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Executive Summary
One-dimensional detonation simulations and simplified structural response computations
have been carried out to assess the significance of the detonation of local regions of
the CE80+ containment. For a cloud size that is 15% of the upper dome volume and
computed SB LOCA conditions, the first reflected shock results in a peak pressure of 8.6
bar on the containment when the initial containment pressure of 2.37 bar is accounted for.
The peak reflected pressure increases as the cloud size is increased, up to a maximum
value of 14.4 bar for a cloud that occupies the entire hemisphere modeling the upper
dome of the containment.<

The ultimate capacity of the shell has been estimated to be 12.8 bar at a temperature
of 393 K. The equivalent static pressures computed from the single-degree-of-freedom
structural model are comparable to this pressure except in case 2, which had an equiv-
alent static pressure of 19.2 bar. However, even in this case, only a modest amount of
permanent deformation would be expected since tensile failure is not expected until a
static pressure of 88 bar.

We conclude that: Local detonations with realistic quantities of hydrogen produce
structural loads that are comparable with the ultimate capacity but far below the tensile
failure limit of the steel shell. The interaction of the detonation with the cloud boundary
and the decay of the shock wave due to the expansion wave are significant in determining
peak pressures and structural deflections. An optimum cloud size appears to exist for
generating the maximum deflection of the structure. The maximum deflection occurs
due the interaction of the secondary shock waves with the structural oscillations.

Finally, these computations indicate that computing structural deformation from
blast loading can involve subtle effects that requires careful evaluation. Simple engi-
neering correlations developed for external blast must be used very cautiously. If more
realistic computations with multidimensional geometries are used for the gas dynamic
portion, there should be a comparable increase in the sophistication of the structural
computation.
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! 1 Introduction
|

One-dimensional numerical simulations of detonation propagation in the CE80+ contain-
ment have been performed. These simulations only consider the problem of detonation
propagation in the region of the containment above the operating deck. The purpose of
these calculations is to determine loads from " local" detonations, that is, detonation of a
smaller region within the containment. The upper portion of the coatainment is idealized
as a hemisphere in these preliminary computations. The fraction of volume occupied by
the cloud has been considered as a parameter in these computations and was varied from
15% to 100%

The results of the simulations are pressure and impulse histories at selected locations
within the containment. The implication of these results for containment integrity are as-
sessed using a simple single-degree-of-freedom model for a spherical shell. The maximum
shell deflection is calculated by direct integration of the structural response equation us-
ing the computed loading. Shell radial deflections as a function of time are presented for
each case and the equivalent static loadings for the maximum deflection are tabulated.
These results indicate that the load is in a mixed regime that requires a time-dependent
analysis in order to estimate structural deflection.

2 Initial Conditions
i

If the hydrogen released in an accident is completely mixed with the contents of the
I containment, then a very low concentration of hydrogen will result. Typically, such a

mixture can not be detonated and in some cases, will not even burn. In order for the
mixture to be detonable, the composition must fall within a limited range. This range
has been estimated (Shepherd 1993) based on the previous experimental and simulation
studies on hydrogen combustion and is shown in Fig.1. Accident simulations for the
CE80+ predict hydrogen concentrations of 5% and steam concentrations of 50% if the
containment is well mixed. This is close to the lean flammability limit. Therefore, if a
detonation occurs, it must be due to a local high concentration of hydrogen associated
with incomplete mixing. Such a local concentration of hydrogen could result in a" local"
detonation.

In order to examine the problem of local detonation, we imagine that the hydro- |
gen released in the accident will all be within a small region or " cloud." CONTAIN
calculations carried out at BNL for a SBLOCA situation (dry casity, no igniters,62%

]
total metal-water reaction) in the CESO+ were analyzed to obtain typical containment ;

atmosphere conditions for the detonation simulations. The total amount of hydrogen
computed in these simulations has been used to determine the size and composition of
localized clouds within the containment. Specifically, we used the composition given at
12840 s, which resulted in a containment temperature of 394 K, a pressure of 237 kPa
and a composition shown in Table 1.

The cloud composition was calculated by assuming that this total amount of hydrogea
3(computed from a free volume of 3.34 x106 ft ) was concentrated into a smaller fraction
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of the total volume. Note that the air and steam fractions proportionately decrease as the
hydrogen fraction increases with decreasing cloud size. The relationship between cloud
size and coraposition is shown in Table 2 and Fig. 2. For the purpose of the present
computations, the small amount of CO and the minor constituents of air (CO , Ar) have2

been lumped into the N concentration.2

Comparing these compositions to the detonability diagram of Fig.1, a cloud volume
| of 15% of the total free volume was been chosen as the test case for the detonation

calculations. The composition correspond'ng to this cloud volume is 26% H2 and 38% i

j steam. This corresponds to the mixture n ost likely to detonate as determined from Fig.

| 1. In addition to the 15% case, volume fr.nions of 30%,60%,80%, and 100% were also
examined.

In these scoping calculations, a simplified geometry representing the CE80+ contain-

| ment shell, interior structures and the cloud of detonating hydrogen-air-steam mixture

| was used. This is (Fig. 3) just a hemisphere of hydrogen-air-steam within a hemi-
! spherical shell that represents the upper part of the containment. This one-dimensional

j idealization of the containment is only being used to study the effect of cloud radius on
the structural loading. A range of cloud sizes (as discussed above) were examined to!

understand how sensitive the computed loading is to cloud size. It is important to note

| that only the smallest cloud size would actually be expected to detonate on the basis

| of the considerations given in Shepherd (1993). The larger clouds are si ply too lean
| and dilute to plausibly result in detonations being initiated by deflagrat:ot. :co-detonation

transition.
<

3 Detonation Simulations

| Detonations were simulated with the ExPac" program. This program solves the conser-
i vation equations of gas dynamics for one and two-dimensional geometries. In the present
I application, a simplified model was used for an idealized detonation wave that travels at

the Chapman-Jouguet (CJ) velocity. The solution method is based on the Flux-Corrected
j Transport method of Boris and Book as described in Oran and Boris (1987). The code

has been extensively validated against experimental data and other codes as described in
6Boyack et al. (1992). Separate validations against experimental data were carried out in

this study for the detonation of a spherical cloud of stoichiometric hydrogen-air. Good
agreement was found between computed and measured pressures both inside and outside
of the cloud.

Prior to carrying out the gas dynamics computations, the CJ detonation parameters
were first computed with the STANJAN code of Reynolds (1986). The results of the i

STANJ AN computations are given in Table 3 for the cloud cases given in Table 2. The i
|detonation velocity and pressure decrease with increasing cloud volume since the concen-

tra*. ion of hydrogen is decreasing. Detonation cell widths b were estimated with the

'Available from Combustion Dynamics, Ltd, Medicine Hat, Alberta, CANADA )

*Provided by W. Breitung of Kernforschungszentrum, Karlsruhe, Germany
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ZND model and the correlations discussed in Shepherd 1993. As shown in Table 3, cases
1 and 2 have large but not unreasonable values of b = 1.6 and 2.7 m, respectively. Since

|
the characteristic length scale in the upper dome is 30 m, detonation of these mixtures is
possible but there is still a substantial issue connected with the initiation of such insen-
sitive mixtures. The other cases (3,4 and 5) have extremely large cell widths and cases
4 and 5 appear to be outside the fiammability limit. Detonation calculations for these
cases have been included purely as an intellectual excerise and all evidence indicates that
detonation would actually be impossible in these cases.

4 Results of Detonation Simulations
Simulations were carried out with the hemispherical model geometry using a mesh size
of 0.05 m for a total of 510 mesh points. The total duration of the. simulation was about
200 ms, enough for four cycles of shock reflection. This resulted in a total of between
7,000 and 14,000 time steps per simulation. The results of the detonation simulations !

are given in Figs. 4 to 18. Pressures are given as normalized values AP/P. where Po is
the initial pressure of 2.37 bar. The pressure is given at two points. One point is at 10 ;

m from the center of the hemisphere, inside the combustible cloud. The other point is
on the shell,25.5 m from the center of the hemisphere. The actual loading on the shell

,

can be computed as '

x (AP + 1) - P,
\

Ifa,a = Po
p

where P is the ambient pressure outside the shell. I

The scaled impulse i

1.eu = |e AP(t')dt'p

is given only at the shelllocation,25.5 m from the center of the hemisphere. Note that the |

impulses increase linearly with time, making the impulse a useless paameter for this type
of explosive loading. In contrast, unconfined blast waves are usuallf characterized by a
constant value of the impulse, (Baker et al.1983). This is clearly not tile case for internal
explosions with a constant residual pressure. As discussed below, estimating structural
response in the present problem is more difficult than in external blast problems due to
the multiple shocks and the residual pressure.

,

Peak pressures at the shell are given in Table 4. Note that these pressures are quite l

a bit lower than what would be produced by the normal reflection of the detonation
directly from the wall. This process produces a peak pressure (Shepherd et al.1991) that
is roughly 2.5 times the CJ pressures of Table 3. The lower peak pressures are due to
the attenuating effects of the shock propagation through the layer of nonreactive mixture
between the cloud and the shell. This attenuation is opposite to the amplification found
by Boyack et al. (1992) for thin inert layers in planar geometries. This is due to larger
thickness of our layers and a stronger attenuation effect of the expansion wave behind
the shock in spherical geometries than in planar problems. Most significant, we find that

3
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the maximum structural deflection does not occur due to the first shock wave so that the
peak pressure of the first shock is not useful for characterizing the structural response.

The adiabatic constant-volume explosion pressure (AICC pressure) for all cases is
the same and equal to 5 bar, i.e, this is the peak pressure that would be produced by a
deflagration of these mixtures. This also corresponds to the idealized residual pressure
that will exist after all the transient waves have decayed. This residual pressure can be

! clearly observed in Fig.17 and is responsible for the linear increase of impulse with time.

| The computation can be divided into two stages. In the first stage, the detonation
l wave propagates through the combustible part of the mixture, the " cloud." The detona-

tions were initiated (at time t = 0) at the center of the combustible cloud (Fig. 3) and
propagated outward to the cloud boundary. In the second stage, waves are generated
when the detonation reaches the cloud boundary. A shock wave will propagate outward
toward the containment wall and a secondary wave propagates inward toward the center
of symmetry. These waves then undergo furtherinteractions with the center of symmetry
(an implosion process) and reflection from the walls and the product-atmosphere inter-
face The result of all of these interaction processes is a quasi-periodic series of pressure
pulses inside the containment shell. This has been previously studied (Shepherd et al.
1991) in the case of detonation in a hemispherical container. The pressure signals in the

| present simulations are similar to the previous results but additional waves are present

| in cases 1 to 4.

:

| 5 Structural Response
!

| The elastic response of the steel shell to computed transient pressure loads was estimated
using a single degree-of-freedom model for the radial oscillations of the shell. The linear
radial response equation (Baker et al.1983) was numerically integrated with Euler's
method using as parameters a shell radius of 30.8 (m) (100 ft), thickness of 44.5 mm (1.75
in), a modulus of 2x10" kg m-2 -2, a Poisson's ratio of 0.3 and a density of 8.3 x103s

kg m-3 The computed pressures at 25.5 m (the shell location) were used as numerical
i inputs for the internal pressure on the shell. This calculation is highly idealized, ignoring

factors such as the constraint of the concrete base that the lower portion of the shellis
embedded in and the various penetrations through the shell.

The results are given in Table 3 for the maximum radial deflection um,, tangential
| stress crm,, and equivalent maximum static pressure Pyu;. . The time to_m, is the time

at which the maximum deflection (and tangential stress) occur. The time histories of the
radial deflections are given in Figs.19 and 20.

One of the important conclusions of the present study is that the peak deflection and
stress do not occur just after the first shock wave. Inspection of Table 4, Figs. 19-20
and comparison with the pressure traces Figs. 5,8,11,14, and 17 reveals that in all cases
except 2, the peak deflection occurs just after the second shock wave at about 80 ms. In

| case 2, the most severe case in the present study, the peak deflection occurs at 172 ms,
! after the fourth (the third wave is actually split into two smaller waves) shock wave at

150 ms.

4
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The delayed occurrence of the peak deflection is due to the relative spacing of the
shocks and the structural oscillations. The fundamental period of the structure is about
23 ms (corresponding to a resonant frequency of 43 Hz) and shocks are spaced about 30 to l

40 ms apart. The first shock wave sets the shell into oscillatory motion at this frequency
and the possibility then exists that the secondary shock waves will arrive at the shellin 1

j a fashion that reenforces that amplitude of the deflection. This is illustrated in Fig.19 |

for case 2. The bulk of the deflection appeau t, be caused by the first and second shock'

waves. In addition, the residual pressure result., m a constant displacement that adds to
the dynamic displacement caused by the shock waves. The initial pressure of 2.37 bar
results in a static deflection of 4.8 mm prior to the test and the residual pressure of 5

.

l bar due to the constant volume nature of the process results in a deflection of about 15 )
mm. We conclude that for this type of internal blast loading process that the details of '

structural response are very significant and that the simple estimation techniques based
:

lon peak pressure and impulse developed for external blast are not applicable.
The pressure in the last column is the key result of this analysis. This pressure should

be compared to the ultimate capacity of the shell to judge wether yielding will occur or
not. Based on the information in Jacob et al. (1993), the shell has an ultimate capacity |
of 12.8 bar (absolute) at 394 K. It is important to note that this is not the failure point
but simply an arbitrary choice based on a strain of c = .003. Tensile failure of the shell
material (SA357) is not expected until 88 bar or a strain of c = .02. Our analysis predicts

L that significant yielding would only occur for case 2 and even in that instance, the amount
of permanent deformation ,ould be modest.

| 6 Summary
|
| One-dimensional detonation simulations and simplified structural response computations
j have been carried out to assess the significance of the detonation of local regions of
' the CE80+ containment. For a cloud size that is 15% of the upper dome volume and |

|
computed SB LOCA conditions, the first reflected shock results in a peak pressure of 8.6
bar on the containment when the initial containment pressure of 2.37 bar is accounted for.
The peak reflected pressure increases as the cloud size is increased, up to a maximum
value of 14.4 bar for a cloud that occupies the entire hemisphere modeling the upper
dome of the containment.

I The ultimate capacity of the shell has been estimated to be 12.8 bar at a temperature
of 393 K. The equivalent static pressures computed from the single-degree-of-freedom
structural model are comparable to this pressure except in case 2, which had an equiv-
alent static pressure of 19.2 bar. However, even in this case, only a modest amount of
permanent deformation would be expected since tensile failure is not expected until a
static pressure of 88 bar.

We conclude that:

. Local detonations with realistic quantities of hydrogen produce structural bads
that are comparable with the ultimate capacity but far below the tensile failure

5
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limit of the steel shell.

. The interaction of the detonation with the cloud boundary and the decay of the
j

shock wave due to the expansion wave are significant in determining peak pressures |
and structural deflections. An optimum cloud size appears to exist for generating|

the maximum deflection of the structure.

. The maximum deflection occurs due the interaction of the secondary shock waves 1

with the structural oscillations.

Finally, these computations indicate that cornputing structural deformation from
blast loading can involve subtle effects that requires careful evaluation. Simple engi-
neering correlations developed for external blast must be used very cautiously. If more
realistic computations with multidimensional geometries are used for the gas dynamic |

portion, there should be a comparable increase in the sophistication of the structural !
computation.

I
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Table 1. Well-Mixed Conditions during a Small-Break LOCA.

| Species Mole %

H2 5.0 i

02 9.6 i

CO 1.5

| H2O 47.8
N2 36.1

Table 2. Cloud Parameters.

| Case volume Radius Xu, Xs, Xo, Xu,o
fraction (m) (ft) i

l
!

1 0.15 13.6 44.6 0.260 0.2812 0.0748 0.384
2 0.30 17.1 56.1 0.150 0.3233 0.0859 0.441
3 0.60 21.5 70.5 0.081 0.3492 0.0928 0.478
4 0.80 23.7 77.7 0.062 0.3563 0.0947 0.487
5 1.00 25.5 83.7 0.050 0.3610 0.0960 0.493

|
;
,

Table 3. Detonation Parameters.

Case UJ ECJ ICJ PCJ 7CJ bC
3(m/s) (bar) (K) (kg/m ) (m)

1 1719. 17.8 1899. 2.19 1.232 1.6
2 1595. 17.5 1858. 2.48 1.222 2.7

i
3 1261. 11.9 1270. 2.55 1.260 >100
4 1142. 10.1 1086. 2.54 1.275 >100
5 1066. 8.90 977. 2.52 1.286 >100

7
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Table 4. Shell Loading and Structural Response Estimates
|

Case Pm.x N .x % .x t max P,qo;,o

(bar) (mm) (MPa) (ms) (bar)

1 8.6 39. 364. 82. 11.6

f
2 12.5 66. 624. 77. 19.2

3 13.5 46. 430. 77. 13.5
|
|

4 13.9 41. 390. 172. 12.3

5 14.4 42. 395. 80. 12.5 ,

t;

|

,

t
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(= p, ENERGY RESEARCH, INC.

's/ g N'
/N /\ P.O. Box 203-1

| ( Rockrille, Alaryland 20SJ7

'w! (301> SSI-0866 ' FAX SSI-0S671

June 14,1994

|
Drs. S. Abdel-Khalik and S. M. Ghiaasiaanl

j 3579 Midvale Cove
| Tucker, Georgia 30084

Subject: " Analysis of Ex-Vessel Ste:nn Explosions for the Combustion Engineering
System 80+ Using the GT3F"' Computer Code," (June 1994).

Dear Drs. Abdel-Khalik and Ghiaasiaan:

[ Thank you for your letter of June 3,1994 and the subject letter report containing the results of

| your GT3F computer code calculations.

Dr. H. Esmaili of my staff has now completed his review of the subject document (please refer
to the attached memorandum), and several issues! questions remain to be addressed at your
earliest convenience, in order to close-out the ERI Work Orders for these calculations.

Please feel free to call me or Dr. Esmaili, if you have any questions.

Sincerely,

O '5 & / . |g
1

,

| Mo, sen Khatib-Rahbar l
- ,

|

|

Attachment: H. Esmaili,"CE System 80+ Ex-Vessel Calculations Using GT3F'" Computer
Code," Memorandum (June 13, 1994).

1

cc: A. Behbahani, NRC
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