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FOREWORD 

The computer program described in this report was written by 

R. L. Reid while he was a temporary summer employee at ORNL. His perma- 

nent position at the time was on the staff of the Department of Mechani- 

cal Engineering at the University of  Tennessee. A s  a consultant during 

the following academic year, he participated in review meetings concerning 

the computational techniques and the predicted results from the calcu- 

lations. The computer code is being maintained at ORNL by J. P. Sanders 

to be incorporated into a larger accident-analysis computer program. 





INGRES: A COMPUTER CODE FOR THE RATE OF AIR INGRESS INTO 
AN HTGR FOLLOWING A DESIGN-BASIS DEPRESSURIZATION ACCIDENT 

R. L. Reid* J. P. Sanders 

ABSTRACT 

The computer program INGRES was written to calculate the 
rate of air ingress into the prestressed concrete reactor 
vessel after a design-basis depressurization accident in a 
high-temperature gas-cooled reactor. The model includes the 
free convection loop that can occur in a cold-leg break, the 
expansion and contraction air exchange mechanisms, and the 
conversion of oxygen to carbon monoxide. Results are pre- 
sented for the 2000-MW(t) Summit Power Statton and the 3000- 
MW(t) Fulton Generating Station and are compared t o  compu- 
tational results provided by the General Atomic Company. 
results agree reasonably well even though some differences 
exist in the two models. 

The 

Key words: Air, confinement, convection, gas coolant, 
computer program, PCRV. 

INTRODUCTION 

The High-Temperature Gas-Cooled Reactor (HTGR) Safety Study Program 

for the Division of Reactor Licensing, U.S. Nuclear Regulatory Commission, 

was in need of a model to calculate the rate of air ingress into the pre- 

stressed concrete reactor vessel (PCRV) following a design-basis depressur- 

ization accident (DBDA). General Atomic Company (GAC) had developed a 

computer code to predict the air ingress rate,lp2 but it was deemed neces- 

sary to develop an independent code to compare the results of both codes 

and to provide a tool for analysis of any HTGR. The air ingress rates and 

resultant changes in effective molecular weight of the PCRV gas are par- 

ticularly important in the design of the core auxiliary cooling system. 

*Temporary summer employee at O W L  from the staff of the Department 
of Mechanical Engineering at the University of Tennessee. 
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DESCRIPTION OF THE DBDA PROCESS 

Two types of ruptures in the PCRV are considered: a break around 

the bottom of the steam generator penetration (point A in Fig. 1) where 

the hot helium enters the cavity (hot-leg break) or a leak near the top 

of the cavity (point B in Fig. 1) where the helium has been cooled and 

is returning to the core (cold-leg break). When the leak is initiated, 

a blowdown occurs from the PCRV, beginning at the operating pressure 

(about 700 psia) and ending at some low pressure. The blowdown causes 

pressure and temperature changes in the containment, which is initially 

near atmospheric pressure and ambient temperature, for a few minutes 

until relatively steady-state conditions are reached. The entire PCRV 

and containment then equilibrate at a pressure of 20 to 30 psia, de- 

pending on whether the leak was a hot- or a cold-leg break. The con- 

tainment temperature at this time is about 100 to 150°F. 

These pressure and temperature excursions are described and calcu- 

lated by the Contempt-G computer program.3 

long-term effects (those up to 6 hr) were of interest; therefore, the 

containment was assumed t o  reach the steady-state temperature and pres- 

sure instantly. 

For the present study, the 

At least four types of mass transfer processes can occur during 

the DBDA to alter the effective molecular weight of the gas in the PCRV 

from a value of 4.00 for pure helium. These are (1) expansions and con- 

tractions due to temperature changes in the PCRV, ( 2 )  establishment of 

a free convection loop, (3 )  reaction of the incoming oxygen with carbon 

in the reactor to form carbon monoxide, and ( 4 )  diffusion. 
The free convection loop will only be a possibility with the cold- 

leg break that occurs at the top of the steam generator. 

situation exists with the hot-leg break at the bottom of the PCRV. Dif- 

fusion was determined to be negligible under both of these conditions. 

A stable buoyant 

In GAC's description of their calculations in Section 5 . 1 . 4  of LTR-1 
(Ref. l), they considered points 1 and 2 (see Fig. 1) above the reactor 

core. Therefore, a cold-leg break was considered, although this was not 

stated. In conversations with George Malek of GAC, he mentioned that 

they included the reaction of incoming oxygen with the graphite in the 
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ORNL-DWG 75-1 6080 

Fig. 1. Diagram of core cavity, steam generator penetration of 
the PCRV, and the containment structure. 
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core to form CO; this point is not noted in LTR-1. These conversations 

actually led to the decision to include this reaction in the model de- 

scribed in this report. 

Ma 

COMPUTATIONAL MODEL 

Free Convection Loop 

t of the assumptions used by GAC1 were also m de in this study, 

including the assumption that the total cross-sectional area available 

for inflow and outflow is 100 in.2. 

was taken as 8 ft (the distance from C to D in Fig. 2 ,  which was the 
effective height of the annular gap). 

because the flow area away from the flow restrictor (point C in Fig. 2 )  

was significantly greater than this minimum flow area. The major inhibi- 

tor of flow was assumed to be the entrance and exit losses at the flow 

restrictor. These were treated as a sudden contraction loss with a l o s s  

coefficient about 0.5 and a sudden expansion that can have a loss coef- 

ficient as large as 1.0, depending upon the ratio of flow areas. To be 

conservative (i.e., to overestimate the rate of air ingress), the sum of 

these two coefficients was assumed to be 1.2, which is the same assumption 

used by GAC. 

The height of the buoyant column 

Friction in the column was ignored, 

In the fundamental equation for the free convection loop, the dif- 

ference in head produced by the different weights of the columns is 

balanced by the pressure losses in the flow path. With the assumptions 

discussed above, the equation is given by 

where 

V = velocity, 

p = density, 

K = loss coefficient, 

L = height of column, 

g = gravitational constant. 

Subscripts C and R refer to conditions in the gas mixture in the contain- 

ment and the PCRV respectively. 
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ORN L-  DWG 75- 16081 

Fig. 2. Detail of closure at top of steam generator cavity showing 
flow restrictor and annular gap. 
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If Eq. (1) is converted to the volumetric flow rate Q using the 

cross-sectional area A it becomes 

However, Q, = Q,, and if the cross-sectional areas for inflow and out- 

flow are assumed to be equal such that AC = AR = A = 50 in.2, 

Transforming this t o  the mass flow % of the outflowing gas, the equation 
becomes 

Equation ( 4 )  can be used over a time interval At to determine the amount 
of gas leaving the containment. 

Expansion-Contraction Process and CO Formation 

The expansion-contraction process is essentially an inventory system 

using the ideal gas law. 

of events and conditions that can be hypothesized. 

gen with graphite to form CO is also incorporated into the procedure. 

The reaction is 

However, there are several possible sequences 

The reaction of oxy- 

2c + 02 = 2co . ( 5 )  

The sequence of events in the expansion-contraction process with 

chemical reaction proceeds as follows: 

1. Equation ( 4 )  is first used to calculate the mass of gas mixture 
leaving the PCRV in the time interval At. 

from the containment enters at the containment temperature. 

An equal volume of gas mixture 

2. The oxygen in the incoming containment gas then reacts to form 

2 moles of CO for each mole of 02. 
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3. The newly formed CO and the rest of the gas that came from the 

containment are then heated to the average PCRV temperature. 

4 .  The difference in this expanded volume and the volume of the 

gas that left the PCRV is then assumed to displace an equal volume of 

gas from the PCRV to the containment. 

5. The new average temperature at the end of the time step is used 

to calculate a new volume of PCRV gas. 

6 .  If the temperature has increased, the amount of gas that must 

leave the PCRV to keep the pressure constant is calculated and this amount 

is removed from the PCRV. 

7. If the temperature has decreased, the volume of containment gas 

that will enter at containment temperature is calculated. The procedure 

then repeats steps 2 through 4 .  
8. The entire sequence is repeated starting with step 1. 

A complete listing and documentation of the program INGRES is given 

in the appendix. 

RESULTS FROM THE MODEL 

Summit and Fulton HTGRs 

The computed results for the effective molecular weight of the gas 

in the PCRV and the helium mole fraction as a function of time are given 

in Tables 1 and 2 for the 2000- and 3000-MW(t) HTGRs. The input data in 

the tables were taken from the Summit and Fulton PSARS.~’~ 

molecular weight distributions are plotted in Fig. 3. 

These transient 

One interesting feature of the results is that the molecular weight 

in the PCRV finally exceeds that of the containment. This at first seems 

impossible until it is remembered that the chemical reaction to form carbon 

monoxide creates 2 moles of CO (combined molecular weight of 56) for each 

mole of 0 2  (molecular weight of 32). 

molecular weight as it enters the PCRV and the oxygen is reacted. 

The gas from the PCRV increases in 
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Table 1. Composition in PCRV of Summit Station HTGR 

CONTAINMENT PFESSUBE BEPOBE C E D A  = 14.7 PSIA 
V O L U N E  3P C O N T A I N R E N T  = 2280000, CUBIC FEET 
TEHPERATURE OF CONTAINHENT = 565.0 D E G  R 

PCRV PRESSURE BEFORE DBDA = 725.0 PSIA 
SYSTEM PRESSURE AFTER D B D A  = 23.2 FSIA 

THE LOSS COEFFICIENT F O R  COHBXMED I N L E T  

THE HEIGHT OF THE BUOYANT C O L U H N  = 8.0  FT 
R O L E C U L A R  WEIGHT O F  CONTAINHENT 

- \.-I Y(0:. @ H A S 5  O F  H E L X U B  I N  PCRV BEFORE DBCA = 14700. LBH - 

B k X I W U H  CROSS SECTIONAL A R E A  FOR THE LEAK = 1 O O - O  S Q m  IN. 

AND OUTLET LOSSES FOR EACH COLUHN = 1.2 

IHMEDIATELY AFTER D B D A  I S  19.09 LBtl/LB-HOLE 

TInZ A V G .  COOLANT TElTPS HOLECULAR 

(HOURS) 
0 . 0  
0.0833 
0.0892 
0. 1004 
0.20 12 
0. 3008 
0.40 04 
0.5000 
0.6064 
0.8064 
1 . 0064 
1.2084 
1.3954 
1.5994 
1 . 8034 
2.0164 
2.1964 
2.3964 
2.5964 
2, 7964 
3.0364 
3.3964 
3.7964 
4. 1964 
4.5964 
5.0364 
5.3964 
5.7964 
5.9964 

IN 
fP )  
607. 
367, 
368. 
369. 
372, 
375. 
374. 
373. 
373. 
374. 
376. 
387, 
380. 
382, 
384. 
386. 
387. 
388. 
388 .  
389. 
389 .  
388, 
387 . 
394. 
380. 
376. 
371. 
367. 
364. 

ou 'I 
(F 1 

1 4 1  6. 
1520, 
1524. 
1527, 
1558. 
1585, 
1609. 
163 1. 
1653. 
1688. 
1719. 
1744. 
176 1, 
1776, 
1787. 
1793. 
1794. 
1793. 
1789. 
178 2. 
177 1. 
174 e. 
171 6. 
1680. 
1641. 
1596. 
1560. 
1 5 1  9. 
150 0. 

REIGHT 
(LBH/LB-MOLE) 

4.00 
6.35 
6 - 4 1  
6 - 5 3  
7.55 
8.47 
9.31 

10.09 
10.84 
12.12 
13.19 
14.11 
14.83 
1 5 - 5 0  
16.07 
16.58 
16.94 
17.29 
17.59 
17.84 
18.10 
18.42 
18.68 
18.87 
19.01 
19.13 
1 9 - 1 9  
19.25 
19.27 

MOL?? 
FRAC H E  

1, oooc 
0.9019 
0.899 4 
0.8946 
0.8521 
0.81 37 
0.7780 
0,7464 
0.71 5C 
0.6618 
0.6171 
0,5789 
0.5487 
0.5207 
0,4969 
0.4759 
0,4608 
0.4463 
0.4339 
0.4233 
0.4125 
0,3992 
0.3883 
0,3803 
0.3744 
0. 3697 
0.3669 
0.3645 
0,3636 
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Table 2. Coaposi t ion  in PCRV of Pulton Station HTGB 

? CONTAINHENT PRESSURE BEFORE DBDA = 15.7 P S I A  
VOLUHE OF CONTAINHENT = 2270000. CUBIC FEET 

RASS OF HELIUM I N  PCRV BEFORE: D B C A  = 20745, LBH"' ' ic 
TBHPERATUBE OF COYTAINHENT = 560.0 DEG R 

PCRV PRESSURE B E F O R E  D B D A  = 725.0 PSIA 
SYSTEH PBESSURE AFTEI? D B D A  = 23.2 PSIA 

THE LOSS COEFFICIENT FOR COMBINEC INLET 

THE H E I G H T  OF THE BUOYANT COLUXN = 8.0 PT 
HOLECULAR WEIGHT O F  CONTAINHENT 

' ;  
', j . 

/ A C " .  Tc J 

bc 7'"' 

H A X I H U N  CROSS SECTIONAL AREA FOR THE LEAK = 100.0 SQ. IN. 

AND OUTLET L O S S E S  FOR EACH COLIINN = 1.2 

XHMEDXATELY AFTER D B D A  I S  17.43 LBfl/LB-HOLE 

r I H E  

( HO UR S) 
0.0 
0.0833 
0,0892 
0.1004 
0.20 12 
0.3008 
0. 4004 
0.5000 
0. 6064 
0.8064 
1.0064 
1 . 2084 
1, 3954 
1,5994 
1.8034 
2.0164 
2.1964 
2,3964 
2. 5964 
2.7964 
3.03 64 
3.3961) 
3.7964 
4.1964 
4. 5964 
5.0364 
5. 3964 
5.7964 
5,9964 

A V G .  COOLANT TENPS HOLECULAR 
TN OU T WEIGHT 

(P 1 (LBX/LB-HOLE) 
u.00 

(PI 
607. 1 4 1  6. 
367. 1520. 6.05 
368. 1524. 6.08 
369. 1527. 6. 16 
372. 1558. 6.82 
375. 158 5. 7.43 
374. 1609. 8.01 
373. 1631. 8.55 
373. 1653. 9.09 
374. 1688. 10.05 
376. 171 9. 10.89 

380 , 1761. 12.27 
382. 1776. 12.87 
384. 1787, 13.41 
386. 1793. 13.90 
387. 179 4. 1U-28 
308.  1793. 14. 65 
388. 1789. 14.98 
389. 1782. 15.27 
389. 1771. 15.58 
388. 1748. 15.98 
387. 1716. 16.34 

380. 164 1. 16.86 
376. 159 6. 17.06 
371. 1560. 17.18 
367. 1519" 17.30 
364. 1500. 17.35 

387. 1744. 11.65 

384. 1680. 16.63 

HOLE 
PRAC HE 

1. 0000 
0.91 4 @  
0.9132 
0,9101 
0,8827 
0.8572 
0.8331 
0.8105 
0.7878 
0.7481 
0.7129 
0.6815 
0,6555 
0.6303 
0.6080 
0.5873 
0.5718 
0.5S64 
0.5427 
0,5305 
0.5175 
0.5007 
0.4857 
0.4738 
0.4643 
0.456C 
0,4507 
0.445@ 
0.4438 
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0 SUMMIT PLANT 

A FULTON PLANT 

TIME (hr) 

Fig. 3. PCRV composition for Summit [2000-MW(t)] and Fulton 
[3000-~~(t) ] reactors. 
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Comparison with GAC Results 

The actual input data for the results given in the letter2 from 

D. S. Duncan were obtained from George Malek and John Peterson of GAC. 

The GAC results were actually obtained before some of the design con- 

ditions for the 2000- and 3000-MW(t) plants were finalized. Conse- 

quently, the GAC results, although presented as being generic for both 

plants, are not exact for either reactor. In addition, LTR-1 (Ref. 1) 

indicates a column height of 8.0 ft, but these older results were ob- 

tained for a column height of 18.5 ft. The results in Table 3 were ob- 

tained using input data that seemed to be the same as the GAC data. 

Subsequent conversations with John Peterson revealed some differ- 

ences between the calculational procedures followed in this report and 

. the GAC method. As reported in the LTR,l GAC assumed that the total 

area for leakage (100 in.2) was divided into variable inflow and out- 

flow areas. An equation similar to Eq. (3)  then resulted; this 
equation was differentiated with respect to one of the flow areas, and 

the derivative was set equal to zero to produce an equation for the area 

to maximize the flow rate. As discussed earlier, the INGRES results were 

obtained by assuming a 50-50 split in the flow areas. 

procedure seemed to be unnecessary considering the approximate nature of 

the rest of the analysis. 

mize the flow rate was close to the 50-50 mark. 

A more detailed 

Mr. Peterson commented that the split to maxi- 

Another difference in the method was that the GAC procedure coupled 

If the the free convection loop with the expansion-contraction process. 

outflow due to expansion was greater than the inflow due to free con- 

vection, no free convection was allowed to occur. 

the analysis in this report considers the free convection to occur before, 

and independent of, the expansion-contraction process. This is more con- 

servative and appears to be possible under certain actual local pressure 

and concentration variations in the PCRV and containment volume. 

As previously described, 

The results of this model are compared with the results of GAG in 

Fig, 4 .  
in comparison with the results of GAC. 

slight differences in the two sets of input data. 

computer results for this case. 

Note that, as discussed, these results seem to be conservative 

In addition, there may be some 

Table 3 presents the 
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Table 3. Coaparis ion of v a l u e s  from INGBES u i t h  those of G A C  

CONTAINflENT PRESSURE B E F O R E  D B D A  = 14.7 PSIA 
VOLUHE OF CONTAINflENT = 1687000, C U B I C  F E E T  
TERPLRATURE OF CCNTAINf lENl  = 610.0 D E G  R 
HASS O F  HELfUIl I N  PCRV BEFORE DBCA = 17420. LBM 
ECBV PAESSUkl? BEPORE DEDA = 700.0 PSIA 
SYSTEH PRESSUZE A F T E R  DBDA = 2 3 . 2  PSIA 

THE LOSS C O E F P I C I E N T  FOR COHBINEC I N L E T  

THE HEIGHT O F  THE B U O Y A N T  COLUHN -18.5 PT 
tIOLECULAR W E I G H T  OF CONTAINMENT 

HAXIfiUfl CROSS SECTIONAL A R E A  FOR THE LEAK = 1OO.O SQ. IN. 

AND OUTLET LOSSES FOR EACH CCLIIMIJ = 1.2 

IHHEDIATELY AFTER DBDA I S  75.75 LBH/LB-BOLE 

T I t l E  AVG. COOLANT TERPS 

( H O U E S )  
0.0 
0.0833 
0.0892 
0. 1004 
0.20 12 
0. 3008 
0.40 04 
0. 5000 
0.6064 
0. 8064 
1.0064 
1.2084 
1 . 3954 
1.5994 
1.8034 
2.0164 
2.1964 
2. 3964 
2.5964 
2. 7964 
3.0364 
3, 3964 
3.7964 
4. 1964 
4.5964 
5.0364 
5.3964 
5, 7964 
5.9964 

IN 
(PI 
607, 
367. 
368. 
369. 
372. 
375. 
374, 
373, 
373, 
374. 
376. 

380, 
382. 
384. 
3 8 6 ,  
387, 
388, 
388. 
389. 
389. 
388, 

304, 
380, 
376. 
371. 
367, 
364. 

387. 

387, 

O U T  
(PI  

1416. 
1520. 
1524. 
1527. 
1558. 
1585. 
1609. 
1631, 
1653. 
1688. 
1719. 
1744. 
1761. 
1776. 
1787. 
7793. 
1794. 
1793. 
1789. 
1782. 
177 1, 
1748, 
1716. 
1680. 
16U1. 
1596. 
1560. 
151  9. 
150 0. 

HOLECULAR 
WEIGHT 

u.00 
5-92 
5 - 9 7  
6 - 0 7  
6 - 9 5  
7.74 
8.45 
9.10 
9.72 

10.78 
11.64 
12.38 
12, 9u 
13.47 
13.90 
1 4 - 2 8  
14.55 
1 4 - 8 1  
15.02 
15.21 
15.39 
15.61 
15.79 
15.92 
16.01 
1 6 - 0 8  
16.12 
16.16 
16.17 

(LBR/LB-HOLE) 

HOLE 
P R A C  BE 

1.0000 
0.920 1 
0.9179 
0,9737 
0.8770 
0.844 3 
0.8146 
0.7876 
0.7615 
0.7177 
0,6815 
0.6510 
0.627 3 
0.6056 
0.5874 
0,5716 
0,560 4 
0.5497 
0.5407 
0.5331 
0.5254 
0.5162 
0,5087 
0.5034 
0.4996 
0.4967 
0,495C 
0.493s 
0.4930 

. 
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ORNL-DWG 75-16083 
20 r- 

0 VALUES CALCULATED FROM INGRES 

0 VALUES GIVEN BY GAC 

Fig. 4 .  Comparison of results with GAC. 
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CONCLUSIONS 

The a n a l y s i s  p r e s e n t e d  i n  t h i s  r e p o r t  seems t o  g i v e  r e a s o n a b l e  re- 

s u l t s  f o r  t h e  g a s  composi t ion  of t h e  PCRV as a f u n c t i o n  of t i m e  f o l l o w i n g  

a DBDA. 

l a t i o n s  p r e s e n t e d  by GAC. 

The r e s u l t s  compare r e a s o n a b l y  w e l l  w i t h  t h e  independent  c a l c u -  
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APPENDIX 

The input data specifications; a listing of the Fortran statements 

in the INGRES program; sample input for the program; sample output; and 

the Fortran variable names, meanings, and dimensions (where applicable) 

are given in Tables A . l  to A.5 respectively. 

sents the logic of the computation is included as Fig. A.l. 

A flow diagram that pre- 



18 

Table A.l. Input data cards 

Card No. 1 -  Format (6F10.0, 13) 

PCI = containment pressure before blowdown, psia 
PRI = PCRV pressure before blowdown, psia 
P = equilibrium PCRV-containment pressure after blowdown, psia 
vc = free volume of containment, ft3 
TC = temperature of containment, after blowdown, OR 

HER1 = mass of helium in PCRV before blowdown, lbm 
NP = number of time intervals (including the initial conditions 

at time = 0) 

Card No. 2 - Format (6F10.0) 
TI(1) = average core inlet temperature before blowdown 
TO(1) = average core outlet temperature after blowdown 

TIME(1) = initial time (usually zero) 
AMAX = maximum area for leakage, in. 
COEFF = flow coefficient for free convection loop 

H = height of free convection columns, ft 

Card Set 3 - Format (10F8.0) 
TI(2)-TI(NP) = core inlet temperatures 

Next Card Set Format (10F8.0) 

T0(2)-TO(NP) = core outlet temperatures 

Next Card Set Format (10F8.0) 

TIME(2)-TIME(NP) = time interval, hr 



Table A.2 .  L i s t i n g  of Fortran program for I N G B E S  

C T H I S  P R O G R A H  CALCULATES TH8 RATE CF CO19TAINHBNT GAS INGRESS XNTO THE I N G R  
I N G R  C PRESTRESSEC CONCRETE REACTOR VESSEL (PCRV) OF A H I G H  TEHPERATURE 

C G A S  COOLED REACTOR (HTGR) fOLLOHING A DESIGN BASE DEPBESSUBIZBTION I N G R  
C ACCIDENT ( D B D A ) .  THE MOLECULAR HEIGHT A N E  IlOLE FRACTION O F  HELIWH I N G R  
C I N  THE PCRV ARE TABULATED AS A PUWCTIOB OF TIXE,  I N G R  

I H P L I C I T  REAL (A-fi,W-Z) I N G R  
INTEGER NP INGB 

I N G R  DIHEISIO?? TI(100) , T 0 ( 1 0 0 )  ,TXInE (100) 
100 FORFlAT(2Hl ) I N G R  
101 FORHAT( 1OP8.0) I N G R  

I N G R  102 FOBUAT(6P10.0,13) 
103 FOBIlAT(6P10.0) I N G R  
104 PORHAT(80R I N G R  

1 1 I N G B  
105 FORHAT( 18 ,F8.4,8X,P5.0,3X,F6.0,8X,P6.2, 8X,F7.4) I N G R  
106 FORHAT( l E 0 , 3 X ,  'TIHE', 8X,' AVG.  COOLANT TEBPS ' ,4X, ' MOLECULAR ' , 8X, ' HI NG R 

I N G R  
I N G R  107 FORRAT ( lH ,18X,' XU' ,6X, .OUT' ,1 OX,  WEIGHT' ,  8X, ' PBAC HE' ) 

108 POBflAT(1H ,lX,'(HOURS) ', 9X,'(F) g , 6 X , ' ( P ) ' , 7 X , '  (LBH/LB-?IOLE)') I N G R  
109 PORI¶AT(lNO,~CONTAIIHENT PBESSURE BEFORE DBDB =*,P5.1, PSIA') I NGR 
110 PORHAT(1E ,@VOLUlYE OF CONTAINHENT =',F9.0,' CUBIC FEET' )  I N G R  
1 1 1  FORMAT(1B ,@TEHPEi?ATURE OF CORTAIIWENT =',P6.1, '  DEG R') I N G R  
112 PORHAT(1FI ,*HASS OF I I E L I U H  IN PCRV EEPORE DBDA =8 ,P7 .0 , '  LBff')  I N G R  
113 FORHAT(1H ,'PCRV PRESSUBE BEFORE EBCA =',P6,1rg PSIA') I N G R  
1 1 4  PORHAT(1H n'SYSTEB PRESSURE AFTER DBDA = ' , F S , I , '  PSIA') X N G R  
115 FOBFIAT( 1 R  , *BOLECULAR WEIGHT O F  CGNTAINUENT'/SX, I N G R  

1'IRHEDIATELY AFTER DBDA IS' ,P6.2,' ZBH/LB-HOLE') I N G R  
116 FORHAT (lH0,'UOLECULAR WEIGHT OF CONTAINRENT I S  NOYa,P6,2 , '  LBH/LBINGB 

2- HO LE ') I N G R  
117 FORHAT(1H ,o!!AXIf4UH CROSS SECTIONAL ABEA FOR TffE LZAK = g , F 7 . 1 , '  SQINGR 

20LE ' ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
12  
13 
1 4  
15 
16 
17 
18 
19 
20 
21 
2 2  
23 
2 4  
25 
26 
27 
2 8  
29 
30 



Table A . 2  (continued) 

2. I N . ' )  

1 'AWI)  OU?LET LOSSES FOR E A C H  COLUHH =',€4. 1) 
118 FORHAT( 1 H  ,*THE LOSS C O E F F I C I E N T  FOB C O H B I N E D  X N L E T o / 5 X ,  

119 FOB!lAT( 18 , @ T E E  H E I G H T  OF THE B U O Y A N T  COLUHN =* ,P4.1, PT') 
120 F O R H A T ( 6 3 H O  -- -- - 

1- 1 
T A V G ( T A , T E )  = ( T A + T B ) / 2 .  + 460, 

F L O W ( B H O C , R H O R )  = (APLOU/(l2~*12.))*SQRT(20*32r 2* 
2 ( R  ROC- R HOR) *EtHOR* REOR* H/ (COEF P* ( RHOR * RHOC) 1 ) 

SO R E A D  (5,104, EIW99) 
READ (5,102) P C I , P B I , P , V C . T C , E E R I , N P  
R E A D  (5,103) T I ( 1 )  ,TO (1).TIHE ( I )  , A H A X ,  COFPP, H 

READ (5,101) ( T I  (I) I=2,NP) 
R E A D  (5,101) (TO (I) ,I=Z,NP) 
R Z A D ( S , I O I )  ~ T I H E ( I )  , I = ~ , N P )  

R R I T E  (6,100) 
WRITE (6 IOU) 

Y R I  TE (6 1 09) PCI 
WRITE (6,110) VC 
W R I T E  (6,111) TC 
URITE ( 6 , 1 1 2 ) B E B I  
W R I T E  (6 , 1 13) PRX 
UBITB (6,114)P 
U R I T E  ( 6 , 1 1 7 ) A H A X  
WRITE (6,118) COEPF 
W R I T E  46,119) H 

R =  10.73 
A P L O W  = A f l A X / 2 .  

R B I T E  (6 8 120) 

I N G R  
I N G R  
I N G R  
I N G R  - I N G R  
I N G R  
I N G R  
I N G R  
I N G R  
I I G R  
INGR 
I N G R  
I N G R  
I N G R  
I l G B  
I N G R  
I I G R  
INGR 
I N G R  
I # G B  
I N G R  
I N G R  
IlGR 
IHGR 
I N G R  
I N G R  
I N G R  
I N G R  
I N G R  

31 
32 
33 
34 
35 
36 
37 
38 
39 
40  
4 1  
42 
43 
44 
4 5  
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 

h, 
0 



Table A,  2 ( c o n t i n u e d )  

l2RHP = 0- 
CORfl? = 0, 

N 2 R N  = 0, 
CORH = 0. 
COCW = 0 .  
COCnF = 0. 

WURr4. 
TI4 = TAW3 (TI (1) ,TO (1) ) 

aEBw=i. 

BIRCH = PCI*VC/(3*TC) 
HEB!lI: = ?SEBI/4. 
VR = HEAMI*B*TH/PRI 
H E R N  = P*VR/(B*TH) 
HBCH = HERWI - HER!! 

TOTCH =AIRCM+HECW 
AIRCHF=AXBCH/TOTCIl 

N Z C N P  = ,8*AIBCI¶P 
02C?!F = .2*AILaC!4P 
02CM = ,2*AIRCM 
N2C# = ,8*AIBCIl 

B ECMP= €I ECEI/TOTC 8 
t!UC=AIRCWP*28r8 4 HECHF*4- 

W R I T E  (6 8 115) HUC 
WRITE (6,106) 
WRITE (6 ,I 07) 
WRITE (6 I1 08) 

WRITE (6, lOS)TIUE(l),TI(l) eTO(1) ,HWR,AER!!? 
I=O 
J= 1 

I # G B  
INGR 
I N G R  
I N G R  
I N G R  
I N G R  
I N G R  
I N G R  
I N G R  
I N G R  
I N G R  
INGR 
I N G R  
I N G R  
I N G R  
I N G 8  
I N G R  
I N G R  
I N G R  
I N G R  
I N G R  
I N G R  
I N G R  
INGR 
I N G R  
I U G R  
I N G R  
I N G R  
I N G R  

60 
61 
62 
63 
64 
6 5  
66  
6 7  
6 8  
6 9  
70 
71 
7 2  
73  
74 
7 5  
7 6  
77  
7 8  
7 9  
80 
8 1  
82 
8 3  
84 
8 5  
86 
87 
88  



Table A.2 ( c o n t i n u e d )  

C F R E E  C O N V E C T I O N  LOOP 
2 RHOC=P*R@C/  (R*TC) 

RHOB = WflUR/(R*TM) 
GO = ( T I M E ( J + l )  - TIPlE(J)  )*3600,*PL00 ( R B O C , R H O R )  
G o n = G  a/ ~w B 
BEOHI =HERHF*GOM 

C O O H l  = CORMP*GO!! 
N 2 0 R 1  = NZRHP*GOM 

V T = G O  /R BOB 
C C O N T A I N M E N T  HIXTURE E N T E R S  A N D  E X P A N D S  

1 m x I n  = F*VI/(R*TC) 
El EIH= BECH P * M I X I H  

COX!! = C O C N l W l I X I H  
N 2 X M  = 82Cl¶F*MXXIU 

C O I H R  = C O I H  2.*02IH 
HXXff!lR = C O I H  t N Z I H  + HEIM 
VEXP = HIXI&B*B*TX/P 

0 2 m  = OZCHP*UIXIH 

C P C B V  G A S  FCRCED OUT 
G V O = V E X P  - vr 

5 GHO=P*G PO/ (R*TW) 
HEOH2 =HERHIP*GRO 

COO82 = C O B H F * G f l O  
N20H2 = N2RUP*GRO 

C C U R R E N T  PCBV I N V E N T O R Y  
HEItf!l=REEP! - BEOH1 + HEZW - HEOH2 

C O R 8  = CORM - C O O 8 1  t C O I M R  - Coon2 
N 2 R N  = N2RB - N 2 O U l  t 1218 - N20fl2 
TOTEH = R E R H  + CORM t H 2 R H  

I N G R  89 
I N G B  90 
I N G R  91 
I N G R  92 
I N G R  93 
INGR 94 
I N G R  95 
I N G R  96 
I N G R  97 
INGR 98 
I N G R  99 
I W G R  100 
I N G R  101 
I N G R  102 
I N G R  103 
I N G R  104 
I N G R  105 
I N G R  106 
I N G R  107 
I N G R  108 
I I G R  109 
I N G R  110 
I N G R  111 
I N G R  112 
I N G R  113 
INGB 114 
I N G R  115 
I N G R  116 
I N G R  117 



Table  A.2 (continued) 

E E R  f4F =€I ER tl/TOT R l l  
COEflF = CORH /TOTRH 
N2RflF = N2RH/TOTRf4 
M U R  = HERflW4,  + CORMP*28. + N2RXF*28. 

C CURRENT CONTAINHEBT INVEITOEP 
HECll = HECH + B E O H l  - H E I N  + HECH2 

0 2 C Y  = 02CH -0218 
COCPI = cocn + C O O H l  - COX# +COOtl2 
N2CB = N2CH + N 2 0 H l  - NZIH + N20ll2 
TOTCH = COCH + I 2 C H  +HECfl 02CM 
COCHP = COCH/TOTCH 
N2CHP = N2CH/TOTCI¶ 
02CMP = 02Ctl/TOTCt4 

€?ECllP= BECI¶/TOTCH 

I F  ( 1 - 1 )  7,6,6 
HUC = €!ECBP*4. + COCHP*28. + N 2 C H P t 2 8 .  + 02CHF*32 .  

6 1-0 
WRITE (6,10S)TIHE(J) ,TIi(J) .‘IO(J) , H u B # # E R f l F  

IP(J,EQ.NP) GO TO 10 
G O  TO 2 

7 J = J + l  
C TEMPEBATURE CHANGE RESULTS I N  EXPANSION OK COHTRACTION 

Tn = T A V G ( T I ( J )  .TO(J)) 
V NEU=TOTR H*R*T H/P 
VI=PR - BNEN 
1 = 1  

3 HEOH1 = 0 .  
coon1 = 0. 

f P  (TI) 4 # 4 # 3  

X I G R  118 
I N G R  119 
I W G R  120 
I N G R  121 
I N G R  122 
INGR 123 
I N G R  124  
I N G R  125 
I N G R  126 
I I I G R  127 
I N G R  128 
I N G R  129 
I N G R  130  
I N G R  131 
I N G R  132 
I N G R  133 
I N G R  134 
INGR 1 3 5  
INGR 136 
I N G R  137 
I N G R  138 
I N G R  139 
INGB 140 
I N G R  141 
I N G R  1U2 
I N G R  143 
I N G R  144 
INGR 145 
I N G R  1 4 6  

N 
w 



Table 15.2 (continued) 

N20Hl = 0. 
G O  TO 1 

4 GVO = - V I  
N21H = 0, 
02IN = 0. 
COIM = 0. 
coon1 = 0 .  
N20fll = O .  

H E I N  = 0. 
REOM1 = 0 .  

GO TO 5 

WRITE (6 ,120)  
GO TO 5 0  

99 WRITE ( 6 , 1 2 1 )  
121 F O R H $ T ( Z R l  ) 

END 

COITlR = 0, 

10 WRXTE (6,116)llUC 

STOP 

I N G R  147 
I N G R  148 
I I G R  1U9 
I N G R  150 
I N G R  151 
I N G R  152 
I N G R  153 
I A G R  154 
INGR 155 
I N G R  156 
INGR 157 
I N G R  158 
INGR 159 
I N G R  160 
XIUGR 161 
I N G R  162 
I N G B  163 
I N G R  164 
INGR 165 

N 
f- 



T a b l e  A.3. Sample i n p u t  for the I N G E E S  program 

Table  1. Composi t ion  i n  PCRV of  S u a u t  S t a t i o n  HTGB 
14.7 725. 23.2 2280000. 565 . 14700. 29 
607. I 4 1  6. 0. 100. 1.2 8 .  
367.0 368.0 369.0 372.0 375.0 374.0 373.0 373.0 374.0 
387.0 380.0 382.0 384.0 386.0 387.0 388.0 388.0 389.0 

1520.0 1524,C 1527.0 1558.C 1585.0 1609.0 1631.0 1653.0 1688.0 
1744.0 1761.0 1776.0 1787.0 1793.0 1794.0 1793.0 1789.0 1782.0 
1748.0 1716.0 1680.0 1641.0 1596.0 1560.0 1519.0 1500. 
0,0833 0.0892 0.1004 0.2012 0.3008 0.4004 0,5000 0.6064 0.8064 
1.2084 1.3954 1.5994 1,8034 2.0164 2.1964 2,3964 2.5964 2.7964 
3.3964 3.7964 4.1964 4.5964 5,0364 5.3964 5.7964 5,9964 

Table 2. Composi t ion  i n  PCRV of F'ulton S t a t i o n  BTGR 
15.7 725 . 23.2 2270000. 560. 20745. 29 
607. 1410. 0. 100. 1.2 8. 
367.0 368.0 369.0 372.0 3 7 5 - 0  374.0 373.0 373.0 374.0 
387.0 380.0 382.0 384.0 386.0 387.0 388.0 388.0 389.0 
388.0 387.0 384.0 380.0 376.0 371.0 367.0 364.0 
1520.0 1524.C 1527.0 1558.0 1585.0 1609.0 1631.0 1653.0 1688.0 
1744.0 1761.0 1776.0 1787.0 1793.0 1794.0 1793.0 1789.0 1782.0 
1748.0 1716.0 1680.0 1641.0 1596.0 1560.0 1519.0 1500. 
0.0833 0,0892 0.1004 0.2012 0.3008 0.4004 0.5000 0,6064 0.8064 
1.208U 1.3954 1.5994 1,8034 2.0164 2.1964 2.3964 2.5964 2.7964 
3.3964 3.7964 4.1964 4.5964 5.0364 5.3964 5.7964 5.9964 
Table 3 .  Conpar i s ion  of v a l u e s  from I N G E E S  u i t h  those of GAC 

14.7 700. 23.2 1687000, 610. 17420. 29 
607. 1416. 0. 100. 1.2 18.5 
367.0 368.0 369.0 372.0 375.0 374.0 373.0 373.0 374.0 
387.0 380.0 382.0 384.0 306.0 387.0 388.0 388.0 389.0 

388.0 387.0 384.0 380.0 376.0 371.0 367.0 364.0 

376.0 
389.0 

1719.0 
1771.0 

1,0064 
3.0364 

p3 
cn 

376.0 
389.0 

1719.0 
1771.0 

1.0064 
3.0364 

376.0 
389.0 



T a b l e  A.3 ( c o n t i n u e d )  
/ 

388.0 387.0 384.0 380.0 376.0 
1520.0 1524.0 1527.0 1558.0 1585.0 
1744.0 1761.0 1776.0 1787.0 1793.0 
1748.0 1316.0 1680.0 1641.0 1596.0 
0.0833 0.0892 0.1004 0.2012 0.3008 
1.2084 1.3954 1,5994 1.8034 2.0164 
3.3964 3.7964 4.1964 4.5964 5.0364 

15.7 725 . 9.5 2270000. 
607. 1416, 0. 100. 
367.0 368.0 369-0 372.0 375.0 
387.0 380.0 382*0  384.0 386.0 

1520.0 1524.0 1527.0 1558.C 1585.0 
1744.0 1761.0 1776.0 1787.0 1793.0 
1748.0 1716. C 1680.0 1641.0 1596.0 
0.0833 0.0892 0.1004 0.2012 0.3008 
1,2084 1.3954 1.5994 1.8034 2.0164 
3.3964 3.7964 4.1964 4.5964 5,0364 

Table A.4. Sample of o u t p u t  from 

388.0 387.0 384.0 380.0 376.0 

371.0 367.0 364.0 
1609.0 1631.0 1653.0 
1794.0 1793.0 1789.0 
1560.0 1519.0 1500, 
0,4004 0.5000 0.6064 
2.1964 2.3964 2,5964 
5.3964 5.7964 5.9964 
the I N G B E S  program 
560.  20745. 59 
1.2 03 
374.0 373.0 373.0 
387.0 388.0 388.0 
371.0 367.0 364.0 
1609.0 1631.0 1653.0 
1794.0 1793.0 1789.0 
1560.0 1519.0 1500, 
0.4004 0,5000 0.6064 
2.1964 2,3964 2.5964 
5.3964 5.7964 5.9964 

1688.0 
1782.0 

0.8064 
2.7964 

374.0 
389.0 

1688.0 
1782.0 

0.8064 
2.7964 

1719.0 
1771.0 

1,0064 
3.0364 

376.0 
389.0 

1719.0 
1771.0 

1.0064 
3.0364 

. 
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Table A.4, Sarple of o u t p u t  from the INGEES prcgraa 

CulvJhINMENT PRESSURE BEFORE D B D A  = 15.7 P S I A  

E L M r E h A T U R E  OF CONTAINRENT = 550.0 DBG B 
MASS O F  HELIUV I N  PCRV B E F O R E  DBrA = 20745. L B H  
X h V  F B E S S U R E  BEPORE DBDA = 725.0 PSXA 
SYSTEM PRESSUiiE BFTER D B D A  = 9.5 ESIA 
?IAX:RUM CROSS SECTIONAL AREA FOR THE LEAK = 100.0 SG. IN, 
TIIE LOSS COEFFICIENT FOB C O H B I N E E  I N L E T  

THE HEIGHT OF THE B U O Y A N T  COLUMN = 0.3 PT 
MOLECULAR WEIGHT OF C O N T A I R H E N T  

V O L I M E  OF C O N T A I N M E N T  = 227OOOOo CUFIC FEET 

A N D  OUTLET LOSSSS FOR EACH CCLUWLJ = 1.2 

I H M E D I B T Z L Y  AFTER D B D A  IS 17.31 LBl/LB-HOLE 

T I M E  

f HO URS) 
0, 0 
0.0833 
0,0892 
0,1004 
0.20 12 
0.3008 
0.4004 
0.5000 
0,6064 
0,8064 
1.00 64 
1.2084 
1.3954 
1,5994 
1, 8034 
2.0164 
2, 1954 
2,3964 
2, 5964 
2,7964 
3,0364 
3.3964 
3.  7964 
4.1964 
4.5954 
5.0364 
5,3964 
5.7964 
5. 99 64 

AVG,  COOLANT T X H P E  
IN 00 T 

( P) 
607, 1 4 1  0 ,  
367. 1520, 
368. 1524. 
369. 1527, 
372, 1558. 
375, 158 5 ,  
374. 1609, 
373, 163 1. 
373. 1653. 
374, 1688, 
376. 1719. 
387. 1744. 
380. 1761. 
382, 177 6. 
384, 1787. 
386. 179 3, 
387, 1794. 
388. 1793. 
388, 1789, 
389. 1782, 
389, 1771. 
3 8 8 ,  1748, 
307, 1716. 
384, 1680. 
380, 1641, 
376, 1596. 
371, 1560. 
367. 1519. 
364. 1500, ' 

MOLECULAR 
WEIGHT 

(LBLI/LB-HOLE) 
4 0 0 0  
5 0  80 
5.81 
5.82 
5.95 
6 0 0 8  
6 - 2 1  
6.34 
6.48 
6.74 
6-99 
7.24 
7.47 
7 - 1 1  
7 - 9 5  

8 - 3 9  

8.82 
9.02 
9-26 
9.61 

10.03 
10044 
10.84 
11.20 
11.57 
11.92 
12.04 

a. 19 

8 - 6 1  

n C L E  
FRAC HE 

1,oooc 
0,925C 
0,9247 
0,924 1 
0,9186 
0.9131 
0,9077 
0.9023 
0,8966 
0.8860 
0.8754 
0. 865 C 
0,8555 
0,8453 
0,8354 
0.8253 
0,817C 

0,7992 
0,7906 
0,780 7 
0,7663 
0,7489 
0.731e 
0.7150 
0,6975 
0,6845 
0,6701 
0,6648 

Om8079 

MOLECULAB WEIGHT OF COWTAIIHBWT IS NOW 17.27 LB?l/LB-HOLE 
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Table A . 5 .  List of Fortran variables used in the INGRES program 

AIRCM = air in containment, lb-moles 

AIRCMF = mole fraction of air in containment 

AMAX = maximum flow area for leakage, in.2 

AFLOW = inflow or outflow leakage area, in. 

COCM = CO in containment, lb-moles 

COIM = CO entering PCRV, lb-moles 

CORM = CO in PCRV, lb-moles 

COCMF = mole fraction of CO in the containment 

COEFF = flow coefficient 

COIMR = CO that enters + CO formed by reaction, lb-moles 

COOMl = CO forced out by entering containment gas during free convection 

COOM2 = CO forced out by expanding containment gas, lb-moles 

CORMF = mole fraction of CO in the PCRV 

loop , lb-moles 

FLOW = statement function for free convection flow rate, lbm/sec 

GMO = PCRV gas leaving, lb-moles 

GVO = PCRV gas leaving, ft3 

GOM = PCRV gas leaving during free convection, lb-moles 

GO = PCRV gas leaving by convection loop ,  lbm 

HERMF = mole fraction of helium in PCRV 

HERM = helium in the PCRV, lb-moles 

HEOMl = helium leaving PCRV by convection loop, lb-moles 

HECM = helium in containment, lb-moles 

HECMF = mole fraction of helium in containment 

HEIM = helium entering PCRV in convection loop, lb-moles 

HEOM2 = helium forced out by expanding containment gas that entered, 
lb -mo les 

H = height of free convection columns, ft 

H E R 1  = helium in the PCRV before blowdown, lbm 
HERMI = helium in the PCRV before blowdown, lb-moles 

I = 0 or 1 indicates whether free convection or expansion-contraction 
should be calculated 

J = time counter 1 J NP - _  
MAXIM = containment mixture entering PCRV in convection loop, lb-moles 
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Table A .  5 (continued) 

M w R =  

Mwc = 

MIXIMR = 

N2CM = 

N 2 I M  = 

N2RM = 

N2CMF = 

N 2 0 M 1  = 

N20M2 = 

N2RMF = 

02CM = 

02IM = 

02CMF = 

P =  

P C I  = 

PRI = 

RHOC = 

RHOR = 

T I M E  = 

TAVG = 

TO = 

T I  = 

TOTCM = 

TOTRM = 

T M =  

TC = 

V I  = 

VR = 

vc = 

VEXP = 

VNEW = 

molecular weight of PCRV gas 

molecular weight of containment gas 

amount of mixture in the PCRV after CO reaction, lb-moles 

N 2  in containment, lb-moles 

N2 entering PCRV, lb-moles 

N2 in PCRV, lb-moles 

mole fraction N2 in containment 

amount of N2 forced out by entering containment gas during free 
convection loop, lb-moles 

amount of N2 forced our of PCRV by expanding containment gas, 
lb -mo le s 

mole fraction N 2  in PCRV 

02 in containment, lb-moles 

0, entering PCRV, lb-moles 

mole fraction 0 2  in containment 

equilibrium pressure in containment and PCRV after blowdown, psia 

initial containment pressure before blowdown, psia 

initial PCRV pressure before blowdown, psia 

density of gas mixture in containment 

density of gas mixture in PCRV 

time stations, hr 

average of TO and TI 

average outlet temperature from core, OR 

average inlet temperature to core, "R 

total lb-moles in containment 

total lb-moles in PCRV 

average temperature of PCRV gas ,  " R  

average temperature of containment gas, OR 

volume to be filled by entering gas, ft3 

volume of PCRV, ft3 

total volume of containment, ft3 

expanded volume of containment gas that entered in convection 
loop 

PCRV gas after a cooldown period, ft3 
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Fig. A . l .  Flow diagram f o r  the INGRES program. 
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