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ENCLOSURE 1

RESPONSE TO THOMAS M. NOVAK'S SEPTEMBER 17, 1982 LETTER

TO H. O. PARRIS REQUESTING ADDITIONAL INFORhATION

ON HYDROGEN CONTROL FOR ICE CONDENSER PLANTS

SEQUOYAH NUCLEAR PLANT

,
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RESPONSE TO
REQUEST FOR ADDITIONAL INFORMATION

ON HYDROGEN CONTROL FOR ICE CONDENSER PLANTS

Question 1

A substantial number of laboratory tests were conducted as part of the ICOG-
EPRI R&D Program for Hydrogen Control and Combustion. Test results were
transmitted from the utilities to NRC as they became available. However, for
several of the research programs, only selected test results were reported
and organized compilations of all pertinent test information were not
provided. This information is required to confirm the adequacy of the test
program and assumptions made in the containment analyses. In this regard
provide the following:

*

a) ACUREX
_

i) A table of droplet size and droplet density estimates for each of the
fog / spray tests.

ii) A table of estimated flame speed for each test (flame speed should be
c'alculable from thermocouple locations and ignition time data),

iii) Pressure and temperature traces similar to those depicted in Figures
4-2 of the December 1981 Acurex Project Report, but for tests 2.10,
2.11, and 2.12.

b) FACTORY MUTUAL

Results of ignition tests in which a glow plug was used in place of the
ignition electrodes.

c) WHITESHELL

Tables summarizing pre- and post-burn conditions, igniter locations,
maximum measured pressure rise, adiabatic pressure rise, completeness of
burn, and estimated flame speed. These tables should be keyed to and
cover all of the tests committed to in the test matrix (Tables 1-4 in
Appendix A.1 of the fourth quarterly report on the TVA research program,
June 16,1981) plus any additional AECL tests conducted under this

Of particular interest to the staff are the results of the 8.5%program.
H test with 30% H 0 and top ignition. Discuss your plans for conducting

p ptests at steam concentrations above 305, as committed to in previous
quarterly reports,

d) HEDL

Figures depicting concentration gradients 'for each of the tests. Figures
provided should permit better resolution than those included in the
previous submittal.

E72291.01
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Rasponsa 1 - '

a)(1) The Acurex test vessel was not instrumented to measure either the
droplet size or density during the fog / spray tests. An estimate of
these parameters may be made from data obtained by Factory Mutual for
the Acurex nozzles and reported in Appendix A.5 of TVA's Quarterly
Report No. 5 submitted January 22, 1982. However, it should be
recognized that differences in vessel geometry and nozzle number and
arrangement between Factory Mutual and Acurex would affect the
fog / spray conditions present during the Acurex tests.

(ii) The Acurex test vessel was not instrumented to measure localized flame
speeds. An estimate of an " average" global flame speed may be
calculated from the pressure rise data of the type reported in
Appendix A.4 of TVA's Quarterly Report No. 5. Estimates of these
" average" flame speed ranges were reported in section IV.D of the
technical summary which was attached to TVA's executive susmary
report, submitted September 27, 1982. -

(iii) Refer to Figures 1-1 through 1-6 for pressure and temperature
responses from Acurex tests 2.10, 2.11, and 2.12.

b) The data from the Factory Mutual fog inerting tests, originally reported
in Appendix A.5 of Quarterly Report No. 5, have been identified by
igniter type in Tables 1-1 through 1-3.

c) Refer to Tables 1-4 through 1-6 for measured and calculated data from the
Whiteshell CTF tests. The adiabatic pressure rises were not calculated
and the flame speeds were not measured. However, the pressure rise time

(t which is the parameter of importance in estimating the speed at
whI8N)the combustion event occurs, was measured and is included in the

,

tables. The tables are keyed to the original numbers from TVA's
Quarterly Report No. 4. Note that some tests were altered from the
original list in Quarterly Report No. 4, submitted September 22, 1981, as
the research progressed, e.g. , the steam concentrations in series 2 were
revised upward to include tests at 40 and 50 volume percent. The
omission of test QR N .1-19 (8.5% H , 305 steam, top ignition) wasoi

inadvertent. The test will be perfohmed by early November (which is the
;

i earliest opportunity since other testing is currently underway at the

| Whiteshell facility). It should be emphasized that quite a few more CTF
tests were actually performed than the number to which had been'

| committed. In addition, numerous tests, including several with high

|
steam concentrations in lean hydrogen mixtures, were performed in the
Whiteshell small-vessel, igniter performance testing reported in Appendix

;
A.2 of Quarterly Report No. 5.i

I
j d) Refer to Figures 1-7 and 1-8 for the maximum hydrogen (helium)
I concentration gradient transient data from each of the Hanford tests.

| The maximum difference reached a relatively steady state value during the

g release period for all tests. In addition, the maximum measured gradient
I during any test was less than 3 volume percent, except for tests HM-1A
| and HM-2. These two tests were performed with no recirculation flow from

the simulated air return fans. Following termination of the helium-steam
source, the lower compartment pressure decreased below the upper
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Figure 1-3
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MAXIMUM GAS CONCENTRATION DIFFERENCE. .

FOR TEST HM-1A, HM-2, HM-4C, AND HM-6

o 8 . . . . . . . . . . . . . . .
-

0
C
0
L -

G
-

4
4
-

O 6 -
-

TEST Source Terminalion (Min.).

C"
OC I) HM-1A 10.0.- 0 -

-

.o O 2) HM-2 9.75
Oh S) HM-4C 10.75g
#1 4C ,2 4) HM-6 10.75

-
-

,

G0
0E
C3 2

-o- - .
-

> -3

$ d '' '2 -

e -

<D -

e

2
N

-3

x
o 7\4 -

.&, -

,
. . . . . .- . - - .*

O 5 10 15 20 25 30 35 40

Time., Minut.es

FIGURE l-7



- - _ _ -

_ . _ . . _ _ _ _ . _
_ - - - -._._. _ _ _ _ T

,

,
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, TABLE 1-1 .**

l
.

PYDROCEN-WATER FOC INERTINC DATA AT 20 C
.

.
'_

Drop Size ,. '

e,,3:g 20
Vol. No.

Pressure Angle Mean Med i an Conc. Igniter Hydrogen LFLSpray
(" I %)

-

!ozr l e (psig) (Full) (Micron) (Micron) e,3Hix,

_ - -

8.1x10-4 Spark 4.42 + 0.11
111 9.8

10!;pra co 0.314.76 33.8x10-' Spark

216I-7604 20 MO- 54. 5 4.7O

2.7x10-' Spark 4. 76 + 0. 31
44.1 3.8

0 25~ 60
2.8x10-' Spark 4.72 + 0.28

0 20.6 1.5
30 ~60

2.8x10-4 Clow Plug 5.0 + 0.24
30 ~6 0 20.6 1.5

3.ox10'3 Spark 4.64 + 0.12
10 61 139 13-0

Sprsco
8.5x10-' Spark -4.76 + 0.31

86.2 6.8
2020-1704 20 ,

58.4 4.8~ 2.9x10-' Spark 4.76 + 0.31'

..
,

25

1.5x10-' Spark' 5. 2 6 + 0.1 '.-

30 80 35.7 5.6

9.4x10-5 Spark 4.40 + 0.lf
136 13

10Spreco
6.0x10-5 Spark 4.76 + O.T

59.3 5
,

180 f.-1605 20

5.7x10-' Spark 4.76 + 0.3
66 4

25

3.2x10-' Spark 4.65 + 0.'l
30 ~4 0 47.8 6.4

4.5x10-3 Spark 4. 64 + 0.1
136 14

Spraco 10 ,

2.2x10-2 Spark 4.76 3 0.~
110 10'

140!-0604 20

"2.7x10-2 Spark 4.76 + 0.
- .

114 11
(20-30 ) 25

i 30 20 115 14 3.3x10 Spark 5.26 + 0.' -2
.,

I * ,'

7.2 + 0.I
1.1x10-3 Sparki 5-'

Sonicore 20

03514
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TABLE 1-2*

t

! !

i ..
-

HYDROCEN-WATER FOC INERTINC . DATA AT 50 C,

*
.

'

,

Drop Size
Vol. No. c,31I2 Hydrogen LFL0 -,

Mean Median Conc. - Igniter
(vnt %).

sozzle (psi) (Hieron) .(Micron) c,Jggx
-

.

Pre ss ure

1.4x10-4 Spark 7.19 + 0.22 .

'40 33.1 5.2
|

Spraco
8.1x10-5 Spark 5.55 + 0.11

1163-7604 30 21.4 4.2 ,

1.9x10-4 Spark 5.55 + 0.11
20 34.5 4.5

.

9.3x10-5 Spark 7.1910.22
40 24.5 3.8

Spraco
1.1x10-4 Spark 7.19 + 0.22

27'.1 /.2
7020-1704 30

f 50.3 6.2 ,.
4.0x10'' Spark 6.32 + 0.22

_

20

Glow Plug 4.9'S + 0.22
. .

! ''

I Spraco 10 ' , -
-

-

9.7x10-5 Glow Plug 15.22 + 0.42
; -

-1806-1605 20 43.2 -

1.6x10 .5 Glow Plug 5.44 + 0.22
30 ' 15.2 - .

1.9x10-5 Glow Plug 5.18 + 0.42
11'.2 340

1.9x10-5 Spark 5.35 + 0.42
40 11.2 3

3.2x10-2 Spark 5.55 + 0.11
40 87.8 9.6

Spraco
2.0x10-2 Spark 5. 55 + 0.11

1405-0604 30 91.8 11.5

1.7x10-2 Sparti. 5. 55 + 0.11
25 115 14

'

1.tx10-3 Spark 7.93 + 0.23
::on i cor e 25 24 2.4

1.1x10-3 . Spark 7 .19 + 0. 2 2
035H 20 24.4 2. 8 -

.
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.
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'TABLE l-3 ...

I

.

.

0
HYDROGEN-WATER FOG INERTING DATA AT ~70 C

,
,

..

. . . . .

Nozzle Press. Igniter Hydrogen LFL .

(psi) (vol %)
.

Spraco , 10 Glow Plug- 6.76 + 0.22
~

2163-7604 20 Glow Plug 7.18 + 0.22

30 Glow Plug 7.62 + O.22
'

_

40 Glow Plug 8.46 + 0.22
.

Spraco 10 Glow Plug 5.88 + 0.21

1405-0604 20 ,
Glow Plug 6.32 + 0.21

30 Glow Plug 7.62 + 0.21

40 Glow Plug 7.62 1 0.21

.
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TABLE 1-4

CTF EXPERIMENTAL SERIES 1 AND 3 |

|

Exp. No. Hydrogen Steam Air Fan dP t Burn )
Q.R. No. CTF- (%) (5) (5) (kPI) (s% M (%)

_______________________________________________________________________

1-1 101 5.0 0 95.0 off 13 9.5 a- 20
12 102 ~5.5 0 94.5 off 24 6.0 - 26
1-3 103 6.0 0 94.0 off 27 5.0 23-

1-7 110 5.0 15 80.0 off 10 6.5 e' 20
1-8 111 5.0 15 80.0 off 8 7.0 a- 20
1-9 124 R 5.0 30 65.0 off ~7 7.0 ,~ 20

1-4 123 6.2 0 93 8 off ~ 47 6.0 30
3-1 105 5.5 0 94.5 on 1 05 1.5 - 83
1-5 106 7.0 0 93 0 off 1 25 7.0 a 100
3-2 107 7.0 0 93 0 on 161 1.2 100
1_10,11 125 5.0 15 79.0 on 87 1.5 60
1-13,14 126 6.0 30 64.0 on 65 1.6 50
1-6 108 8.0 0 92.0 off 1 46 4.2 1 00
1_12 113 8.0 15 77.0 off 1 26 4.9 100
1-15 116 8.0 30 62.0 off 38 5.0 38
3-3 109 8.0 0 92.0 on 187 0.8 100
1_16 117 (CI) 7.0 0 93 0 off 1 10 11.4 100
1_17 118 (CI) 7.0 15 78.0 off 45 4.5 ~0

118A (CI) 7.0 15 78.0 on 1 42 1.0 1 00

119 (CI) 10.0 0 90.0 on 2 15 0.53 1 00

3-7 120 (CI) 14.0 0 86.0 on 290(?) 0.4 1 00

CT 704 (TI) 11.0 0 89 0 on 2 25 0.6 1 00

CT 701 (TI) 8.0 0 92.0 on 180 0.9 100
1_18 CT 702 (TI) 8.5 0 91.5 off 1 57 3.2 1 00

CT 700 (TI) 7.0 0 93 0 on 1 45 1.1 1 00

CT 703 (TI) 57 0 94.3 on 75 1.9 ~ 72
*CT 502 8.4 0 91.6 off 175 ~ 100--

*CT 501 10.0 0 90.0 off 2 60 ~ 100--

*CT 504 5.0 0 95.0 off 10 5.5 ---

'TST 10 6.0 0 94.0 off 175 -- ---

'TST 16 8.5 0 91.5 off 2 32 ___ ---

*TST 13 75 0 92 5 off 20 -- ---
,

'TST 11 5.5 0 94.5 off 19' -- ---

NOTES:

1. All experiments initiallg at 100 C except thosa indicated with an "*"
were conducted at 28 1 2 C.

.

2. Initial pressure 98 kPa.

3 All experiments are with bottom ignition except that those indicated
with "CI" are with central ignition and those with "TI" are with top
ignition.

E72291.01
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TABLE 1-5

CTF EXPERIMENTAL SERIES 2 AND 3

Exp. No. Hydrogen Steam Air Final AP t Burn
Q.R. No. CTF- (%) (5) ( 5) H (%) (kPE) (sE$Y (%)2

----------------------------------------------------==-- ___-------------

2-4 204 41.5 0.0 58.3 20.0* 403 0.07 56
230 41.6 0.0 58.4 19 75 4 24 0.06 59
203 32.6 0.0 67.4 6 . 0* 452 0.06 84
222 36.5 0.0 63 5 13 0* 434 0.0.6 70
203A 31.0 0.0 69.0 2.4* 4 55 0.06 94
223 27.0 0.0 73 0 0.0 4 41 0.07 1 00

2-3 236 29.6 0.0 70.4 0.0 4 69 0.05 100
2-17 2 17 15.0 0.0 85.0 0.0 3 03 0.11 1 00

2-2 202c 20.0 0.0 80.0 0.0 390 100----

2-1 201R 10.0 0.0 90.0 0.0 2 15 0.87 1 00

233 36.4 20.0 43 6 20.0* 3 31 0.12 50
2 32 24.6 20.0 55.4 1.58 369 0.12 93
219 25.0 20.0 55.0 2.25 359 0.18 92

2-12 2 12 35.5 20.0 44.5 19 0* 3 38 0.13 52
231 29.5 '0.0 70.5 0.0 4 62 0.05 1 00

2-5 205 11.0 10.0 79 0 0.0 2 16 0.72 1 00

2-7 2 37 30.0 10.0 60.0 5 . 5* 4 10 0.09 84
2-9 209 10.0 20.0 70.0 0.0 1 59 2.40 1 00

2-13 213B 10.0 30.0 60.0 0.0 1 48 3.20 1 00

219B 10.0 40.0 50.0 0.0 1 12 6.10 1 00

2-10 2 10 16.0 20.0 64.0 0.0 293 0.27 1 00

219C 10.0 50.0 40.0 10.0 0.0 0----

207 27.0 10.0 63 0 0.75 4 07 0.15 98
2-11 2 11 28.0 20.0 52.0 70* 365 0.13 78
2-14 2 29 21.0 30.0 49 0 0.5* 321 0.22 98

238 28.6 10.0 61.4 3.28 4 07 0.07 90
220(Bot Ign) 27.0 0.0 73 0 0.0 4 34 0.09 1 00

221 25.4 0.0 74.6 0.0 4 34 0.075 1 00
2-16 216A 30.4 30.0 39.6 15.08 255 0.45 55

214 15.6 30.0 54.4 0.0 2 55 0.60 1 00 4

2-15 2 34 29.0 30.0 41.0 13 0* 283 0.24 59
235 31.0 0.0 69 0 2 .0* 4 63 0.05 94

2-18 218(Bot Ign) 20.0 0.0 80.0 0.0 3 86 0.14 1 00

226 22.2 30.0 47.7 2 5* 3 00 0.27 90
2-6 224 25.0 10.0 65.0 0.0 4 07 0.08 1 00

201R 10.0 0.0 90.0 - 0.0 210 0.80 1 00

3-8 207A (Fan) 27.0 10.0 63 0 0.5* 4 00 0.07 98
2-8 208 40.0 10.0 50.0 21.0* 345 0.11 53
3-10 3 10 20.0 0.0 80.0 0.0 3 59 0.09 100
3-6 308 (Fan) 7.0 0.0 93 0 0.0 1 45 1.50 1 00

3-4 306 6.0 0.0 94.0 3.0 55 5.50 51i

) 3-9 309 15.0 0.0 85 0 0.0 283 0.24 1 00
307B(Bot Ign) 10 3 0.0 89 7 0.0 179 1.25 1 00
307A(Bot Ign) 11.5 0.0 87 9 0.0 186 1.00 100

3-5 307 (Bot Ign) 6.71 0.0 93 3 0.25 85 4.0 96

NOTES: (See second page)

E72291.01
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NOTES FOR TABLE 1-5

# = Calculated,

1. Initial temperature: 100 C

2. Initial pressure: 98 kPa

3 Unless stated, experiments are with central ignition

4. Experimental series 300 is with gratings
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TABLE 1-6

CTF EXPERI} ENTAL SERIES 4

Exp. No. H (Pipe) H (Sphere) AP t Burn
Q.R. No. CTF- 2 (5) 2 (%) (kPE) (ESE) (%)

__________________________________________________ ________________________

405 (EI) 10.0 10.0 2 48 6.75 100
402A (EI) 8.0 8.0 2 10 '14.75 100

Fan on
4-3 402A Fan off 8.0 8.0 10 16.0 ~0

404 (EI) 6.5 6.5 1 15 23.0 70
; Fan on

404 (EI) 6.5 6.5 2 24.0 ~0
Fan off

4-4 401 (EI) 20.0 20.0 510 0.2 100
Fan off

41 407A (CI) 8.5 8.5 165 14.0 100
Fan off

409 (CI) 10.0 10.0 2 25 1.8 100
Fan off

42 408 (CI) 20.0 20.0 5 00 0.15 100
Fan off

410 (CI) 25.0 25.0 1300 .075 100
Fan off

411 (EI) 10.0 10.0 2 60 5.5 100
Constriction

j 412 (EI) 20.0 20.0 5 25 0.2 100
W Constriction

4-5 418 (EI) 12.0 6.0 105p ,135s 1.1 ~0
;

Burst Disk'

4_6 419 (EI) 15.0 6.0 115p ,115s 35p , .85s 70
Burat Disk

416 (EI) 15.0 10.0 120p ,325s 0.28p,.375s 1 00*
Burst Disk

415 (EI) 15.0 20.0 120p ,525s 0.32p,.4s 1 00 *

Burst Disk

NOTES:

* = Assumed

1. All experiments at 24 3 2 C, 98 kPa .

2. s = sphere, p = pipe

3 EI = pipe end ignition

CI = sphere central ignition

.

s

E72291.01
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compartm nt pr ssuro as the timperatura decrtaced and tha st:am in th2
compartment condensed. The resulting low pressure caused a reverse
migration through the slots simulating the ice condenser doors which,
coupled with a lack of mixing from the fans or the source jet, created a
maximum concentration difference of 3 5 volume percent for test HM-1A and
7.5 volume percent for test HM-2. The reverse flow condition which
caused these high concentration differences was not prototypic of ice
condenser containment conditions since the actual ice condenser is
provided with doors which would simply close once the lower compartment
pressure was no longer greater than the upper compartment pressure.
Therefore, the post-release concentration differences in tests HM-1A and
HM-2 are considered to be anomalous due to the simulation of the ice
condenser doors in the test vessel design.

.
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Question 2

The majority of the ICOG-EPRI tests which serve to demonstrate the validity
of the deliberate ignition concept utilized a GMAC glow plug as the ignition
source. TVA currently intends to install 120-V TAYC0 igniters in the
Permanent Hydrogen Mitigation System instead of the glow plugs. Although
igniter durability tests have been completed by Singleton, additional testing
of the 120-V igniter is required to show that it is an acceptable replacement
for the GMAC igniter. Specifically,

a) Tests should be conducted to ensure that the igniter will continue to
operate as intended in a spray atmosphere typical of that which would be
expected in cach region of containment where igniters are to be located.

b) Endurance tests should be conducted on a suitable sample size, to assure
adequacy and consistency of igniter surface temperature and lifetime.

Response 2

a) Tests have been conducted at TVA's Singleton Laboratory to ensure that
the Tayco igniter assembly would continue to operate as intended in a
typical containment spray atmosphere. The tests were conducted indoors
in a room routinely used for spraying materials. The spray nozzle was a
SPRACO hollow-cone nozzle (model No. 16711810) which was used in the
utility-sponsored tests on the GM igniter at Fenwal, Inc. Several flow
rates were tested at Singleton; the highest being 3.5 gal / min at 20
psid. The nozzle was oriented vertically downward and was located three
feet above the igniter. The igniter was oriented horizontally and was
mounted under a horizontal spray shield of the same configuration as the
ones on the igniter assemblies to be installed in Sequoyan. The shield
extended out over the igniter four inches from the mounting plate and was
eight inches wide. The igniter extended about three inches out from the
plate. In most of the tests, the igniter was 'sountsd ten inches below
the shield to correspond with the lowest relative position in any
assembly in the plant.

In the first test series, the initial igniter surface temperature varied
3

! between 1700-17300F. When the spray nozzle was actuated, the igniter
! temperature dropped to between 1650-16900F within about five minutes

and remained relatively stable for the remaining 30 minutes of the test.

In the second test series, a large room fan was placed about five feet
from the front of the igniter facing it along its axis. This forced
turbulence was intended to simulate a potentially turbulent local

,

containment environment and increase the spray cooling effect. The local
! air velocity measured at the igniter location due to the fan was 400

{ ft/ min 1 50. Again, the initial igniter surface temperature varied
between 1700-17300F. When the spray and fan were activated, the'

igniter temperature dropped to between 1600-1635 F within five minutes
and remained stable for the remainder of the test.,

i

; Even the 16000F surface temperature with the fan-induced turbulence is
well above the 13500F surface temperature determined at Whiteshell to
be the maximum required to ignite even lean hydrogen, rich steam
mixtures. (Refer to TVA's summary of Tayco igniter testing submitted

| June 14, 1982.) Therefore, we believe that the Tayco igniter assembly
would function effectively in a representative containment spray

| environment.
i E72291.01
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|
b) In addition to the single Tayco igniter that previously underwent |

'
endurance testing at Singleton, three additional igniters have been
tested. These three were each subjected to a series of five tests
consisting of endurance and cycling.

The first test ccasisted of energizing the igniters continuously for 24
hours in an open room at 120-V ao to initially determine their surface
temperature capability. The minimum surface temperatures recorded

0following the initial warmup period ranged from 1715-1770 F.

Following the initial warmup test, the first of two endurance tests was
performed. This test consisted of energizing the igniters for one week
at 120-V ac to determine the surface temperature over an extended
period. The average surface temperature of the three igniters during the
test was between 1713-17420F and the minimum temperature was between
1683-17320F. The gradual decrease in measured igniter surf' cea
temperature during extended tests has been found to result from the use
of spot-welded thermocouples as a measurement technique. When the

; thermocouples have been cleaned and re-welded to the igniter between test
! series, temperatures essentially the same as the initial temperatures are

again measured. This indicates that some gradual deterioration of the
thermocouple contact is probably occurring.

After the first endurance test, the third test consisted of cycling the
igniters on/off 10 times each at 120 ,125 ,130 , and 135-V ao to assess
their durability under thermal cycling. In each cycle the igniters were
energized for five minutes and then allowed to cool to ambient. Surface
temperatures in excess of 17000F were reached within two minutes after
the igniter was energized. The average peak surface temperature over ten
cycles at 120-V ac varied from 1737-1773 F and over ten cycles at 135-V
ac varied from 1838-19000F.

~

!
i The fourth test was the other endurance test in which the igniters were

energized for one week at 135-V ac. During the seventh day of the test,
one of the igniters failed to maintain an elevated temperature. The
cause of failure has not been determined. The igniter had maintained an
average surface temperature for more than 6 days of 18490F and a
minimum temperature of 18260F before failure. The other two igniters
continued to function satisfactorily with an average surface temperature
during the test between 1797-18630F and a minimum temperature between

01760-1841 F.

The final test was another cycling test similar to the first one with 10
cycles at each of the four voltages. The average peak surface
temperature of the two igniters over 10 cycles at 120-V ac was between
1729-17740F and over 10 cycles at 135-V ao varied from 1850-1905 F.

Two of the three additional Tayco igniters successfully survived all of
the conditions to which they were subjected and continued to perform.
The single failure occurred in the last day of a one-week test at 135-V
ac. This voltage level is well above the normal expected voltage of 120-
V ac which would be supplied at Sequoyah by the regulating transformer
and, as such, is an extreme condition. In addition, the failed igniter
successfully passed the initial 24-hour warmup test, the 7-day endurance
test at the 120-V ao operating voltage, a set of thermal cycling tests at
voltages up to and including 135-V ac, and over six days days of
continuous operation at 135-V ac. Therefore, we believe that the
Singleton tests on the additional Tayco igniters have shown that they are
durable under endurance and cycling conditions.

E72291.01
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Question 3

For the 120 V igniter system, describe the following:

I a) Performance characteristics of the igniters including surface temperature
as a function of voltage and age.

b) A comparison of surface area, power density, and other relevant
parameters for the original and currently proposed igniters.

c) Igniter mounting provisions.

d) Proposed preoperational and surveillance testing. If surveil. lance
testing will be based on comparisons of measured voltage / current to
preoperational values, specify the range for acceptance.

e) Power distribution system for the igniters, in particular, the location
of the breakers in the system and the number of igniters on a breaker.

Response 3

a) Igniter surface temperatures measured as a function of voltage and age
were reported in Attachment B of TVA's " Summary of Testing to Determine
Suitability of Tayco Igniter for Use in the PHMS at Sequoyah and Watts
Bar," submitted June 14, 1982. In addition, refer to response 2 of the
present submittal.

b) Relevant parameters for the GM and Tayco igniter relate to performance -
the ability to ignite lean mixtures - and to durability. As reported in
the submittal referenced in response 3(a), testing at Whiteshell showed
that both the GM and Tayco igniters had the ability to ignite lean

,

mixtures at their operating voltages. The two igniter types possessed
similar lower ignition limits. The Tayco igniter minimum surface'

i temperature required for ignition was measurably lower than the GM
surface temperature. Also as reported in previous submittals and in
response 2, testing at Singleton has shown that both the GM and Tayco
igniters are sufficiently durable.

2The GM igniter has a heated surface area of about 0.61 in and a power at>

12-V ac pf 99 watts for a " calculated surface power density" of 162
wagts/in. The Tayco igniter has a heated surface area of about 10.9
in and a p wer at 120-V ac of 519 watts for a power density of 48

2
watts /in . The calculated surface power density for the Tayco igniter is
lower due to the difference in heating element configuration of a coil
compared to a rod. Based on the Whiteshell results discussed above,
surface power density must not be closely related to igniter performance
capability.

c) As shown in Figure 1 and described in the text of the submittal
referenced in response 3(a), the Tayco igniter will be mounted in a NENM

i type 4 enclosure with the heating element protruding. The igniter body
is threaded to accept a washer and nut to allow secure mounting in the

; enclosure. All electrical connections are made within the enclosure.
'

The entire assembly will be seismically supported.

|

!
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d) Preoperational and surveillance testing for the PHMS was described in
response 1 of our December 1,1981, submittal. Preoperational testing
will consist of energizing the system, measuring the surface temperature
of each individual igniter, and recording the voltage and current in each
igniter circuit. Later, during surveillance testing, the voltage and
current of each circuit will be measured and compared with the readings
previously recorded during the preoperational test. Since there are only
two igniters in each circuit, the current measured during the
surveillance test would drop by about half if one of the two igniters had
failed. Such a major drop in current would be outside the range for
acceptance in the test.

e) The power distribution system for the PHMS was described in Response 1 of
our December 1,1981, submittal. In each train, power from the 480/120 V
ac regulating transformer is routed to the 120 V ac distribution panel
located on elevation 759 of the auxiliary building. The distribution
panel for each train contains 16 separate circuits, each providing power
to two igniters and including a circuit breaker.

.
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Question 4

Provide details regarding the number and location of permanent igniters in
containment. Discuss the influence of considerations such as volume served
per igniter and preferred flame direction on the design of the permanent
sys tem.

Response 4

A description of the numoer and location of igniters in the PHMS was provided
in 29sponse 1 of our December 1,1981, submittal. Since that time, the
location of the igniters in the ice condenser upper plenum has been changed
to allow the assemblies to be seismically mounted. The upper plenum igniters
on the crane wall side will be located at elevation 785 and the igniters on

the containment wall side at about elevation 792.

As discussed in previous submittals, igniters are distributed throughout the
major regions of containment in which hydrogen could be released or to which
it could flow in significant quantities. No specific consideration was given
to the " volume served" per igniter. Igniters in both the upper and lower i

compartment are located at intermediate as well as high elevations to allow
the partial burning that would accompany upward flame propagation.

.
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Question 5
,

Recent tests conducted at McGill indicate that flame accelerations
accompanied by large pressure increases, and detonations can occur at

i hydrogen concentrations as low as 135 Although remote, the possibility of
I flame accelerations and local detonations occurring around obstacles and in

confined regions of containment cannot be entirely dismissed. Further
analysis of the probability and consequences of these events are thus
warranted. In this regard:

a) Discuss the chain of events and conditions required to cause flame
'

accelerations and detonation in containment, and the probability that
such conditions might exist. Identify the locations in containment at
which flame acceleration / detonation would most likely occur.

t

b) Provide quantitative estimates of the extent and magnitude of' flame3

acceleration in containment and the resulting pressure increase and
loads on structures and equipment.

! c) Provide the results of a calculation (pressure versus time curve) for the
largest conceivable local detonation which could occur in your
containment. Demonstrate that the effects of such a detonation could be
safely accommodated by structures and essential equipment. Also, provide
an estimate of the limiting size of a cloud of detonable gas with regard
to the structural capability of the containment shell.

!

Response 5
i

The issues of local detonation and transition to detonation have been
addressed in previous submittals. Refer to:

| - Sequoyah Nuclear Plant Hydrogen Study, Volume II, Revision in Response to
NRC Questions (letter from J. L. Cross to R. L. Tedesco dated December 11,
1980).

- Additional Information Requested by NRC (letter from J. L. Cross to
R. L. Tedesco dated December 17, 1980).

- Resolution of Equipment Survivability Issue for the Sequoyah Nuclear Plant
(letters from L. M. Mills to E. Adensam dated June 2,1981, and June 3,
1981).

- Response to Additional NRC Questions on Hydrogen Control System (letters.

from L. M. Mills to E. Adensam dated December 1,1981, and January 5,
1982).

- Executive Summary Report (letter from L. M. Mills to E. Adensam dated
September 27, 1982).

The reference McGill tests were performed in laboratory-scale apparatus with
specialized features such as large length / diameter ratios, uniaxial flame
propagation, regularly spaced obstacles, etc. , which are designed to promote
the detonability of test mixtures. The McGill test conditions would not
exist in the Sequoyah containment. Four major areas of difference that have
been addressed at length in the referenced submittals include the availablei

i

I
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hydrogen concentration, the available igniticr. Ocurce strength; the confined
geometry with a large length / diameter ratio, and the presence of regular
obs tacles. We agree that the possibility of transition to detonation and
local detonation is remote and believe that further analysis of the
consequences of these events is thus unwarranted.

a) The conditions associated with flame acceleration and detonation in the
laboratory have been discussed in relation to the Sequoyah containment in
the referenced submittals. The probability of those conditions is judged
to be extremely remote. No locations were identified in the containment
at which flame acceleration / detonation would occur.

b) Since significant flame acceleration in the containment is so improbable,
the resulting pressure increase and loads on structures and equipment
would be hypothetical.

c) As stated in previous submittals, we cannot conceive of a local
detonation occurring in the Sequoyah containment. However, at the
request of the NRC, TVA provided a calculated pressure versus time curve
from a hypothetical local detonation in our submittal of December 17,
1980, referenced above. An analysis of the containment shell response to
this load was provided in our submittal of June 2,1981, referenced
above. This analysis demonstrated that a margin of safety of three
existed before material yield would be reached. The effect of a
hypothetical local detonation on equipment has not been analyzed.
However, as stated in our submittal of December 11, 1980, referenced
above, the effect of such a hypothetical local detonation would be
attenuated greatly by distance. It is probable that redundant equipment
would have enough physical separation to avoid damage to both trains.

.
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Question 6

The analysis provided to date concerning the survivability of air return fans
and hydrogen skimmer fans neglects any fan overspeed or motoring which
occurs as a result of postulated hydrogen combustion in the upper plenum and
upper containment. Describe how the fans will react to the differential
pressure associated with hydrogen combustion, and justify the assumptions
concerning fan overspeed. Describe the effects of combustion in the lower '

compartment (e.g. , tan stalling).

Response 6

Analyses have been submitted previously addressing the survivability of the
air return fans under both pressure and temperature, effects during hydrogen
combustion postulated to occur in the upper compartment. No burns were
predicted by CL ASIX to occur in the upper co=partment for the bas'e case
parameter assumptions. However, some of the sensitivity studies that were
performed did result in upper compartment burns. In the analyses done
previously to address the pressure effect on the fans, any overspeeding of
the fans was neglected for simplicity. This is believed to be a reasonable
assumption because the pressure differential during the burns is neither very
great or very extended and because the pressure loading condition used in the
analysis was so conservative. This pressure load was assumed to be a
constant 50 psid force acting downward on the fan blades and was assumed to
occur in addition to all the loads the fan experiences during operation at
its normal speed. The static load of 50 psid is very conservative since it
exceeds even the worst peak transient differential pressures during a burn.
For example, in the sensitivity case where the hydrogen ignition lLnit in the
upper co=partment and the dead-ended region was assumed to be 6 volume
percent with 60% burn completeness, the duration of an upper compartment burn
pressurization was about 12 seconds and the peak differential pressure was
about 7.5 psid. The integrated load would only be about 36 psi-seconds. A
transient load of this magnitude is not believed to have a potential for
causing significant overspeeding of the fan.

A previous submittal has also addressed air return fan survivability during
postulated lower compartment burns. During the period of lower compartment
combustion and pressurization, the backdraft dampers above the fans would
close and prevent significant differential pressure loads on the fans. These
dampers were designed to withstand pressurization during a design basis LOCA
which would cause a higher differential pressure than calculated in any of
the burn sensitivity studies. The air return fans have been operated during
a test with the dampers closed and experienced no damage such as from
stalling.

E72291.d1



Question 7 ,

With regard to the equipment survivability analysis, the level of
conservatism implicit in the temperature forcing function is developed
for the lower containment and upper plenum is not apparent and
quantifiable. Additional analyses should be conducted to provide a
base line or "best estimate" of equipment response, and to ensure that
temperature curves assumed in the analyses embody all uncertainties in
the accident sequence and combu tion parameters. Accordingly, provide
analyses of equipment temperature response to:

1) The base case transient assumed in the containment analyses.

2) The containment transient resulting ,from a spectrum of accident
scenarios. 'd-=~""~~

,

3) The containment transients resulting under different assumed
values for flame speed and ignition criteria for the worst case
accident sequence. The range of these combustion parameters
assumed for the equipment survivability anlayses should include
but not necessarily be limited to the values assumed in the
containment sensitivity studies, ie. ,1-12 ft/seo speed and 6-10%
hydrogen for ignition.

Response 7

1) In our response of December 1,1981, we provided equipment
survivability results for 8 v/o-85% hydrogen burns with a flame
speed of 1 ft/sec. At that time we also performed HEATING 5
analyses for a flame speed of'6 ft/sec for all the equipment
analyzed in the 1 ft/see submittal. The 1 ft/sec results showed
higher equipment temperatures in every instance than the 6 ft/sec
analyses. For that reason, we submitted only the 1 f t/sec results.

1

2) The S D case is a reasonable upper bound scenario for the2
Sequoyah Plant. The maximum hydrogen release rate and the total amount
of hydrogen released prior to core slump, as predicted by MARCH, bounds
other accident scenarios believed to be high contributors to risk at
Sequoyah. In our December 1,1981, submittal, we provided maximum

The S D maximum release raterelease rates for several scenarios. 2
was 1.1 lb/sec. An S;D had the highest peak release rate at 1.3

The S D eve: * oxidized 75% of the core. The next highestlb/sec. 2
scenario involved approximately 35% of the core. While S D has aj
slightly higher release rate than S D, it is not high enough to2
result in oxygen inerting during burns, prevent a rapid reduction in
hydrogen concentration in the burn compartmeat during a burn, nor
produce higher atmospheric and flame temperatures for a given ignition
criteria than the S D case. The much larger total amount of hydrogen2
released in the S D case results in more burns and thus higher2
equipment temperatures.

E72293 04
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The S D scenario used for the equipment survivability2
evaluations produces higher equipment temperatures than would be
produced by other scenarios reviewed. The S D results, therefore,2
conservatively bound the other scenarios.

3) As stated in our response to item 1 of this question, flame speeds
of 1 f t/sec produced higher temperatures than 6 ft/sec speeds.
The comparison of the cases showed that the longer burn duration
seen at the lower speeds input more energy to the equipment and
was more important than the change in peak temperature.
Evaluations using flame speeds that are faster than those studied
will not, therefore, result in higher equipment temperatures than
those previously reported. In our response to question 3 of your
October 1, 1982, request for additional information we have
provided the results of thermal analyses of equipment for burn
criteria of 6 v/o-60% (CLASIX case 1C). The analyses showed the
peak equipment temperatures are essentially the same as reported
in our previous submittals. There ' arm still large margins between
the calculated values and the survivable temperatures.

.
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| Question 8
!

For the survivability analysis, it is our understanding that the
current thermal model assumes radiation from the flame to the object

'
only during a burn, with convection occurring at all times outside the
burn period. In an actual burn, radiation from the cloud of hot gases
following the flame front can account for a substantial portion of the
total heat transfer to the object. An additional heat flux term or a
combined radiation-convection heat transfer coefficient should be used
to account for this radiant heat source. In this regard, clarify the-

treatment of heat transfer following the burn and justify the approach
,

| taken.
!

) Response 8

The equipment survivability analysis submitted on December 1, 1981,
utilized thermal models which assumed radiative heat transfer only ,

during a burn. The radiative heat transfer during the burn included
tha radiation from the cloud of hot gases following the flame front.
Radiative heat transfer from the hot gas cloud for all thermal models

,

was evaluated at the adabatic flame temperature. Additional analyses
have shown that radiative heat transfer from the atmosphere to the1

| equipment after burn termination produced changes in the equipment

; surface temperature response of about 100F. The CLASIX temperature
profile was used as the temperature forcing function for the radiative
heat transfer after the burn was completed. Gas and surface
emissivities of 1.0 (i.e., black body) and view factors of 1.0 were
used in the post burn period for conservatism.

~
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Question 9

HEDL containment mixing tests conducted as part of ICOG/EPRI R&D program
indicate that spatial hydrogen concaq, ration gradients of as much as 2 to 75t

can be expected to exist within containment at a given time. If such a
gradient were to exist within the v61bme of a hydrogen cloud in which

~

concentrationcombustion has just been initiated, the volume-average hydrogen
for the cloud can conceivably be significantly higher than the hydrogen
concentration at the point of ignition. In light of this, discuss the
influence of hydrogen concentration gradients on the concentration
requirement for ignition that is input to CLASIX, and justify the ignition
concentration value used in the CLASIX containment analyses.

Response 9

The results of the Hanford containment mixing test were described'in Appendix
A.6 of TVA's Quarterly Report No. 5 and in section IV.E of the technical
sum =ary attached to TVA's executive summary report. The maximum spatial
hydrogen concentration gradients measured during any of the tests were less
than three volume percent with two exceptions. These exceptions occurred
during tests HM-1A and HM-2 which revealed test vessel design details which
were not prototypic of actual ice condenser containment conditions as
discussed in Response 1(d) . We believe that the maximum test gradients of
less than 3 percent indicate that relatively rapid and uniform mixing would
occur during postulated hydrogen release scenarios in the plant. Assuming
that gradients of this magnitude (less than 3%) could exist in the plant
before ignition, the volume of such a cloud with a higher concentration away
from the point of ignition could not be significant due to the number of
igniters distributed throughout each region. The sensitivity of containment
response to the hydrogen lower ignition limit has been analyzed with CLASIX.
The existence of potential nonuniformities of the magnitude discussed here
would not be expected to yield a significantly different response.

'
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Question 10

Describe in detail the fog fonnation study cited in response to Question 9 of
the July 21, 1981, Request for Information. Include in this description the

' analytical development of the models for fog formation and removal, methods7

for solution, assumptions, and input parameters. Provide plots of fog
concentration and size as a function of time assuming various spray removal

{
efficiencies, and mean droplet diameters.

Question 11
P

Describe in detail the analyses of fog effects on hydrogen combustion cited
in response to Question 9 of the July 21, 1981, Request for Information.i

Include in this description the analytical development of the combustion
|

kinetics and heat transfer models, and quantitative comparisons between
the theoretical results and data obtained from the Factory Mutual Tests.
Provide plots of fog droplet size and concentrations required to inert at
various hydrogen concentrations under typical post-LOCA containment
conditions.

Response 10 and 11

Refer to the attachment, " Fog Inerting Analysis for PWR Ice Condenser
Plants," for the information requested in questions 10 and 11.

,
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Question 12 1

I

In the CLASIX spray model it is not clear whether the mass of spray treated j
in a time increment is assumed to be only that amount of spray mass which
is introduced in a single time step, or the mass of droplet accumulated in |

Ithe atmosphere over the fall time period. Clarify the spray mass
Iaccounting used in CLASIX and the mass of spray treated in a single time

step. Discuss the significance of any errors introduced by the apparent
assumption that only one time increment of spray mass is exposed to the 1

containment atmosphere during a single time step.

'

1 Msponse 12

The mass of spray treated in a time increment by the CLASIX spray model is
the amount of spray introduced in a single time step and not the mass of
droplet accumulated in the atmosphere over the fall time. The CLASIX spray
model model operates in a different time domain than the compartment. The
compartment conditions are frozen in time and the compartment response to
the spray is determined as if the mass of spray introduced during the time
step completed its fall during the time step. The compartment mass and
energy balance is updated at the end of each time step to reflect the spray
interaction. The spray interaction is determined by a classical transient
technique which is fully described in responses 10 (c,d) and 11 (a,b) in
our October 18, 1982, submittal. Based on the discussions provided, we

! believe the CLASIX spray model provides an appropriate treatment of spray
and containment atmospheric behavior for hydrogen burn transients.

.
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Question 13
|

CLASIX spray model analyses provided to date have been limited to the
comparison of pressure, temperature, and integrated heat removal for the
purpose of evaluating the effect of the spray operating in a separate time
domain. Additional information is needed, however, to confirm the adequacy

) of the heat and mass transfer relationships and assumptions implicit in the

CLASIX spray models, especially in treating a compartment in which hydrogen"

combustion is taking place. In this regard:

a) Provide a quantitive description of the spray heat and mass
transfer under containment conditions typical of a hydrogen burn.
Include in your response plots of containment temperature, spray
heat transfer, spray mass evaporation, and suspended water mass
as a function of time for both the CLASIX spray model and a model
in which the spray mass is tracked throughout the fall (and
allowed to accumulate in the containment atmosphere).

b) Provide analyses of spray mass evaporation and pressure suppression
effects for an upper compartment burn.

c) Justify the drop film coefficient value assumed in the spray model4

analyses (20 Btu /h f t20F) and discuss the effect of using a constant
value throughout a burn transient.

Response 13
,

a) The CLASIX Topical Report includes a comparison of the CLASIX spray
model to a finite difference spray model for atmospheric temperature

0over 700 F (see figure D-1) . The temperatures used in this
comparison are consistent with the temperatures resulting from an upper
compartment hydrogen burn. We believe this figure augmented by our
response to questions 10 and 11 of your August 9,1982, request for
additional information on CLASIX will adequately address your concerns.
Our response to the August 9,1982, letter was submitted October 18,

;

| 1982.

b) Sensitivity studies of various spray parameters were provided
December 15, 1980, in our Sequoyah Nuclear Plant Core Degradation
Program Volume II report. Refer to Table 10 of Appendix U for a

! summary of these studies,

c) Refer to CLASIX case JV906 of our December 15, 1980, submittal. In
this case the spray heat transfer coefficient was reduced from 20

2BTU /hr-f t _oF to 2. For burns in the upper compartment based on
an 8 v/o ignition criteria and 50% burn completeness, the temperature
in the upper compartment increased 800F due to the heat transfer
coefficient reduction. This shows the results are not particularly

sensitive to the heat transfer coefficient chosen.

E72293 04
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Question 14

Concerning the CLASIX containment response analyses:

a) Justify the burn time and burn propagation delay times used (reported
burn times for Sequoyah an* 1cGuire differ by a factor of 2 to 3).

b) Justify the radiant heat transfer beam lengths used (a beam length of
59 ft for the lower compartment in Sequoyah seems high - 20 to 30 ft
may be more appropriate).

c) The base case and majority of S D sensitivity studies assume that2
combustion occurs at an 85 hydrogen concentration with an 85%
' completeness of burn. Available combustion data for hydrogen / dry air

mixtures indicate that lean mixtures of approximately 8% H2 and below
are prevented from reacting completely and adiabatically due to
buoyancy, diffusion and heat loss effects. Only as hydrogen
concentration is increased to about 8.5% will the reaction begin to
approach adiabaticity. While arguments for an 85 ignition
concentration may be valid, provide the results of additional CLASIX
analyses to indicate the effect of an increase in ignition
concentration from 8% to 8.5-95.

d) Provide the results of CLASIX analyses for flame speeds of 10 and 100
times the present value,

e) To assess the effect of igniter system failure or ineffectiveness, e

provide the results of sensitivity studies in which the lower and
dead-ended compartments are effectively inerted, and the upper plenum
igniters burn with low efficiency or not at all. Assume combustion in
the upper compartment at 9-10% hydrogen.

Response 14

a) Refer to our response to question 4a of your letter dated August 9,
1982. Our response was submitted October 18, 1982.

b) We agree. The beam length value used in all of our analyses provided
since mid 1981 was 25 feet for the lower compartment. The value
provided in Table 11 of our December 1, 1981, submittal is in error.

c) The purpose of providing results at 6, 8, and 10 v/o was to preclude
running a multitude of cases at slightly varied hydrogen concentration
values as a criteria for ignition. These runs are believed to be
sufficient to evaluate igniter performance. Additionally, Duke Power
submitted results for their McGuire plant based on an 8.5 v/o and 100%
burn completeness. We recommend you refen to their results. Their
results show there is not a substantial difference between 8 and 8.5
v/o ignition criteria.

d) We believe additional flame speed sen'sitivity analyses are unwarranted.
We provided results for an order of~ magnitude shift in the flame speed.
A two order of magnitude shift in flame speeds for some of the values
provided would result in supersonic flames and would not be physically
achievable in our plant.

E72293.04
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At present, as supported by all transient test data, the pressures
seen in vessels with a pre-energized igniter system are well below
adiabatic for the 6, 8, or 10 v/o ignition criteris used to analyze
Sequoyah. There is no question the faster the rate of energy addition,
the closer the pressures will approach the adiabatic pressure for a
given hydrogen concentration. In the limit, if the energy addition rate
is sufficiently high (i.e. , high flame speed), venting through the ice
condenser doors will not occur and the pressure in the. burn compartment
will behave as a perfectly insulated single volume vessel. The
increase in differential pressure that would be obtained in this

a a
instance would be agproximately 33 lb/in at 6 v/o, 45 lb/in at
8 v/o, and 60 lb/in at 10 v/o for complete burns.

e) Refer to case JV903 in Appendix U of our December 15, 1980, submittal
where the results for the requested case were provided. The case was
based on 10 v/o ignition criteria and no air return ran operation. The
results show an upper compartment burn producing in a peak pressure of

292 lb/in a.
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RESPONSE TO
REQ' JEST FOR ADDITIONAL INFORMATION 0::

i EQUIPMENT SURVIVABILITY
'

| +
.

Question 1

In response to Item 2 in your letter dated April 6,1982, you have provided
only one example to indicate that the temperature reached by the equipment
during a hydrogen burn is below the qualification temperature for that
equipment. Confirm that you have performed analysis for all the equipment-

required for the hydrogen burn and provide the qualification testing of
these equipment. Also provide the reference to individual Summary
Component Evaluation Worksheets (SCEWS) which were submitted in the EQ .

submittal in response to NUREG-0588, so that the staff can make an
j independent evaluation of the subject analyses.

Response 1

In our submittals on equipment survivability dated June 2, 1981,
December 1,1981, and April 6,1982, TVA provided the results of testing or
analysis of five pieces of equipment for hydrogen burns. Detailed
evaluations were not provided for all components on the equipment list
provided in our earlier submittals. Justification of our approach in'

evaluting only selected items was also proviced in our December 1, 196i,
; and April 6,1982, submittals. Qualification testing" for hydrogen burns"

was not performed nor is it required.

The following list provides the requested reference to the SCEWS prov$ded
in our Electrical Equipment Environmental Qualification Report in
accordance with NUREG-0588 for unit 1 at Sequoyah. The ite=s listed below
are included in Table 3.11-4 with the page number for easy reference. The
equipment list is taken from Table 2.2-1 of our December 1, 1981, '

submittal.

Item P_ age,

LT-2-148, -156, -164, -171, -172 -173, -174, 175 7

Air Return Fans 8

FCV-43-201, -202, -207, -208 22

LT-63-176, -177, -178, -179 17

FCV-63-172 12

LT-68-320, -355A 14

TE-68-1, -24, -43, -65 13

"

: TE-68-18, -41, -60, -83 13

Electrical Per.etrations 10

Containment Isolation Valves 1.2,3,5,6,11,12,18,
1c,22,23,26,27,28,29

E72293.04
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FROM E. ADENSAM TO H. G. PARRIS REQUESTING ADDITIONAL INFORMATION

ON EQUIPMENT SURVIVABILITY
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|
|

The hydrogen igniters for the Interim Distributed Ignition System (IDIS)
and the Permanent Hydrogen Mitigation System (PHMS) are not Class 1E and
are thus not included. The ice condenser doors and seals, flanged
penetrations, equipment hatch, and air locks are not Class 1E components
and thus do not have SCEWs. The hydrogen analyzers are listed in Table
2.2-1 but are located outside containment and are thus not subjected to
hydrogen burns. The core exit thermocouples are not Class 1E equipment.
The reactor vessel level thermocouples and the vessel vent valves have not
been added to the plant at this time. When they are, the NUREG-0588 report
will be updated to include these components.

>

-

:

'
,

,

! .
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.

! Question 3

In your response to item 3 in your letter dated April 6,1982, you
indicated that for Case 1C the burns are of a much shorter duration and the
ambient te=perature is lower. The staff recognizes that the burns are of a,

shorter duration, but~1n addition to this duration between burns is also ofr

much shorter duration which allows less time for the equipment to
cooldown. Also, if the licensee wants to denonstrate the blowdown
sensitivity studies (case JJ1) that containment integrity is maintained
even for three times the mass flow rate used in S D scenario then it2,

' should also be demonstrated that equipment will survive for that scenario.
Hence, provide the equipment temperature for these two cases.

kesponse3;

The results of the thermal anlaysis of the cable in conduit for a burn .

i criteria of 6 v/o-605 (CLASIX Case 10) is provided on Figure 1. The
response of the cable in conduit is provided as it is the most responsive
to environmental changes of any of the equipment analyzed. The analysis

4

shows that the maximum surface temperature is essentially the sa:e as shown
for the same 8 v/o-85% case on Figure 2-2.14 of our December 1, 1981,

|
submittal. This analysis of CLASIX Case 1C very conservatively includes

!
radiative heat transfer from the hot gas cloud during the burn at the

i adiabatic flame temperature and radiative heat transfer based on the CLASIX
| profile at all times during the transient. This essentially doubles the

aadiation heat transfer during the burn. In addition, to adding more
conservatism the radiation term utilizing the CLASIX profile used gas and
equipment surface emissivities of 1.0 (i.e. , black body radiation) and view
factors of 1.0. Natural convection was also included in the sa:e manner as
presented in the analysis discussed in our December 1, 1981, submittal..
Even with these gross conservati_.s the same large margins in our earlier
analyses still remain assuring the survivability of our equipment.

The S D scenario used for equipment survivability analysis utilized a2
maximum hydrogen release rate of 1.1 lb/ min. As can be seen by our
response to Item 2 of Question 7 and from the table on scenarios in section

1981, submittal, the S D release rate is mostC of our December 1, 2
appropriate for all plant transients. We provided a discussion of why
equipment analysis for CLASIX Case JJ1 is not required in our April 6,'

1982, submittal. The containment transients based on the S D release2
rates provide a conservative environmental profile for equip =ent
survivability analysis.i

!

!

|
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i Question 4 '

.

. In your submittal of December 1, 1981, you indicated that the analysis of
the teflon wire which was melted during Fenwal testing also indicated that
teflon will completely melt in 1.4 seconds. Provide the melting point for
the teflon used in the analysis. Also using the same model provide the
results of the analyses predicting the surface temperature of the exposed
thermocouple and RTD cable.

Response 4

The melting point of teflon used to determine if the insulation on the
' thermocouple wire in our analysis was 6170F. This value was obtained

from the Omega Temperature Measurement Handbook, 1982 edition. The
calculated insulation surface temperature in our analysis was 9900F.

.

Analyses of the RTD and thermocouple cable were not performed. Testing was
done in lieu of analysis. Because of the te=peratures reached during thea

tests (13680F for the thermocouple cable) the tests were adequate
representations of hydrogen burns in the lower compartment where this
cabling is located. Analyses would not provide additional information and
were therefore not performed. Additional justifications are provided in
our December 1, 1981, submittal.

!

l

.

!
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Question 2

Since the probability of local detonation exists, provide the analyses or
experimental results to demonstrate the survivability of essential
equipment for the local detonation predicted.

Response 2

Refer to response 5 of Enclosure 1, " Response to Request for Additional
Information on Hydrogen Control for Ice Condenser Plants" for a discussion
of local detonation and equipment survivability.

,, .
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: Question 5 .

2

Sand 5,basedontheexperimentalresults,ispredictingthatscalingmay
have !a big icpact on the analytical model used to predict equipmentd

te=perature. Tests results performed in small chamber cay r.ct be used to
demonstrate the equipment survivability in the contianment. Based on this,,

j demonstrate how the analytical model used for Sequoyah takes into account
t the scaling factor. If the analytical model does not consider the scaling

factor, provide the basis for eliminating this factor. +

,

Response 5

We agree with Sandia that scaling effects must be carefully considered in;

not only small tests but any tests that do not accurately =odel the plant.'

Because of this, all the analyses performed for Sequoyah were based on full1

scale. No small scale test data was used which would require extrapolation ,

,

up to plant conditions. All scale factors for the CLASIX and HEATING S'

analyses are therefore 1.0.
i

I

i

i
,

i

.

l
*

,

1

i
i

I

l
;

4
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ABSTRACT
1

l
The recent hydrogen burn test conducted at the Lawrence Livemorej

j National Laboratory has raised the NRC and the ice condenser plant

:! owners concern about fog inerting probability and consequences in ice
condenser plants. The present investigation i s aimed at resolving this

{ fog inerting issue. In this report, major fog fomation and removal

| mechanisms that could exist in the post-accident ice condenser contain-
i} ment are identified and quantified. Methodologies have been developed

1

i for predicting fog fomation and removal rates and for predicting fog

| concentrations in various compartments in an ice condenser containment.

This methodology employs the Hijikata-Mori boundary layer fog fomation
theory, and calculates the fog fomation rates due to boundary layer and

| bulk stream condensation. Next, the mass conservation equations for fog

J droplets are solved and the fog concentrations in various compartments
'

are calculated. The methodology has been used to predict fog concentra-
tions in the Sequoyah, McGuire, and D. C. Cook containments, using the
CLASIX output data for an S D accident sequence.2

In order to utilize the calculational results from the study, a fog

inerting criterion has been established. This criterion uses the hydro-
i gen concentration, volume mean drop size, and fog concentration to
' define the fog inerting regime. For a given hydrogen concentration, the

minimum fog inerting concentration (in mass / volume) was found to vary
with the square of the volune mean drop diameter. Thi s criterion has
been verified by the recent Factory Mutual fog inerting test data.

The application of the fog inerting criterion to the three ice condenser
plants shows that fog inerting would not exist in the upper and lower
compartments. Some slight elevation of the lower flammability limit in
the ice condenser upper plenum may be possible due to the presence of
fog but the present calculations show that hydrogen concentrations of
8-8,5 pen:ent in the upper plenum are still flamable. Previous CLASIX
analyses have shown that the containment response to burning 8-8,5
percent hydrogen mixtures would be acceptable.

I
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| ABSTRACT

i

l
q The recent hydrogen burn test conducted at the Lawrence Livermore

j National Laboratory has raised the NRC and the ice condenser plant
owners concern about fog inerting probability and consequences in ice

' condenser plants. The present investigation is aimed at resolving this
fog inerting issue. In this report, major fog fomation and removal
mechanisms that could exist in the post-accident ice condenser contain-
ment are identified and quantified. Methodologies have been developed
for predicting fog fonnation and removal rates and for predicting fog
concentrations in various compartments in an ice condenser containment.

;

; This methodolcgy employs the Hijikata-Mori boundary layer fog fomation

[ theon, and calculates the fog fonnation rates due to boundary 1 Ayer and
bulk stream condensation. Next, the mass conservation equations for fog<

droplets a-e solved and the fog concentrations in various compartments
! are calculated. The methodology has been used to predict fog concentra-
! tions in the Sequoyah, McGuire, and D. C. Cook containments, using the

| CLASIX output data for an S D accident sequence.2
,

i . . _ _ - . -

i
In order to utilize the calculational results from the study, a fog

inerting criterion has been established. This criterion uses the hydro-
i gen concentration, volse mean drop size, and fog concentration to
! define the fog inerting regime. For a given hydrogen concentration, the

minimun fog inerting concentration (in mass /volune) was found to vary.

with the square of the volune mean drop diameter. This criterion has
been verified by the recent Factory Mutual fog inerting test data.

The applicat on of the fog inerting criterion to the three ice condenser

| plants shows that fog inerting would not exist in the upper and lower
compartments. Some slight elevation of the lower flammability limit in
the ice condenser upper plenum may be possible due to the presence of
fog but the present calculations show that hydrogen concentrations of
8-8.5 pen:ent in the upper plenum are still flaanable. Previous CLASIX
analyses have shown that the containment response to burning 8-8,5
percent hydrogen mixtures would be acceptable.
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1.0 BACXGROUND

The incident at Three Mile Island has demonstrated that a significant
amount of hydrogen could be generated during core degradation. Thi s
experience raised NRC concern about the safety of nuclear power plants,
in terms of their capability to control hydrogen during severe acci-
dents. Since ice condenser plants have a relatively small voltane and
low containment design pressure, the NRC has requested the ice condenser
plant owners to study hydrogen control methods for use in their plants.
In this regard, the Tennessee Valley Authority (TVA), Duke Power and

.

American Electric Power (AEP) have installed glow plug igniters at
various locations inside their ice condenser containments to ignite

,

hydrogen at low concentration.
i

! Recently, the NRC requested Lawrence Livermore National Laboratoryj

| (LLNL) to carry out experiments on these igniters to determine their

j effecti veness. In these experiments, two tests with high steam concen-
tration failed to achieve ignition even after enough steam condensed to
yield a theoretically combustible mixture. One explanatory hypothesis

,

! was that substantial fog formation could occur when saturated steam is
discharged into a unheated vessel and under some conditions- og could
effectively preclude hydrogen from combustionIII.

The LLNL tests raised some doubts about the effectiveness of glow plug
igniters under fog formation conditions. In a recent review of hydrogen
related issues for ice condenser plants,(2) the NRC has raised several

.

questions concerning the probability and consequences of fog fomation
and steam supersaturation in ice condenser plants.

TVA, AEP, and Duke established experimental and theoretical analysis
programs to study the effects of fog and spray on igniter perfomance.
The experimental pmgram was contracted to Factory Mutual. The experi-
ments were designed to test the glow plug igniter's perfomance under
different fogging conditions. In response to the NRC questions, the
plant owners requested Westinghouse to perfom fog inerting analyses for
the Sequoyah, McGu' ire, and O. C. Cook plants. Thi s report presents the
results of the Westinghouse studies.
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2.0 INTRODUCTION

From the post-test analysis of the LLNL %drogen burn tests, it appears
that substantial fog fomation could have occurred inside the test ves-
sel. Generally, fog droplets are only a few microns in diameter. These
sizes of droplets have the potential to prevent a flamnable gas mixture
from combustion or quench a propagating flane. This is because these
si::es of droplets vaporize very fast (on the order of milliseconds),
absorbing an enomous amount of the heat released from combustion if a
substantial quantity of these droplets is present in the atmosphere. In

comparison, large water droplets in the range of few hundred microns or
larger (e.g. spray droplets) have no inerting effect on combustion (20)

i

and hence have insignificant effect on glow plug igniter's perfomance..

Therefore, the present analysis will be concentrated on the generation
and removal of fog (mist), and its impact on the glow plug igniter
sy stem.

There are a number of potential fog generation and removal mechanisms
present in a post-accident ice condenser containment atmosphere. The:

4 fog generation mechanisms include fog generated by the break flow (if it'

_ _ _ _ - _

is two-phase), fog fomation near the ice and structural heat sink sur-
f aces (since the surface temperatures could be well below the dew
point), and fog generation due to homogeneous and heterogeneous nuclea-
tion in condensing bulk streams. The fog removal mechanisms include
gravitational settling, agglomeration, vaporization and removal by spray

i i droplets. In order to estimate the post-accident fog concentrations in |
ice condenser containments, these competing mechanisms must be studied, I

i

and evaluated. To solve this problem, it requires a nunerical integra- I

tion of the mass conservation equations for the mist droplets in the

; various contaimnent subcompartments. By making some simplifying assunp-
i tions, the transient fog concentration in the various subcompart:nents

has been estimated. '

|

|
The analysis presented here considers all the fog removal and generation l

mechanisms previously described except agglomeration. In addition, it I
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considers the fog entrainment in the intercompartmental flows (including
fan flows) in the fog mass conservation equations. CLASIX results for
an S 0 event were used as boundary conditions to the problem.2

!

! In addition to calculation of fog concentrations in various containment
compartments, it was necessary to establish a fog inertirg criterion. A
fog inerting criterion has been proposed by Berman et al., which pre-
dicts the minimum fog concentration required to inert a given hydrogen

5

concentration and given volume mean fog drop size. This criterion seems
4

i to overpredict the minimum fog inerting concentration, when compared
with experimental data. A more realistic fog inerting theory is
presented in the present study.

The fog inerting methodology, analysis, and results are presented in the
! following sections of this report. Sections 3 and 4 present the method-

,! ology for calculating the fog formation and removal rates. Section 5
|| gives the fog inerting criteria, and Section 6 presents the results.
l

!

.| _ . . _ . . _ .
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3.0 FOG GENERATING tECHANISMS

} IN AN ICE CONDENSER CONTAINENT

The inerting capability of fog droplets depends on their sizes and con-
I centration in the contaimnent atmosphere, as well as the hydrogen con-

centration. This section is intended to identify various fog generation
mechanisms present in an ice condenser contairunent and to detennine the
drop sizes and the rates of fog generation from these mechanisms. Three

' fog generation mechanisms are discussed in this section and the dominant
fog generation mechanisms are identified.

3.1 FOG GENERATED BY BREAK FLOW

The post-LOCA containment atmosphere is most likely to be a drop-laden,

atmosphere. The large-scale simulated LOCA experiments conducted to

; date have directly or indirectly confinned the presence of two-phase
I atmospheres. For example, Marvikken(3) and Battelle - FrankfurtI4)

experiments were instrunented to measure fluid densities and water
levels in various parts of the containment. Therefore, fog generation
by the break flow cannot be neglected. The following discussion of this
phenomenon pertains to small LOCAs.

In the early stage of a small LOCA transient, a substantial portion of
the primary coolant discharged from the break will remain as liquid.
Because of the superheat and high velocity, this liquid will be framen-
ted by aerodynamic forces and homogeneous nucleation mechanisms into

,

small droplets. These droplets are expected to be entrained by the
intercompartmental and fan flows and spread to other parts of the ice
condenser containment. During their travel throughout the containment,'

the fog droplets will be removed by gravitational settling, sprays, and
vapori zation. The fog generation period lasts until the water level in
the reactor vessel falls to the break elevation and the break flow is no

For the particular S D sequence analyzed by f%RCHlonger two-phase. 2

and previously used as the basis for the perfonnance of a containment
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analysis by CLASIX,(5) this period lasts for about 36 minutes and
about 4.2 x 105

"

lbs of water has been discharged into the lower''

compertment during this period of time.

:

.| After the water level in the reactor vessel f alls below the break eleva-
tion, the break flow rate is substantially reduced. The flow is essen-
tially stean and no fog droplets will be generated. As a result, the

j lower compartment becomes superheated afterward. Fog droplets may
vaporize during their travel through this compartment and substantial
removal of mist droplets is expected.

Large suspended drops generated by the break flow will be removed very
quickly by gravitational settling and impingement. For the drops larger
than 20 u, the removal rate is high and complete remaval only takes a,

few seconds. For the smallest drops (less than 1 u) the terminal veloc-
ity is so small that they virtually remain suspended in the atmosphere
i ndefi nitely. The only effective removal mechanisms for these sizes of
drops are vaporization, and collision with larger spre drops. The
weight fraction of these sizes of drops is estimated to be below 1
percent (13) of the total drop population. The population of these

!j small drops can increase if nucleaYion oTe~mEryos occurs in a saturated
atmosphere.

.

t

9
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3.1.1 AMOUNT OF FOG GENERATED BY BREAK FLOW

As discussed previously, the existence of a two-phase drop-laden regime
has been observed experimentally. In a small LOCA, flashing of primary
coolant at the break and subsequent vaporization of blowdown liquid
represent a series of changes of thermodynmic states. Si nce the reac-
tor coolant pressure is high, the break flow will be choked. The accel-
eration of primary coolant to the break location is essentially an isen-

tropic process, in which the pressure decreases to the po'nt at which
substantial homogeneous nucleation occurs. When the flow leaves the
break, the liquid is fragmented by both the aerodynamic forces and the
nucleation mechanism into small fog droplets. These fog droplets con-i

tinue to vaporize, because of the superheat in the droplets, until a
thermodynamic equilibrium state is reached. Because of the high super-

: heat and large aerodynamic forces, it is expected that the fog droplets
I generated are very small.I0I This vaporization process is essentially

isenthalpic.

The exi stence of a two phase dmp-laden regime can also be explained by
use of a T-S diagram for steam as shown in Figure 3.1 (Figure 1 of
Reference 6). It_is_shown in thi ffigure- thTit-'the blowdown-liquid goes

j through a series of thennodynamic states, starting from the subcooled
liquid state B . The liquid expands isentropically from the subcooledo

t state B to the stat'e B1 at the break, where a two-phase criticalo
flow is developed. At the see time, temperature changes from T too

{ T. After leaving the break, the droplets continue to vaporize
1

because of excessive superheat until finally an equilibrium state B2
is reached at which the droplets are in thennal equilibrium with their
surroundi ngs. This vaporization process i s essentially isenthalpic. At
this time, the droplet temperature drops to T2 and the atmospheric )
temperature also rises to T . For a small LOCA, the equilibrium tem-2
perature varies with time. According to the CLASIX analysis of the ;

ISequoyah plant, the lower compartment gas temperature rises quickly from
100*F to approximately 200*F and then stays at this temperature for an i

extended period of time. Using these temperatures as final equilibrium )
I

|

1

l
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temperatures for water droplets, the weight fraction of water droplets
in the break flow is approximately 50 percent, which is consistent with
the MARCH calculations (7) of the break flow rate and its energy

j release rate.

The discussion given above is valid only when the initial state of the
break flow is subcooled or saturated liquid. After the water level
inside the reactor vessel falls below the break elevation, the break

flow will be steam. The moisture content of the steam will be very low,

even though isentropic expansion mAy lead to homogeneous nucleation and
subsequent condensation in the vapor stream. Depending on the super-
saturation that can be achieved in this isentropic expansion, a conden-.,

sation shock is possible when critical supersaturation is reached.
However, it is believed that the amount of fog droplets generated by
homogeneous nucleation in this supersonic jet is negligible as compared
to other fog generating mechanisms. Hence, it will be neglected in thi s
present analysis. Therefore, the fog generation by the break flow is
considered possible only when the water level in t.he reactor vessel is'

above the break elevation.*

According to the MARCHI7) calculatton at "2t77 sw:onds into the acci-

! dent, the water level inside the reactor vessel falls below the break
elevation for the S 0 case analyzed in Reference 7. By thi s time2,

approximately 421,000 lbs of water has been discharged from the break.i

It is calculated from MARCH break flow energy and mass output that 56
;

percent of this discharged fluid, f.e. , 236,000 lbs, will be discharged
;

as liquid droplets. However, most of these droplets will be quickly
removed by gravitational settling and impinging on the structures and
floor.

; 3.1.2 DROP SIZES GENERATED BY BiEAK FLOW

IOIThe flashing jet experiment conducted by Brown and York has indi-
,

cated that the drop sizes produced by flashing liquid are small. They
derived a correlation for the linear mean drop size based on the test'

data. The correlation shows that the mean drop size is inversely pro-
portional to the Weber number and it decreases linearly with increasing

0430Q:1/101882 3-5
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superheat. However, this correlation is applicable for liquid superheat
less than 75'F and it can not be extrapolated to the large superheat of

I
; the reactor coolant. However, some corclusion concerning the drop sizes

j produced by blowdown of the reactor coolant can be drawn for this condi-
tion. The break flow has much 1arger superheat and Weber number than
those used in this experiment; therefore, the drop sizes produced by the

.j break flow should be much smaller than -50u observed in this experi-
I ment.

Gido and KoestelI9) have developed a method for estimating the drop
size leaving the fragmentation / evaporation zone of a blowdown jet. Thi s
model is based on the asstanption that drops with an internal temperature

: difference of less than 5*K will escape fragmentation. This model has
'

been verified by the low superheat data of Brown and York. Application
of this method to the LOCA condition shows that the maximum attainable
drop size is 7u (this means that any drop size larger than 7a will not
esc ~pe fragmentation by homogeneous nucleation). The corresponding mean

drop size is about 4 , based on the observation of the largest drop size9
;

and mean drop size in the experiment reported in Reference 8. Since the
droplets are generated by the break flow before 2172 seconds, most of

| these droplets will be removed by containment sprays before hydrogen

| starts to release into containment (- 3800 seconds). At thi s time,
j most of suspended droplets are fonned by condensation. Therefore, thi s

volume mean drop size of 49 is not used in the present analysis;
instead, the present analysis uses 10u volume mean drop diameter, which
is the nominal drop size for cloud and fog drops formed by condensation..

.

3.2 NUCLEATION OF FOG DROPLETS IN CONTAINENT ATMOSPHERE

Nucleation of water embryos from the homogeneous vapor phase plays an
important role in fog generation in containment. Nucleation is a
process by which tirly water embryos or condensation nuclei are forned
from a pure vapor phase at a rapid rate. In incipient homogeneous
nucleation, the local gas temperature crops below the dew point corres-
ponding to the local steam partial pressure and some degree of local
supersaturation is needed. The degree of supersaturation needed to

0430Q:1/101982 3-6
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start nucleation depends on the nLaaber of condensation nuclei present in
the containment. These condensation nuclei cculd be very small water

j droplets or dust particles. If sufficient number of condensation nuclei

i exist, the required supersaturation could be small.
;

,

.

This section is devoted to the discussion of fog formation by homogene-
ous and heterogeneous nucleation. The classical nucleation theories are
used to explain the nucleation phenomenon.

!
3 3.2.1 NUCLEATION THEORIES

The process of nucleation of an embryo water drop is important in under-
standing the mechanism of fog fomation in ice condenser plants. Two

i types of nucleation process, namely, homogeneous and heterogeneous
nucleations, and their theories will be discussed in Section 3.2.1.

3.2.1.1 CLASSICAL THEORY OF HOMOGENEOUS NUCLEATION

:

! When an embryo droplet, usually assumed spherical, is fomed from con-
densation of water vapor molecules, its free energy changes. The change

'

of free energy can be expressed ah - - - - -
,,

AG = 4wr2 o - (4/3) wr3 g KT in (P/P ) (3.1)n
o

!

where a is the surface free energy per unit area, or surface tension, r
! | is the drop radius, P is the vapor pressure, P is the saturationo
; } pressure at the droplet temperature, nt is number of molecules per

unit voltme, K is the Boltzman constant, and T is the drop temperature.
;

The supersaturation S, is defined as P/P .g

! Equation (3.1) represents a free energy barrier to the growth of the
drops at a given supersaturation. At maximta AG, the critical radius r*;

can be obtained from Equation 3.1 as
I

h

4

i

34'
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The drops of the critical size can be considered as condensation nuclei '

1 since at this size the drops will grow with no change in free energy.

| This critical size represents an equilibrium size at which a supersatu-
rated vapor at vapor pressure P is in equilibrium with this critical

,

' drop at a lower saturation pressure P . However, this equilibriumo
mode is unstable. For example, if a drop of the critical size origi-

j nally in equilibrium with the surmunding vapor suffers a sudden small
increase in size due to condensation, then (if the drop temperature does'

f not change), Equation 3.2 shows that the equilibrium pressure, P, or its

l surf ace will decrease. Therefore, the actual vapor pressure will then
be greater than the equilibrita value and further condensation will
occur. This is wh the drop of.this critical size is called condensa-
tion nucleus,

n

| The nucleation rate of critical-sized embryos can be obtained from the
! kinetics of a nonequilibrium distribution of embryos. The classical

nucleation theory (10) shows that there is a very sudden increase in
'| the nucleation rate when past a certain critical value of supersatura-

i

tion. An extensive validation of the nucleation theory was conducted by

.! Volmer and FloodIll) in an e$periment in which a number of vapors were
expanded to visible condensation in a cylinder'. The observdd critical

~

supersaturations agreed suprisingly well with theory in nearly all
.,

! cases, including water vapor.
i

Critical condensation nuclei sizes typically range from 10 to 100-

atoms. These sizes are considerably smaller than the mean free path of
the vapor molecules and therefore the rates of mass and heat transfer at
the drop surface cannot bJ predicted by bulk transport theories. In

this case, the kinetic theory of gas should be used to predict the rates
of mass and heat transfer at the drop surface.

Starting from the kinetic theory of gas and the energy conservation
equation, the rate of growth of a condensation nucleus was obtained by
Hill et al.(10) It was found that the growth rate is on the order of
10-3 ft/sec. Therefore, it takes only about 1 millisecond for the
condensation nucleus to grow to a fog droplet size of 1 u.

~
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3.2.1.2 HETEROGENEOUS NUCl.EATION THEORY
,

,

Another mechanism of forming embryos is heterogeneous nucleation on
; foreign particles that could suspend in the contairnent atmosphere.

| These particles may serve as nucleation sites for vapor and thus enhance
the nucleation rate. Th'e source of foreign particles in the containment
following core degradation could come from fission product aerosols and
dust particles. The size distribution of these particles are important'

because the supersaturation required to form embryos depends on particle
i

| si zes.

.

A typical size distribution of atmospheric aerosols is that of
J unge(12) , taken from surveys made near Frankfurt A.M., Germany. The1

surveys found that the size range of dust particles is from 0.01 to 1,

a. In the range from 0.01 to 0.5 u, there are between 100 and 10,000
particles per cubic centimeter. A majority of particles have sizes
smaller than 1 micron. At the smallest size of 0.01 a, the critical'

1 supersaturation is about 1.02 and at the largest size the supersatura-
tion i s only 1.001.

1
I

The atmospheric aerosols consist of particulates of various-sizes, vari-i

ous chemical components, and various electrostatic charges. The aerosol
particulates could be soluble or insoluble in water. All these proper-
ties could affect the required supersaturation for nucleation.

,

In the case of insoluble particulates, the contact angle, d, between the'
,

embryo and the particle surface is important. If the particle is com-
i

pletely wettable, d = 0, it forms a base on which a small amount of
water can form a drop of large radius of curvature and thus satisfy the
Helmholtz equation (Eq. 3.2) at a much lower supersaturation than would
be the case if same number of molecules form a drop with a particle

Fletcher (15) developed a relationship between the supersatura-core.
tion and drop radius for several values of contact angle, assuming that'

the particle is spherical. Competely wettable, a particle of 1 micron
or so, when covered with a film of water, i s theoretically at the crit-
ical radius, and it needs only 1.001 critical supersaturation.

3-9
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The other soun:e of aerosol particulates is fission products. Duri ng'
;;

j nomal operation, the primary coolant contains very little fission

]{ products. During core uncovery a release of fission products, such as
the gap release, could occur at about the same time the hydrogen
releases. The amount of fission products released to the containment is
insignificant before core melting. The size distribution of fission
products in the containment can be extrapolated from the CSE'

I14)experiments These experiments indicated that soon after fission~'
.

product release, the mean particle diameter was 15 g. A few hours
later, the mean diameter decreased to about 5 a because of settling of
large particles onto the floor. These sizes are substantially larger

i than those of dust particles and therefore, critical supersaturation is
even smaller than values quoted above for the dust particles.

3.2.2 FOG FORMATION CONDITIONS

Fog fomation in a mixture of vapor and noncondensible gases has been of
interest to meteorologists, and turbine and condenser designers. Fog i s
fomed by homogeneous or heterogeneous nucleation as a result of tem-

|
perature drop below the dew point (sometimes with concommitant pressure

_,

: drop ) . During the temperature drop, a local gas element will go through
a series of themodynamic states. Eventually, a state is reached at

|| which incipient fog formation occurs. Some degree of vapor supersatura-
' tion is needed to precipitate fog fomation. The vapor supersaturation

at which rapid nucleation of vapor first appears is called critical
!: supersaturation. The critical supersaturation, in general, is a func-

tion of temperature, vapor properties, mixing time (if a mixing process
is involved), and concentration and sizes of foreign particles. The
critical supersaturation data for water has been given in Reference 15.

Fog fomation in an ice condenser containment as a result of homogeneous
or heterogeneous nucleation could occur: (i) inside the themal boun-
dary layer near a cold surf ace, (ii) in adiabatic or nearly adiabatic
expansion of vapor jet, and (111) in mixing of a hot vapor stream with
another cooler gas.

|
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Surface cooling may create a region of local supersaturation within the
! thennal boundary layer, even though the bulk stream is still super-

he ated . If the local supersaturation reaches the critical supersatura-
tion, incipient fog formation will commence. This condensation mecha-

,

I nism may exist in any compartment within the containment especially in
.

the ice condenser where ice temperature is well below the dew point.J

!

i
When a high speed vapor - noncondensible gas mixture jet goes through an

;

f adiabatic or nearly adiabatic expansion, the gas mixture temperature and
i pressure will drop rapidly such that condensation may occur somewhere in

the expansion process. This is the case when a hydrogen-steam mixture
,

jet exits from a break at a supersonic speed. The jet experiences a
rapid expansion and if critical supersaturation is reached, condensation
shock may occur somewhere within the expanding jet. Thi s condensation
mechanism can only occur in a compartment in which the hydrogen-steam
mixture jet exists.

!

Condensation in a fast expanding vapor - noncondensible gas jet is a
localized phenomenon. Since the jet expands into a superheated environ-
ment in the lower compartment at the later time of the transient, little

' moisture would be generated in therexpanston process even if a
condensation shock does exist. Therefore, the present study does not

,

attempt to treat the condensation shock as a source of fog fonnation.

The third mechanism, condensation due to mixing, may exist in a compart-

ment where a hot hydrogen-steam mixture mixes with a relatively cold
I containment atmosphere. During the mixing process, local critical

supersaturation within the mixing gas could be reached and condensation'

would ensue. This mechanism could exist in the lower compartment in
which relatively cold gas from the upper compartment i s returned by the
deck f ans and mixed with the hot humid air.

,

Thus, the mixing of cold and hot vapor streams will be treated in the
present study. However, only bulk condensation i s considered. That i s,
it is not intended to compute the temperature profile to predict the

I 3-11
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local condensation rate. Instead, the bulk gas is assumed at one

I unifonn temperature, and bulk condensation will occur when mixing
results in saturation conditions. This i s consi stent with the CLASIX

; code asstanption of unifom gas temperature.
i

Before entering into the discussion of the methodology to calculate the

j fog formation rates from various fog fonnation mechanisms, a discussion
of fog formation conditions is necessary. Since the bulk condensation
approach for the mixing process has been adopted, the fog formationj

j conditions for the mixing process are simply that critical supersatura-
tion is reached in the bulk stream. For practical purposes, the crit-
ical supersaturation is assumed to be 1.0 since it is likely that plenty
of condensation nuclei exist in the atmosphere before mixing condensa-

,

tion takes place.

'

:

| 3.2.3 CONDITIONS FOR FOG FORMATION NEAR A COLD SURFACC
i

Fog starts to form at a fast rate near a cold surface when local vapor
! supersaturation reaches the critical supersaturation. Near the cold

surface, a thennal boundary 1 Ayer is fonned, within which local yapor
_ . _ _ _ . . . .

pressure and saturation pressure varf. Typical vapor pressure and

j temperature profiles, when the incipient homogeneous nucleation first

j appears, are shown in Figure 3.2. It is seen in this figure that when

the local vapor pressure reaches the critical vapor pressure there is a
sudden appearance of fog in the boundary layer due to the f ast nuclea-

,

tion rate. Rosner and Epsteinill) have derived fog formation condi-
tions near a cold surface, asstaning that the local vapor pressure curve
is tangent to the critical vapor pressure curve at the fog inc;pient
point. A more general fog fonnation criterion given by Hi,jikata and
Mori(17) is

04300:1/101982 3-12
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h > (h) (3.3)

i
.

W,; where aW = W -

T,aT = T -

and the weight fraction of condensing vapor, W, can be related to the
partial pressure of the condensing vapor P asy

,

(P /P) (M /M )'
y y g (3.4)" 1 - (P /P) ll - M /M )y y g

i

total pressure
.

where P' =

| M vapor molecular weight=

I M noncondensible gas molecular weight=
I 9

Equation (3.3) may be rewritten as
.

n>2 (3.5)

,

j where
1

n=,2h/(h) wall

: The parameter n is used in the following section to calculate the fog
fonnation rate. It will be demonstrated that when n < 2, no fog fonna-

tion is possible.
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3.2.4 RATE OF FOG FORMATION NEAR A COLD SURFACE
,

As has been discussed in Section 3.2.3, fog will fom near cold surfaces
(e.g., in the ice condenser early in the transient.) As discussed in
Section 3.2.1, once water embryos are fomed it takes only a few mili-
seconds for them to grow to the micron size. After these micron size

g

! fog droplets are fomed, it needs very little supersaturation for fur-
j ther growth. Therefore, in the present analysis, it is assumed that

vapor and droplets are in themal equilibrium and local vapor pressure
,

is equal to the local saturation pressure. This section is concerned
with the transport of these micron-size fog droplets within the themal

! boundan layer.
I

' The boundary leer fog fomation rate can be determined using the
Hijikata-Mori theoryIl7I of fog formation in the themal boundary
l ayer. It was assined that a thin liquid film, having a thickness of
o g on a cold surf ace, coexists with a gas-droplet flow in a two-
phase boundan layer of thickness 6 outside the liquid film as shown in

1 Fi gure 3.3.

It was further asstmed that the situratio'n' con'dition exists'within the _ .

two-phase boundary layer and the boundary layer approximation is appli-
cable. Numerical solutions were obtained for the mass fraction of fog

droplets, Y , at the gas-liquid film interf ace. The fog droplet flowo
rate at a distance X along the plate may be expressed in tems of Y as

(6.

f = L o f, Yudy (3.6)m

mass fraction of fog droplets in the boundary layerwhere Y =

fog drop 1,et densityo =
g
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vapor densitya =y
'
,

f

| g noncondensible gas densityo =

Y mass fraction of fog droplets at the wall=
o

y coordinate perpendicular to the plate=

i
1

fog boundary layer thicknessj 6 =

width of boundary layerL =

*o py+ og

Using the boundary layer approximations
i

i
Y=YO (1 - y/4) (3.7)

f (,Y )3 }(f (,u )
Y'

(3.8)u=U -

u

j 6 (x) = a x 1/2 (3.9)

| u=6 (x) (1 - c) (3.10)s

known constantwhere a =

i

known constantC
=

;

free stream velocityU =

Substituting Eqs. (3.7) through (3.10) into Eq. (3.6), we have the rate
of fog fonnation

E

3-17
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i
.

0.25 025 (3.11)"f = pl 6 Y U,
)3

,

g

f
Derivation of expressions for a, Y , and C is given in Appendix A.o

Even though boundary layer fog fomation may occur in any containment
j

subcompartment, the fog fomation rate is likely to be small except in

| the ice condenser. For fog fomation in the ice condenser, L is the
total length of the periphery of ice baskets and x is the height of the'i

ice bed.
!
.

During fog fomation in the boundary layer, heat transfer to the cold.

surface will decrease the bulk fluid temperature. If the bulk fluid

temperature drops below the dew point corresponding to the free stream
;

! vapor pressure, then bulk stream condensation could occur. In thi s

case, it is assumed that the boundary layer thickness, 6, will grow so

|
thick that LsU, becomes the gas volumetric flow rate Q through the con-

i densing compartment. This is a very conservative assumption in terms of
the fog fomation rate. Under this assunption Equation (3.11) becomes

.

[0.25 , 7.02 5 - T ~ -

(3.12)
*

cond , , g y ajo (1-C (1, y,

i

where m is the sun of boundary and bulk stream fog fomation rates.
cond

i
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04300:1/101882

i

N *** * * * ** = +w w ee .ww ...
,

ww-' ew *- -- - - - - - - - - - - - - ' -



.

. & .. _ . - ..--

3.2.5 FOG DROP SIZES

As mentioned earlier, when homogeneous nucleation comences, a large

| nunber of condensation nuclei are fomed and they grow to the micron
I size within a few milliseconds. In heterogeneous nucleation, fog drop-

lets grow on aerosol particles, which are usually less than 1 u. In any

j case, the final drop sizes are determined by the atmospheric conditions
I with which the drops are in themal equilibrium.

II0INeiburger and Chien studied the growth of cloud drops by condenu-
tion and calculated droplet size distribution based on a cloud cooling
rate of 6*C/hr. The initial size distribution of condensation nuclei
(sodiun chloride) were chosen to correspond to available observations as

I shown in Figure 3.4 (designated as O second). The calculated drop size
,

f distributions at 3000 and 6000 seconds are shown in Figure 3.4. It is

seen that the diameters of fog droplets range from 0.01 a to 20 u. The

| volume mean drop diameters are 8 a and 12 a at 3000 and 6000 seconds,
' respectively. In the present study, a mean value of the volume mean

drop sizes, i.e.10 u, is chosen for fog deposition and inerting'

'
c alcul ations. This is consistent with the observation of valley fogs of
volume mean drop diameters ranging from 9 to 14 u(30)

-

,

i 3.3 FINE MIST DROPLETS FROM CONTAINENT SPRAYS
1 .

i

The containment sprays produce fairly large drop sizes. A typical con-
tainment spray nozzle, e.g., Spraco 1713 nozzle, produces the size dis-
tribution as shown in Figure 3.5, using a pressure difference of 50 psi
across the nozzle (19I. It is seen that water droplets produced from

] containment spray range from 100 a to 2000 u. These large drops have

little potential for raising the lower flammability limit, as already4

demonstrated in the Fenwal tests (20) and more recent tests at Factory
Mutual (21) To affect the flammability limit of a hydrogen mixture,.

the drop sizes have to be smaller than about 20 u, namely in the fog
'

drop size ranges. Since containment sprays essentially do not produce
drops in this size range, containment sprays will not be considered as a
means to produce fog droplets. Rather, it will be considered as a means
to remove the fog droplets.

04300: 1/101982 3-19 l
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4.0 FOG REMOVAL MECHANISMS IN AN ICE CONDENSER CONTAINMENT
|
.

I In Section 3, the mechanisms of generating fog droplets were discussed.
|

After these droplets are generated, they can be removed from the con-
tainment atmosphere by gravitational settling, vaporization, contaimnent
sprays, and impingement on structures. They can also coalesce with
other drops during collision and form bigger drops. These bigger drops

,

could easily settle out of the atmosphere under gravity. These fogi

droplet renoval mechanisms will be discussed in this section.
,

4.1 SETTLING DUE TO GRAVITY

,

Drop renoval rates due to gravitational settling depend strongly on drop
radi us. The removal rate increases linearly with drop terminal veloc-'

ity, drop concentration, and settling area. The relationship may be
expressed cs

-

(4.1)
set " YtnA

!

)
. _ . _ _

where n is the mass of mist-droplets per unit volume, and A i s the set-

tling area.

The tenninal velocity, Y , is a strong function of drop radius and thet

relationship is shown in Figure 4.1 (Figure 5 of Reference 6). For a
1000 a drop, its tenninal velocity is above 1 m/s, while for a 10 g
drop, which is the typical fog drop size, its terminal velocity is only
about 1 cm/s. Therefore, there is very little removal by gravity for
fog droplets.
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4.2 AGGLOERATION

After the fog droplets are produced, the droplets will undergo changes
! in the ntsnber density and size distribution with time, when drops col-
1

lide with each other and coalesce. The agglomeration rate (No. of par-
ticles per unit volume per unit time) has been found to be proportional
to the square of the drop population density and the coagulation mecha-
nisms deoendent rate constant K(22),

4

For drops larger than 1 u, the dominant mechanism is the difference in
velocities between drops in adjacent streamlines. This is usually
temed the velocity gradient coagulation. For drops smaller than 1 u,
the velocity gradient effect becomes small, and drops are brought

,

! together by Brownian motion. This leads to greatly different agglomera-
tion rates for different initial drop sizes. A typical agglomeration

rate as a function of drop size in a moderately turbulent atmosphere is
shown in Figure 4.2. In Figure 4.2, the sharp rise of the agglomeration

| rate with drop diameter larger than 1 a implies tnat the larger drops
! agglomerate quickly to the maximisn stable size supported by the atmo-

|
spheric turbulence. The agglomeration rates for drops ,less than 1 a are

| very small . Since most of the foHroplets ere-in micron size ranges,
the agglomeration rate is not large. It is assumed in the present

analysis that the initial 4 a blowdown mean drop size will grow to 10 a

(See Section 3.2.5). Agglomeration as a separate mechanism for fog

growth has been conservatively neglected.'
,

|

4.3 VAPORIZATION

Fog droplets suspended in the containment atmosphere are considered to
be in themodynamic equilibrium with the surrounding gas. When the sur-
rounding atmosphere becomes superheated or when the droplets are

entrained into a superheated subcompartment, they can undergo vaporiza-

tion or condensation.

l
|
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! In the present analysis, it is assuned that water vap'or and mist drop-
lets are in thermal equilibrium at all times. Therefore, the amount of
vaporization or condensation will be detemined by the thermal equilib-.

rium state reached by the vapor and drops. In other words, it is not
;|

i intended to model heat transfer between the drops and the surrounding

gas, and thus detemine the vaporization rate. This is a good assump-
tion for the small fog drop sizes.

.

4.4 REMOVAL BY SPRAY DROPS'

!

As mentioned above, the contaiment ! May droplets range from 100 a -

2000 u, which are substantially larger than the fog droplets. If fog

droplets enter the spray zone, they will probably be removed by the
;

spray droplets by colliding with them, since the spray drop volume is
I much larger than the fog drop volume. A simple analytical model is used

'! in the present study which assumes that all the fog droplets residing in
1 the spray zone will be swept by the sprays to the floor with the spray*

drop removal efficiency E. The spray removal rate may be e) pressed as

sp sp c
- (4.2)m =EQ M I'sp y -- - - - ~ ~ -

<

spray drop removal efficiencywhere E =
,,

' volumetric flow rate of spraysQ =
sp

volume fraction of spray droplets in the spray zone; n =
sp

mass of fog in compartment volume VM =
c

4.5 UTHER REMOVAL ECHANISMS
;

Another similar mechanism for fog removal is the fomation of droplets
in the ice condenser. These droplets which would be generated in the
ice bed when the ice melts, would fall through the ice bed, and remove

;

fog droplets from the flow through the ice condenser. This large quan-
tity of water would be effective in removing fog droplets. However, due
to difficulty in modeling this removal mechanism, it is conservatively
neglected in the present analysis,

s
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In addition to the removal mechanisms mentioned above, fog can also be
removed by impacting structural surfaces. Due to the inertia of fogi

| droplets, substantial fog removal by impacting structural surf aces could
occur when the drop-laden mixture flow passes through long, narrow,,

curved paths, such as ice basket flow paths, and f an ducts. Moreover,
the centrifugal fon:e exerting on the fog droplets, when they pass
through the fans, could cause the fog droplets to impact the blade sur-
faces or other parts of the fans. These removal mechanisms are believed
to be significant; however, they are conservatively neglected in the
present analysis. It is, therefore, belieyed that the present analysis
i s very conservative.

1

f

1

j __ ._ _. _

i -

:

i
,

5

I

e

h
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5.0 COG IERTING CRITERIA' -

a Recent hydrogen burn experiments conducted at Lawrence Livemore Labora-:

| tory indicated that substantial fog fomation could occur when saturated
steam is discharged into an unheated vessel. It appeared that this fog

!prevented a glow plug igniter from successfully igniting the hydrogeni

mixture in the vessel. The ability of fog in inhibiting and quenching
of hydrogen combustion can be explained as follows. The fog droplets
suspended in the hydrogen-air-steam mixture act as a heat sink that1

could absorb a large amount of combustion heat, greatly reducing the
,

pressure and temperature rises resulting from hydrogen combustion. If

droplets are sufficiently small such that they could vaporize inside the
thin ( 1mm) flame front, the flame may be quenched or inhibited. For a

j f1'ame speed of 2 m/s, the drop residence time is of the order of 0.5 x
10-3 seconds.(24) In such a short period of time, the droplets of
initial radius less than about 4 u will vaporize entirely in the flame

I front.'

|
The quenching of a propagating flame is also governed by the distance

i between droplets. As the droplets become closely packed, the total

j droplet surf ace area available forenergy-To'ss" Tncreases. A critical
spacing between droplets exists such that a large fraction of the heat'

released is absorbed, thus preventing flame propagation. This critical
,

! spacing is known as the " quenching distance", which is usually deter-
mined by propagating flames in tubes.'

.

5.1 PREVIOUS WORK

s

The effectiveness of fog droplets in inhibiting or quenching a flame
depends on its quenching distance, was detemined by Beman et al.(24)

as

d = [4V/S] crit (5.1)
q

where V is the gis volume and S is the heat transfer surface area. For
various hydrogen-air mixtures, the data on the quenching di stance is

5-1
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shown in Figure 5.1. In the suspended fog droplets, this
volume-to-surface ratio (i.e., V/S) is equal to|

1 d (1 - n)
5 n

where d is the mean droplet dianeter and n is the volume fraction of
water. When four times this ratio approaches the quenching distance, a
critical droplet dimeter can be obtained as

"d3 (5.2)dc"Z l-
,

e

Using this criterion for quenching a flame, for a given volume fraction
of water and gas composition, d can be detanni ned. The critical

q

| droplet diameter then can be detennined from the above equation. The
! drop sizes less than the critical drop size are capable of quenching a
! flame.

A plot of Eq. (5.2) for two hydrogen concentrations is shown in,

j __ . . . _

; Figure 5.2
_

!

. 5.2 PRESENT THEORY

|
'' The previous theories do not model the heat transfer and combustion

processes occurring between the burned gas and the suspended droplets.
A new theory has been developed, which models the heat loss and corrbus-

! ti on.

Consider a hydrogen / air / steam / mist droplets mixture in which a flame is
propagati ng. The flame may be divided into three zones: heating zone,
reaction zone, and post-reaction zone as shown in Figure 5.3. The

unburned gas at temperature T moves in the reaction zone with theu
laminar burning velocity S , If the unburned gas density is o eu u

then the constant mast flow rate m is equal to pus . The unburnedu

gas is heated to ignition temperature Tj and burned in the reaction
,

:
*

:
.

5-2
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zone to reach the flane temperature T . The fog droplets will act asf
!

a heat sink that redt.ces the flame temperature. The problem has been
I fonnulated and solved by von Karman(25) In his formulation, three.

energy equations, which incorporate the heat loss tenns, were written
;

i for the three zones described above. The solution to these equations

yields the following relationship

i

j=fl-exp(-fa)gy2 ,y)i 2 Ke f,

x [1 + J 1, [4 gj,)2 j f x fl f Zgj

.

5p (Tj - T )/4where og =
u

i
t

/ C / Iw *""
p

;

1

'

, g (S/C w) ej
_ , , , _

Ke =
p _

I
the ratio of heat loss rate per unit voltane to the=

heat release rate by chemical reaction per unit
t .
'

volume

heat of combustion=q

C mean specific heat=
p

5 heat conductivity=

reaction rate (mass of fuel consumed per unit timew =

per unit voltsne)

5-5
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.!
Y hydrogen mass fraction in the heating zone=

.,

Y
f

hydrogen mass fraction in the reaction zone=

ou Sum =

,4

A plot of Eq. (5.3) is shown in Figure 5.4. It is seen that for a given

u - Y )/ej. Below thi s mini-Ke , there is a minimum value of (Y'| fj
', mum value, there is no solution for the /ej a. Therefore, this value

is considered as the flamability limit. At the flammability limit, the'

value of Kej can be determined from Figure 5.4 or from Eq. (5.3) as
i

u - Y )/et) (5.4)(K) crit ej = f ((Y f

A plot of (K) crit 81 as a function of (Y - Y )/ej is shown inu f

Figure 5.5. Equation (5.4) may be expressed as

i

-

2 u f

q p "u Su (Y -Y)f
u f i (5.5)

,dj; 12 -2(T -T)_ _ _._ _

g

!

Detailed derivation procedure for Eq. (5.5), i s given in Appendix B.

Using the data on Su from Reference (26) we can calculate the right
hand side of Eq. (5.5) for a given composition and initial gas tempera-
ture.

5.3 VERIFICATION OF THEORIES BY EXPERIMENTS

Experiments have been conducted at Factory Mutual to study the effects
of water fog density, droplet diameter, and temperature on the lower
flamability limit of hydrogen-air-steam mixtures (21) The results.

indicated that most of the fog nozzles tested at 20*C only changed the
limit from 4.03 volume percent to 4.76 percent, corresponding to fog
concentration in the range of 0.028-0.085 volume percent, and volume
mean drop size ranging from 45-90 microns. For the 50*C case, the lower

.

!

5-6
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; flammability limit increases to 7.2 percent, corresponding to 0.01-0.04

| volume percent of fog and 20-50 micron volume mean drop sizes. The

f results demonstrated that the fog inerting effect is more pronounced at
small drop sizes.

I

Figures 5.6 through 5.8 show the comparison between the test data and
the theoretical predictions. For this comparison, the present theory
used the free stream temperature to calculate the thermodynamic proper-

i ties used in Equation (5.5). This yielded somewhat higher fog concen-

| trations than those calculated by use of the mean of the flame and free
stream temperatures. In Figures 5.6 and 5.7, the data suggests a linear
relationship between the volune concentration and volume mean drop size
on the log-log plot. It also suggests that the minimum fog inerting
concentration varies approximately with the square of the volune mean
drop size. In this regard, the present theory seems to be more
consistent with the data than the Bennan et al. theory.

The present theory is in good agreement with the Factory Mutual data at
4.76 pert:ent H ; however, it overpredicts the minimu fog inerting2,

concentration at 7.2 percent H . The cause of this discrepancy is'

2

f still unknown. The discrepancy .ma7_be.cau' sed by the uncertainty of the
data. The following discussion supports this claim. The fog droplets
are very small and they vaporize very fast in a flame. Therefore, the
fog droplets behave as steam except for their larger heat absorption

J

capability. When the fog droplets vaporize, they absorb the heat of
vaporization which is much larger than the steam sensible heat. Ty p-
ically, the heat of vaporization of water i s about 1000 Btu /lb and the
average specific heat of stean in the temperature range of interest is
about 0.48 Btu /lb. It is well known that a hydrogen flame cannot propa-
gate in steam higher than about 64 percent in a steam-air mixture. At
7.9 percent H , the adiabatic flame temperature is about 1240*F and2

therefore the increase of the steam sensible heat is about 540 Btu /lb.
Consequently, for the same acount of fog droplets and steam, the fog
droplets heat absorption capability is about 1.9 times higher. Thi s
means that the fog concentration which is equivalent to 22.1 percent
steam in steam and air is capable of inerting 7.9 percent H . Thi s2

5-9
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1

fog inerting vomumetric concentration was calculated to be 1.61 x 10-4i

ft3 g 0/ft3 To inert 7.2 percent H , a minimum fog concen-2 mix. 2

tration which corresponds to about 21.3 percent steam in steam and air

{ is required. This gives a minimum fog inerting concentration of 1.56 x
10-4 ft3 H 0/ft3 mix for 7.2 percent H2 These estimates'

2
show that the present predictions are reasonable and conservative. The
estimates are consistent with Factory Mutual data on 7.9 percent H2
but not on 7.2 percent H -2

It should be noted that in the tests three fog concentration measuring
techniques were used. These three techniques gave substantially dif-
ferent results. The discrepancy is at least one order of magnitude
di f ference. The fog concentration data presented in Figures 5.6 through
5.8 were obtained from one of the techniques. In view of the uncer-
tainty of the data, care must be exercised in using them for inerting
analysis purposes. They should be used in conjunction with the present
fog inerting criterion in the assessment of fog inerting potential in
the ice condenser plants. Some uncertainty also exists in the present
fog inerting theory. The maximum uncertainty associated with the under-
prediction of the heat loss and temperature dependence of the thermo-
physical properties is estimated to be +6'3 pir~ cent.

~~

i

It should also be pointed out that the Factory Mutual data and the pre-;

sent theory can only predict the minimum fog inerting concentration.
,

Estimates of burn completeness in just-flamable fog mixtures were not
within the scope of the present effort.

1
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6.0 ASSESSENT OF FOG INERTING PROBABILITY

IN ICE CONDENSER CONTAINENTS

1

As discussed in the previous sections, there exist several mechanisms of
generating and removing fog droplets from the ice condenser contain-
ment. In addition, fog droplets are aise transported from one subcom-

|; partment to another by entrainment in the gas stream. The fog entrain-
,! ment rate is difficult to assess without knowing the velocity field andi

)' drop size distribution. For simplifying purposes, it is presently

] assumed that the mass fraction of mist droplets in the interec:npart-
mental and f an flows is the same as that within the subcompartment from
which the flows are originated. Thi s i s a good asseption since 'the fog

1 droplets are small. The amount of fog droplets in a subcompartment
.

'' depends on all these mechanisms.

The total amount of fog droplets is important in detennining the volune
fraction of suspended condensate in a subcompartment. Thi s. volume frac-

i tion, in turn, is used in the fog inerting criteri a to determine whether

|f a particular hydrogen mixture composition fonned in a subcompartment at

| any time is flansnable or not. In other words, by knowing the hydrogen

,j concentration and the mean fog drop size,7e'c'ait detennine whether the
calculated volume fraction of fog droplets is high enough to prevent the
mixture from combustion.

. ,

(i
i

6.1 DETERMINATION OF VOLLE FRACTION OF MIST DROPLETS
.

IN ICE CONDENSER CONTAINENTS

Consider a subcompartment in the ice condenser containment as shown in
,

.

i Figure 6.1. . There exist several mechanisms by which mist drops can be

i generated or removed. Fog droplets can be generated by homogeneous or
;

heterogeneous nucleation in the thennal boundary layer and/or in the
bulk stream and they can increase in size by condensation or decrease in ,

Isize by vaporization. The rate of generation of mist droplets by con-
densation and their continued growth (or shrinkage due to vaporization
is represented by in The other mechanism of generating mist drop-cond.
lets considered in this analysis is the primary coolant discharge fromi

the break and the rate of generating fog droplets from this mechanism is

' 6-1
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! represented by Sbre ak. Two fog droplet removal mechanisms are consid-
,f cred in this analysis: one is gravitational settling and the other is

' removal by containment spray. The fog droplet removal rate by gravita-
tional settling is represented by iset and that by spray is represen-i

ted by h In addition to the generating and removal mechanismssp.
discussed above, the mist droplet concentration in a subcompartment is

,

' also affected by the intercompartmental and fan flows. In the intercom-
partmental and fan flows, the mass fraction of fog droplets entrained is
n and the gas mixture flow rate is 5. Therefore the rates of fog drop-
lets mass into and out of a subcompartment are Inin 5in and
In Sout, respectively. It should be noted that Inin b nout i
and Inout bout include the fog mass entrainment rates in all the;

!j intercompartmental and fan flows into and out of a subcompartment.

The mass conservation equation for the fog droplets in a subcompartment

may be expressed as

#c "
dt I"i n i n out out break * cond ~ * set ~ "sp IO*1)EU

~

where I is a summation over all the flow patits.' In Eq. (6.i), if
'~

cond is negative, then it becomes the rate of vaporization. E q.m
,

(6.1) can be integrated to give the total mass of condensate at time t

t

f t) =i ( Ini n "in I'out out break

. . .

~

C
!
'

. . .

sp) dt+ *c cM ~ * set "~

i

i
'

~ i i i i i* * *

r (Inin "in In " * * break
" -

out out
g

i i i--

(6.2)cond ~ " set " *sp) at$+m
J

.l

|
,
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The present analysis will employ the CLASIX calculations of containment
transient during a small LOCA. In the CLASIX analysi s, the entire ice
condenser containment is usually divided into five or six subcompart-
ments for analysis purposes. Temperatures, total pressure, steam
partial pressures, and intercompartmental flow rates are calculated by
CLASIX during transients. This infonnation is used in Eq. (6.2) to
determine fog droplet mass.

When applying Eq. (6.1) to each individual subcompartment, we have the
'

following fog mass conservation equations in finite difference fonn:

.,
Upper Compartment

MUC (t + at) = MUC(t) + (Inin i n(t);

. .
. (6.3)
| - Inout "out * "UC,cond(t)
1

!
I

UC, set (t)-mVC,sp(t)}
' '

-m at

i

I Lower Compartment

|
'

MLC (t + at) = MLC(t) + ( Ini n "i n

C, break (t) (6.4)*- I'out out

- kC,condItl-kC,setIt)-*LC,sht)) at

5-3
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Ice Condenser Upper Plenum
.,

S It)Mup(t + 4t) = Mgp(t) + ( znin in(t) - z nout out
i

+ kP,cond(t) - kP,setIt)) At

Ice Condenser Lower Plenum

M(p (t + at) = (p(t) + (Inin "in(t) (6.5)

;

out"out(t)+%P,cond(t)-mLP, set (t))at- In

t

.
Dead Ended Region

1

;

MDE (t + at) = MOE(t) + (Inin "in(t) (6.6)

!
. . .

S It) + "DE, cord (t) - mDE , set (t)) at- I"out out , _ ,

.

.

Fan / Accumulator Rooms *

I

!

MFA (t + at) = YA(t) + ( znin min (t) (6.7)
,

out(t)+hA,cond(t)- I"out S
,

! . .

FA, set ( - *FA,sp(t) atm-

In the present analysis, the fog concentrations in the intercompart-
mental and fan flows are assumed to be the same as those in the compart-
ment from which the flows are orginated.

These rooms were analyzed only for the D. C. Cook plant (See Figure*

'

6.9).
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In the equations given above, the intert:ompartmental and fan flow rates
b and Sout are provided by CLASIX calculational results. Thein
procedures of calculating fog droplets generating and removal rates are
based on the discussions in the previous sections and the details are
given in the following sections.

6.1.1 CALCULATIONOF$
BREAK

|
To date little experimental data is available to estimate the amount of
fog droplets generated by the break flow. For a large LOCA, Almenas and
MarchelloI3) estimated that 13 percent of the total blowdown drop
population (by weight) has drop radius range from 1 a to 20 a and only 1

,

percent less than 12 This estimate is somewhat larger than the 4 a
mean drop size sited in Section 3.1.2, which is believed to be conserva-
ti ve.

!

} Since we are only interested in fog drops smaller than 20 u, and only.

these drops can remain suspended in air until the time when the hydrogen

}
is released, we assume that the estimate of Almenas and Marchello is

| applicable in small LOCAs and 14 percent of the suspended liquid are fog
droplets which have a potential inerting effect.

i

The fraction of reactor coolant discharged from the break that remains
as suspended liquid has been determined in Section 3. Knowing the break
flow rates from a computer code such as MARCH, we can calculate the

i amount of liquid suspended in the atmosphere. Then from the drop size
distribution we can calculate the amount of fog droplets suspended in
the atmosphere.

Defining the blowdown rate as E , the liquid fraction of the breakb

flow as (b, the fraction of fog droplets smaller than 20 a as fbe
we have

(6.8)m *I
Cbbreak b b

04300: 1/101982 6-51
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'I In the present analysis fb = 0.14 i s used. f becomes zero when theb,

;{ water level in the reactor vessel falls below the break elevation.

6.1.2 CALCULATIONOFSCOND

is the rate of fomation of mist drop-As discussed previously, mcond

|| 1ets by nucleation, condensation, or vaporization. Nucleation of fog

| droplets can take place in the thermal boundary layer and in the bulk
I fl ui d. We conservatively assume that little supersaturation is needed

for nucleation in the bulk stream and fog will fom when the bulk stream
steam partial pressure reaches the saturation steam pressure correspond-

,

l ing to the gas stream temperature. Therefore, the bulk stream fog
formation rates can be detennined from the equilibrium themodynamic

states of the gas mixture.
g
t
:

The bounaary layer fog fonnation rate can be determined using the'

Hijikata-Mori theory (17) of fog fonnation in the thermal boundary
layer as di scussed in Section 3.2.4. The fog fonnation rate in the
thermal boundary layer and the bulk stream i s given by Eq. (3.12).
Boundary layer and bulk stream fog fonnation rates will be calculated
for the ice condenser and lower coiiipartment.' The volunetric gas flow~

rate, gas and wall temperatures, total pressure, and steam partial

J pressure were obtained from the CLASIX output.
,

6.1.3 CALCULATIONOF$2T

The rate of settling of the fog droplets depends on their teminal
velocity, concentration and compartment cross sectional area. The
droplet tenninal velocity is a function of drop size. In the present

study, Equation (4.1) will be used to calculate the fog gravitational
settli ng rate.

6-6-
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6.1.4 CALCULATION OF $ p '
3

The mass of a fog droplet is much smaller than that of a spray droplet.
Therefore, when a spray droplet collides with a fog droplet, the fog
droplet will coalesce with the spray drop and f all to the sunp. In the

,

1 present study, the fog removal rate by sprays is given by Equation (4.2).
)
,

{
It is expected that the spray drop collection efficiency is very high,
and therefore a 100 percent drop collection efficiency is assuned in the
analy si s. A sensitivity study was carried out to study the effect af E
on the volume fraction of fog droplets and will be discussed later.

6.2 F0G INERTING PROBABILITY IN THE SEQUOYAH PLANT

To compute the fog fomation rates some output data from the Sequoyah
CLASIX analysis (27) are needed. These data include time histories of

;

I gas temperature, wall temperature, total pressure, and steam partial
pressure in each contaiment subcompartment, as well as the intercom-
partmental and fan flow rates. The subcompartmentalization model used
in the Sequoyah CLASIX analysis is shown in Figure 6.1. In thi s study,

~

only the S 0 accident scenario has been analyzed.
-

2

The input data for Sequoyah S D Case 1 are given in Tables 6.1 and2

6.2, and the calculational results are shown in Figures 6.2 and 6.3. In

Figure 6.2, the fog fomation rate in the lower compartment is shown.
For the first few hundred seconds the wall temperature is lower than the
dew point corresponding to the steam partial pressure and therefore fog
starts to fom. After about 600 seconds, the fog fomation rate becomes

negligibly small since the wall temperature is only a few degrees below
the dew point. There is no fog fomation in the lower compartment after
about 1800 seconds. The fog fomation rate in the ice condenser is
shown in Figure 6.3. It is seen that the fog fomation rate in the ice

condenser is much larger than that in the lower compartment. It

increases with the ice condenser steam flow rate and reaches a peak of

,

6-7
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14 lb/sec at about 1800 seconds. The fog fomation rate in the ice'

I

condenser then begins to decrease and is low at the time of significant'

'
hydrogen release.

The input data needed to calculate the rate of fog generation by the
break flow, the fog settling rate due to gravity, and the fog removal

,
rate due to sprays, as well as the rates of fog entraiment by inter-i

compartmental and fan flows are discussed as follows.

The rate of reactor coolant release to the containment and the coolant

j enthalpy were obtained from the MARCH outputI7) for a small LOCA. The
quality of the break flow was calculated using the enthalpy and the
lower compartment gas temperature. According to the MARCH predic-
tion (7) the discharge of liquid by the creak flow into the lower com-
partment lasts for only 2172 seconds. Afterward, the water level in the

! reactor vessel drops below the break elevation and the fluid discharged
from the break is essentially steam. Therefore, in the present study,

;

it is assumed that no fog is generated by the break flow after 2172
seconds.

!

For fog removal by gravitational settling ~, a~v~olume mean drop size of
10 a was assumed. The teminal velocity of a 10 a drop is about 1.

| cm/sec. Because of this low teminal velocity, gravitational settling

} is not an effective fog removal mechanism. The assumption of 10 a
volume mean drop size is therefore conservative, considering the f act

,

I that for a few thousand seconds the drop agglomeration mechanism would
be able to increase volume mean drop size substantially. It should also
be noted that a smaller volume mean drop size means that the minimum fog

inerting concentration would be reduced and thus makes the present,

analysis conservative. Furthemore, no consideration was given to the
deposition of fog on the walls and vertical surfaces of the structure,
or for fog removal in the f an flows when it passes through duc+.s and
fans. All the assumptions mentioned above make the present analysis
very conservative. The containment geometric data needed in computing
the settling rate are given in Table 6.3.
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For fog removal by sprays, a spray flow rate of 9500 gpm was used for
Sequoyah. According to the Sequoyah CLASIX analysi s(27), the sprays
are initiated at 142 seconds. A volume fraction of sprays (volume of
sprays divided by volme of the spray zone) of 3.3 x 10-4 was used,

I which was obtained using a spray drop fall height of 107 ft, a spray
3zone volume of 485,500 ft , and a volme mean drop size of 700 a. As

previously discussed a spray removal of a 100 percent was used.

i
t In Figure 6.1, the directions of the intercompartmental flows are

shown. The intercompartmental flow rates for the six flow paths and
nine time steps were obtained from the CLASIX analysis and are given in
Table 6.5. The present analysis considers the interrompartmental flows
as the mechanisms of transporting fog from one compartment to another.

|

It is seen in Figure 6.1 that two trains of the air return f an and
hydrogen skimer system take suction from the dead ended region and from
the upper compartment and discharge into the lower compartment. The
fans are initiated at 712 seconds. The f an head-flow curve reported in-

Reference 27 was used to compute the f an flow rates. Fan flow rates of
3 31645 ft /sec and 10 ft /sec were used for the air return f an and the

hydrogen skimmer system, respectively. T}iese 'fiow rates were calculated
'

using average ap's between the upper compartment and the lower compart-

ment, and between the dead ended region and the lower compartment.
3

!
.

; The results of the calculation are shown in Figure 6.4. It is seen that

for the first few hundred seconds the fog concentrations in the lower
compartment, ice condenser lower and upper plenums are about the same

j and increasing. At about 700 seconds, the lower compartment volumetric
! fog concentration reaches its peak of 2.2 x 10-4 ft3 H 320/ft

mi x . Afterward, the intercompartmental flows transport more fog
droplets out of the lower compartment than are generated by the break
flow and condensation and, therefore, the lower compartment fog
concentration decreases. However, the upper plenum fog concentration
keeps rising until about 900 seconds, due to an increasing fog fonnation
in the ice condenser and more fog entrained in the intercompartmental

.
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flow into the upper plenum. The upper plens fog concentration reaches
3its peak of 5.4 x 10-4 ft3 H 0/ft mix at about 900 seconds.2

The lower plenum fog concentration is almost the same as the lower
compartment fog concentration because of little difference in the
inten:ompartmental flow rates into and out of the ice condenser lower
pl enum. Therefore, these two volmes behave as a single volme in tenns

' of fog concentration.

.
At 2172 seconds, the break flow in the lower compartment stops genera-

]
ting fog and, therefore, the fog concentrations drop sharply there-
after. The effect is more pronounced for the lower compartment and
lower plens fog concentrations. The highest fog concentration exists
in the ice condenser upper plenum while the lowest exists in the upper

,

i compartment. The effect of sprays on the upper compartment fog concen-
tration is clearly seen in Figure 6.4. At 142 seconds, the sprays are

turned on and the upper compartment fog concentration drops sharply
until about 600 seconds. At about 600 seconds, the upper compartment

! fog concentration starts to increase again because the intercompartmen-
tal flow into the compartment increases sharply at that time. A peak

3
|

concentration of 7 x 10-6 ft H 0/ft mix in the upper compart- '

2

ment is reached at about 1200 seconds.

|
Hydrogen starts to release into the coctaiment at about 3804 seconds,

,

according to the MARCH calculation (27) It reaches 4 volume percent.

! at about 4300, 4400, and 4670 seconds in the lower compartment, upper

plenum, and upper compartment, respectively.

At 4300 seconds, the calculated lower compartment fog concentration is:

3 39.7 x 10-7 ft g 0/ft mix, which is about an order of magnitude2
smaller than the minime fog concentrations required for inerting 4
percent H . At 4670 seconds, the upper compartment fog concentration2

3 3is 1.35 x 10-6 ft H 0/ft mix, which is about a factor of five
2

smaller than the minimum fog concentration required for inerting 4
percent H *. At the times of reaching 8.0 percent H , the fog

2 2

*The fog inerting criteria is described in Section 5.2.

3
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concentrations in the lower and upper ccmpartments are even lower than

the figures given acove. Therefore, it is concluded that the fog'

concentrations in the lower and upper compartments are too low to have

;
any inerting effect. The use of the present theory on fog inerting also
leads to the same conclusion.i

However, at 4400 seconds, the calculated fog concentration in the upper
3 3piene is 6.1 x 10-5 ft H 0/ft mix which is higher than the

2
Factory Mutual fog inerting data extrapolated to 10 u drops and the
present theoretical prediction. The data shows that in oMer to inert

3the fog concentration must be 8.4 x 10-6 ft4.76 percent H2
32 /ft mix or higher for 10 a volme mean drop size. At 4600H 0

seconds, the upper plenum hydrogen concentration reaches about 7 pement
3 3and the fog concentration is 5.5 x 10-5 ft'
H 0/ft mix. Agai n,2

an extrapolation of the Factory Mutual data to 10 a. shows that fog
3 3concentration of 2.1 x 10-5 ft H//ft mix or higher is

required to' inert 7.2 percent H . In comparison, the present theory2,

3 3on fog inerting predicts 1.02 x 10-4 ft H 0/ft mix for 7.22

| percent H -2
,

Therefore, it appears that it is possible to inert 7 percent H2 but
unlikely. However, at 8 percent H2 in the upper plenum, which occurs

3at about 4650 seconds, the fog concentration is 5.5 x 10-5 ft

: H 0/ft mix, which is too low to inert 8 percent H . An extrapol-2 24

ation of the Factory Mutual 8 percent H2 data to 10 a volume mean drop
3size and the present prediction give 1.9 x 10-4 and 1.2 x 10-4 ft-

3H 0/ft mix for the minimum required fog inerting concentration,2
respecti vely. Therefore both the theory and the extrapolation of test'

data show that fog inerting will not occur in the upper plenum.

The glow plug igniters which have been installed in the Sequoyah con-
tainment were designed to burn hydrogen at the lower flammability
limit. As discussed previously, no fog inerting effects will be
expected in the Sequoyah lower and upper compartments. Therefore, the

glow plug igniters are expected to function as designed in these two

.

0430Q: 1/102082 6-15
._ _.- ._. .

_ . - _ _4_ -



.-.

e - m _..
,

compartments. It may be possible that fog present in the ice condenser
upper plenum could prevent the glow plug igniters from igniting hydrogen
below 7 percent. However, it seems very unlikely that the same igniters

would f ail to ignite 8.0 percent H2 given the fact that considerable'

i conservatism has been exertised in the present analysis. CLASIX
analyses have previously been perfomed that showed the Sequoyah

J containment response to burning 8.0 percent H2 mixtures would be
l acceptable.

!

Sensitivity studies of the spray removal efficiency and the fraction of

blowdown droplets smaller than 20 g for the Sequoyah plant have been

,
performed. A case of 10 percent spray removal efficiency was investi-

', gated. The calculational results showed that the fog concentrations in
the lower compartment, lower plenum, and upper compartment at 4600

seconds were increased approximately by a factor of 10. However, these-

1 concentrations are still too low to inert 8 percent hydrogen. In com-

parison, the fog concentration in the upper plenum is increased by only
20 percent because the concentration at this time is primarily deter-
mined by the fog fomation rate in the ice condenser. This increase is

! too small to change the conclusion given previously on the inerting
probability in the upper plenus. Another case in which all the blowdown
droplets were assumed to be smaller, than 20 a was investigated. The
calculational results showed that at 4600 seconds the fog concentrations

~i . in the lower compartment and lower plentan were increased by 15 percent

while the increases in the upper plenum and upper compartment were
negligibly small. The insensitivity of the fog concentrations to the
parameter of the fraction of blowdown droplets smaller than 20 u is due
to the effectiveness of the spray removal. At 4600 seconds, almost all
the blowdown droplets are removed by the sprays. The sensitivity
studies showed that the fog concentration in the upper plenum at the
time of significant hydrogen release is not sensitive to the spray
removal efficiency and the fraction of blowdown droplets smaller than
20 u.
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TABLE 6.1 INPUT DATA FOR SEQUOYAH LOWER COMPARTMENT

Steam

Lower Compartment Gas Wall Total Parti al

Gas Flow Rate Temp. Temp. Pressure Pressure
!

3Time (sec) (ft /sec) (*F) (*F) (psia) (psia)

60 1404.5 150 118 16.7 5
,
'

610 646.7 215 202 21.6 15.3

1210 3157.2 188 176 20.4 8.9

1810 3115.5 188 176 20.5 8.8

2410 2913.7 180 173 20.1 7.5

3010 2871.7 179 169 19.9 7.2

3510 2739.3 178 169 19.9 6.9
I 4010 2755.9 175 164 19.4 5.5i

! 4510 2848.8 197 173 19.8 4.8
i
:

. . - . . - .

o

.

A

l
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TABLE 6.2 INPUT DATA FOR SEQUOYAH ICE CONDENSER

Steam

Ice Condenser Gas Ice Total Parti al

Gas Flow Rate Temp. Temp. Pressure Pressure
3(ft /sec) (*F) (*F) (psia) (psia)Time (sec)

60 1082 120 32 16.5 2.5
I 610 96.4 132 32 21.8 2.3

| 1210 2654 186 32 20.4 8.1

1 1810 2799 188 32 20.5 8.8

2410 2679 182 32 20.0 7.6
;

'

3010 2629 179 32 19.9 7.2

; 3510 2502 178 32 19.9 7.0

! 4010 2594 171 32 19.4 5.7

4510 2628 .87 32 19.8 4.7

!
i _ ._ . .

.

*

|
.

i

6-18
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TABLE 6.3 GE0ETRIC DATA FOR SEQUOYAH CONTAINtENT

3 2Vol ume (f t ) Floor' Area (ft )
i
!

Lower Compartment 289,000 5,410

Ice Condenser

Lower Plenum 24,200 3,100

.i
Ice Condenser
Upper Plenun 47,000 3,200

Upper Compartment 651,000 10,390

Dead Ended Region 94,000 3,350
i
;

- - - - - -

i

i

!

6-19
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TABLE 6.4 MARCH PREDICTION OF REACTOR COOLANT MASS AND

ENERGY RELEASE RATE FOR THE S D SEQUENCE2

Time H O Mass Release Rate H O Energy Release Rate2 2
(seconds) (1bm/sec) (Btu /sec)

<

0.0 197.2 1.167 x 105
2172 190.5 1.097 x 105

42478 44.85 5.230 x 10
43180 53.53 6.547 x 10
43804 34.82 4.262 x 10
44428 21.40 2.842 x 10
44752 48.42 5.558 x 10
45700 19.42 2.182 x 10

! 6012 14.07 1.583 x 104

6960 5.253 5.989 x 103
'

| 7062 4.718 5.388 x 103

37206 4.060 4.693 x 10

._ _ _ . . _ .

|

|

t

6-20
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TABLE 6.5 INTERCOMPART! ENTAL FLOW RATES (ft /sec)

PREDICTED BY CLASIX FOR SEQUOYAH

Time Flow From Flow From Flow From Flow From Flow Fromj
(sec) LC to LP LP to UP UP to UC UC to LC DE to LC

6.001E l 1.175E 3 1.082E3 7. 029E 2 -9. 905E l -1. 304E 2

6.100E2 3.580E2 9.641El -3.931E l -2.113E1 -2.676E2

1.210E3 2.864E3 2.654E3 1.272E 3 -1.838E2 -1. 094E 2

1.810E3 2.82E3 2.799E 3 1.323E3 -1. 793E 2 -1. 088E 2

2.410E 3 2.695E3 2.679E 3 1.375E 3 -1. 502E 2 -6.855El

3.010E3 2.654E 3 2.629E 3 1.407E3 -1.634E 2 -6.326El

3.510E 3 2. 528E 3 2. 502E 3 1.352E 3 -1.643E 2 -4.699E l

4.010E3 2.613E 3 2.594E 3 1.537E3 -1. 095E 2 -3.348E1

4.510E3 2.694E3 2.62E 3 1.627E3 -1.106E 2 -4.426El

I

I - - - - -

i

I

|
;

,

1

1
!

i

i

.
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6.3 FOG INERTING PROBABILITY IN THE McGUIRE PLANT

To compute the fog formation rates some output data from the McGuire
CLASIX analysis (28) are needed. These data include time histories of

| gas temperature, wall temperature, total pressure, and steam partial
pressure in each containment subcompartment, as well as the intercom-
partmental and f an flow rates. The subcompartmentalization model used

j in the McGuire CLASIX analysis is shown in Figure 6.5. In this study

only the S D accident scenario has been analyzed by CLASIX for McGuire.2

The input data for McGuire S 0 Case 1 are given in Tables 6.6 and 6.7,2

and the calculational results are shown in Figures 6.6 and 6.7. In

Figure 6.6, the fog fomation rate in the lower compartment i s shown.
For the first few hundred seconds the wall temperature is lower than the
dew point corresponding to the steam partial pressure and therefore fog
starts to fann. The fog fonnation rate is low because the wall tempera-
ture is only a few degrees below the dew point. Fog fonnation in the
lower compartment becomes zero after about 600 seconds. The fog foma-
tion rate in the ice condenser is shown in Figure 6.7. It is seen that

| the fog formation rate in the ice condenser is much-larger than that in

! the lower compartment. The fog farmatiorr Tate' Tncreases with the ice
condenser steam flow rate and reaches the first peak at about 1510
seconds. Then the rate decreases because of the decrease in the steam

! flow rate. The fog fonnation and the steam flow rates start to increase
again at about 2510 seconds. The fog fonnation rate reaches the second

; peak of 10.2 lb/sec at about 3260 seconds.
1

The input data needed to calculate the rate of fog generation by the

f break flow, the fog settling rate due to gravity, and the fog removal
rate due to sprays, as well as the rates of fog entrainment by
intercompartnental and f an flows are discussed as follows.

The rate of reactor coolant release to the containment and the coolant
I7Ienthalpy were obtained from the MARCH output for a small LOCA. The

quality of the break flow was calculated using the enthalpy and the

04300:1/101882
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FIGURE 6.5 MCGUIRE CLASIX CONTAINMENT MODELj
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|

1
'

lower compartment gas temperature. According to the MARCH predic-

| tion (7) the discharge of liquid by the break flow into the lower com-
partment lasts for only 2172 seconds. Afterward, the water level in the
reactor vessel drops below the break elevation and the fluid discharged
from the break is essentially steam. Therefore, in the present study,

it is assumed that no fog is generated by the break flow after 2172
'I seconds.

i

i
For fog removal by gravitational settling, a volume mean drop size of
10 a was assumed. The assumption of 10 a volume mean drop size is con-
servative, considering the f act that for a few thousand seconds the drop'

agglomeration mechanism would be able to increase volume mean drop size,

substantially. It should also be noted that a smaller volume mean drop
.

size means that the minimum fog inerting concentration would be reduced
and thus makes the present analysis conservative. Furthemore, no con-

I sideration was given to the deposition of fog on the walls and vertical
surf aces of the structure, or for fog removal in the f an flows when it

,

passes through ducts and fans. All the assumptions mentioned above make
the present analysis very conservative. The containment geometric data,

needed in computing the settling rate are given in Table 6.8.
' .. .

For fog removal by sprays, a spray flow rate of 6800 gpm was used for
McGui re. According to the McGuire CLASIX analysis (28) the sprays are

; ,

initiated at 124 seconds. A volume fraction of sprays (volume of sprays
divided by volume of the spray zone) of 3.3 x 10-4 was used. As pre-
viously discussed a spray removal efficiency of a 100 percent efficiency
was used.

,

i

In Figure 6.5, the directions of the intercompartmental flows are
shown. The intercompartmental flow rates for the six flow paths and
eight times steps were obtained from the CLASIX analysis and are given
in Table 6.9. The present analysis considers the interrompartmental

' flows as the mechanisms of transporting fog from one compartment to

another.

0430Q:1/101882
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Figure 6.5 shows two trains of the air return f an and hydrogen skimer
system and the f an flow directions. The fans are initiated at 694.

1
j seconds. The f an head-flow curve reported in Reference 28 was used to

3
| compute the fan flow rates. Fan flow rates of 1000 ft /sec and 100

| ft /sec were used for the air return f an and the hydrogen skimer3

j system, respectively. These flow rates were calculated using average
I ap's between the upper compartment and the lower compartment, and bet-
l, ween the dead ended region and the upper compartment.

'! The results of the calculation are shown in Figure 6.8. It is seen that
for the first few hundred seconds the fog concentrations in the lower
compartment, ice condenser lower and upper plenes are about the same
and increasi ng. At about 600 seconds, the lower compartment volumetric

3 3fog concentration reaches its peak of 1.6 x 10~4 ft H 0/ft
2

mi x . Afterward, the intercompartmental flows transport more fog
droplets out of the lower compartment than are generated by the break
flow and condensation and, therefore, the lower compartment fog

,

concentration decreases. However, the upper plene fog concentration
I keeps rising until about 800 seconds, due to an increasing fog fonnation

in the ice condenser and more fog entrained in the intercompartmental
I flow into the upper plene. The uyper pl~enum Tog concentration reaches

its peak of 6.4 x 10-4 ft H 0/ft mix at about 800 seconds.3 3
2

The lower plenum fog concentration is almost the same as the lower;

! copartment fog concentration because of little difference in the

intercompartmental flow rates into and out of the ice condenser lower

f pl enum. Therefore, these two volumes behave as a single volume in terms
of fog concentration.

At 2172 seconds, the break flow in the lower compartment stops genera-
ting fog and, therefore, the fog concentrations drop sharply there-
after. The effect is more pronounced for the lower compartment and
lower plenum fog concentrations. The highest fog concentration exists
in the ice condenser upper piens while the lowest exists in the upper
compartment. The effect of sprays on the upper compartment fog concen-
tration is clearly seen in Figure 6.8. At 124 seconds, the sprays are
turned on and the upper compartment fog concentration drops sharply

.
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i
until about 600 seconds. At about 600 seconds, the upper compartment

| fog concentration starts to increase again because the intercompart-I

j mental flow into the compartment increases sharply at that time. A peak

concentration of 7.5 x 10-6 ft H 0/ft mix in the , upper compartment3 3
2

i s reached at about 1500 seconds.;

;

Hydrogen starts to release into the contairinent at about 3804 seconds,
according to the MARCH calculationI20I. It reaches 4 volume percent

f at about 4300, 4400, and 4850 seconds in the lower compartment, upper

i plentsn, and upper compartment, respectively.,

!

At 4300 seconds, the calculated lower compartment fog concentration is
3 38.4 x 10-7 ft H 0/ft mix, which is about an order of magnitude2

smaller than the minimum fog concentrations required for inerting 4
percent H . At 4850 seconds, the upper compartment fog concentration2

i s 1.47 x 10-6 ft3 3H 0/ft mix, which is about a f actor of five
2

smaller than the minimum fog concentration required for inerting 4 per-
cent H *. At the times of reaching 8.5 percent H , the fog concen-2 2
trations in the lower and upper compartments are even lower than the

;

figures given above. Therefore, it i s concluded that the fog concentra-
tions in the lower and upper compartments 7rE 'too low to have any
inerting effect. The use of the present theory on fog inerting alsoi

leads to the same conclusion.

However, at 4400 seconds, the calculated fog concentration in the upper
3 3

; pl enum i s 9.8 x 10-5 ft H 0/ft mix which is higher than the
2

Factory Mutual fog inerting data extrapolated to 10 a drops and the
j present theoretical prediction. The data shows that in order to inert

| 4.76 percent H the fog concentration must be 8.4 x 10-6 ft3
2

3H 0/ft mix or higher for 10 a voltsne mean drop size. At 4500
2

; seconds, the upper plenum hydrogen concentration reaches about 7 pertent
and the fog concentration is 9.3 x 10-5 ft g 0/ft mix. Ag ai n,3 3

2
1
i

The fog inerting criterion used is described in Section 5.2.*

I

-
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I
i

an extrapolation of the Factory Mutual data to 10 a shows that fog con-'
.

centration of 2.1 x 10-5 fg H 0/ft mix or higher is required3 3
2,

) to inert 7.2 percent H . In compari son, the present theory on fog2
3 3inerting predicts 1.02 x 10-4 ft g 0/ft mix for 7.2 percent

2
H, Therefore, it appears that it is possible to inert 7 percenti

2

I H , but unli kely. However, at 8 percent H2 in the upper plenurn,2

which occurs at about 4600 seconds, the fog concentration is 9.1 x
10-5 fg g 0/ft mix, which is too low to inert 8 percent H *3 3

2 2,

| An extrapolation of the Factory Mutual 8 percent H2 data to 10 u
volume mean drop size and the present prediction give 1.9 x 10~4

*

and

1.2 x 1C-4 ft3 3H 0/ft mix for the minimum required fog inerting
2

l concentration, respectively. Therefore, both the theory and the extra-

polation of the test data indicate that fog inerting will not occur,
,

i The glow plug igniters which have been installed in the McGuire contain-
ment were designed to burn hydrogen at the lower flammability limit. As
discussed previously, no fog inerting effects will be expected in '.he

j McGuire lower and upper compartments. Therefore, the glow plug igniters
are expected to function as designed in these two compartments. It may

i be possible that fog present in the ice condenser upper plenum could
I prevent the glow plug igniters froni igniti'ng~hy3rogen below-7 percent.

However, it seems very unlikely that the same igniters would f ail to

ignite 8.5 percent H2 given the f act that considerable conservatism;

has been exercised in the present analysis. Cl.ASIX analyses have
previously been perfomed that showed the McGuire containment response

to burning 8.5 percent H2 mixtures would be acceptable.
!
.
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TABLE 6.6 INPUT DATA FOR McGUIRE LO'4R COMPARTMENT

:
i

Steam
|
! Lower Compartment Gas Wall Total Parti al

Gas Flow Rate Temp. Temp. Pressure Pressure
3

~

Time (sec) (ft /sec) (*F) (*F) (psia) (psi a)
,

60 1624.6 160 149 16.5 7

510 1248.1 225 215 22.2 18.3

j 1510 2387.8 205 198 21.9 12.6

2010 2393.8 205 198 22 12.4

2510 1940.7 195 193 21.5 10.4

3260 2055.5 200 195 21.6 10.8

3760 1801.7 200 194 21 9.3

4510 1919.3 250 222 21.2 7.3

i
i

e

m ee M e 6 e

e wwo.=

$

1

1

|
i
,

!

|
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TABLE 6.7 INPUT DATA FOR McGUIRE ICE CONDENSER
|

Steam

Ice Condenser Gas Ice Total Parti al'

Gas Flow Rate Temp. Temp. Pressure Pressure
3Time (sec) (ft /sec) (*F) (*F) (psi a) (psi a)

60 820.5 90 32 16.5 1

510 107.1 130 32 22.2 2.3

1510 1926 190 32 21.9 9.3

2010 1637 193 32 22 9

2510 1145 188 32 21.4 8.5

3260 1630 195 32 21.6 10.3

3760 1514 193 32 21.1 8.1

4510 1464 192 32 22.1 7.1
,

I

'

i

-. . - - - -

1
*

}

.

4

:
I
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TABLE 6.8 GE0lETRIC DATA FOR McGUIRE CONTAINMENT

i

3 2 I
Volune (ft ) Floor Area (ft )

Lower Compartment 237,400 5,410
,

o
Ice Condenser

'

Lower Plenun 24,200 3,100

Ice Condenser

Upper Plenun 47,000 3,200

Upper Compartment 670,000 10,390

Dead Ended Region 130,900 3,350

i

_ . .. .

.
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3TABLE 6.9 INTERCOMPARTMENTAL FLOW RATES (ft /sec)i

I
PREDICTED BY CLASIX FOR McGUIRE

!

!
j Time Flow From Flow From Flow From Flow From Flow From

(sec) LC to LP LP to UP UP to UC UC to LC DE to LC

6.001El 1.351E 3 8.205E 2 5.783E2 -1.19E 2 -1.53E 2
5.10E2 8.716E2 1.071E2 -2.269El -2. 863E 1 -3.479E 2

1.510E 3 2.008E 3 1.92E 3 8.635E2 -1.90E 2 -1.898E 2
'

2.010E3 2. 01E 3 1.637E3 6.869E2 -2.266E2 -1.572E 2

2. 510E 3 1.722E3 1.145E 3 4.807E2 -1.410E 2 -7.767E l
3.26E3 1. 713E 3 1.63E3 6.666E 2 -2. 087E 2 -1.338E2
3.76E 3 1.54E 3 1.514E3 7.231E2 -1. 289E 2 -1.26E 2

!

l 4.510E3 1.634E 3 1.464E3 7.640E2 -1.328E2 -1. 515E 2
1

!,

!

i

|'
,

m .-a= e -ee ,

|
t

;

$
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f 6.4 F0G INERTING PROBABILITY IN THE 0. C. COOK PLANT

To compute the fog fomation rates some output data from the Cook CLASIX
analysis (29) are needed. These data include time histories of gas
temperature, wall temperature, total pressure, and steam partial pres-
sure in each containment subcompartment, as well as the intercompartmen-
tal and fan flow rates. The subcompartmentalization model used in the

' Cook CLASIX analysis is shown in Figure 6.9. In this study only the

S 0 accident scenario has been analyzed.:
2

The input data for Cook S D Case 1 are given in Tables 6.10 and 6.11,2
and the calculational results are shown in Figures 6.10 and 6.11. In

Figure 6.10, the fog fomation rate in the lower compartment is shown.
It is seen that the fog fomation rate is negligibly small. It should

| be noted that the calculation of the lower compartment fog concentration
I
i in the D. C. Cook plant starts at 600 seconds instead of 60 seconds used
'

for the other two plants. The fog fomation rate in the lower compart-
memt starts to increase at about 4200 seconds because of the increase in

,

{ the steam partial pressure. It reaches 0.017 lb/sec at about 4590
seconds. Fog fomation in the lower compartment will stop after 4700,

i seconds because of the hydrogen burn ther~eafteK The fog f6rmation rate
; in the ice condenser is shown in Figure 6.11. It is seen that the fog

I formation rate in the ice condenser is much larger than that in the

lower compartment. It increases with the ice condenser steam flow rate
and reaches a peak of about 15.6 lb/sec at about 1200 seconds. The fog
formation rate in the ice condenser then begins to decrease and is low

'

at the time of significant hydrogen release.

The input data needed to calculate the rate of fog generation by the;

break flow, the fog settling rate due to gravity, and the fog removal
rate due to sprays, as well as the rates of fog entrainment by inter-
compartmental and f an flows are discussed as follows.

The rate of reactor coolant release to the containment and the coolant
enthalpy were obtained from the MARCH output (7) for a small LOCA. The

6-35
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D.C. COOK CLASIX MODEL
,

! rrrrrs
'l ICE

CONDENSER I; & UPPER - - - +
UPPER | COMPARTMENT {

,

PLENUM
;
I
!

| A A |
t
i
i

ICE BED i

!,
.;

Y Y j
|

|......

ICE i'
,

| CONDENSER LOWER >
LO COMPARMEM || PLENUM i

I
a

| A A j
i

-; '
! s

!
_ _ _ . _ _ |

|
i

Y __

iV -

*
a

'
;-

......

DEAD !+FAN / ENDED
ACCUMULATOR !REGION
ROOMS |

'.i
A i

i

O |
i'

-*
_ - - _ - - -

-
- AIR RETURN FAN / HYDROGEN SK1MMER SYSTEM

l
FLOW PATH CONTAINS DOORS

I

4 > FLOW ALLOWED IN BOTH O! RECT 10NS

: FLOW ALLOWED IN ONE DIRECTION

SPRAY HEADER............rz

i
.-

,

C-20

- - . . - . - - . - . . _ . . . . . - . . . . . _ _ _ _ __

m ,, _ , , - - - - - - - - - w-, ,- - - - - . - -



. ._ . . .__. . . _ . _ _. . . . - _ . . . _ - . . _ . . . . _ . . . . .

l.. .

.

-

4

, . O'0009
; i !

I i | | !

,,

.

- .

a !

m
x :

I -

t c 2

2 O ' 000 ti
*

z
o
U

e
L
2
O.

a
,

s 0'000F'

o
u

,

k 1
W C< ~,

! J
Z ,

_. _ _ _ _ _ __ _

' 2 0'0002 Chi,

-
; .c -

u,-
- w

@O -

*

u
' 1e _.

"
j O'0001 ~

.

0*O

a o e e e e e e
C 10 C O C C C c
e en cn m m a- -

C O O O O O O O O
. . . . . . . . .e o e o o e o o a

(33S/81) 31V 8 N 011V W 8 03 903
6-37

.- .. .. - .. .. -. _

_ . -



.

. - - - ._ . . . _ . . . .. . . . _ _ . . . . . . . . .

. , ..

1

0*0005

-

/
1

1 i
= :

I w
i :

C
~ 0'000#

/-

w
a
=
C

' v
,

, w
a h
!
l * O*000Eo

C
v

4 -

i
-

-

. .
t W

w <
. x

~D
j g =_ , _ _ _ . . ._ _

/ -'
.

t 3 0*0002/-
- -
w

^
4 Ut

t 2 w
2 M
C -

w
w

IQ wm 0 0001 -
|

N
N

N

0*0

O C C C C C C c
C C O C O C o o

C. C. C. C O O
O.

W
D. o. p

o.
.

C N @ N
Oe

.
= == k p m om

(33S/87) 31VB N 011V H 803 003

- - G-38

..,

. .. . . . - . . . . . --e + =

- - - . - --



- . - . . . ~ . . . . - ~ . . . . . - . . . .

quality of the break flow was calculated using the enthalpy and the'

. lower compartment gas temperature. According tc, the MARCH predic-
| tion (7) the discharge of liquid by the break flow into the lower com-4

partment la',ts for only 2172 seconds. Afterward, the water level in the
reactor vessel drops below the break elevation and the fluid discharged
from the break is essentially steam. Therefore, in the present study,
it is assimed that no fog is generated by the break flow after 2172-

-J seconds.3'
, _

.-
*

4 ./

'

' For fog removal p, gravitatkonal settling, a volume mean drop size of
'

10'u tesrsi;sumed. The,aystaption of 10 a volume mean drop size i s con- yc

servative, cogiering tile f act that for a few thousand seconds the drop 's

' '~ agglomeration mechanisrc would be able to increase volume mean drop size
substanti ally. It should :aiso be noted that a smaller voltne mean drop
size means that the minimta [og -inerting concentration would be reduced
and thus makes the prescet analysis even cre tonservative. Further-.

more, no consideration'Was given to the: deposition of fog on the walls
i and vertical surfaces of the structu e, or fo'r fqi removal in the f an ,

flowy when it passes through ducts and fans. All the assumption & men-
'

tioned above make the present analjsis very conservative. The contair1;.

'

ment geometric data needed in cG3puting the settling rate are given jnj ' ' '

| Table 6.12.
.-

_..,,

, , s . .

4000, 1800, and 5_28 gpmFor fog removal by sprays, spray flow rates of
were used for the upper compartment, lower compartment, and fan /accumu ,.- s

' I ator rooms, respectively. According to the Cook CLASIX anal'fhj J 29) ,

,
the sprays are initiated at 141 seconds. A volume fraction, of SDrays"

' (volume of sprays divided by voline of the spray zone) of 3.3 x' 1b-4
was used. As previously discussed a spray removal efficiehcy of a 100
percent efficiercy was used.

' '.p .. + ~.
, ,

% 73 4

,
In Figure' 6.9, the directions of the intercompartmental flows are
shown. 'The intercompartmental f13w' rates for the six flow paths and

~

s,

" ' eight time steps were obtained from the CLASIX analysis and afe.given in -

'

|
., \ ,

N '
- .4 s

,
f.-39 \ r
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|
Table 6.13. The present analysis considers the intercompartmental flows
as the mechanisms of transporting fog frcm one compartment to another.

Figure 6.9 shows two trains of the air return f an and hydrogen skimmer
system and the f an flow directions. The fans are initiated at 711
seconds. The f an head-flow curve reported in Reference 29 was used to
compute the fan flow rates. Fan flow rates of 1388, 61.76, and 4.13

3
; ft /sec were used for the flows from the upper compartment, lower

compartment, and dead ended region to the fan / accumulator rooms,
respecti vely. These flow rates were calculated using the ap's between
the the fan / accumulator rooms and three other compartments.

The results of the calculation are shown in Figure 6.12. It is seen
that for the first few hundred seconds the fog concentrations in the

i lower compartment, and the ice condenser lower plenum are high. At
i
; about 140 seconds, the lower compartment volumetric fog concentration

3reaches its peak of 1 x 10-4 ft 3H 0/ft mix. Af ter the sprays2

are initiated at 141 seconds, the fog concentrations in the lower com-
,

j partment, upper compartment, and fan / accunulator rooms drop sharply.
However, the upper plenun fog concentration keeps rising until about

'

1200 seconds, due to an increasing 70g forfaatioil in the ice condenser
and more fog entrained in the intercompartmental flow into the upper
pl enun. The upper plenum fog concentration reaches its peak of 2.4 x

i 10-4 ft3 g 0/ft3 mix at about 1200 seconds. After about 12002

seconds, the lower plenun fog concentration is almost the same as the
lower copartment fog concentration since the intercompartmental flows
quickly make the fog concentrations in these two compartments unifom.
Therefore, these two volumes behave as a single volune in terns of fog

'concentration.

At 2172 seconds, the break flow in the lower compartment stops genera-
ting fog and, therefore, the fog concentrations drop sharply there-
after. The effect is more pronounced for the lower compartment and

'

lower plenum fog concentrations. The highest fog concentration exists
in the ice condenser upper plenum. The effect of sprays on the upper

6-40
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compartment fog concentration is clearly seen in Figure 6.12. At 141
"

,

seconds, the sprays are turned on and the upper compartment fog concen-

f tration drops sharply until about 300 seconds. At about 300 seconds,
the upper compartment fog concentration starts to increase again because

,

the intercompartmental flow into the compartment increases sharply at'

that time. A peak concentration of 9.5 x 10-6 ft3 H2 /ft3 mix0

in the upper compartment is reached at about 1400 seconds.

Hydrogen starts to release into the containment at about 3804 seconds,
according to the l%RCH calculation (29). It reaches 4 volume percent
at about 4350, 4370, and 4700 seconds in the lower compartment, upper
plenum, and upper compartment, respectively.

At 4350 seconds, the calculated lower compartment fog concentration is
| 10-7 ft3 3H 0/ft mix, which is about two orders of magnitude2

smaller than the minimum fog concentrations required for inerting 4
percent H . At 4700 seconds, the upper compartment fog concentration2

i s 2.4 x 10-6 ft3 H20/ft mix, which is about a f actor of two3i

smaller than the minimum fog concentration required for inerting 4 per-
cent H *j 2 At the times of reaching 8.0 percent H , the fog concen-2

|
trations in the lower and upper coliipartme'n'ts'a're even lower than the

~

figures given above. Therefore, it is concluded that the fog concentra-
tions in the lower and upper compavanents are too low to have any iner-

#

i ting effect. The use of the present theory on fog inerting also leads
! *o the same conclusion.
I

! !

However, at 4370 seconds, the calculated fog concentration in the upper,

pl enum i s 6. 5 x 10-5 ft3 H 0/ft mix which is higher than the3
2;

: Factory Mutual fog inerting data extrapolated to 10 u drops and the
present theoretical prediction. The data shows that in order to inert

the fog concentration must be 8.4 x 10-6 ft34.76 percent H2
3H 0/ft mix or higher for 10 a volune mean drop size. At 45302

seconds, the upper plenum hydrogen concentration

The fog inerting criterion used is described in Section 5.2.*
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reaches about 7 percent and the fog concentration is 5.5 x 10-5 fg3

3
'

H 0/ft mix. Again, an extrapolation of the Factory Mutual data to2
10 a shows that fog concentration of 2.1 x 10-5 fg3 3H 0/ft mix2

or higher is required to inert 7.2 percent H . In comparison the2
3 3present theory of fog inerting predicts 1.02 x 10~4 ft H 0/ft2

mix for 7.2 percent H . Therefore, it appears that it is possible to2

inert 7 percent H , but unlikely. However, at 8 percent H2 in the2

upper plenum, which occurs at about 4600 seconds, the fog concentration
,

3 3i s 5.1 x 10-5 ft H 0/ft mix, which is too low to inert 8
2

percent H . An extrapolation of the Factory Mutual 8 percent H22
data to 10 a volume mean drop size and the present prediction give 1.9 x

3 310~4 and 1.2 x 10~4 ft g 0/ft mix for the minimum required
2

fog inerting concentration, respectively.

The glow plug igniters which have been installed in the Cook containment
were designed to burn hydrogen at the lower flammability limit. As
discussed previously, no fog inerting effects will be expected in the
Cook lower and upper compartments. Therefore, the glow plug igniters
are expected to fun: tion as designed in these two compartments. It may
be possible that fog present in the ice condenser upper plenum could
prevent the glow plug igniters froM ignitTng h drogen below-7 percent.y

However, it seems very unlikely that the same igniters would fail to'

ignite 8 percent H2 given the f act that considerable conservatism has
! been exercised in the present analysis. CLASIX analyses have previously

| been performed that showed the Cook containment resoonse to burning 8.0
i percent H2 mixtures would be acceptable.
.

:
i

;

6-43
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f TA8LE 6.10 INPUT DATA FOR 0. C. COOK LOWER COMPARTMENT

,|

Steam

Lower Compartment Gas Wall T9tal Parti al
|

Gas Flow Rate Temp. T emp. r'ressure Pressure
3(ft /sec) (*F) (*F) (psia) (p si a)

| Time (sec)

600 799.4 222 215.2 21.8 17.4

1200 2798.2 190 183.5 20.2 9.4

1800 2805.8 190 180.3 20 9.1

2400 2513.6 180 177.2 19.6 7.6
4
i 3000 2448.5 178 170.4 19.3 7.2

3600 2359.7 175 169.3 19.2 6.4
3

j 4200 2272.3 165 161.9 18.8 5.3

| 4590 2482.7 168 161 19.5 5.8
'i

i

.

1

.

- .-. --- .

,

9
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TABLE 6.11 INPUT DATA FOR 0. C. COOK ICE CONDENSER
,

1
Steam

Ice Condenser Gas Ice Total Parti al

Gas Flow Rate Temp. Temp. Pressure Pressure
3Time (sec) (ft /sec) (*F) (*F) (psia) (psia)

600 76 147 32 21.8 3.4

1200 2548 190 32 20.1 9.3

1800 2572 188 32 19.9 9.0

2400 2359 184 32 19.7 7.9

3000 2256 187 32 19.3 7.1

3600 2199 175 32 19.2 6.6

4200 2126 166 32 18.8 5.3

4590 2312 163 32 19.8 4.3

.

!

t

{ . .. - _

, -

1

4

.

6 45
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TABLE 6.12 GE0lETRIC OATA FOR 0. C. COOK CONTAINMENT
I

3 2Voltne (ft ) Floor Area (ft )

Lower Compartment 249,681 5,410

{ Ice Condenser

{ Lower Plenta 24,700 3,100

Ice Condenser
Upper Plenta 47,010 3,200

Upper Compartment 681,283 10,390'

Dead Ended Region 61,105 853

Fan / Accumulator Rooms 54,828 2,500
,

l

_ -- .- - .

|
.

1

.

$

r

i

; 6-a6
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3
| TABLE 6.13 INTERCOMPARTENTAL FLOW RATES (ft /sec)
' PREDICTED BY CLASIX FOR D. C. COOK

Time Flow From Flow From Flow From Flow From Flow From Flow From

(sec) LC to LP LP to UP UP to UC UC to LC DE to g F/A to LC

<

600 6.387E2 7.60E1 -4.410E1 -3.746El -1. 232E 2 -1.229E 2

1200 2.577E3 2.548E3 1.106E3 -1.740E 2 -4.720E1 1.509E3

1800 2.60E3 2.572E 3 1.155E3 -1.62E 2 -4.381E l 1.529E 3

2400 2.356E3 2.359E3 1.145E3 -1.325E 2 -2.512E1 1.595E3

3000 2.273E3 2.256E 3 1.178E3 -1. 463E 2 -2.923E 1 1.553E3

3600 2.202E 3 2.199E3 .. 190E 3 - 1.334E 2 -2.333E1 1.603E3*

4200 2.13E 3 2.126E3 1.25E 3 -1.183E 2 -1.802E1 1.642E 3

4590 2.346E 3 2.312E3 1.400E 3 -1.130E 2 -2.371El 1.650E3
i

- . -. .
,

h

!
i

I

e
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| 7.0 SLNMARY AND CONCLUSIONS
!

The present study has developed a systematic methodology to study the d'

'I potential fog inertirg problem for the PWR ice condenser plants. In the
present investigation, major fog fonnation and removal mechanisms are i ;

'e

j identified and quantified. Theoretical models are developed to predict
1
'

! the fog fonnation rate due to boundary layer and bulk stream condensa-
i

'

|I tion, the fog removal rates due to gravitational settling and contain-
I ment sprays. The mass conservation equations for the fog droplets in .

) each of the containment subcompertments are solved simultaneously in
order to obtain time histories of fog concentration. These equations {
incorporate fog fonnation due to condensation, fog generation due to jl

breck flow, fog removal due to gravitational settling and sprays, trans- |'

port of fog by the intercompartmental flows and f an flows. These I
I

equations have been used to analyze an S D accident sequence for the j2

Sequoyah, McGuire, and D.C. Cook plants. The analyses employed output 9

Idata from the respective CLASIX analyses. Specifically, time histories
i

,
'

j of gas temperature, wall temperature, total pressure, and steam partial ;

pressure in each containment subcompartment, as well as the intercom-'

partmental and fan flow rates were used in the present analysis.
j. _ . .

l A fog inerting criterion has been developed to predict the ministan fog'
ii4 '

I concentration for a particular voltane mean fog drop size required to
inert a given hydrogen concentration. The present fog inerting*

criterion has been shown to be in general agreement with the Factor /
Mutual data. The criterion shows that the minimum fog inerting concen-

I tration varies with the square of the voltane mean fog drop size.

1

The present study shows that the fog concentrations in the upper and
lower compartments of the three plants analyzed are too low to have any-

inerting effect on hydrogen mixtures. Therefore, the glow plug igniters; "

are expected to function as designed in these two compartments. It may

be possible that fog present in the ice condenser upper plenum could

'

71
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prevent the glow plug igniters from igniting hydrogen below 7 percent.
However, it seems very unlikely that the same igniters would fail to
ignite 8-8,5 percent H , given the fact that considerable conservatism2

j has been exercised in the present anlysis. CLASIX analyses have

|
previously been performed that showed the containment responses to

i burning 8.0-8.5 percent H2 mixtures would be acceptable.
I

I

t
I

'

.

: .- _

i

i

.

1

-
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| APPENDIX A
I

COMPUTATION OF Y AND ( IN EQUATION (3.12)g

I17IThe Hijikata-Mori fog for nation theory used the boundary layer

approximation for the continuity, momentun, and energy equations. The
fog concentration and velocity profiles in the boundary layer are
assuned in Eqs. (3.7) and (3.8). Substituting Eqs. (3.7) through (3.10)
into the conservation equations, we have

1

' + g+ Y + v' =0 (A-1)-

o

-(1+Y)[V -d+ + d g Y, + v' =0 (A-2)g+ V. g

-f(1+g)h (A-3)d+ d g + Y + v' =
g

j A (n) + B (n) g + f C (n) + h E Y,

= h { [ - V, - Vg (1 + E) Y (A-4)g

i
i "# ~ - - ' ~ ~ -

where A (n) = 4 (n + 1) (n + 3) (n + 4)

3 (n + 6)
. 8 I"I * 4 in + z) (n + 3) (n + 4)

3 (n + 7)
C ( n ) = 4 ( n + .1 ) (n + d) in + b)

'N
V =
= 1-W ,

,

2 AW-

y ,

o (1 - W )5g g

h
9E =C af

pg

i

e'
A-1
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2
a U,

v
"

ay
*v' =

; a U,=

1

W weight fraction of vapor at free stream=
.

W weight fraction of vapor at wall=
o

3 AW W , - W,=

1 S Schmidt number=
c

kinetic viscosity: v =

i

v, component of the free stream velocity perpendicular to=
<

the wall
h heat of vaporization=

j yg
j C specific heat of non-condensible gas=

pg
aT T, - T=

o

T. gas temperature at free stream=

T gas temperature at wall=
o

Equations (A-1) through (A-4) are four algebraic equatione for four
unknowns, Yo,( , R, and v' . These equations have been solved
by the computer program FOG. In FOG, the values of Y , C, and R areo
computed and used in Eq. (3.12) to compute the fog fonnation rate.

:

i
!

i
!

.

|
;

I

;

}
t

I
'

A-2
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APPENDIX B

j DERIVATION OF EQUATION (5.5)

;

This appendix gives detailed procedures to derive Eq. (5.5), starting-

f rom E q. (5.4)

1 = f ( (Y - Y )/e ) (5.4)(K)cMt 8 u f g

I

where the ratio of heat loss rate per unit volume to the heat release

rate by chemical reaction per unit volume, (K)cMt, is defined as,

l

XcMt = S/C w (B-1)
p

. and the ratio of sensible heat to heat of combustion, e , is defined asj

g=Cp (Tj - T )/q (B-2)o
u

| To arrive at Eq. (5.5), it is necesary to assume that all the heat loss
is attributed to convection heat transfer to fog droplets of only one

,

drop size. Under this assunption,_the rate of teat loss per unit volume-

per degree, S, may be expressed as

2S = nud h
e

number of drops per unit volumewhere n =

volume mean drop sized =

heat transfer coefficienth =

It i s further assumed that the relative velocity between the droplets
and the mixture flow is so small that heat transfer coefficient, h, c an

be approximated by the conduction limit. Under thi s assumption, E q.

(B-3) reduces to

S = 12ni (B-4)
d

04300:1/101982
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mean heat conductivitL-where x =

3voltsne fraction of mist droplets (h a d )=n

The rate of heat generation per unit volume, w, is related to he laminar
burning velocity, S , and the thickness of the reaction zone, f., by

u

:

2 o Su (Y -Y)u u fw= (B-5)g

j The thickness of the reaction zone may be approximated by
*

,

I
A= (B-6),

S Su u p

Combi ning Eqs. (B-1), (B-4), (B-5), and (B-6), we have

12ni (B-7)K =
crit 4 4g4 (Y -Y)d#

3,u u p u f
,

Substituting Eqs. (B-2) and (B-7) into Eq. (5.4), we havea -

I
i

qC o S Y -Y
| (y" , y ) f ( u f) (5.5)p u u,

! d 12 i # (T4-TI 'I
u

j Q.E .D.

I
i

!

,

:
,

t

t

4

~
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