¢5) GO TO 30
LAMINAR FORC=ZJ FLOW PAST A PLATZ

DNU2=4332% (REX**0.5)* (PR¥*0.33)*(CZ/XFATH)
SMF2=0e€EL/ IREX**[45)

IN32=1

GC TC &0

TURBULENT FORC:D FLOW FAST A PLATZ

ONU2=¢02CE* (REX**0,08) *(PR**0.£)*(LL/XPATH)
SMF2=.0582/ (REX**0.2)
IND2=2

IF (IABS(ID0).cQ.2) GJ TU &9
IF (RE«GEC3000.) GO TO 50

LAMINAR FORCZD FLOW 3ITWcEN PARALLIL FLATES

ONU3=7,5064,0234"RE*PR*DE/ XL
SMF 3=24./RE

IND3=1

6C TG 840

TURBULENT FORECZD FLOW RETWEZN FARALLEL PLATES

ONU3=.023%(R:Z**.3) *(PR*%*,4)
SMF3=.,00140+4125/7 (RE**,32)
IND3=2

LC TO 80

IF (ReosC243000.) GO TO 70
LAMINAR FORCEN FLOW THROUGH AN ARRAY QF TUSES

ONU3=8,

SMF 3=25./KRE
IND3=1

GC TC 40

TURBULENT FQRC:D FLOW YHROUGH AN ARRAY OF TUBES

DNU3=e023%(RE*%40) P (PR*%,4)
SMF3=,00140¢.125/(Re**,32)
IND3=2

ONU=DNU1L

INO=3*INC1-2

IF (ONU1.6T.ONU2) GG TO 990
DhNU=DNU2

IND=3*INC2~1

IF (DNU2.GT.ONU3) GO TO 100
IF (CNU1.,GT.ONU3) GU TO 100
ONU=0NU 3

IND=3*INC3
SMF=AMAX1(SMF2,SMF3)
H=SMK*ONU/DE

HO=CIF*CNLU/DE

RETURN

eND

APROO?40
APROO750
APROO7510
APROO770D
APROO7 40
APRN07 30
APROD300
APROODB10
APR00320
APR003 30
APRO0B40
APRO0350
APRO0360
APR00470
APROOBSD
APROD8I0
AFR00900
APRO0910
APR00920
APRDO9 30
APRODYGD
APROCIS50
APRO0DSED
APROD970
APROOJ80
APR0D990
AFPRO1000
APRO1010
APR01020
APRD1030
APR0O1040
APRO1050
APRO1060
APRO1070
APRD10&0
APRD1090
APR01100
APR01110
APRO1120
APR01130
APRO1140
APRD1150
APR0O1160
APRO1170
APR01180
APR01190
APR01200
APR01210
APRD1220
APRD1230
APRO1240
APRO1250
APRO1260
APRO1270
APR01280
APR01230
APR0O1300
APRO1310
APRO1320
APRU1330
APRD1340

le7




SU3RCUTINE 8FLOW(J) . 3FL00100

C 3FLO0110
] BASc MASS FLOWS 87L00120
c BFLOO130
UIMENSICN FOXAVB{8), GCP3(3,3)y GANI(3,3), GNIZ(3) BFLOO140D
OIMENSICN GOX3(38), GOX30T(8,3) BFLDD150
CCMMCN /FLQOW/ FOXaAvB, GCPP, GNI, GNI3, GOXS5, GOXxBOT BFLOO160
GNIIN=0. BFLOO170
GCXIN=0. BFLOOL80
CPNI=1,12C BFLO00190
CFOX=1,130 BFL00200

6C 10 L=1,3 BFLUOD210

IF (GNI(JyL).GE.O0.) GG TO 10 8FL00220
GNIIN=GNIIN=-GNI(J,L) BFLO0230
GCXIN=GCXIN=-GOX30T (J,t) BFLOD240

10 CONTINUE BFLO0250
1F (GNIB(J).LELC.) GO TG 20 BFLDO0260
GNIIN=GNIIN+GNIB(J) BFLOD270
GOXIN=GCXIN+GOXE(J) BFL00280

20 IF (GNIB(J+1).G6E.0.) GO TC 30 BFLOD290
GNIIN=GNIIN-GNIB(J+1) BFLOO30D
GCXIN=GCXIN=-GOXB8(J+1) 8F1.00310

30 FCXAVB(J)Y=GOXIN/(GNIIN+GOXIN) BFL00320
IF (GNIB(J)«LEsOs) GOXB(JI=ZFOXAVB(J)I/(1.=-FOXAVB(J))*GNIB(D) 8FL00330

IF (GNIBU(J+1).Gre0s) GOXBU(J+1)SFOXAVBLI)/(1.=-FOXAVB(J)) BFLGO340

1 *GNIB(4+1) 8FLN0350
0C 50 L=1,3 BFLOO360

IF (GNI(Jst)elT.0.) GO TC 40 BFL00370
GCXHEOT (Ul ) =FOXAVB(J) /7 (1+=FOXAVB(J) I*GNI(U,L) BFLO0380

40 GCPB(JyL)=GNI(J,)L)*CPNI+GCXBOT(JyL)*CPOX BFLO0390
50 CONTINUE BFLODLOO
RETURN BFLOO0%10
END 8FLOD&L20
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SU3RCUTINE CHIM(TC, D=L T, RCI, RC, RCT, RCN,y, QC)
KINETICS GF ZIRCCHNIUM CXIDE RZACTION

QC=0.

RCL=RC-RCI

IF (RCTLGELRCL) GO T0O <0
NCMINAL EXPRESSION
Clzihe7E 04

C2=0.,8E+3

C3=t.bEtE

C1=5340.

C2=13760.

C3=0,.

IF (TCeLT41193.) GU TC 10
C1=4.68E¢

C2=2€670,

IF (TCelLT41429.,) GO TO 10
C1=5.04c53

C2=146630.

RHOZR=6,5E+3

DELH=7,8E+4

RATEK=C1*cXP (-(C2+C3/7TC)/TD)
RCN=RCT

WS (RATEK*CLLT) /7 (RHOZR*RHOZR) +RCT*ACT
IF (heLZ404) GO TO 20
RCN=SCRT (w)

COUNTINUE

IF (RCNeGrtaRCL) RON=RPCL
GC=DELH* (RCN=-RCT) /DELT
CCNTINUE

RETURN

ZND

CHZ 00100
CHEODOL110
CHEDD120
CHEOQDL 30
CHEDDO140
CHEO0D150
CHEODOD160
CHEQO170
CHEODO0180
CHEND130
CHEDD200
CHEOoo0210
CHET0220
CHE 00230
CHEDO240
CHEDO250
CHEDD260
CHEOO270
CHEDODZ280
CHe00290
CHEDD300
CHEOD310
CHEDO320
CHED00330
CHENOQ 34D
CHe 00320
CHEO0D0360
cHE00370
CHEDOD 380
CHEO0D390
CHEOO400
CHE0Go10
CHEDO0«20
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SU3ROUTINE FEROF(T, CF, CC, SMKF, SMK{, ICALL)

FUEL AND CLAC PRCPIRTIZS

IF (ICALL.SZG.Nn) GO TO 28

IF (T«6GZ43200.) GO TO »

THZITA=53E,255%

£C=37.634¢€

CAPK1=13.1450

CAPK2=7,E47 33t =0

CAPKJ3=S5.,€4L4373L+¢8

R=1.386%E-3

THETT=THETA/T

ZXPT=gXP(THETT)

CF=(CAPKA®*THETT*TH-TT*EXPT/ (LEXPT~1,)%%2) ¢2,*CAFK2*T+( (CAPK3
$Z0)/(R*T*T) ) *cXF(=E0/ (R*T)))*4L,184/270.13

6C TC %

CF=51,.%44184/7270,13

COGNTINUE

IF (T,GT.1223¢) GO 70 10

CC= (7 e1E~241e7E-5*T 0,895 43/ (T*T))*L,18w

RETURN

CC=0.087%4.1806

RETURN

SMXF=0,020

SMKC=0,30

RETURN

END

FPROG100
FAPR00110
FPRO0O120
FPRO0130
FPROOL 4D
FAR00150
FPROO150
FPROO170
FPROO180
FPR00190
FPROD200
FPROD21D
FPR0022D
FPR0OD230
FPROD24LD
FPROD250
FFRND260
FPR0OO270
FPRDO280D
FPROD29D
FPROD300
FPROD310
FPRNOD320
FPROO0330
FPROOD340
FPRO03S0
FPROD 360
FPRDOD3TO
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