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SUMMARY

In order to realistically determine the structural response of a Liquid Metal Fast Breeder
Reactor to a Molten Fuel-Coolant Interaction (MFCI), an MFCI region was incorporated
into the two-dimensional, hydrodynamic containment code, REXCO-H.

In this way, it is possible to account for the two-dimensional hydrodynamic response, as
well as for the effect of vessels and plates, upon the expansion process in the MFCI region.
Such an approach presents certain advantages: (1) rigid walls can be substituted by elastic-
plastic vessels, (2) there is no need to adopt one-dimensional models, and (3) the fluid
constraints need not be treated as either compressible or incompressible.

The MFCI model has been modified significantly in order to extend the usefulness of the
code under a variety of conditions. The sodium equation of state has been improved using
basic thermodynamic relations and recent data to incorporate temperature dependent
properties. Heat transfer models available to describe the MFCI include not only a quasi-
steady-state model, but also the parametric model.

The fuel heat of fusion is used in order to avoid the artificial increase in temperature
employed to account for the full fuel energy. Non-homogeneous MFCI regions can be
treated by assigning different parameters to each zone within a region, including volume
fractions of fuel, sodium, steel and void, as well as initial fuel and coolant temperatures and
fraction of molten fuel.

Several cases have been studied in order to delineate the effect of various parameters on
the peak pressures generated in the MFCI zones. These include effect of initial fuel and
coolant temperatures, void fraction, amount of molten fuel and/or vessel wall compliance.
The response of a typical reactor configuration is evaluated for a given set of initial condi-
tions, with three different ways of determining the energy release, including (a) the thermo-
dynamic approach, (b) determination of a p-v using a one-dimensional model, and (c) the
present model.
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1. Introduction

Development of analytical methods to evaluate the consequencee of postulated off-normal
events in Liquid Metal Fast Breeder Reactors (LMFBR) has been a continuing effort over the
past several years. The resulting codes and analysee cover the sequence of events from
initiating conditions, such as local fuel failures, or whole core loss of flow through
nuclear shutdown and subsequent evaluation of the consequences upon the primary containment.
For example, codes are available used to study the initiating events [1] while others are
used to continue the calculation through the nuclear shutdown of the reactor core [2].
Finally, the evaluation of the primary containment, which includes as major compoments the
reactor vessel and head, is accomplished by utilizing a code such as REXCO [3,4]. Each of
these are essentially dependent upon one another for input. For example, the VENUS code is
used when the SAS code indicates significant fuel vapor pressures. Similarly, the REXCO
codes come into play when VENUS or SAS2A calculatione indicate the nuclear shutdown of the
reactor due to some form of disassembly. At this point the state of the reactor is known in
terms of energy content of fuel and sodium as well as the material composition of the core
region. The potential mechanical work must be determined and appropriate input specified
for the REXCO code, either in the form of P-V data or specific energy conversion models.

Local events resulting in MFCI's may be treated in a similar manner, except that it is
not mnecessary to implement VENUS calculations. Also, these problems may be treated mechan-
ietically such as 1s done in recent modifications to the SAS code [5]. However, in each of
these calculations the effect, or interaction, between the MFCI zone and the surrounding
structure either the subassembly duct or reactor containment is not usually taken into
account, Similarly in whole reactor configurations using the REXCO code the actual process
of heat transfer during the expansion of the core is not usually taken into account. Pres-
sure-volume relationships developed separately are used to describe the work done during core
expansion which neglect the response of the surroundinge and their effect on pressures
developed in the MFCI zone.

The purpose of this paper is to describe recent modifications to the REXCO-HT code [6]
which 1s used to couple the heat transfer models which describe MFCI's or other similar
phenomena to the hydrodynamic and structural response of reactor structures. Additions in-
clude improved heat transfer models such as the parametric model developed by Cho, et al.
[7]. Along with the addition of the parametric model the heat of fusion of the fuel, non-
condensible gas volumes, and vapor blanketing of the fuel particles have been taken into
account, Each of these models are described in the following along with appropriate ex-
amples of applications to subassembly and reactor configurations. The main advantages of
this approach consist of the ability to couple the heat transfer, hydrodynamic and struc-
tural response without having to make assumptions about the acoustic or inertial character-
ization of the fluid [7,8] and the elastic-plastic respomse of structures. This leads to a
somewhat more reallstic evaluation of the effects of MFCI's on the surroundings as well as
the opposite effect. Another advantage of including heat transfer models into REXCO is that
the characterization of the MFCI parameters may be changed from zone to zone so that tempera-
ture and material gradlents present at the termination of the nuclear event may be consid-

ered. Also, all of the features of the REXCO code are available in the present version.

2. Model Development
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2.1 1Initial Considerations

The heat transfer model used to describe the molten fuel-coolant interaction in the
initial version of the REXCO-HT code was the quasi-steady-state model developed by Cho, et
al, [9]. Recent developments have led to the devising of more sophisticated models which
include the fragmentation and mixing time of the fuel particles as well as time dependent
heat transfer coefficients which allow somewhat higher initial heat transfer rates. The
overall effect is to provide a model which may be used in parametric studies since the exact
mechanismg of the fuel-coolant interaction process are not well known at this time, although
much work is being performed to understand the process, especifally under reactor operating
conditions.

In REXCO-HT configurations the volumetric fractions of the fuel, coolant and non-condens-
ible gases are specified for the MFCI zones. The remaining volume, if not epecified, is
assumed to be steel which does not take part in the heat transfer and expansion process
directly but acts as an added mass, Along with this input the initial temperatures of the
fuel and coolant are given as well as the fuel particle size., As a further option, an
initial sodium vapor fraction may be included but care must be taken that the sodium temper-
ature 1s correctly given. All heat transfer calculations made are based on one gram of
sodium and the fuel and sodium within an MFCI zone are assumed to be at a uniform, but dif-
ferent, temperature, i.e., no fuel or sodium temperature gradients within a zone are allowed.
However, adjacent MFCI zones may have both fuel and sodium at different temperatures but no
heat transfer i1s allowed across a zonal boundary.

Calculation of the zonal pressure based on the heat transfer and volumetric changes per
time step 1s dependent upon adequate treatment of the sodium equation of state. The present
vereion of the REXCO-HT code is thermodynamically consistent and includes temperature de-
pendent sodium properties.

2,2 Heat Transfer Models

The quasi-steady-state model (QSS) used in REXCO-HT assumes that the only resistance to
the heat transfer 1s due to the thermal conductivity of the fuel. The heat transfer rate is
given by the relation

q = AR@T-D) = % h(T~T) o)

where k o=k /r (2)
A more sophisticated version, the ANL parametric model, introduces the fragmentation and
mixing time constant, tm’ as a parameter as well as a time dependent heat transfer co-

efficient., The heat transfer rate is given by

. 3w ]
q = @ h [1 - exp(—t/tm)](Tf-T) (3)
where
' kf kf
h = —=—4 = 4)
Vot T

Sodium vapor produced during the fuel-coolant interaction is likely to surround the fuel
particles and thus effectively reduce the heat transfer from the fuel to the sodium. This
is an important mechanism that reduces the rate at which heat is transferred to the sodium
and consequently the work produced by the FCI zone expansion. In order to account for this

reductlon, two options have been incorporated into the REXCO-HT code. They can be used with
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either the quasi-steady-state model or the ANL parametric model. In the first option (a),
the thickness of the vapor blanket is calculated for each time step and the resistance to
heat transfer by conduction through the vapor blanket is included in the estimate of the
heat transferred in a time step. In the second option (b), a fraction of the fuel particles
equal to the volumetric fraction of sodium vapor (compared to the total volume of sodium) is
assumed not to participate in the heat transfer process. Optlion (2) is expected to under—
estimate the heat transfer because it ignores the convective heat transfer through the vapor
blanket. One could Introduce an effective thermal conductivity for the sodium vapor that
would account, as a first approximation, for the convective effects.

After the heat transfer rate has been calculated for the (n+l)th step, the heat trans-
ferred from the fuel to the sodium is given by

AQ = qAt (5)

and the change of the fuel temperature is found from the relation

AQ = cfwATf (6)
In the event that the fuel is at its melting temperature, the heat of fusion is taken into
account by introducing the fraction of the solidified fuel and not allowing a change in fuel
temperature until all fuel is solidified. This feature allows a less conservative approach

than that of increasing the initial fuel temperature to account for the heat of fusion.

2.3 Sodium Equation of State

For the (n+l) time step, the change of volume of a zone, AV, is calculated in the hydro-
dynamic subroutine of REXCO and the heat transferred to the sodium has been estimated using
the desired heat transfer model. Since fuel and steel volumes are assumed incompressible,
the volume change of a zone is due to the sodium and the fission gas present in the zone,
The fission gas 1s assumed to be at the same temperature as the sodium. In order to find
the pressure at time tn+l’ two cases will be considered: (1) the sodium at time tn is in
the 1iquid phase region, and (2) at time, tn, the sodium is in the two-phase region.

2,2.1 Sodium in the Liquid Phase Region

When the sodium is in the liquid phase region, the following thermodynamic relations are

employed, written in finite difference form:

e AT = T Wy o AP = 4Q %)
R RT -
(otpVNa + wg 5—) AT - (ETV'Na + wg —FQ) AP = AV . (8)

From these, the changes in temperature, AT, and pressure, AP, are calculated and the pres-

emperature at e
sure and temp tu tim tn+l

Py " ot 0P )

are found using

and

Topq =T, + 0T . (10)

This sequence will continue until such time as the sodium reaches its saturation pressure,
corresponding to the local sodium temperature.
2,2.2 Sodium in the Two-Phase Region

When the godium presaure corresponds to the local saturation pressure, Po’ the following
thermodynamic relations are used
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dh, dh, dP_
4t | o (l-xn) + aT Jo xn - Vn T AT + AhlVAx = AQ (1)
d av dp
1 v RT g R _
(dT )c (l—xn) +<clT )o X, - Vo pZ T Ve P AT + av, bx = AV (12)

Using eqs. (11) and (12), in which the heat transferred and the change in volume are known,

the sodium temperature at time t i1s found using eq. (10), while the sodium vapor quality

nt+l’
1s found by

X =Xt e, (13)

where Ax 1s the incremental change in the vapor quality.

The pressure 1s then calculated from

P =P ( (14)

w1 a Tn+l) ’
since the pressure is the saturated vapor pressure of the sodium in the zone and corresponds
to the local sodium temperature.
3. Sample Cases

The following describes the results of three different configurations which were in-
vestigated to demonstrate the MFCI models used in the REXCO-HT code. The first configuration
1s examined in order to gain some insight into the effect of various parameters while the
other two configurations refer to a subassembly and to a full reactor in order to demonstrate
the possible effects of MFCI's on reactor structures.

3.1 Simple Model

A simple model consisting of four zones 1s investigated for different initial conditions
which are listed in Table I. As shown in the insert of Fig. 1, the FCI reglon is represent-
ed by one zone, while the other three consist of sodium at the same temperature as the
initial sodium temperature in the FCI zone. The cylinder wall is assumed rigid except for
case 9 in which a flexible steel wall is assumed with a thickness of 0.254 cm. For the heat
transfer calculation, the quasi-steady-state model is utilized.

Cases 1, 2, and 3 were run in order to study the effect of the initial sodium tempera-
ture. Figure 1 presents the pressure histories for these cases. It is seen that the peak
pressure increases with decreasing Initial sodium temperature. This 1s so because: (1) the
isothermal compressibility of sodium decreases with decreasing temperature ('harder' sodium),
and (11) the heat-transfer rate from the fuel to the sodium increases with decreasing sodium
temperature, due to the higher temperature difference. The onset of vaporization and con-
densation is similar in the three cases, the only difference being the lower pressure at
which it occurs for lower initial sodium temperatures. The onset of vaporization coincides
with the unloading time. For lower sodium temperatures, the speed of sound is increased,
and the unloading time decreased. Hence, the onset of vaporization takes place (at earlier
times) for lower sodium temperatures. The second pressure peak is higher for lower sodium
temperatures ('harder' sodium). In Fig. 2, the sodium temperature in the FCI zone is pre-
sented as a function of time for cases 1, 2, and 3. The higher initial temperature differ-
ence between fuel and sodium in case 3 causes a higher heat transfer rate, and therefore a
faster increase in the sodium temperature than in cases 1 and 2.

Effects of sodium vapor blanketing are examined in cases 4, 5, and 6. The initial
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conditions for these cases are the same as in case 1. Vapor blanketing option (a) 1s em-—
ployed in case 4, while case 5 uses option (b). In case 6, option (a) is utilized with an
effective vapor thermal conductivity ten times higher than the actual thermal conductivity.
Figure 3 presents the pressure in the FCI zone as a function of time. Tt is seen that for
all three cases, the pressure history for the initial period, before vaporization starts, is
the same as in case 1. Since there is no vapor present, there are no blanketing effects.
The effect of vapor blanketing becomes significant at a later time., As was already dis-
cussed, model (a) underestimates the heat transfer and this is seen in the lower pressures
exhibited in Fig. 3. Introduction of an effective sodium vapor thermal conductivity ten
times greater than the actual, gives results which are in close agreement with model ).
The sodium temperature in the FCI zone 1s given in Fig. 4 for cases 1, 4, 5, and 6. Sodium
pressure and temperature are directly related at later times, since the pressure in the FCI
zone 1s the sodium saturation pressure for the corresponding temperature.

For the purpose of studying the effect of artificially increasing the fuel temperature
in order to account for the heat of fusion as compared to accounting for it in the program,
case 7 was run. The initial fuel temperature was increased by 635 K, while the other ini-
tial conditions were taken as in case 1. The effect on the pressure is shown in Fig, 5,
where the peak value is just below 390 bar in comparison to 290 bar obtained for case 1.
Thie result shows, as expected, that the increase of the fuel temperature, in order to ac-
count for the heat of fusion, overestimates the pressure values. The effect on the sodium
temperature is also shown in Fig. 5. Due to the higher fuel temperature, the heat transfer
rate — and therefore the rate of sodium temperature increase — is higher as compared to case
L.

In case 8, a small smount of fission gas was assumed initially in the FCI zone (10% at
1 bar). The rest of the initial conditions were taken to be the game as in case 1. As seen
in Fig. 6, the pressure rises slowly, since the expanding liquid sodium simply compresses
the compliant fission gas, and peaks at approximately 87 bar.

The effect of a flexible wall 1s demonstrated with case 9. The initial conditions are
the same as in case 1, In Fig. 7, the pressure history of the FCI zone 1s presented for
case 9 and for case 1, in which a rigld wall was assumed. The presence of the flexible wall
reduces the peak pressure from 293 bar to 215 bar. It is worth noting that the presence of
a flexible wall creates a second pressure pulse with a high peak pressure.

3.2 Subassembly Response to MFCIs

An interesting application of the REXCO-HT code is to investigate the influence of
various initial and boundary conditlons on the possible response of subassemblies to local
fuel-coolant interactions. The configuration used in this example is shown in Fig. 8 which
nominally represents & typlcal LMFBR subassembly in that the cross—sectional area and wall
thickness are maintained. However, since this model is cylindrical, the strength of a
hexagonal-shaped subassembly wall is overestimated, but for the present purposes, this is
adequate to 1llustrate general trends. Several cases were run mainly to demonstrate the
effect of the heat tramsfer model on the pressure-time history, as well as the response of
the subassembly wall and surrounding environment. The heat transfer models used are the
quasi-ateady-state model (QSS) and the parametric model (PAR), with a zero mixing and frag-
mentation time. 1In general, the QSS model corresponds to the parametric model with a frag-

mentation and mixing time constant of about 3 ms. The properties of the cylindrical wall
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correspond to those of 316 stainless steel at 811 K, and a fluence of about 2 x 1023¢t. The

yleld strength is 3.93 x 102 bar, and Young's modulus is 1.6 x 105 bar, while the ultimate
stress 1s 5.86 x 103 bar at a strain of 1.06 percent.

Initial and boundary conditions are given in Table II. The first three cases use the
quasi-steady-state model, while the last three use the parametric model. Cases S1 and S4
are rigid wall models, while the other cases have a flexible wall with either argon gas or
liquid sodium in the gap between wall and rigid boundary. These last cases are 1llustrative
of the effect of the surroundings on the response of the subassembly wall.

Figure 9 is the pressure-time history in the center of the MFCI region using the QS$
heat transfer model. Little effect is noted since the maximum pressure does not exceed the
yleld strength of the wall. Slight effects are seen at short times, but the total impulse
of these pressure pulses is small. It is interesting to note that in case 82, the peak
vapor pressure 1s slightly higher than in the rigid wall case. This 1s due to a rebounding
effect due to the relatively incompressible sodium outside the wall compared to argon gas.
Sodium temperature and vapor fraction histories are the same for these cases., Small differ-
ences that appear at later times can be attributed to the different energies absorbed by the
subassembly wall.

High heat transfer rate effects on the pressure-time history of the MFCI zone are
demonstrated in Fig. 10 in which the parametric model with zero mixing and fragmentation
time is used. The initial peak pressure, which is the same in all three cases, 1s 2.4 kbar.
A second pressure peak is noted in all three cases and corresponds to the reflected wave
from the rigid boundary. The second pressure pulse is reduced in magnitude and delayed in
time as the radial surroundings are made more compliant. There is little qualitative dif-
ference between cases S4 and S5, showing that a flexible wall surrounded by a relatively
incompressible fluid such as sodium behaves quite rigidly, even in the presence of a fairly
large transient pressure. However, compliant materials, such as argon gas, allow radial
movement of the wall, which in this case, fails at about 0.4 ms. This can be an important
effect, if one 1s to evaluate the ability of a subassembly can to resist failure due to a
local molten fuel-coolant interaction. Figures 11 and 12 show the coolant temperature and
vapor fraction in cases S4 through S6. The temperature drops rapidly in case S6, due to the
rapid radial expansion of the MFCI zone.

3.3 Full Reactor Configuration

The full reactor configuration employed in this example 1s shown in Fig. 13. Four dif-
ferent cases were investigated with their initial conditlons given in Table ITII. For the
first case (R1), a modified Hicks - Menzies model [10] was used in obtaining a P-V curve for
the core. In this model, fuel and sodium are assumed to reach thermal equilibrium before
the core expansion starts. During the core expansion, the fuel 1s thermally decoupled from
the sodium so that essentlally no heat 1s transferred during the expansion. Thie calcula-
tion is expected to be conservative because of the assumption of thermal equilibrium between
fuel and sodium before the core expansion starts, but not as congervative as the basic Hicks-
Menzies model [11],

In the second case (R2) the FCI model was utilized as described in Section 2. Because
of the assumption that the FCI zones do not exchange heat with the surroundings and that the
heat-transfer coefficient remains unchanged even when sodium vapor 1s present, it is expec-—

ted that this case will yield more energy than the modified Hicks - Menzies model. Allowing
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heat transfer from the fuel to the sodium during the core expansion process will have as a

result a higher amount of heat transfer than in Case Rl.

Case R3 is expected to give more realistic results than the previous cases because the
sodium vapor blanketing is being taken into account (option b). Case R4 is similar to Case
R2 except for the presence of 10 percent cushion gas. One other case was investigated in
which the P-V relation was obtained from the one dimensional model of Cho et al. [9]. Un-
fortunately, due to the two dimensional model employed here, the core expands faster than
in the one dimensional model resulting in a rapid decrease of the core pressure. The
inertial behavior of the two models 1s quite different due to the radial motion allowed in
the present model.

In Fig. 14 the pressure histories of the core are presented. The pressure curve for
Case Rl 1is not smooth because the P-V curve obtained from the modified Hicks — Menzies model
was fed into the code by a number of (P,V) polnts. It 1s seen that the pressure pulse for
Cases R2 and R3 1s identical; since sodium vapor is not present, there is no difference
between the two cases. The second pressure pulses differ slightly. For Case R2, it appears
a little earlier and also has a somewhat higher pressure peak. This is so because there is
sodium vapor present in the core during the time interval between the two pressure pulses
and this reduces the amount of heat being transferred. The presence of cushion gas changes
entirely the pressure history in the core. There is only one pressure pulse in case R4
which appears at a much later time and with a pressure peak which 1s 60 percent lower than
in Cases R2 and R3.

In Fig. 15 the deformations of the Lagrangian grid are shown at time t = 17.5 ms. It is
seen that the core has expanded more for Case Rl and this agrees well with the shape of the
P-t curve shown in Fig. 14, For Case R3, the core expansion is the smallest because of the
sodium vapor blanketing effect on the heat transfer. Finally, the core expansion energy and
the heat transferred are presented in Fig. 16 as a function of time. The modified Hicks -
Menzies model releases more energy at the beginning, tapering off at later times. In con-
trast, the R2 model releases less energy at the beginning but the rate of energy release
increases with time. It 1s expected that at later times the core expansion work for Case R2
will become larger than the work for Case Rl for the reasons explained above. The lower core
expansion work exhibited in Case R3 reflects the heat-transfer reduction due to sodium vapor

__blanketing. = __ _ o
4. Conclusions

1. Direct treatment of reactor heat transfer phenomena such as molten fuel-coolant
interactions 1n a hydrodynamic containment code such as REXCO is desirable since this ap-
proach provides a direct coupling of all effects without having to resort to decoupled
energy conversion calculations. Inclusion of models which describe molten fuel coolant
interactions allows the consideration of the MFCI pressure pulses on reactor structures such
as fuel subassemblies and the reactor primary contaimment. Effects due to coolant vapor
formation can be rudimentarily taken into account with vapor blanketing models and the in-
clusion of the fuel heat of fusion negates the need to artificially increase the fuel
temperature to account for the energy content of the fuel.

2. Calculations demonstrating the effect of varlous parameters on the MFCI process show
that vapor blanketing can have a strong effect in reducing the heat tranafer rate and that

if radial motion 1s taken into account vaporization can occur earlier and this reduces the
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heat transferred from the fuel to the sodium.

3.

In subassembly configurations relatively slow heat transfer rates produce relatively

low initial pressures and result in little hoop strain in the walls with little effect

contributed by the surrounding medium.

ing in relatively high pressures the surroundings become important in assuring the surviv-
ability of the walls.
the dynamic response of subassembly ducts to internal pulses originating from local MFCI's

should take into account the sodium coolant in the gap between subassemblies as well as the

next row of subassemblies.

4.

plished through the use of coupled MFCI models.

changed significantly and may well provide an extra margin of safety in the evaluation of

A more realistic response of reactor contalmments to whole core events may be accom-—

the system.,
A0 fuel area per gram of sodium
Cf specific heat of fuel
C specific heat of sodium under
P constant pressure
h,h’ heat transfer coefficient from
fuel to sodium
h,,h enthalpy of 1liquid and vapor
Ly
sodium
Thermal conductivity
pressure
q heat transfer rate per gram of
sodium
r fuel particle radius
R fission gas constant
t time
T sodium temperature

However, for very large heat transfer rates result-

Nomenclature
v
14

w
g
X

This indicates that finite element codes, being developed to treat

The resulting energy partitioning could be

specific volume
fuel to sodium mass ratio
fission gas to sodium mass ratio

vapor quality of sodium

Greek Symbols

fuel thermal diffusivity

sodium thermal expansion coefficient
sodium isothermal compressibility
density

Subscripts

f
%
1A%

fuel value
1liquid sodium value

difference between liquid and vapor
values

sodium vapor value

saturation value
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TABLE I. Initial Condition of the FCI Zone

Volumetric Volumetric Volumetric  Fraction of
Coolant Fraction of Fraction of Fraction of Solidified

Fuel Temp Temp. Fuel, Coolant, Cushion Gas, Fuel
Case Tf,°K TNB,"K g ONa ag - Remarks
3115 1200 0.5 0.5 0 0
3115 1000 0.5 0.5 0 0
3115 800 0.5 0.5 0 0
3115 1200 0.5 0.5 0 0 Blanketing;
Option (a)

5 3115 1200 0.5 0.5 0 0 Blanketing;
option (b)

6 3115 1200 0.5 0.5 0 0 Blanketing;
Option (a)
with keff =
10.kv.

7 3750 1200 0.5 0.5 0 0 Artificially
higher fuel
temperature.

3115 800 0.45 0,45 0,1 0
3115 1200 0.5 0.5 0 0 Flexible wall.
TABLE II. Initial and Boundary Conditiona
Fuel Sodium Vol-  Fraction
Fuel Coolant Volumetric umetric of Solidi- Wall Gap Heat
Temp Temp, Fraction Fraction fied Fuel Mate- Mate- Transfer
Case °K °K af aNa Fuel rial rial  Model

1 3115 672 .5 .5 RIGID - Qss

2 3115 672 .5 5 31688 Na Qss

3 3115 672 ] 5 316ss8 Ar Qss

4 3115 672 .5 .5 RIGID - Par.(tm =0.)

3115 672 -1 31688 Na Par.(tm =0.)
3115 672 .5 31658 Ar Par.(tm = 0.)
TABLE III: Initial Conditions for the Full Reactor Configuration
Volumetric Volumetric Volumetrie
Coolant Fraction of Fraction of Fraction of
Fuel Temp, Temp. Fuel Coolant Cushion Gas
Case Tf, X TNa’ K o Na EB Remarks

Rl 3400 900 0,208 0.393 Hicks and Menzies P-V

R2 3400 900 0.208 0.393 FCI model; QSS heat

transfer

R3 3400 900 0.208 0.393 0 FCI wmodel; sodium vapor

blanketing (Option 6);
Q8S heat transfer
R&4 3400 900 0,208 0.393 0.1 FCI model; QSS heat

transfer
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