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Abstract

A vapor explosion has been a concemn in nuclear reactor safety due to its potential for a
destructive mechanical energy release. In order to properly assess the hazard of a vapor
explosion, it is necessary to accurately estimate the conversion efficiency of the thermal energy
to mechanical energy. In the absence of a complete model to determine the explosive energy
vield, one may have to rely on a simpler upper bound estimate such as a thermodynamic
model. This paper discusses various thermodynamic models and presents a clarification of
each model in their mathematical formulation and the thermodynamic work conversion. It is
shown that the work release in the shock adiabatic model of Board and Hall is essentially
equal to that of Hicks—Menzies thermodynamic model. The effect of coolant void fraction on
the explosion efficiency is also predicted based on these thermodynamic models. Finally, the
Hicks—Menzies model is modified to account for the chemical reaction between a metallic fuel
and water and the resultant effects on the explosion expansion work are discussed.
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1. Introduction

In present day nuclear fission reactors, if com-
plete and prolonged failure of normal and
emergency coolant flow occurs, fission product
decay heat could cause melting of the reactor fuel.
If the molten fuel mass accumulates it may even-
tually be brought into contact with residual water
either in—vessel or ex—vessel. The contact of the
molten fuel with the coolant, so called Fuel-
—Coolant Interaction (FCI), may have a number of
consequences depending upon the heat transfer
rate between the molten fuel and water. One of
the possible consequences of the FCI is an
energetic explosion, often called, a vapor explo-
sion. The occurrence of such an energetic FCI in
the course of a postulated core meltdown accident
is a concem in nuclear reactor safety since it could
challenge the containment integrity and contribute
to the release of radioisotopes into the environ-
ment.

On the basis of experimental observations[1],
an energetic FCI may have the four distinct
phases of (1) premixing, (2) triggering, (3) explo-
sion propagation, and (4) expansion. The expan-
sion phase often involves fluid—structure interac-
tions and may cause damage to surrounding struc-
tures. A complete mechanistic model to estimate
the potential hazard of anenergetic FCI has not
been available to safety analysts due to the pre-
sent lack of understanding of detailed mixing and
fragmentation mechanisms. Although a reliable
mechanistic model is desirable for an accurate
assessment of an FCI event, a thermodynamic
model is often used in reactor safety studies and,
in particular, design of laboratory experiments or
other research facilities since it is relatively
straightforward to formulate and it generally pro-
vides an estimate of the upper bound explosion
work potential.

A thermodynamic model generally describes the

mixing and explosion expansion which connect
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the three points of (1) the initial coarse mixture,
(2) the equilibrium high—pressure state, and (3) the
final expanded state (see Figure 1). Since the work
done during the expansion is a path—dependent
quantity, the path of constant entropy of the fuel-
—coolant mixture can provide the maximum work
output as was proposed by Hicks and Menzies[2].
However, this model has been considered as too
conservative because the high explosion pressure
and the mechanical work output predicted by this
model are not realized in experiments. Subse-
guent to the Hicks—Menzies model, an alternative
isobaric expansion path was proposed for more
realistic explosion pressure. However, since this
model requires experimental measurements, it suf-
fers from predictive capability. Recently, Hall[3]
proposed a model similar to the isobaric expan-
sion, where the work output is based on the re-
versible compression of the surrounding fluids.
Board and Hall[4] proposed another thermo-
dynamic treatment of the energetic vapor explo-
sions termed the shock adiabatic model. This
model was developed by applying the analogy
between the vapor explosion and chemical de-
tonation and sought to consider the explosion
character under steady propagation conditions.

The purpose of this paper is to review the avail-
able thermodynamic models of fuel-coolant in-
teractions and to present a better clarification of
their mathematical formulation and the rela-
tionship of their thermodynamic work conversion.
For this purpose, the Hicks—Menzies, Hall, and
shock adiabatic models are chosen because these
models are purely theoretically based. Also, new
formulations of these models using a complete
equation of state for the coolant are demons-
trated. The effect of coolant void fraction and the
presence of chemical reactions between the fuel
and coolant in the thermodynamic analysis are
also briefly discussed.
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2. Thermodynamic Models of
Fuel-Coolant Interactions

2.1. Hicks—Menzies Model

The Hicks—Menzies thermodynamic model con-
sists of two adiabatic processes: (1) constant-
—volume mixing of the fuel and coolant to equilib-
rium temperature and pressure and (2) constan-
t—entropy expansion of the mixture (or coolant) to
the end state. The thermodynamic state of the
equilibrium mixture is related to the initial states of
the fuel and coolant by the conservation of inter-
nal energy (no work due to constant-volume

mixing).
My, 2 + M 2=myuy + MU, (1)

The mixture expands along the isentropic path
to the end state and the work done during this
expansion process is the difference in the internal
energy between the two states.

W rang = Mty o=y, 3) + me(u, ~u. 3) 2)

The end state in this model is either given as a
specified pressure or determined by the pressure
equilibrium of the mixture and thesurrounding
fluid in the case of an FCI occurring in a fixed
volume. In this latter case, the response of the
surrounding fluid is treated as an adiabatic and
irreversible process.

The mixture expansion can be either with the
fuel and coolant in thermal equilibrium (isentropic
mixture expansion) or with the coolant expanding
adiabatically (isentropic coolant expansion). The
latter expansion path provides a model for the
case where the coolant vapor, produced during
the expansion, halts further heat transfer from the
fuel to coolant due to sufficient vapor blanketing.
This model has been further refined by removing
the assumptions in the original work such as con-
stant thermodynamic properties of fuel and
coolant. Most recently, Cline et al.[5] developed

a generalized form of the Hicks—Menzies model by
applying the complete equations of state for the
fuel and coolant. However, their results showed
an inconsistency such that the work in the vapor
blanket mode (isentropic coolant expansion) is un-
physically greater than the non-blanketed case
(isentropic mixture expansion) in certain range of
the liquid coolant to fuel volume ratio. Because
heat transfer is halted in the vapor blanket mode,
the work in this case should be smaller than that
in the isentropic mixture expansion. This apparent
error in their model can not be explained.

It has been widely recognized that the Hick-
s—Menzies thermodynamic model predicts a
theoretical maximum work potential in fuel-
—coolant interactions. The mechanical energy re-
lease in the past FCI experiments were often com-
pared with this work potential as a measure of
their relative efficiency. However, neither the high
equilibrium pressure nor the high conversion ratio
of thermal energy to mechanical work predicted
by this model has been realized in experiments.

2.2, Hall Model

While the Hicks—Menzies type models provide
an estimate of the maximum thermodynamic
work, Hall[3] proposed a model which he
claimed predicts a lower limit. In this model, the
compression of the fluid around the interaction
zone in a fixed volume occurs reversibly and
adiabatically, and the expansion of the fuel-
—coolant mixture is irreversible.

This model consists of two adiabatic processes
for the fuel-coolant mixture : (1) constant-volume
mixing of fuel and coolant to the end state press-
ure, and (2) constant-pressure expansion until the
pressure is uniform throughout the system (see
Figure 1). The end state temperatures of the fuel
and coolant are assumed to be uniform. The sur-
rounding fluid is compressed to the end state
pressure in an adiabatic and reversible manner.
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Fig. 1. Thermodynamic Path of a Vapor Explosion
on the P—v Diagram of Coolant

The minimum work required for this isentropic
compression of the surrounding fluid, if the com-
pression work of any liquid is negligible and the
gas is an ideal gas, is

r-1

__PIVsur,I &4"
—_i(Pl) r ~1i 3)

Wsur— y—1

This work is claimed to be a lower limit of the
FCI work that could be done if the compression
were irreversible. Hall proposed this work as the
work output in his model.

The end state in this model is determined by
the pressure equilibrium of the mixture and sur-
rounding fluid at the end state. For the fuel-
—coolant mixture in an adiabatic system, the ener-

gy balance is W, +AU=0 @

AU=(myup 3+mu3) —(myuy, 1 +meu,, 1) (5)

It is noted that these two equations are written
in different forms in the Hall’s original paper[3]
(Eq. (2) and Eq. (3)) which is unexplainable. Since
the isobaric expansion of the mixture is assumed

in Hall's model,
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Wou=P3s(V 3=V, 1) (6)

This, W,,, is the work done during the irreversi-
ble expansion of the mixture at constant pressure
(end state pressure). However, one must note that
this work is thermodynamic path-dependent and
can be larger or smaller depending on the path
chosen. If the mixture pressure is equilibrated with
the surrounding ambient pressure throughout the
process, the work in this case is definitely the
minimum work that could be done by the mixture
i.e., W,=W,, in Eq. (6) where W, is given by
Eq. (3).

This model represents the simplest quasistatic
process that can link the initial and end states of
the system. However, it should be noted that the
end state pressure can generally be different de-
pending on the path chosen and this model is
only applicable to a fixed volume system because
it considers the minimum work in terms of the

surrounding fluids.

2.3. Board-Hall Shock Adiabatic Model

A theoretical prediction of the explosion press-
ure and propagation velocity without a detailed
knowledge of fuel-coolant mixing and energy
transfer rate can be obtained by applying the
steady~state shock adiabatic model which was ori-
ginally proposed by Board and Hall[4]). This
model was developed by applying the classical
theory of detonation in chemically reactive flows
to the one dimensional case of an explosion front
propagating through a coarsely mixed region of
fuel and coolant.

Consider a planar explosion front which is
steadily progressing through uniformly mixed
materials initially at rest, and leaving behind it an
equilibrium mixture of ‘exploded’ materials. By
applying the equations of conservation of mass,
momentum and energy, the Hugoniot relationship
can be derived which defines a unique rela-
tionship between the possible values of P; and v, :
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1
E(Pz +Po)v,~v) =u—u, (7)

The velocities U; and U, in the moving frame
of reference of shock front are given by

Uy=v, | 2E 8)
1 (
_ PQ—PI

U=v, — (9)

Here, U, corresponds to the shock propagation
velocity and the velocity of the material behind
the shock front in the laboratory frame is {/;—/,.
Therefore, the medium behind the shock front
moves in the direction of the front. Accordingly,
the region behind the front must be followed by a

region of expansion, which may be thought of as
providing the driving power for the explosion. The

leading edge of this expansion region is a rarefac-
tion wave which travels at the local mixture sound
speed, ¢;; for this to be stationary in the frame of
shock front we must have U,=c, (Chapman-
—Jouguet condition). This condition defines a uni-
que equilibrium state on the detonation branch of
the Hugoniot curve (Eq. (7). Also, the detonation
condition (P,>P;) implies that the medium be-
hind the shock front must be compressed (v,<v,),
as shown in Figure 1.

Now, the work in the isentropic expansion of
the mixture at the C~J condition to a specified
end state can be calculated in a similar manner to
Hicks—Menzies model, but one must include the
kinetic energy at the C—J state.

Wa_s=my( Up, 2~ Uy 3) T m( U2~ Ue,3)

U~U
+(mh+ma(1*22)i

It is noted that since the Chapman—Jouguet

(10)

state has the least specific entropy of any along
the shock adiabatic including the Hicks—Menzies
point (isochoric path), W,_; in Eq. (10} is always
greater than Wy, in Eq. (2). This was the result

originally pointed out in the Board-Hall’s study
[4]. However, the traveling shock wave in this
model is self-sustaining ;i.e., the driving power
for the explosion is provided by the expansion of
the mixture. Thus, one should take account of the
initial compression work done by the shock wave
in calculating the actual net work potential. The
work done by a shock wave to a medium initially
at rest is the sum of internal and kinetic energy

increases. This work is[6]
W eom = (M, + mPo(v,—v5) (11)

Therefore, the net thermodynamic work output
in the Board-Hall’s detonation model and subse-

quent isentropic expansion is
WBH = W2—3— Wcom (12)

and must be accounted for in any comparison to
other models or experimental data. This has not
been previously done in past analyses.

3. Comparison and Discussion

In order to demonstrate and compare the pre-
dictions of the thermodynamic work output by a
vapor explosion with these three thermodynamic
models, a series of calculations have been carried
out. Specifically, comparisons are discussed for
the Hicks—Menzies and Hall models and for the
Hicks—Menzies and shock adiabatic models.

Figure 2 illustrates the conversion ratios at va-
rious volume ratios of liquid coolant to fuel calcu-
lated by the Hicks—Menzies and Hall models for
thermite as the fuel and water as the coolant for a
fixed volume system. Thermite is a fuel simulant
used in experiments consisting of a mixture of iron
and alumina {Fe-55 w/o and Al,03-45 w/o0). In
these calculations, the fuel and coolant tempera-
tures are 3100 K and 323 K, respectively, and a
10% coolant vapor volume fraction is assumed at

the initial state. The total system volume is 25
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Thermite/Water (3100K/50K sub.): Fixed volume (M=25)
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Fig. 2. Comparisons of FCI Work Potential Pre-
dicted by Hicks—Menzies and Hall Models
in a Fixed Volume System

times the volume of the fuel-coolant mixture at its
initial state. This volume is a reasonable repre-
sentation of the FITS—B series experimental condi-
tions[7] and was chosen in these calculations for
the comparison purpose with the experimental
data. The density and specific heat of the fuel are
assumed to be constant. This is a reasonable
assumption because the fuel material is almost
incompressible compared with the liquid—vapor
mixture of the coolant and the internal energy of
the elements for the fuel materials are fairly linear
with temperature (JANAF table[8]). The thermo-
dynamic properties of water are provided by the
program package of the NBS/NRC Steam Tables
[9]. The surrounding fluid is air with the molar
mass of 29 and the specificheat ratio of 1.4.
The results show that the thermodynamic max-
imum conversion of thermal energy to mechanical
work is obtained at the volume ratio of liquid
coolant to fuel of about two in both models. This
is an agreement with past discussions of maximum
Hicks—Menzies work at equal volumes[2]. It is

also interesting to note that the predictions by the
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Hall model do not appear to be the lower limit of
explosion work output when compared with the
FITS-B experimental data. In this figure, the
FITS-B experimental data are presented as a
range of values with uncertainties since the actual
reacted masses of the fuel and coolant are not
precisely known and the calculated conversion
ratios using the measured variables are different
depending on the method used[10].

The curve with the lowest conversion ratio
shown in this figure is obtained by using the Hall
model, but the pressure of the fuel-coolant mix-
ture is equilibrated with the surrounding fluid
throughout the process (mechanical equilibrium in
the system) and W,,=W,,, instead of using Eq. (6).
This work is the minimum work that the mixture
could do as discussed in the ‘previous section.
However, such a fuel-coolant mixture pressure
trace was not measured in the FCI experiments,
and this identifies a true lower bound for an
adiabatic expansion.

Considering the Board—Hall model, our new in-
terpretation of the vapor explosion work in the
isentropic expansion of the Chapman-Jouguet
state raises the question of the relationship be-
tween Wi, and Wpy. In order to illustrate this
relationship, a series of calculation have been car-
ried out for corium and water interactions. Corium
is a term used for a mixture of molten core mate-
rials (e.g., UO,/Zr0,—85 w/o and Zr/Steel-15
w/0). In these calculations, the assumptions of
constant density and specific heat are again ap-
plied to the fuel properties. In the Board—Hall
model, the sonic speed of the mixture to deter-
mine the C—J state was computed using the fol-
lowing formula based on the homogeneous flow
model for the fuel, liquid coolant and vapor
coolant :

1

Xn X Xy
2 2+ 2 2)

= 2 -
e [p"'(picf ohe pgcg] 5 (13)

It is recognized that there are other suggested
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criteria for the C—J state[12]. Basic Hugoniot
theory does not indicate which criteria is most
appropriate. However, this criteria is most consis-
tent with the Board-Hall conceptual model.

The results for corium (3000 K) and water (358
K) with varying initial coolant void fraction are
shown in Figure 3 for a condition of equal
volumes of liquid coolant and fuel. The net work
output in the Board-Hall’'s detonation model
(Wo—3—W ., is compared with the work predicted
by the Hicks—Menzies model. It is shown that
based on the new interpretation of the net work
output the two models can predict similar amount
of work output although these are not identical. A

small difference can be caused by the iterative
solution procedure, however, this is a small effect

(€1%). One should not expect that these would
be the same since the thermodynamic work out-
put is determined by the specified expansion path
and in each case (isentropic mixture or coolant
expansion) the initial and final thermodynamic
states are different. A similar qualitative behavior

between Wyy and Wgy was also found in the

Corium/Water: T=3000 K, T,=358 K, Mixture isentropic
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Fig. 3. Comparisons of FCl Work Potential Pre-
dicted by Hicks-Menzies and Board-Hall
models : Isentropic Mixture Expansion

results for thermite/water, aluminum/water, and

tin/water.
4. Effect of Initial Coolant Void Fraction

When a molten fuel material is poured into a
pool of coolant, the fuel breaks up and forms a
coarse mixture with the coolant liquid and vapor.
The heat transfer rate between the fuel and the
coolant is relatively low (i.e., film boiling) and the
volume fractions of the three fluid components of
the mixture are governed by the liquid breakup
mechanisms, multi-fluid hydrodynamics and heat
transfer. The uncertainty associated with the mate-
rial distribution in the mixing stage often leaves
the component volume fractions of the mixture as
arbitrary parameters in the subsequent analysis of
explosion propagation and expansion.

Figure 4 shows the change of the thermodyna-
mic conversion ratio due to different initial coolant
void fractions at various volume ratio of the liquid
coolant to fuel. These calculations were carried

out for Iron—Alumina thermite (3100 K) and water

H/M Model: Thermite/Water, T=3100 K, T,=298 K

LA L L L A B

| Mixture Isentropic (top) — a,=0.0 B
Coolant Isentropic (bot) -—— a,=0.1

s~ T a,=0.5

: —_—— a,=0.9

Conversion Ratio

Ollllllllllllll'llll

5 10 15 20
Volume Ratio of Liquid Coolant to Fuel

Fig. 4. Effect of Initial Coolant Void Fraction Pre-

dicted by Hicks—Menzies Model
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(298 K) using the Hicks—Menzies thermodynamic
model. It is shown that the void fraction of 90%
reduces the conversion ratio by 15 to 20 percent
from the case of no void. One should note that
the thermodynamic maximum of the work output
is obtained given an infinitely constrained system
in which the energy transfer between the fuel and
coolant is completed with no volume change. In
this case, the void fraction is not a significant
parameter since the mass and heat capacity of the
vapor are small and the rate of the heat transport
process is not involved. The presence of the vapor
void reduces the work output because the mixture
has already expanded prior to the explosion ex-
pansion to accommodate the vapor volume and
thus reduces the equilibrium explosion pressure.
Accordingly, the effect of initial coolant void frac-
tion on the thermodynamic work output is small.
It is noted, however, that the presence of large
vapor void may reduce the conversion of the ther-
mal energy to mechanical work significantly in real
FCls since the vapor blanket is the major resist-
ance in the heat transfer from the fuel to coolant
liquid.

The currently available advanced models for ex-
plosion propagation with time—dependent kinetic
processes and hydrodynamic solution often show
the occurrence of self—sustaining explosion prop-
agations in a high-void system[11]. However, in
a high—void system the vapor tends to be the
continuous medium (i.e., dispersed flow regime)
so that the direct contact of fragmented fuel parti-
cles and coolant liquid is not likely to occur,
which would be the key to the rapid heat transfer
and explosive vaporization in an actual explosion.
Although it appears that the modeling of fuel-
—coolant interactions must accompany simul-
taneous development of constitutive models such
as fuel fragmentation mechanism and heat transfer
rate in various flow regimes, such integrated mod-
els must be validated with benchmark ex-
perimental data, particularly on the effect of initial

J. Korean Nuclear Society, Vol. 25, No. 2, June 1993
void fraction, which is not currently available.

5. Thermodynamic Modeling with
Chemical Reaction

When the molten core materials contain metallic
components, these metals can oxidize in the pre-
sence of water, atmosphere or concrete and pro-
duce hydrogen. The hydrogen generation in the
course of severe reactor accidents is of concern
primarily for its possible subsequent combustion
and the resulting high pressure and temperature
spike in the containment atmosphere. However,
the presence of metallic components in the fuel in
fuel-coolant interactions may contribute to more
energetic vapor explosions since the metal reacts
with water exothermically, possibly on a time
scale of the explosion. This chemical reaction heat
is then added to the available energy of the fuel-
—coolant mixture and the reaction rate increases
rapidly as the fuel fragments.

In order to investigate the effect of chemical
reactions in fuel-coolant interactions, the Hick-

H/M Model: Aluminum/Water, T=1500 K, T,=373 K
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Fig. 5. Effect of Chemical Reaction Predicted by
Hicks—Menzies Model
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s—Menzies model was modified to account for the
reaction heat. Although the metal oxidation is a
kinetic process, it is assumed that all the reaction

heat of the metal oxidized is added to the internal
energy of the fuel-coolant mixture at the high-

—pressure equilibrium state. Accordingly, the Eq.

(1) is modified as

Miythy 2+ MM 2 =My, -+ MU+ mQ, (14)

The fraction of the metal oxidized, f, is varied
parametrically in this model.

To demonstrate the effect of the presence of
chemical reactions on the thermodynamic work
output, a series of calculations have been carried
out for aluminum and water interactions. The che-
mical reaction heat in this case is 15.11 MJ per
kilogram of aluminum reacted and the initial
temperatures of the fuel and coolant are 1500 K
and 373 K, respectively. Both the initial and end
state pressures are 0.1 MPa.

Figure 5 shows the effect of the chemical reac-
tion on the conversion ratio with various fractions
of metal oxidized. The conversion ratio in this
figure is based on the thermal energy of the fuel
and represents the case of isentropic mixture ex-
pansion. It is noted that each ten percent increase
in the amount of the metal oxidized doubles the
conversion ratio from the case of no metal oxida-
tion. The maximum conversion ratio is seen at
about equal volumes of liquid coolant and fuel in
case of no metal oxidation, and this occurs at
higher volume ratio as the fraction of metal oxi-
dized increases. This trend is also seen when the
initial fuel temperature is increased. Since, in this
model, the chemical reaction heat is added to the
internal energy of the fuel-coolant mixture at the
high pressure equilibrium state, the increase in the
initial fuel temperature or the increase in the frac-
tion of metal oxidized results in the same trend on
the volume ratio of maximum conversion ratio. If
experiments become available in which the explo-

sion energetics from a metal-water interaction is
investigated, such a model could be useful to pro-

duce a bounding analysis.

6. Conclusions

Three thermodynamic models of energetic fuel-
—coolant interactions, Hicks—Menzies, Hall, and
shock adiabatic models, are reviewed and a clar-
ification of their mathematical formulations and
the thermodynamic work conversion are pre-
sented. The solution of each model using the ex-
act equation of state of water is also demonstrated
for some sample cases. The Hicks-Menzies model
is modified to account for chemical reaction be-
tween a metallic fuel and water and the effect on
the conversion ratio is discussed.

The Hicks—Menzies model predicts the thermo-
dynamic maximum work, but its conservative
estimation of explosion pressure and conversion
ratio may limit its usefulness. The Hall model pre-
dicts more realistic work conversion than the Hick-
s—Menzies. However, in Hall’'s model, the choice
of the isobaric expansion of the mixture at the end
state pressure bears no theoretical basis and it is
rather an arbitrary choice among the many possi-
ble irreversible processes. A true qualified lower
limit of the FCI work is introduced as the work
done under the mechanical equilibrium in the sys-
temn with the given assumptions (W,,=W,, in Eq.
(4)). A new interpretation of the thermodynamic
work in the Board-Hall’s shock adiabatic model is
presented and the results are compared with the
results of Hicks—Menzies model. It is shown that
Hicks—Menzies model and shock adiabatic model
can predict similar amount of work output in
vapor explosions when the work done during the
isentropic expansion from the C-J state is reduced
by the compression work done by a shock wave.

Although such thermodynamic models can pro-
vide a theoretical maximum work potential in an
energetic FCI event, these models are useful tools
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for a conservative assessment of its potential
hazard, and in particular, for the design of energe-
tic FCI experiments. In addition, the shock adiaba-
tic model can provide the dynamic expiosion
pressure as well as the conservative work poten-
tial.

In the thermodynamic analysis of energetic
FClIs, the high initial coolant void fraction does not
seem to lower the work potential significantly,
which is not likely to be true in a real FCI event.
This trend is also often found in the results of the
currently available advanced computer models.
This suggests that the future research on the fuel-
—coolant interactions must be directed to not only
developing the detailed mechanistic models which
are currently lacking, but also providing ben-
chmark experimental data for model validation
under these fuel-coolant mixture conditions.
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Nomenclature

speed of sound
mass
pressure
chemical reaction heat
specific internal energy
velocity
|4 volume
work
mass fraction
density
specific heat ratio of gas
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Subscript

1 initial state
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high—pressure equilibrium state
final state

coolant

coolant liquid

coolant vapor

fuel

mixture

surrounding fluid
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