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ABSTRACT

An order-of-magnitude analysis of direct containment heating was performed for a BWR
Mark I containment. The analysis is intended to scope the magnitude of DCH in such a
containment without resorting to complex code calculations. Both calculations based on basic
principles and scaling of existing DCH experiments for PWR are the primary approaches.
This analysis shows insignificant additional pressure load due to DCH.
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INTRODUCTION

If reactor vessel failure were to occur at high pressure, an important consequence would be a
rapid increase in containment pressure. Several processes contribute to the pressure rise
including, mainly, the release of steam and hydrogen from the vessel and the transport of
non-condensible gases from the drywell to the wetwell. Additionally, the direct heating of
the containment atmosphere by fine particulates of high temperature core debris is a potential
source of pressurization. However, due to the presence of the suppression pool in a BWR
containment design, the drywell pressurization is limited as long as a sufficient degree of
subcooling is maintained in the suppression pool. All DCH experiments and model
development have been mainly for PWR designs. This lack of closely related research for
BWRs is due to the consensus view that DCH is not a significant issue for these reactors.
Consequently, only a few papers (such as Kajimoto, et al., (1992)) addressing this issue have
been published. The objective of this paper is to provide a rationale and method for
bounding the impact of DCH in the Mark I containment for those accident scenarios in which
DCH could have the most impact on the overall pressure load. The considerations taken into
the analysis include the following:

(i) Extent of Entrainment and RCS Conditions

This anlaysis conservatively assumes that the debris mass discharged from the RPV would be
much more than enough to fill up the pedestal sum such that entrainment would not be
limited by the availability of the discharged debris mass. The mass of particulated debris is
determined by the gas kinetic energy. As such, it is not a function of the debris mass
discharged from the RPV except for the trivial point that the entrained mass is the minimum
of the calculated value and the mass discharged from the vessel.

(ii) De-Entrainment and Time of Flight

The Mark I containment configuration (Figure 1) allows relatively too short a distance of
debris flight to cause any significant heating. The gap between the pedestal doorway and the
suppression pool downcomer inlet is only about 3 m. Any debris dispersed out of the
pedestal would only deentrained as it hits various structures including drywell walls, or enter
the suppression pool and be cooled. The analysis conservatively calculates a time of flight
based on debris velocity traveling through a distance as far as the drywell gap plus the
pedestal diameter.
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Table 1 Initial Conditions

Drywellpressure (Pdwi)
Drywell temperature (Tdw j)
WetweU pressure (Pw , i
Wetwell temperature ( T ^ j
RPV pressure (P,»)
RPV gas temperature (T,J

4.53 x 10s Pa
421 K
4.53 x 10s Pa
382 K
8.72 MPa
573 K

Figure 2 Floor of a Mark I containment.



(iii) Suppression Pool and DCH Pressure Rise

Debris of sufficiently small size to be swept past the structures through pedestal doorway and
remain airborne in the containment atmosphere is assumed to transfer heat at conservatively
high temperature maintained by heat of oxidation of zircaloy which is higher than any other
metal oxidation by several factors. Heating of the containment atmosphere would occur
locally around the drywell gap in front of the pedestal doorway; and as soon as the drywell
pressure increases, pressure relief to the suppression pool would happen almost
instantaneously. All steam including superheated steam would be completely condensed if
the pressure suppression capability of the suppression pool, i.e., the degree of pool
subcooling, is maintained. As long as complete steam quenching occurs in the suppression
pool, the DCH pressurization of the drywell is negligibly small.

DEBRIS DISPERSAL, ENTRAINMENT, AND DRYWELL HEATUP

First of all, to get an insight of the phenomena we will perform an order of magnitude
calculation using initial conditions shown in Table 1. The method follows closely the
formulation established by Henry (1989). Given the vessel breach size and the primary
system conditions, the gas dynamics properties of steam blowdown can be calculated as
follows:

Velocity at vessel breach is Ub = 0 .585^ RTJJMW = 340 m/s where y = 1.3, R = 8314
J/kg molK, Mw = steam molecular weight = 18 kg/kg mol, and Tpi = 573 K.

Pressure at vessel breach is Pb = [ — — 1 ~ Pm = (0.546) 8.72 MPa = 4.76 MPa.

Steam density at vessel breach, assuming isentropic expansion, is pb = ppi (Pb/Ppt)
l/iy = 47.2

(0.546)1'13 = 29.6 kg/m3.

Since steam is issued into the pedestal where initially is prevailed by a relatively low
pressure (P^ = 0.453 MPa) compared to the blowdown pressure, a large expansion of the
steam jet will occur. At some downstream distance beneath the vessel breach the steam
velocity would reach a maximum value II given by, the conservation of momentum, Uj =
Ub + (Pb - PpdVCU,, Pb) = 340 + 439 m/s = 779 m/s.

Likewise, the jet expansion to 0.453 MPa results in a decrease in the steam jet temperature.
Assuming constant enthalpy (ho = 2747 kJ/kg), the steam jet temperature would, at least,
decrease to a temperature (Keenan, 1978) of Tj = 421 K and its corresponding density p} =
2.44 kg/m3-



The initial maximum jet mass flow rate (my) through the vessel breach is given by a critical

flow rate (Moody, 1990) rfij = (0.585^ P,, P,.) — (0.2)2 = 438.4 kg/s.

Whether or not the mass addition due to blowdown will result in pressurization of the
pedestal depends on the pedestal door area that vents out to the general drywell regions. If
pressurization occurs, the balance between the initial blowdown rate and the venting rate
would yield an elevated pedestal pressure approximated by P . = rn/(0.585 A y,MyJiMJRT)
where AV0Bt = 3.4 m2 is the pedestal door area. However, the equation yields the value of
Ppj in the neighborhood of 0.85 x 105 Pa which is much lower than the initial drywell
pressure ( P ^ = 4.53 x 10s Pa). Hence the pedestal would not be pressurized due to mass
addition mechanism and the expanded jet pressure would be about the same as the drywell
pressure, i.e., Pj - P ^ .

Although the pedestal would not be pressurized as a result of mass addition, a locally
pressurized region would exist on the pedestal floor as a result of jet impingement. The
steam jet issued from the vessel breach would be slowed down to a stagnation state as it
approaches the pedestal floor. At the stagnation region (on the pedestal floor) the steam jet
loses its velocity while gains its pressure. This pressure is locally higher than the average
drywell pressure. The pressure difference between the stagnation pressure and the drywell
pressure provides a driving force to displace debris on the floor out of the pedestal region.
The stagnation pressure ( P ^ . J can be estimated from the Bernoulli equation for compressible
gas (isentropic energy balance) i.e.,

rz.fw.o

where p = P M^/RTj (assuming an isothermal process at Tj).

Integrating the above equation yields P ^ * = Pj exp (Uj2 MJ RTj). Substituting appropriate
values of Uj, Tj, and Pj, we obtain the stagnation pressure Ppj « = Pj exp (1.56) = 4.53 x
105 (4.76) = 2.16 MPa.

Debris displacement out of the pedestal due to stagnation pressure buildup can be written in

terms of an equation of motion as d2x/dt2 = AP W/vR*, pD where x is the displacement
distance, pD = 7000 kg/m3 is debris density, W = 0.91 m is the width of the pedestal
doorway (Figure 2), R^ = 3.0 m is the pedestal inner radius and AP = P ^ - P ^ = 2.16
x 106 - 0.453 x 10* = 1.71 x 106 Pa. Since the average distance debris on the pedestal floor
has to travel to get out of the pedestal is about R^, we can integrate the equation and solve
for a time tj required to displace debris out of the pedestal as t^ = (2 r R^ pr/W AP)1/2 =
0.874 second, t,, is also the time duration when entrainment of debris as small droplets would



be possible from inside the pedestal. The reason for this is illustrated below. The minimum
steam velocity required for entrainment is given by Kutateladze (1972) as Ue min = 3.7 [g<r
0>D " Pj)]1/4/PjI/2 "32 m/s, where a = 1.0 N/m is molten debris surface tension. Since the
maximum steam velocity without entrainment at the pedestal doorway is about U ^ , =
wy/(Pj Aveot) = 438.3/(1.83 x 3.4) = 70 m/s an increase by only a factor of 2.2 in the flow
area (Ay^J would reduce the steam velocity below the entrainment threshold. Hence, upon
exiting the doorway steam flow outside the pedestal would not entrain debris, and
entrainment would occur only from within the pedestal. Given an entrainment velocity (UJ
derived by Ricou & Spalding (1961) Ue= 0.08 (p/pD) l /2 Uj = 1 m/s the rate of mass
entrained (m#) out of the pedestal can be approximated as rht = e A, Ue pD where A, is a
surface area of a debris layer available for entrainment and c is a fraction of debris entrained
out of the pedestal. Due to the pedestal enclosure configuration, most entrained debris would
end up colliding with pedestal walls and be de-entrained. Thus A, could be conservatively
assumed as large as the pedestal floor area, i.e., A, = r R^ = 28.3 m2 and c equal to the
ratio of the doorway width to a pedestal circumference, i.e., e = W/(2 T R^) = 0.05.

Hence, we can obtain the entrainment rate out of the pedestal mt = 0.05 x 28.3 x 1 x 7000
= 9905 kg/s and the mass entrained (MJ during debris displacement becomes
Mt = rht td = 9905 x 0.874 = 8657 kg. Assuming no slip conditions, the debris particle
velocity (Up) (which is assumed same as the gas velocity) can be calculated from momentum
balance between the entraining gas and the entrained debris, i.e.,

or

Up = Uj/(1 + mjrhj) = 33 m/s

With the above particle velocity, the stable particle size (d) becomes, according to the Weber
number of twelve criterion, We = p^JJ^Ia = 12 or d = 2.2 mm.

As soon as pressure in the drywell increases flow paths to the suppression pool would be
established. Thus, the gas flow direction during vessel blowdown is dominantly from the
pedestal to the downcomers. Since the downcomer inlets are at the drywell floor level,
debris entrained out of the pedestal would either hit any equipment on its way, collide the
immediate drywell wall or directly enter the downcomers. The debris flight path outside the
pedestal is then limited by the drywell gap between the pedestal and the drywell shell. On
the other hand, the debris flight path inside the pedestal could vary from zero to the inner
diameter of the pedestal. Here we will conservatively assume the flight path length (L) for
all entrained debris to be the sum of the drywell gap (X^) and the inner diameter of the
pedestal, i.e., L = Xdw + 21^, = 2.87 + 6 = 8.87 m.



Hence, the time of flight (t|) is t, = L/U. = 8.87/33 = 0.27 s. This the time that airborne
debris could heat up the gas at a relatively high heat transfer rate, compared with the non-
airborne debris. The heat load due to this heating is the DCH portion of the overall
containment load. Note that the DCH time scale is approximately the sum of debris dispersal
time (tj) and time of flight (t,) which is 0.844 + 0.27 =1 .15 second. This time scale is
much longer than a suppression pool downcomer vent clearing time which is on the order of
0.3 second for AP as small as 0.7 Bar.

The entrained debris temperature is determined by the balance between metal-steam oxidation
and decay heat generation and radiative and convective heat transfer to the surrounding
drywell steam. The zircaloy-steam reaction will be assumed to take place at the rate
described by the correlation of Baker & Just (1962). The Baker-Just correlation predicts
oxidation of zircaloy in a steam environment. Since the heat of oxidation of zircaloy (6.74
MJ/kgZr) is larger than that of iron (0.43 - 0.98 MJ/kgFe) or chromium (4.2 MJ/kgCr),
and all debris particle surface areas are assumed to participate in the oxidation process, this
yields a very conservative estimate of oxidation heat. Thus, the energy balance of the debris
particles yields

,. . Oxidation Decay Heat
Convective Radiative , 8, Q ,54Oom-o.26

; - 7 i ) - QR 3000 exp H 8 * 4 * 10
 + / 0.095 Q° (54°°°

\ p ) n ir d
(1)

where h is convective heat transfer coefficient, a is Stefan-Boltzman constant (5.67 x 10~s

W/m2 K4), c is emissivity of debris surface (— 0.85), Tp is debris particle temperature (K),
T ^ is initial drywell temperature = 421 K, QR is heat of oxidation of Zircaloy = 6.74
MJ/kg Zr, Qo is full core power = 2.511 x 109 W, f is fraction of decay heat in entrained
debris (4.0% < f = M.J\A.WW < 5.6%, use 5.6% for this calculation), Me is entrained mass
= 8657 kg, McoK is total UO2 plus zircaloy cladding + other internal structure, i.e., CRD
guide tube, lower core support plate, etc. (1.53 x 1CP kg + 3.19 x 104 + 1.58 x 104 + 1.3
x 104 + . . . ) , n is number of debris particles (6 MJpA xd3 = 221.8 x 106), d is debris
particle diameter = 2.2 mm.

It is noted that the decay heat term is calculated according to El-Waki (1978) at 15 hours
(54,000 seconds) into accident and that it is negligibly small compared to the oxidation heat.
The heat transfer coefficient can be estimated from a Richardson-Whitaker correlation
(Rosner, 1986) Nu « hd/k = 2 + (0.4 Re1/2 + 0.06 Re273) Pr04 = 70.3 where, using
steam properties, Re = p} d Up//x = 1.83 x 2.2 x 10"3 x 33/13.8 x 10"* = 9627, Pr = 1.07,
k = 28.2 10"3 W/m»K. Thus h = k/d Nu = 901 W/m2«K. Solving iteratively for Tp from
Eq. (1) yields T. • 2703 K.



The amount of heat releases (QDCH) fr°m t n e Airborne debris is the heat transfer rate per unit
area multiplied by total debris particle surface areas and time of flight (tf). Since the dry well
atmosphere would be heated only locally (in front of the pedestal doorway) in the region of
debris flight path, an over-estimate of QDCH is obtained when T ^ is assumed constant at its
initial temperature (421 K), i.e.,

QDCH

= 4.216 x 109 /

The overestimated QDCH provides another conservatism in the analysis. The steam mass
present in the drywell at time of vessel failure is conservatively assumed to be heated by the
above energy, yielding a temperature increase of

AT = QDCH = 4.216 x 109

c , P * **, 2300 x 2.44 x 4481 (3)
= 168 K

Hence, the first insight from going through this order of magnitude analysis is that the DCH
magnitude is relatively small. A sensitivity study of important parameters (such as time of
flight and particle size) can be performed in this analysis. However, it will be found that
within a reasonable range of these parameters, the drywell heatup due to DCH will be
bounded by the "unattainable" drywell DCH temperature limit to be discussed next.

UPPER LIMIT FOR DRYWELL TEMPERATURE

The Mark I design provides no containment configuration that promotes debris entrainment
by steam blowdown like the cavity/tunnel found in the PWR containment design. Due to the
relatively small flow area of the tunnel, high velocity blowdown gas could be established in
the instrument tunnel. The high gas velocity enhances entrainment and particulation of
dispersed core debris into small particles. The long instrumentation tunnel further increases
the duration available for entrainment. Both Henry's (1989) DCH model and the CLCH
model proposed by Yan & Theofanous (1993) clearly recognize the cavity/tunnel length scale
as an important parameter. Both models consistently predict more entrained debris would be
available for DCH as the cavity/tunnel length scale increases. Since the BWR pedestal
length scale is much smaller than the PWR cavity/tunnel length scale, given the same vessel
pressures, more debris entrainment as fine particulates out of the PWR cavity/tunnel into the
lower compartment would be expected than that from the BWR pedestal into the drywell.

In the Surtsey Integral Effects Tests using a 1:10 linear scale Zion containment, the volume
of the test subcompartment was 4.65 m3 (Allen et al., 1993). At the full reactor scale, this



volume becomes 4650 m3 which is about the typical mark I drywell volume (4480 m3).
Because of similarity in the volume scale and a long cavity/tunnel length scale in a PWR, the
effects of DCH would be more severe in a test subcompartment than in a drywell if it were
at the same 1:10 linear scale.

The argument that there would be more debris entrainment in a PWR cavity/tunnel than in a
Mark I pedestal for the same reactor vessel pressure, as discussed above, and the
consideration that the efficiency of debris/gas heat transfer in the PWR lower compartment
would be higher than in the BWR drywell due to a presence of denser pipings in the drywell
lead to the following conclusion. Within the context of DCH, the heatup of the
subcompartment atmosphere in the Zion IET tests would set an unattainable upper limit on
the DCH temperature in a drywell. The conclusion takes into account the similarity in the
path length available for debris flight between the IET tests and the full scale drywell. In the
IET 1:10 linear scale (to match the ANL tests (Allen, et al., 1993)). This results in a path
length longer than the intended 1:10 scale. If one takes the sum of the inclined tunnel length
(2.4 m) and the vertical distance from the tunnel exit to the operating deck (1.5 m) as a
representative path length for the IET tests, the IET path length was about 3.9 m. This
length is comparable to the expected path length for the typical Mark I containment, i.e., the
sum of the pedestal doorway depth (0.9 m) and the gap width between the pedestal doorway
and the drywell wall (3 m). Hence, due to similar flight path length, the effects of small
scale tests on temperature can be removed in this argument.

The argument is further made stronger by the fact that there was much more gas transfer
from the subcompartment to the upper dome in the IET tests than that would be from the
drywell to the wetwell if it were at the same scale. This was because of a much larger
volume of the upper dome compared to the subcompaitment volume. Looking at the volume
ration, it is found that while the typical ratio of wetwell to drywell volume is only about
0.72, the upper dome to subcompartment volume ratio for the IET tests is 18.3. This results
in lower gas density in the IET subcompartment than it would be if the volume ratio were to
be reduced. The lower gas density lead to smaller gas mass in the subcompartment and
higher temperature rise.

With the above arguments, we are now ready to determine, from the 1:10 linear scale Zion
IET tests, the upper limit for drywell temperature due to DCH. Among all tests, the IET-1
results [Allen, et al., 1993] may be used as the most conservative for several reasons. First,
initial RPV pressure in the IET-1 was highest at 7.1 MPa. This is sufficiently close to the
maximum pressure expected in a BWR. Second, 100% debris dispersal out of the cavity was
observed in the IET-1. This represents the most severe high pressure melt ejection. Third,
the containment atmosphere in the IET-1 was sufficiently inerted by nitrogen gas to prevent
hydrogen bums, a typical condition expected in a BWR Mark I containment. The peak
subcompartment gas temperature in the IET-1 was 1200 K. In fact, the maximum
subcompaitment gas temperature observed in the test series was about this level. Therefore,
the peak temperature of 1200 K is chosen as the drywell DCH temperature limit. This



temperature limit only indicates that DCH would never result in drywell heatup to this level.
The worst case estimate (which is unknown) would be bounded by this limit with a large
margin of conservatism.

QUENCHING OF STEAM JETS IN A SUPPRESSION POOL

A simple model of vapor jet quenching in a subcooled liquid will be derived to estimate the
effectiveness of the suppression pool during the postulated DCH phenomenon in a Mark I
containment. The method follows that of Epstein & Fauske (1989). The model can be used
to estimate the steam jet quenching distance. The completeness of steam jet condensation
depends on the relative magnitude of the quenching distance and the depth of the pool.
Approximately, if the quenching distance is shorter than the depth of the pool, the steam
would be completely condensed.

Consider a steam jet coming out of the downcomer header pipe into the suppression pool, the
entrainment velocity of surrounding liquid into the jet at a downstream distance is given by
Ricou & Spalding (1961) Ue = 0.08 (pfpm)x/2 U where pm is density of water in the pool
and p and U are jet density and velocity, respectively, at a distance Z + L (jet expansion
length) from the header pipe. If steam jet is a chocked flow, the jet expansion length L is
normally a few diameters of the pipe; otherwise jet expansion is not needed, and L is zero.
For the Mark I containment L is very likely to assume value of zero for all situations. The
total liquid entrainment rate (m () by the jet through its boundary over a downstream distance

z
Z is mt = f 2 ir R pw Ut dZ where R is the local jet radius. Substituting Ue into the

o
Z

above equation gives rht = 0.08(2ir) p . j Rpm U dZ.
o

From the conservation of momentum along the jet, we have momentum at the pipe exit same

as momentum at a downstream distance Z, i.e., R2pUz = Rf Pj uf where Rj is the pipe
radius, pt is the pipe exit steam density, and Uj is the pipe exit steam velocity. The
entrainment rate becomes, after integration, rfit = 0.08(2TT) (p.p,)172 Rj U} Z

or m, = 0.16 (pjp)m -f m (4)

where m = v RJ p. U- is the jet-discharging mass flowrate.

Hence, the ratio of entrainment rate to jet flow rate is given by



(5)

On the other hand, heat transfer between the steam jet and the entrained liquid would be
governed by turbulent mixing, and at the end of jet quenching, the superheat and latent heat
from the jet would be just enough to raise the entrained liquid to a saturation temperature,
i.e., m jft& + Cpj A7^) = m, Cpm AT^ or

where h^ is latent heat of condensation, C . AT is the superheat enthalpy of steam,

= T^ - Tw is subcooled temperature of the pool, and T,. is pool temperature.

Equating Eq. (5) to Eq. (6), we obtain, with some rearrangement,

where D is the header pipe diameter.

The total quenching distance measured from the pipe exit would consist of the jet expansion
length and the actual quenching length. Eq. 7 predicts only the actual quenching length
measured from the end of the jet expansion length. A method to predict the jet expansion
length is not given here, but the jet expansion length can be inferred to be about 2 diameters
for the maximum mass flux used in the tests. Comparing with the steam jet condensation
experiments by Standford & Webster (1992), the jet quenching model can be used to estimate
the quenching distance of a jet at sonic conditions. The model would overpredict quenching
of a subsonic jet.

Now we will calculate a jet quenching distance based on the unattainable drywell DCH
temperature limit and compare to the depth of the suppression pool. The steam jet superheat
is calculated to be A7 = 1200-421 = 779 K. The suppression pool subcooling is
conservatively assumed to be, after absorbing 15 hours of decay heat, ATiub = T ^ ; - T ,^ ;

= 421 - 382 K = 39 K.

Using other appropriate values in Eq. 7, we obtain



Z _ _ 1 _ [2.09 x 106 * 2370 x 779 | ( 3 \m

D = 0.32 ( 4232x39 J 1,950J (8)
= 4.19

Since the downcomer diameter D = 0.61 m, the upper-bound quenching distance becomes
Z = 2.56 m .

There is about 3.5 m distance between the downcomer pipe end and the bottom of the
suppression pool for a typical Mark I containment. Without taking into account additional
water level (~ 1.0 m) above the pipe end, it is sufficient to conclude based on this model
that the steam jet will completely quenched in the suppression pool.

CONCLUSION

The scoping analysis shows little DCH heatup of the drywell atmosphere. The scoping
analysis of the suppression pool shows a likelihood of complete quenching even when an
extremely high temperature is assumed. The bounding analysis for Mark I containment,
therefore suggests an insignificant additional pressure load due to DCH. The major reasons
for this are the containment configuration that does not support extensive entrainment and the
pressure suppression capability of the suppression pool.
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