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ABSTRACT

Presznted here is an analysis of the time-dapendent pressure forces
and impulse loadings on the walls of the hemispherical dome of a nuclear
reactor pressure vessel arising from a centrally ignited hydrogen-oxygen
detonation. Investigated in this context are the effects of richness
of the detonable gas mixture as well as those due to the inclusion of
water vapor. In the analysis the gas mixture was treated as a perfect
gas, and the partial differential equations governing the gasdynamic
flow were integrated using the CLOUD CODE--a finite-difference technique
set in Lagrangian coordinates and incorporating the smoothing action of
artificial viscosity. The most intevesting results pertain to the ringing
of pressure pulses at the walls. Their freguency is quite uniform, and
their pressure peaks, at levels significantly higher than that of combustion

at constant volume, decay at a negligible rate.



BACKGROUND
At approximately 4:00 A.M., March 28, 1979, the Three Mile Island
Nuclear Plant - Unit 2 in Harrisburg, Pennsylvania, while operating at
approximately 97% of full power, experienced a loss of fued water
(NSAC-1, 1979; NUREG-0560, 1979). Unlike previous incidents (NUREG-75/104
[WASH-1400], 1975), a series of events took place that resulted in the
farmation of a potentially explosive gas bubble within the reactor pressure
vessel. While field monitors recorded releases of radicactive gases,
Nuclear Regulatory Commission, General Public Utility, and Industry Ad-
visory Group personnel struggled to gain control over the growing gas
bubble. Estimates of the bubble's size were as large as 2000 cubic feet
at a pressure of 68.03 atms. and a temperature of at least 422°¢. Chemical
analysis indicated the gas bubble's composition to be a rich mixture of
hydrogen, oxygen, and water vapor.

Questions as to the explosibility and flammability of the gas bubble
arose. The immediate and primary concern was to assess the vulnerability
of the reactor pressure vessel to the most serious of possible future events--
accidental explosion of the gas bubble. Failure of the vessel to contain
the explosion could have lead to the venting and subsequent dispersion of
highly toxic radioactive material into the atmosphere. A potentially
serious threat to the public existed.

The assessment of the potential damage resulting from confined and

unconfined gas explosions has been extensively analyzed and documented.+

“<.e Strehlow (1973), Haverdings et al. (1976), Oppenheim et al. (1977},
and Nicholls et al. (1978).



Presented here is the analysis of the time-dependent pressure forces and
impulse loadings on the walls of the hemispherical dome of a reactor
pressure vessel arising from a centrally ignited gas detonation. Investi-
gated in this ccnnection were the effects of richness of thke hydrogen-

oxygen gas mixture as well as those due to inclusion of water vapor.

ANALYSIS

It was assumed that initial conditions at the instant the gas bubble
is consumed are given by the self-similar solution of a Chapman-Jouguet
detonation front headed by a blast wave. The evaluation of such an event
was described in an earlier paper (Oppenheim et al., 1972). The analysis
was performed using a rumerical technique, the CLOUD CODE (Cohen et al.,
1975), developed and modified by the authors (Oppenheim et al., 1977).
This technique is set in Lagrangian coordinates and incorporates the
smoothing action of artificial viscosity.t

Since the accuracy of the wave interaction processes were of partic-
ular interest, especially those occurring between the blast wave front
and reactor wall, special attention had to be paid to the spatial resolu-

tion of the gas bubble. Over 400 grid points were used for this purpose.

RESULTS

For the same thermodynamic properties of the reacting medium, we
analyzed the following three cases:

(7) Constant vglume combustion (EV)

{2) Chapman-Jouguet detonation (CJ)

(3) Chapman-Jouguet detonation including the von Neumann spike (VN)

The medium was considered as one consisting of two components, unburned

tsee von Neumann and Richtmyer (1950), Wilkins (1969}, and Oppenheim
et al. (1977).
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Velocity distribution of SF," compared with three RRKM
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case (2). Solutions for mixtures Il - IV exhibit the same properties.
Peak static pressures and ringing frequencies are presented in

Tahle I11. Listed there, respectively, are: final pressures corresponcing

to constant volume combustion, EV; pressure behind the reflected Chapman-

Jouguet detonation in the computed case of spherical geometry, CJRS;

then for comparison, the equivalent pressure in the planar case, CJRP;

computed pressure behind the reflected von Neumann shock front in the

spherical case, VNRS; and, finally, pressure of the equilibrium Chapman-

Jouguet state, CJ.

CONCLUSIONS
The conclusions of our analysis are as follows:
1. Maximum peak pressure is attained by the initial reflection of
the detonation front from the wall of the reactor vessel.
Its value can be estimated within about 15% accuracy by
calculating the pressure due to planar reflection of the

detonatian front.

r

Pressure peaks of the ensuing ringing process are much

weaker than that of the first peak, but they are none-

theless quite significant.

3. Impulse loadings are essentially the same as those attained
by constant volume combustion.

4. Increasing the richness of the gas bubble mixture and intro-

ducing water vapor lessens the potential danger due to the

detonation.



5. The ringing frequency is virtually independent of the initial
composition of the mixture, r-nging from 1300 to 160Q cps for

the various cases we analyzed.

ACKNOWLEDGEMENT

The authors wish to thank Raafat Gurgius for his assistance in com-
puting the states of the gas bubble mixtures. This work was supported by
the Physics, Computer Science, and Mathematics Division of the U.S.

Department of Energy under contract No. W-7405-ENG-48.



REFERENCES

Cohen, L.M., Short, J.M., and Oppenheim, A.X. (1975), A computational
technique for the evaluation of dynamic effects of exothermic reactions.
Combustion and Flame 24, 3, 319-334.

Gordon, S. and McBride, B. {1971), Computer Program for Calculation of
Complexz Chemical Equilibriwm Composition. MNational Aeronautics and Space
Administratior Report NASA SP-273, Washington, D.C.

Haverdings, W., Pasman, H.J., and Wiekema, B.J. (1976), Blast by non-ideal
aerial explosions. Acta dstonautiea 3, 1-2, 107-116.

Nichalls, J.A., Sichel, M., and Gabrijel, Z. {1978), Detonability of
unconfined natural gas-air clouds. Seventeenth Symposiwm (International)
on Combustion, The Combustion Institute, Pittsburgh, PA., 1223-1234.

NSAC-1 (July 1979), Analysis of Three Mile Island - Unit 2 Acecident,
Nuclear Safety Analysis Centre, Electric Power Research Institute,
Palo Alto, CA.

NUREG-0560 (May 1879), Staff Report om the Generic Assessment of Feedwater
Transients in Pressurized Water Reactors Designed by the Babeock and
Wileox Company. Office of Nuclear Reactor Regulation, United States Nuclear
Regulatory Commission, Washington, D.C.

NUREG-75/014 [WASH-1400]1 (Oct 1975), An Assessment of Accident Risks in
U.5. Commercial WNuclear Power Plants. Reactor Safety Study, United States

Nuclear Regulatory Commission, Washington, D.C.

Oppenheim, A.K., Kuhl, A.L., and Kamel, M.M. (1972}, On self-similar
waves headed by the Chapman-Jouguet detonation. J. Pluid Mechanics 55,
2, 257-270.



Oppenheim, A.K., Kurylo, J., Cohen, L.M., and Kamel, M.N. (1977), Blast
waves generated by exploding clouds. Eleventh International Symposium
on Skock Tubee and Wavee, University of Mashington, 465-473.

Strellow, R.A. (1973), Unconfined vapor cloud explosion - an overview.
Fourteenth Symposium (Internatioral) on Cambustion, The Combustion Insti-
tute, Pittsburgh, PA, 1189-1200.

von Neumann, J., and Richtmyer, R.D. {1950}, A method for the numerical
calculation of hydrodynamic shocks. J. Applied Physics 21, 3, 232-2%7.

Wilkins, M.L. (1969), Calculation of Elastic-Plastic Flou. Lawrence
Livermore Repori UCRL-7322, Rev. 1, Livermore, CA, iv + 101 pp.



FIGURE CAPTIONS

Figure 1. Static wall pressu:c and impelse loading historfes |[— ——
Chapman-.ouguet detonation; — — — constant volume combustiion;
rc(neter) - radius of hemispherical gas bubble].

Figure 2. Static wall pressure and impulse loading histories [———
Chapxan-Jouguet detonation including von Keumann spike; —
— — constant volume combustion; r_ (meter) - radius of
hemispherical gas bubble].

TABLE CAPTIONS
TACLE 1. Chemical and gasdynamic statos of the gas bubble.
TABLE 11. Summary of peak static pressures and ringing frequencies.



TALE 5. Chwwscol aes goreyasets states o the gos Bubkie

Pixture 1 1
UNBURNED GAS

¥, {sotey D 506G 0.5.40

0, (mole) 0.100m B 05000

n0 (mole) o. 8.

o (tarl/avr) 4.5000 9.5002

F_ tatm) t2.0x LX)

1, e w.n .

», (calion) mn s 5

®, (ywe-eole) 5.018 35

Cp leatsgeson) 1S LEY

'u‘ e 1y

o, twsen) 96 1 133
BURNED GAS

111 Covgegat Tolume CONBrOLLOn

* (mole freen) O ooast -

ny ‘mote Yrcte} [t ©ean

0 teole frvtny 0 22700 ©.10s2e

O teote tretn) D.0IX5 -

Fotete »o s mn

T 2 1518,

U tealiem: 500 &7

" tealrem) 6. 273

S fcalzem twd r 2280 $ ne2

" (eiomroe! 5 565 3

© catronr'n) 1. 787 2.1

. 1.2612 [ -7

o leisec) 2% 8 a7

I et Setmenion

= lrole $rcn) 0.0 0.000ct

" leale freta} o.ren ¢ 47

w0 (mie treen] 0.22186 3.1082¢

0= trole trcon) 0.0001¢ -

M. [Macn o ) 3 2 3152

., i sec) 58,3 E )

7 teee’ 672,66 e 15

REEAH 2657. .

= calizgm) 15,0 2.

5 tealsomite) 7 1832 v 2817

LR C Lo 2 5068 e

€, (calzonste) 1813 2.2517
1255 1310

(w/sec) 2245.0 wse. >

-

Hi1

© wae
©. 0%
oonw
Jsra

ol
wn
5 »

S s

ren

1 mee
0.5

D Code

[ i

0.2173e8

. ee”

IR
M ¢
€28 12
2510
0.t

6. 2€58

L.

1 5416

1 250c¢
2005.7

© e
L~
o enKe
5 e
aen
@an
-
-
LX)
? mow
133 2

e

o

€513

L R~1%3




TABLE I1.

Mizture
H,/0,/H,0 0.90/0.10/0.0
$ 4.500
M 3.9024
Peak
presaure
(atm)
EV 350.7
CJRS 1370.2
CJIRP 1569.9
VNRS 5007.0
¢J 672.5
Ringting
fraquency
(eps)
CJ 1557.5
VN 1587.6

Summary of peak static pressures and ringing frequencies.

11

0.95/0.05/0.0

9.500
3.1329

231.4
840.5
¥57.1
2663.5
432.8

1546.3
1583.9

111

0.90/0.10/0.07i8
3.5754
3.7734

328.8
1269.9
1456.8
4452,2

628.3

1388.8
1414.4

v

0.95/0.05/0.0718
5.9476
3.0254

217.8
776.0
687.0
2344.0
404.7

1319.9
1355.7
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