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MODELING OF LITHIUM-LEAD/WATER INTERACTIONS IN A FUSION REACTOR DESIGN
J.P. Herzog and M.L. Corradini

University of Wisconsin, Madison, WI 53706

Abstract

A parametric model was developed to predict the transient pressure and
temperature behavior for a liquid-metal/water interaction in a steam generator
following an assumed tube rupture. The model results suggest two preliminary
conclusions. First, the maximum temperature for lithium-lead due to the
reaction, although above normal limits, is below the thermodynamic maximum
value rapidly falling to within operating 1limits. Second, the pressure
history and hydrogen generated from water injection into Tlithium or lithium-
lead are quite similar for a given value of the metal/water mixing parameter.
This suggests that the pressure-flow characteristics govern the integral
response given an assumed degree of chemical reaction. For a more accurate
prediction of the accident response one must consider the reaction kinetics
for 1ithium and lithium-lead interactions; e.g. lithium may be a "vapor phase
combustion" process while lithium-lead would be governed by metal surface mass
transfer phenomena. Under the contact mode considered complete reduction of

water to hydrogen cannot be precluded.



Introduction

Lithium and its alloys, in particular lithium-lead alloys, have been con-
sidered recently as possible breeder-blanket materials in conceptual designs
of fusion power reactors, due to their favorable neutronic, breeding, and heat
transfer properties. These materials do represent some safety hazard, though,
due to their chemically reactive nature with other reactor materials, e.g.
air, water, and concrete.

Current evaluations of the hazard potential of lithium and lithium-alloy
breeders in contact with other reactor materials has been based upon thermo-
dynamic calculations of possible chemical reactions, and on dynamic parametric
calculations for specific fusion reactor designs. These calculations have led
to rough comparisons of the overall hazard potential of different lithium and
lithium-alloy breeders with other potential reactor materia]s.(l’Z) Also,
scoping experiments were performed at Argonne National Laboratory by R.
Clemmer et a].(3‘5) and are now underway at HEDL by L. Muh]estein.(s) These
tests indicated that qualitatively the reaction between lithium and lithium-
alloy breeders with Hy0 is quite different (see Table 1). Additional work by
Jdepson et al.(7) with lithium-alloys and the ternary oxides (LiA]OZ, LiSiO3,
L145104, and LiTiO3) showed that these oxides present minimal safety related
problems when used with H,0; however, they do require neutron multipliers,
such as lithium-lead for breeding and power needs. They go on to state that
"...the combined favorable neutronics and minor safety compatibility concerns
of lithium oxide and Li;;Pbg; (a particular eutectic lithium-lead alloy; Li 17
a/o) make them prime candidates as blanket materials." Recently some European

1nvestigators(8’9) have initiated studies on the potential of certain breeder-



Table 1. Reactions of Li-Pb Alloys and Lithium With Water

Sample
Case Composi tion State?
1 Li;Pb, s
2 Li4Pby s
3 Li,Pby s
4 Li7Pb, 2
5 L0.62PPo.38 *
6 L19.17Pb0.83 *
7 Li 2
8 LiD 3

a5 = s0lid, £ = liquid

b injected under water

Temp/ °K
773

773
873
1103
773
773
773
773

Water

Temp/ °K

298
369
368
368
368
368
368
368

Reaction

Modest
Yigorous
Vigorous

Very Vigorous
Vigorous

Very Modest
H, Detonation

Detonation



blanket designs and have provided specific design proposals to reduce the
overall hazard potential of a Li;7Pbgs breeder-blanket.

Our current work is being done in conjunction with the DOE Fusion Safety
Program and previously with the Mirror Advanced Reactor Study (MARS).(lo) The
MARS conceptual fusion reactor design utilizes the lithium-lead alloy Li;7Pbgs
(hereon designated as "lithium-lead") as a liquid-metal breeder and primary
coolant. Based upon a number of previously mentioned reasons,(3'7) "Tithium-
lead" was chosen as the breeder-coolant for the MARS design; e.g. high tritium
breeding ratio, good neutron multiplication, acceptable corrosion rates, and
relatively benign chemical reaction rates with water and air.

We Tlimit our comments to the lithium-lead/water and the lithium/water
interactions as applied to a MARS conceptual fusion reactor design. For vari-
ous accident sequences one can identify four possible "contact modes" between
the molten metal breeder and the water. These “contact modes" are important
because they determine how the molten metal and water will hydrodynamically
mix and the energy and mass transfer rates between the materials. The first
contact mode might occur after a tube rupture in a liquid-metal steam gener-
ator. One could identify this contact mode as "coolant injection" due to the
high pressure injection of the steam/water into the low pressure liquid-metal
(Fig. 1). The second contact mode would be characterized by pouring of the
liquid-metal from a ruptured blanket component into a pool of water, also
present due to the accident. This contact mode is identified as a “"pouring
contact mode."” A "Melt-Coolant" interaction is a generic class of heat trans-
fer phenomena in which one hot liquid, "melt," interacts with a more volatile
cold liquid, "coolant," producing vapor and perhaps oxidizing the melt. His-

torically, this contact mode has been considered in fission reactor safety,



Fig. 1
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although the other modes of contact are just as plausible. This contact may
occur, in a fusion reactor, after a severe accident in which molten metal is
poured from a ruptured component into a stagnant pool of water in the contain-
ment (Fig. 2). The third contact mode could be characterized by a rupture of
water and breeder-blanket tubes in the vacuum vessel (i.e. torus or central
cell), resulting in a spray of these reactants into a common volume (Fig. 3).
This contact mode is of special concern in a fusion design because the major
radioactive inventory resides within the vacuum vessel. One may consider this
contact mode to be a subset of the previous two, because it is the simultane-
ous injection of the liquid-metal breeder and water into a common volume. The
fourth contact mode would occur if the liquid-metal and the water came into
contact as stratified layers of materials with different densities (e.g.
1lithium pouring on water, water pouring on lithium-lead). We expect this to
be the most benign of the possible contact modes because even though the two
materials are 1liquid, density stratification would initially 1limit their
surface area for mixing.

This paper will be concerned only with modeling the first contact mode,
coolant injection. A model for the second, metal pouring, has been presented
e1sewhere.(ll) This mode was originally developed for fission reactor safety
concerns,(12’13) and can be easily modified for a fusion reactor case. We
plan to investigate the third and fourth contact modes in future work.
Background

For the coolant injection we specifically consider a steam tube rupture
accident in a Westinghouse liquid-metal/water steam generator,(l4) the speci-
fications of which are given in Fig. 4. The model being developed predicts

the temperature and pressure history and the hydrogen generation rate due to



Fig. 2
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Fig. 3
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an assumed guillotine break of a steam tube and the resulting liquid-metal/
water chemical reaction. The model is applied to both a 1ithium and 1ithium-
lead breeder in order to obtain a general comparison between these two candi-
date breeder-blanket materials. We also present a reliability and availabili-
ty analysis for the steam generator in Appendix A.

In 1981, Krane and Kazimi(l) compared lithium and lithium alloy/water re-
actions for a hypothetical coolant tube leak in the blanket of the University
of Wisconsin NUWMAK conceptual fusion reactor. They first performed a thermo-
dynamic calculation where the breeder and coolant were allowed to interact
instantaneously and then determined the final equilibrium temperature of the
blanket materials, based on a stoichiometric amount of water and breeder, with
a variable degree of completion of the chemical reaction (0 to 100%). Next, a
dynamic calculation was performed in which the LITFIRE computer program(l) was
modified to predict the thermal response of the blanket materials. The calcu-
lation was based on a specified flow rate of water (0.2 kg/s) into a constant
volume, spherically shaped reaction zone, in which the reaction occurred and
the reaction products remained. They determined the temperature response of
concentric shells of the undisturbed breeder material and used the resulting
temperature profiles as the basis for their qualitative comparison of the
hazard potential of different lithium-alloy based breeders. The analysis did
not vary the leakage rate of coolant into the breeder and neglected the
pressure transient within the breeder zone. This analysis was therefore most
applicable for very slow leaks over the long time spans.

Our current investigation extends this preliminary work. We begin with a
thermodynamic equilibrium calculation to determine the final temperature of a

mixture of lithium, lithium-lead and water. We generalize this calculation so



that it only depends upon the initial molar ratio of water to lithium in the
mixture and not on any absolute amount of water or liquid-metal. A dynamic
calculation is then performed using a parametric model to predict the conse-
quences of a steam tube rupture. Our parametric model allows for a number of
effects:

1) a dynamic reaction zone volume,

2) variable liquid-metal/water mixture ratios,

3) a dynamic pressure calculation,

4) pressure relief valve flow out of the steam generator,

4) a critical flow model for the tube rupture break flow.

In the next section, we discuss the thermodynamic equilibrium model followed
by a discussion of the model and the current results. Finally, some current
thoughts on the mechanism for liquid-metal/water chemical reactions are pre-
sented.

Thermodynamic¢ Equilibrium Model

The stoichiometric chemical reaction for lithium with water is

. 1 _ kcal 0
Li + HZO + Lj0H +? H2 49 m (@ 259C) (1)

and for lithium-lead with water

L1'17Pb83 + 0.17 H20 + 1f + 0.17 LiOH + 0.085 Hy + 0.83 Pb

(2)

kcal 0
- 8.33 . (e 25°C)
gmole of L117Pb83

where if is the heat of formation of L117Pb83 (see nomenclature). The thermo-

10



dynamic equilibrium modeling determined, for various amounts of liquid-metal
and water, the final equilibrium temperature of the products and any remaining
reactants; assuming that the energy generated by the reaction does not leave
the "fuel-coolant" system. The initial temperature of the reactants is given
by the average temperature of the metal breeder and water in the steam gener-
ator (for the MARS fusion design, 400°C for the metal at 1.7 bars and 375°C
for the water at 170 bars). To determine the final equilibrium temperature of
the system, we simply balance the energy of the reactants and the products of
the above reactions, for a given ratio of initial moles of lithium to moles of
water (defined as the parameter x = “HZO/"L1)° Given x, one can solve for the
final equilibrium temperature regardless of the absolute amount of reactants.
The energy balance has three forms depending on whether x < 1, x = 1, or x >

1. For the lithium breeder the three balances are

CL[TBO - To] + xiWO = [CLH + CH][Tf - T0] +Q + [x - l]'lwf for x > 1 (3a)

CLlTge = Tod * iy = [CLy * CyllTs - Tpl + Q for x = 1 (3b)
CL[TBO - To] + Xiyg = X[CLH + CH][Tf - To] + xQ + (3¢)
[1 - xJC [T¢ = Tpl for x <1

The equations for lithium-lead are similar in form to these.
The results of this calculation are shown in Figs. 5 and 6, for the final
equilibrium temperature (Tf) as a function of the parameter x for lithium and

1ithium-lead.

11
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In Fig. 5 the constant equilibrium temperature indicates 1.7 bars where
lithium and 1ithium hydroxide begin to vaporize (25 psia). This calculation
would produce higher equilibrium temperatures as the pressure in the vicinity
of the interaction increases; e.g. for a high pressure of 170 bars the peak
equilibrium temperature would be 3800°C. The Li;4yPbg3 energy balance was
carried out for two values of the heat of reaction (Q). One of the values of
Q (-8.33 kcal/(gmole of LijsPbgg)) is arrived at by assuming that the heat of
formation of Li;,Pbgy (ig) is negligible. The other value of Q (-6.36
kcal/(gmole of Li;;Pbg3)) is arrived at by including an estimate of the heat

of formation, ig;. This estimate of the heat of formation of Li;yPbg3 is given

by

ie = AG + TAS (4)

where G is the Gibbs free energy and S is the entropy as calculated by E.M.
Larsen.(ls)

This thermodynamic calculation provides an upper bound on the mixture in
the reaction zone of the steam generator, due to a steam tube rupture. Com-
parison of Figs. 5 and 6 shows that the lithium-lead may produce substantially
lower temperatures than 1lithium, primarily due to the much larger thermal
inertia of the lead. Also, the liquid 1ithium may produce substantial system
pressure increases due to vaproization of the lithium or lithium-hydroxide for
a constant volume situation. The possible vaporization of Li or LiOH from
using a pure lithium breeder would pose additional safety hazards as Tithium

and associated radioactivity may take the form of mobile aerosols.

14



Dynamic Parametric Model

The model for the coolant injection contact mode 1is applied to a
Westinghouse 1liquid-metal steam generator.(14) This design is the most
logical choice, since Westinghouse 1is currently involved in the component
development of a large prototype steam generator for LMFBR applications and
fusion systems.

The Westinghouse "duplex tube" design (Fig. 4) utilizes double walled
tubes with a helium gas at the interface of the two tubes, that can be used
for detection of small leaks in either tube. The MARS design requires that
2840 MW of energy from the blanket be transferred across the steam generator
with a temperature drop of 350° to 300°C. Since the design power rating of
the Westinghouse steam generator is 293 MW, the MARS power station would
require ten steam generators of this design. The large number of plant steam
generators, although more expensive than a smaller number, would reduce the
hazard of steam generator accidents, by confining the accident to a single
generator and isolating the extent of damage and cleanup or replacement costs.

The steam generator accident modeled is one in which there is a sudden
and complete rupture of a steam tube ("guillotine break"), essentially leaving
two water flow paths into the liquid-metal. Since the water is at a much
higher pressure than the metal breeder (170 versus 1.7 bars), the mode of
contact between the liquid-metal breeder and the water is high pressure
coolant injection. For our current calculations, our model contains these
major assumptions:

1) We base our calculations on the MARS design parameters. The initial

pressure of the reactants is 17. MPa for the water and 0.17 MPa for the

15



2)

3)

4)

5)
6)

breeder. Also, the intial shell side, liquid-metal breeder volume and
temperature are taken to be 2.78 x 107 cm3 and 673 K, respectively.

There are two interaction zones. The first zone, designated the Reaction
Zone, is assumed to be a spherically shaped region that forms around the
break. This zone is a homogeneous mixture of reactants and products at
thermal equilibrium, which can grow in time. The other zone, designated
the Nonreaction Zone, consists of the rest of the shell side of the steam
generator. This zone is assumed to be a homogeneous region of unreacted
liquid-metal breeder at thermal equilibrium.

The flow rate of water into the reaction zone is modeled by the one-

dimensional homogeneous equilibrium model (HEM) for critical flow, i.e.

Swo = Swb (5)
Vup = [20iy, - 1'wb):'l/2 (6)
ﬁw = ApPubVwb (7)

where the enthalpy at the break location, iyps 1s found knowing S, and
Pub*
The flow of the liquid-metal breeder into the reaction zone is determined
by a mixing parameter x. x is defined as the ratio of the molar flow rate
of water to the molar flow rate of lithium into the reaction zone.

The reactants, including hydrogen, remain in the reaction zone.

The system pressure is maintained below 170 bars (the water back pressure)

by a pressure relief valve. This is accomplished by allowing a portion of

16



the unreacted liquid-metal breeder to leave the nonreaction zone each
timestep through the valve. The flow rate out through the valve is

modeled by a quasi-steady mechanical energy balance (Bernoulli's equation)
. 2 ) 1/2
Mo pbAprV [KEE (P -P)] (8)

where K is the loss coefficient through the valve (isentropic would be K =
1).

7) We assume that the increase in pressure in the shell side of the steam
generator suspends the normal flow of the metal through the steam gener-
ators.

8) There is no back flow through the broken steam tubes.

9) The thermodynamic and transport properties of the liquid-metal reactants
and products are assumed to be simple functions of temperature. The
liquids are incompressible. The gases are perfect. For x > 1, any un-
reacted water is assumed to be superheated steam.

This parametric model is the next logical step beyond a simple thermodynamic

calculation. We employ two control volumes and a specified mixing parameter

in order to keep the modeling of the dynamic process relatively simple and
unambiguous; this seems justified because our current knowledge of the mecha-
nisms of liquid-metal/water interactions is so limited. Consistent with this

approach is the use of a 1-D HEM critical flow model for water inflow and a

quasi-steady mechanical energy balance for liquid-metal outflow. Because the

pressure transient within the shell side of the steam generator is expected to
be large but less than the 170 bar in the water, assumptions 7 and 8 are quite

reasonable, Because the transient caused by the tube rupture occurs over such

17



short times (1 s) the retention of Hy in the reaction zone is reasonable
(assumption 5). Finally, the simple equations of state for liquid-metal and
water are known to be approximate; subsequent calculations will investigate
the effect of using more complete equations of state.

Using the mixing parameter, x, and the relief valve area, Aprv’ as vari-
ables and the above assumptions, we solve the following mass and energy
balances:

Reaction zone mass balance

dmR . .
T Mot (9)
Reaction zone energy balance
dER dvr . .
T 0 T QP oyt (10)

where the reaction zone forced convection heat transfer (Q,) to the unbroken

coolant tubes is given by

The convective heat transfer coefficient, hts is calculated based on the shell
and tube side flow and the heat transfer resistance across the steel tubes;
the steel tube dominates the heat transfer resistance. The conductive heat

transfer between the reaction zone and the nonreaction zone (Qc) is given by

Q = 4nR? %ﬂ (T, =T . (12)

18



The penetration depth, A, is the conduction length scale from boundary layer
theory. The area, 4ﬂR2, is based on the assumption of a spherical reaction
zone.

The nonreaction zone mass balance is

dm_ )

ax - My T mbp * (13)

and the nonreaction zone energy balance is

€, v )
F=Qc"0n_p——m1 -m_ 1 (14)

dt br'b  "bp b
where the nonreaction zone forced convection heat transfer, Qn, to the un-
broken coolant tubes is given by

4 = ik (DT, =T (15)

The areas Atr and Atn in Eqs. (11) and (15) sum up to the total tube surface
area. One should note that the energy balances include the heat of formation
of each constituent and therefore automatically include the heat of reaction
from the oxidation of 1ithium.

Approximating the differentials by finite difference techniques, we have
written a computer program that explicitly calculates shell side pressure, re-
action and nonreaction zone temperature, and the hydrogen mass generated, all
as functions of time from the accident initiation. For information concerning
the use and structure of the computer program, the reader 1is referred to

Appendix B.
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In Fig. 7, we have plotted the system pressure as a function of time for

three different values of the pressure relief valve area, A This para-

prve
meter is used to determine the flow rate of unreacted liquid-metal breeder out
of the system by Eq. (8). A comparatively small value of Aprv would mean a
comparatively small flow rate of unreacted liquid-metal breeder out of the
system, and little pressure relief. This is illustrated in Fig. 7 by com-

paring the top curve (A = 0.005 mz) with the other two curves (Aprv = 0.01

prv

m? and Ap,.v = 0,05 mz). One notes that the system pressure quickly approaches
the limiting pressure of the high pressure water (17 MPa), for smaller values

of A Another trend illustrated in this, and which is exhibited in the re-

prv-
sults of every calculation, is that the system pressure quickly (< 1 x 1074 s)
reaches a maximum pressure (Pmax), and levels off near Pmax for the early part
of the calculation. In Fig. 8, we have plotted the maximum system pressure as
a function of Aprv for both lithium and lithium-lead liquid-metal breeders.
The similar shape of the two curves in this figure indicates a relationship
between the lithium and 1lithium-lead. From Eq. (8), the flow rate of un-

reacted liquid-metal breeder out of the system (ﬁbp) is proportional to Aprv

and the square root of the liquid-metal breeder density (pb)
. . 1/2
m Aprv(pb) . (16)

If the abscissa of Fig. 8 was pé_l/z)A

prv instead of Aprv’ the two curves
would be coincident. This similarity in behavior for the two liquid-metal
breeders is demonstrated in Fig. 9.

The liquid-metal/water interaction with a fixed value of x is governed by

the pressure response. This is because the flow rate of water into the re-

20
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action zone (and thus the flow rate of liquid-metal breeder through x) is a
function of the system pressure. The flow rate of unreacted liquid-metal out
of the system is also a function of the system pressure. Thus, the flow rates
into and out of the system are coupled together through the pressure history.
For a constant mixing parameter (e.g., x = 1) the integral pressure behavior
and hydrogen generated into lithium or lithium-lead is very similar. If we
attempt to determine the mechanistic amount of hydrogen generated this pre-
liminary conclusion might be altered. However, at this point in our modeling
of the melt-water interaction we do not feel there would be a large difference
in the amount of lithium reacted with water for Li or LiPb. The reason is
that the water is injected into an almost infinite sea of liquid metal and
probably has enough time to completely chemically react. A variance in the
mixing parameter to more realistic values may alter the peak temperatures and
pressures calculated in the reaction zone, but not the degree of chemical
reaction; i.e. all the water is reduced to hydrogen.

One would not expect the temperature response of the two liquid-metal/
water pairs to be similar because of the lower thermal inertia of lithium.

In Fig. 10, we have plotted the temperature of the reaction zone (Tr) and
the temperature of the nonreaction zone (Tn) as functions of time, for a
typical calculation. This figure illustrates representative trends in the two
temperatures, regardless of the values of the parameters X and Aprv or the
choice of the liquid-metal breeder. The trend in the reaction zone teperature
is that it reaches its maximum temperature (Trmax) very early in the calcu-
lation, and then steadily decreases to an asymptotic temperature (648 K). The
trend in the nonreaction zone temperature is that it steadily decreases from

its initial temperature (673 K) to an asymptotic temperature (648 K). This
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asymptotic temperature is the ambient temperature of the water in the unbroken
steam temperature. This shows that the energy from the exothermic reaction is
quickly and effectively removed from the system by forced convection through
the unbroken steam tubes. This occurs because the accident suspends the
normal flow of liquid-metal breeder through the steam generator due to the
rapid pressure buildup. The normal function of the steam generator, which is
the transfer of the energy of the liquid-metal breeder, is thus diverted to
transfer of the chemical heat of the reaction. The reason that the maximum
reaction zone temperature is reached early is because the amount of the re-
action products in the reaction zone is at a minimum. Therefore, the amount
of heat absorbed by the reaction products is also at a minimum.

Figure 11 presents the temperature history of the reaction zone, T, for
lithium and lithium-lead liquid-metal breeders, for the same values of X and

A The peak lithium temperature is significantly higher than the peak

prv*
lithium-lead temperature. The major reason is again the large thermal storage
capacity of Tlithium-lead compared to lithium. This peak temperature for
lithium is above the melting point of the stainless steel (~ 1800 K). When
the reaction zone temperature decreases to 1800 K (in roughly 10 ms), the re-
action zone volume is approximately 0.01 m3. Assuming a spherical reaction
zone, this corresponds to a reaction zone radius of 0.13 m. Because the steam
tube pitch is 0.037 m, the high reaction zone temperature may cause failure of
surrounding tubes causing the tube rupture to propagate to surrounding steam
tubes. This would not be the case for lithium-lead, because the reaction zone
temperature is far below the steel melting point.

In Fig. 12, we have plotted the maximum reaction zone temperature as a

function of the mixing parameter x, for lithium-lead. Comparing Fig. 12 to
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Fig. 6 (Qp = -6.36 kcal/(gmole of Lij;Pbg3)), one sees that both the para-
metric model and thermodynamic equilibrium model exhibit the same variation in
temperature as a function of x. The main difference, as exhibited in these
two figures, is that the parametric model predicts lower temperatures than the
thermodynamic equilibrium model. The reason for this is that the parametric
model allows energy to flow out of the system through the pressure relief
valve and through convection to unbroken steam tubes, while the thermodynamic
equilibrium model has no provision for energy transfer from the system. The
reason that the curves in Fig. 12 and Fig. 6 exhibit the same temperature
response as x varies, is that because if x 1is greater than 1, some of the
water entering the reaction zone does not react but absorbs energy from the
reaction; and likewise, if x is less than 1, some of the lithium or Tlithium-
lead entering the reaction zone does not react but absorbs energy from the
reaction.

Considerations for Liquid-Metal/Water Reactions

Given a mixing ratio between the liquid metal (Li or Lij;Pbg3) and water,
the parametric model indicated that the pressure history and hydrogen gener-
ated are quite similar. The temperature history of each is different, al-
though both are below the thermodynamic limits. The next step in our work is
to relax the assumption of a constant mixing parameter ratio, X, and investi-
gate the fundamental rate mechanisms for liquid metal oxidation. In this way
we can improve our chemical reaction modeling and more accurately determine if
the amount of hydrogen generated is different for different 1ithium alloys
under different contact modes. This may be an important consideration in

determining the hydrogen inventory after an accident.
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The amount of hydrogen generated during a liquid-metal/water interaction
is the product of two physical processes; the first is the kinetic rate of
reaction per unit surface area, and the second is the available metal surface
area that evolves during the "fuel-coolant" interaction. Metal oxidation is
practically limited by mass transfer in the gas and liquid (or solid oxide)
phases near the metal surface.(17’18) In the gas phase, steam must diffuse
through the evolved hydrogen to the liquid metal surface. If the chemical
reaction is exothermic and the heat of reaction is large, the liquid metal
surface will heat up substantially as it oxidizes until the liquid metal vapor
pressure becomes significant causing substantial Tliquid metal vapor evapo-
ration, oxidizing as it diffuses into the steam vapor. This vapor-phase oxi-
dation of the liquid metal is the dominant mechanism of normal combustion pro-
cesses; it has a very rapid oxidation rate. Liquid sodium oxidation is
thought to be governed by this mechanism.(lg)

Because of the low thermal inertia of lithium, it is quite possible that
under certain circumstances lithium metal can overheat sufficiently and under-
go "vapor-phase combustion." (19)

On the other hand, if the liquid metal vapor pressure is negligible at
comparable temperatures as in the case of lithium-lead (the 1ithium chemical
activity is 0.1% that in pure lithium), then steam vapor must diffuse to the
metal surface through evolved hydrogen for liquid metal oxidation. Following
past work,(17) the governing mass transfer equation for this process can be

written in a general form for equimolar counterdiffusion of perfect gases

(steam and hydrogen) as

dN D

Ho_
w A

ho 9Py

— (15)
ROTv dn
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where: dNy/dt is the molar rate of hydrogen diffusion in steam (mole/s)
Dy is the diffusion coefficient for steam and hydrogen
Rg is the universal gas constant
Py is the hydrogen partial pressure
Ty is the gas-vapor temperature
n is the outward directed normal
A is the surface area.

One can integrate this equation for a certain geometry, assuming a
constant Dy for a pressure and a mean gas temperature.

The second mass transfer resistance, in the absence of "vapor-phase
combustion," is the diffusion of oxygen atoms through the metal oxide (Tiquid
or solid) to the unreacted metal. This diffusional process is quite complex;
for example, for solid oxide being formed on the metal surface, the hydrogen
generation rates are usually correlated from test data(ls) under the boundary
conditions that an excess of steam is present and the solid metal oxide re-
sists further mass transfer. For zirconium,(18) the rate of reaction is given

by a parabolic kinetic rate expression

& w?) = 3.8(10%) exp(:%?’r%g) (16)

where W is the cumulative mass of hydrogen in kg/m2 and Ry is given here in
cal/gmole °K. Now for a liquid oxide the process is even more complex because
the oxide may be miscible in the metal or the molten metal and oxide compo~
nents could become mechanically mixed by internal convection currents. In

this case, very little data exists for liquid metals.
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At the present time there have been no controlled experiments that
measure the kinetic rate of reaction for lithium or lithium based alloys' oxi-
dation. Therefore, it is not yet clear what the reason is for the qualita-
tively less reactive behavior observed for lithium-lead as compared to lithium
in scoping tests. (3-5) oy intention is to perform simple experiments to
determine the rate of chemical reaction for these 1iquid metals.

The second physical process to consider is the available surface area for
reaction that is evolved during liquid-metal/water contact. For this coolant
injection mode of contact the water is depressurized as it flows out the break
and begins to flash into steam as it reacts with the liquid metal. In the
current model we consider the reaction zone to be spherical and to remain
intact during the reaction. In reality though the water-steam mixture will
break apart into individual bubbles and rise in the liquid metal. The avail-
able surface area then will be dictated by the breakup of the two-phase jet
issuing forth from the break, and the rise time of the steam and water to the
liquid metal surface at the top of the steam generator. In the current
contact mode with a "large" inventory of liquid metal we would expect complete
chemical reaction to be quite possible. We are now considering the modeling
of the jet breakup and bubble transport to determine the limits of complete
chemical reaction.

Conclusions

A parametric model was developed to predict the transient pressure and
temperature behavior for a liquid-metal/water interaction in a steam generator
following a steam tube rupture. The model results suggest two preliminary
conclusions. First, the maximum temperature for 1ithium-lead during the

reaction is not a safety concern for the steam generator, because it is below
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the thermodynamic maximum value and the melting point of the steel tube and
quickly falls to within operating limits. Second, the pressure history and
hydrogen generated from water injection into Tithium or lithium-lead are quite
similar for a given value of the metal/water mixing parameter. This suggests
that the pressure-flow characteristics govern the integral response given an
assumed degree of chemical reaction. For a more accurate analysis, one must
consider reaction kinetics for lithium and lithium-Tead interactions; it is
expected that lithium may be a "vapor phase combustion" process while 1ithium-

lead is governed by metal surface mass transfer phenomena.
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APPENDIX A
AVAILABILITY/RELIABILITY ASSESSMENT OF A LIQUID METAL STEAM GENERATOR

An important part of the design of any large component of a nuclear power
plant system is the evaluation of the qualitative and quantitative reliability
and availability of that component. The reliability of the component is ex-
pressed by the probability that it will perform properly under stated con-
ditions for a stated time. The availability of the component is defined as
the fraction of time the system is operational.

The assessment of the reliability and availability of a component gener-
ally encompasses three procedures. First a qualitative analysis is performed
that provides the designer with an identification of the various failure modes
that contribute to the system unreliability. MNext, a quantitative analysis is
performed which provides the designer with a numerical value for the relia-
bility and availability of the component. The final step is to provide an ex-
tensive test on parts of the component, or a scaled down version of the compo-
nent to verify the qualitative and quantitative analysis.(ZI)

Besides conducting an extensive project into the design and development
of a liquid metal steam generator, Westinghouse conducted a qualitative and
quantitative analysis of the reliability and availability of a number of
liquid metal steam generator designs.(14) Given the present limited operating
experience with liquid metal heat exchangers, available data from PWR steam
generators and engineering judgement have been used liberally in the quanti-
tative analysis. Therefore, the reliability and availability estimates pre-
dicted by the quantitative analysis are most useful in comparing the relative

merit of alternative designs. We have used the Westinghouse quantitative
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analysis to evaluate the relative merit of the duplex tube with leak detection
design and the single tube design, with both designs satisfying the MARS heat
transfer requirements. Although the Westinghouse analysis is applied to a
1iquid sodium steam generator, we assume the analysis can be applied to a
liquid lithium~-lead steam generator, because of the similarity in physical and
transport properties between liquid sodium and 1iquid 1ithium-lead alloys.

The Westinghouse qualitative analysis was based on limited failure data
from the operation of liquid sodium heat exchangers.

The analysis leads to the following conclusions. Because two-thirds of
the failures are located at welds, associated with welded joints, or are
suspected of occurring in weld areas, these weld areas require special design
quality assurance and development attention. Corrosion related failures are
also prominent. Another important observation is that no failure has occurred
while operating at rated power. Leaks are most likely to occur during start-
up, shutdown, or power level changes.

The quantitative analysis conducted by Westinghouse was begun by con-
structing a fault tree based on observations from the qualitative analysis.
The fault tree analysis begins by selecting the top failure event and then
determining the probability of this event occurring. In this analysis, the
top failure event is the forced shutdown of the steam generator. Based on the
probability of subordinate events occurring, the probability of the top fail-
ure event occurring can then be determined. This analysis can be cast into
algebraic equations, with the probability of subordinate events and the number
of tubes in the steam generator as independent variables.

For the duplex tube design with leak detection, the analysis identified

three scenarios that lead to the shutdown of the steam generator. The first
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scenario identified is the detection of a water leak but no reaction. This
would mean that either the tube has failed but the other tube still holds.
The second scenario identified is characterized by a small leak with a rela-
tively small, localized reaction. The third scenario is characterized by a
large leak with a large reaction; this is the type of accident scenario on
which the models in the paper are based. For the single tube design, the
first accident scenario, as described above, could not occur, since any tube
failure would lead to the water and liquid metal coming into contact.

The weakness of the Westinghouse analysis is that they have very little
data on which to base the probabilities of the subordinate events occurring.
For the duplex tube design, the subordinate events can be broken down into
four event groups. The first event group consists of the failure of the inner
tube. Westinghouse assumes that the probability that the inner tube will fail
is equal to the probability that a steam tube, of equal thickness, will fail

in a PWR steam generator:

X.i = )‘PNR . (A.1)

This is a conservative probability, since in the PWR, the tube contacts rela-
tively caustic water on both sides of the tube; while in the duplex tube de-
sign, the tube contacts water on the inside and relatively inert helium on the
outside. The second group consists of the failure of the outer tube. One
would expect that the probability that the outer tube fails would be less than
the probability that the inner tube fails, because the outer tube contacts the
liquid-metal, which is less caustic than water, on the outside and relatively

inert helium on the inside. Westinghouse assumes that the probability that
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the outer tube fails is equal to the probability that the inner tube fails

muitiplied by a factor (Cy), which is less than 1:

A0 = Cl>\'i . (A.Z)

For their analysis, Westinghouse assumes Cq equals 1/10.  The third group
consists of interdependent failures. An interdependent failure occurs when
one tube fails due to the failure of the other tube. Given the failure of the
outer tube, the probability that the inner tube will fail will be small be-
cause the liquid-metal must migrate across the helium gap, and the helium is
at a higher pressure than the liquid-metal. In the Westinghouse analysis, the
probability that the inner tube will fail, given the failure of the outer
tube, is determined by a factor (C,) that equals 1/20. Given a failure of the
inner tube, the probability that the outer tube fails will be larger than the
other interdependent failure because of the higher pressure and the more
caustic nature of the water. Again, the probability that the outer tube
fails, given the failure of the inner tube, is determined by a factor (C3)
that equals 3/4. The fourth event group consists of the probability that an
originally small break will deteriorate into a large break, leading to the
accident scenario, on which the bulk of this paper 1is based. In the
Westinghouse analysis, the probability of a large break occurring, given a
small break, is determined by a factor (C4), which arbitrarily equals 1/10.
This means that 1 in every 10 small breaks will deteriorate into a large

break.
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For the single tube design, of the four factors described above, only the
fourth (C4) comes into play. Also, the probability that the steam tube will
fail is equal to the probability that a PWR steam tube will fail.

With the equations based on the fault tree analysis, and with the proba-
bilities and factors described above, the overall probability that a forced
shutdown of the steam generator will occur (Agg) can be approximated. This
probability is a measure of the unreliability of the steam generator. A more
significant measure of the relative merit of a design is the unavailability of
the component., It is a measure of the fraction of operating time that the
component can be expected not to be operating due to an accident, which causes
the forced shutdown of the component, and the time it takes to repair the

component. The unavailability can be expressed as

EU = ———xu i (A.3)

where u is the reciprocal of the time needed to repair the component after an
accident, and *» is the probability that the accident occurs. For each of the
three accident scenarios described earlier in this section, Westinghouse has
determined the probable amount of time needed to repair the steam generator.
For the detected leak but no reaction scenario, the repair time is 10 days.
For the small leak and localized reaction scenario, the repair time is 7
weeks. For the large leak and extensive reaction scenario, the repair time is
13 months.

In our analysis, we have taken the Westinghouse equations based on their
fault tree analysis and applied them to the duplex tube with leak detection

and the single tube steam generator designs. Both designs fulfill the MARS
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heat transfer requirements. For the duplex tube design, this translates into
a steam generator with 3286 duplex tubes. For the single tube design, if we
assume the thickness of the single tube is equal to the total thickness of the
duplex tube, the steam generator would require 2450 single tubes. Even though
both the duplex tube steam generator and the single tube steam generator have
the same power rating, the duplex tube steam generator requires more tubes
than the single tube steam generator because of the greater heat transfer
resistance of the duplex tube, which is due to the presence of the helium gap.
One should note that the MARS power station requires either 10 duplex tube
steam generators or 10 single tube steam generators. The wunavailability
analysis below is applied only to one, isolated steam generator.

In the first part of our analysis we determined the overall unavailabili-
ty of the two designs. The overall unavailability is the sum of the unavaila-
bility calculated for each of the three accident scenarios. Using the values
of the four probability factors as used in the Westinghouse analysis (C; =
1/10, Cp = 1/20, C3 = 3/4, C4 = 1/10), the overall probability that a forced
shutdown of the steam generator will occur (Agg) and the overall unavailabili-
ty of the steam generator, in percent (Eyy¢), for the two steam generator

designs is as follows. For the duplex tube design:

A = 2.78 x 1070 prl

and Etot = 0,70% .
For the single tube design:

Asg = 2.3 x 1073 nr7l
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Eror = 4.2% .

What this means is that although both designs show roughly the same overall
probability that a forced shutdown will occur, the overall percentage of time
that the steam generator can be expected to be inoperable due to a forced
shutdown is significantly smaller for the duplex tube design. This is because
the overall probability that a forced shutdown will occur is due mainly to a
detected leak but no reaction accident scenario (A = 2.75 x 1072 hr7l), for
the duplex tube design. The probability of a small leak, small reaction is
2.7 x 1077 hr'l, and the probability of a large leak, large reaction is 1.6 x
1078 nr~l, Because the largest portion of the probability of forced shutdown
is due to the detected leak but no reaction scenario, which has a relatively
short repair time, the overall unavailability of the duplex tube design will
be due mainly to the detected leak but no reaction scenario. Thus, this
analysis demonstrates the effectiveness of the leak detection component of the
duplex tube design.

In the second part of our analysis, we determined the sensitivity of the
calculated unavailability of the two designs, to the variation of the four
probability factors used in the Westinghouse analysis. Specifically, we
calculated the unavailability of the two designs when one of the four proba-
bility factors is varied, while the other three factors are held constant at
the values used in the Westinghouse analysis.

The first factor varied is the factor that determines the probability
that the outer tube, of the duplex tube, fails. The value used by
Westinghouse for this factor is 1/10. This means that the probability that

the outer tube will fail is 1/10 of the probability that the inner tube will
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fail. As this factor is increased from 0.1 to 1.0, the total unavailability
of the duplex tube design increases from 0.7% to 1.7%, which is still signifi-
cantly less than the unavailability of the single tube design (4.2%). Thus,
even if the outer tube fails with the same probability of the inner tube, the
duplex tube design is far superior than the single tube design.

The second factor varied is the factor that determines the probability
that the inner tube will fail, due to the failure of the outer tube. As this
factor is increased from the value used in the Westinghouse analysis (C2 =
0.05) to 1.0, the unavailability of the duplex tube design increases from 0.7%
to 1.3%Z. The third factor varied is the factor that determines the probabili-
ty that the outer tube will fail, due to the failure of the inner tube (C3).
In this case, as the factor is varied from 0 to 1.0, the unavailability of the
duplex tube design does not vary appreciably from 0.7%. Thus the overall un-
availability of the duplex tube steam generator is not very sensitive to
interdependent failures.

The last factor varied is the factor that determines the probability that
a small break will deteriorate into a large break (C4). For the duplex tube
design, as the value of C4 varies from O to 1.0, the overall unavailability
varies, roughly linearly with C4, from 0.69% to 1.0%. For the single tube
design, as the value of C, varies from O to 1.0, the overall unavailability
varies, roughly linearly with C4, from 2.3% to 18.4%. Again, this demon-
strates the effectiveness of the duplex tube with leak detection design, be-
cause even if every small break and localized reaction deteriorates into a
large break and extensive reaction, the overall unavailability of the duplex
tube steam generator is still only 1.0%. This is because the bulk of this

unavailability is due to the detection of the leak but no reaction scenario.
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Thus, if a leak is detected, more often than not, the steam generator will be
shut down before the leak deteriorates into a break and a subsequent reaction.
In conclusion, although the duplex tube design produces no advantage over
the single tube design, in lowering the probability of a forced shutdown due
to a tube failure, the effect of a tube failure on the overall unavailability
of the duplex tube design is significantly lower than the effect of a tube
failure on the overall unavailability of the single tube design. The effect
of the leak detection capability of the duplex tube design is to significantly
reduce the overall unavailability of the duplex tube steam generator design by
stopping most tube failures before they can deteriorate into a tube break and
subsequent reaction, which could severely damage the steam generator.

The final step in the assessment of the reliability and availability of
the steam generator will be to provide an extensive test of the steam gener-
ator to verify the conclusions of this analysis. Westinghouse is currently
building a 70 MW full scale liquid-metal steam generator to verify their
quantitative analysis. Their current program schedule states that they will
complete the 70 MW steam generator at the end of this year, and begin testing
early next year. Therefore the verification of their quantitative analysis

should come within the next two years.
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APPENDIX B
MARSBURN USER GUIDE

This appendix is intended as a manual describing the structure and
formula derivation of the MARSBURN computer program for the interested reader,
and as a guide for the program user. This appendix is divided into three
sections. The first section contains a handbook describing the structure and
formula derivation of the main subroutines in the program. The second
section, the user guide, contains a printout of the terminal display from a
typical run through the program along with an analysis of this display. The
last section is a program listing.

B.1 Program Description

This section is designed to give the reader an overview of the program
structure and of the interrelation of the program subroutines. To obtain the
best understanding of the program structure, the reader is referred to Section
3 of this appendix, the program listing. This first section should only be
used to elucidate the comment lines in the program listing. This section is
divided into subsections, headed by subroutine names, each of which refer to
that subroutine.

The program is written in FORTRAN. The definition and unit designation
of program variables is given in a list at the beginning of the program. The
program variables are in MKS units, except for mass which is often expressed
in moles instead of kilograms.

B.1.1 Subroutine DRIVE

This subroutine controls the action of the mass balance subroutine

(MDRIVE) and the energy balance subroutines (ENERRZ and ENERNZ). It keeps
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track of the time from accident initiation and uses this to determine whether
or not the calculation should proceed, by the action of a DO WHILE 1loop.
During each pass through the loop, the mass and energy balances are iterated
upon until the end of timestep pressure and temperature satisfy six con-
ditions. The first of these conditions is that the end of timestep pressure
cannot be greater than the average of the beginning of timestep pressure and
the steam tube ambient pressure. This keeps the flow rate of water from the
broken steam tube, which is a function of the difference between the steam
tube ambient and the system pressure, from changing too rapidly during the
timestep. The second condition is that the system pressure does not exceed
the steam tube ambient pressure, in accordance with the assumption of no back-
flow through the broken steam tube. The third condition is that the system
pressure as calculated by the mass balance subroutine is close to the system
pressure as calculated with the end of timestep reaction zone temperature.
The fourth condition is that the reaction zone temperature cannot fall below
the nonreaction zone temperature. The fifth condition is that neither the
reaction nor the nonreaction zone temperature can fall below 648 K, which is
the ambient water temperature in the unbroken steam tubes. This condition
makes sure that the unbroken steam tubes will transfer energy out of the
system by forced convection. The sixth and final condition is that if the
timestep decreases to below 1 x 10712 s, the program execution halts, and a
message that this condition has been invoked is sent to the user's terminal.
This condition is invoked when the reaction and nonreaction zone temperatures
converge to the same temperature which causes either the fourth or fifth

conditions to be invoked repeatedly. Each time the fourth or fifth condition
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is invoked, the timestep is halved and the loop is reiterated. Thus, this
last condition is meant to avoid the possibility of an endless loop.

B.1.2 Subroutine MDRIVE

Each time a call is made to MDRIVE, the reaction and nonreaction zone
mass balances are carried out over ten equal time intervals for the current
timestep. This is done because the reaction rate, and hence system pressure,
depend upon the flow rate of water into the system and the flow of unreacted
liquid-metal breeder out of the system, which in turn both depend upon the
system pressure. This interrelation of the mass balances and reaction rate,
through the system pressure, deems necessary the increased accuracy gained by
carrying out the mass balances 10 times for each time the energy balances are
carried out.

The mass balance is divded between two subroutines, FLOWRT and MASS.

B.1.3 Subroutine FLOWRT

This subroutine calculates the flow rate and specific energy of water
from the broken steam tube by use of the homogeneous equilibrium model. The
flow rate of steam and liquid Hy0 was determined at 14 different pressures.
Linear interpolation formulas were then derived for pressures between these 14
points.

B.1.4. Subroutine MASS

This subroutine calculates the reaction and nonreaction zone mass
balances given the flow rate of Hy0 into the reaction zone. The amount of
liquid-metal breeder flowing into the reaction zone and reacting is determined
by the amount of Hy0 flowing into the reaction zone through the mixing para-
meter x. From the system pressure, the flow rate of unreacted Tiquid-metal

breeder through the pressure relief valve can be determined, and thus the
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nonreaction zone mass balance can be carried out. On the basis of these
balances, the new reaction and nonreaction zone volume and system pressure is
then determined. This new pressure can then be used during the next time the
mass balances are calculated. Thus for each call made to MDRIVE, the mass
balances are calculated 10 times, each time based on the pressure determined
from the previous time the mass balances were calculated.

B.1.5 Subroutine ENERRZ

This subroutine solves the reaction zone energy balance:

dEp av, )
T PR N B -l N PR T F (10)

c r
First, the energy flow terms on the right hand side of this equation over the
timestep interval At are determined. Then, with the beginning of timestep
reaction zone energy (Epi), the end of timestep reaction zone energy (Epg) can
be determined:

dv
- Q -0 -p—"+nm
Eps = Egy * at( Q. = Q.- p +m i +mi) . (11)

dt br'b ww
Using the temperature derivative of the above equation, the end of timestep
temperature of the reaction zone (T.¢) is then determined with Newton's method
for determining the roots of an equation. This process is carried out by the
subroutine ROOT.
The nonreaction zone energy balance is solved by the subroutine ENERNZ in

the same manner as outlined above.
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B.2 User Guide

This section contains a printout of the interactive terminal display from
a typical run through the program, along with a printout containing a portion
of the output from the run. The following page contains the terminal display.
The arrows in the right hand margin point to the inputs provided by the user
corresponding to program prompts. The letter (I) implies that the input must
be an integer, and the letter (D) implies that the input must be double pre-
cision. The page after that contains the output from the run.

When the program is run interactively, the program first sends to the
terminal the default values of the main program variables (X, APRY, PPRY,
TIMEND, NPIPES, VRO) and then prompts the user to decide if he wants to change
the default values of these variables. As shown in the printout of the
terminal display, during this run, the value of TIMEND was the only variable
changed, by entering a 1 after the prompt. Entering any other integer after
the prompt implies that the user is satisfied with the default value of the
variable. These variables are defined as:

X - the mixing parameter, the program will run properly for any value of x
between 0.4 and 5.4.

APRV - the area of the pressure relief value (m2).

PPRV - the set point pressure at which the pressure relief valve opens (N/mz).

TIMEND - the time length of the accident(s).

NPIPES - the number of broken pipes.

VRO - the initial volume of the reaction zone; this variable must be nonzero
for the program to run properly (m3).

The next program prompt asks the user to choose the type of breeder for

the program run. If this prompt is answered with a 1, the program then
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prompts the user to enter the properties of the new breeder. The printout of
the terminal display shows that the breeder chosen during this run was pure
Tithium.

Next, the program prompts the user to choose the type and composition of
the output. If the user wants debug output, the program will then prompt the
user to choose for which of the subroutines he wants debug output.

After the program is executed, the program alerts the user to the lo-
cation of the standard output files, the general output file, and the debug
output file. The program then tells the user the maximum system pressure and
reaction zone temperature reached during the run.

The standard output files are composed of lists of numbers without com-
ment. Each line of output in logical unit number 11 consists of the time (s),
temperature of the reaction zone (K), and temperature of the nonreaction zone
(K). Each line of output in logical unit number 12 consists of the time (s)
and the system pressure (N/m2). Each line of output in logical unit number 13
consists of the time (s) and the mass of H, in the reaction zone (mole). Each
line of output in logical unit 14 consists of the time (s), the molar flow
rate of Hy0 into the system (mole/s), and the molar flow rate of unreacted
liquid-metal breeder out of the system (mole/s). All quantities in the
standard output files are end of timestep quantities. A line is sent to each
of these files every time a pass is made through the controlling DO-loop.

The composition of the general output file is shown on the second page of
printout. This page shows the general output generated for the first pass
through the controlling DO-loop. At the top of the general output file, the
program variables chosen for the execution of the program are given. The

first portion of the output generated for each pass through the controlling

50



DO-Toop is self-explanatory. The R.Z. expansion velocity is simply a measure
of how quickly the boundary between the reaction zone and nonreaction zone is
expanding through the system. It equals the difference between the end of
timestep reaction zone radius and the beginning of timestep reaction zone
radius divided by the timestep. The next 10 lines refer to quantities in the
reaction zone energy balance

dv

- - - - r * . [ ]
Epe = Epy * At Q = Q- pgg * M dp +mi) (B.1)

and the nonreaction zone energy balance

@, o,

Exe = Eng * 8t(Qc - Q) = p gg =m0 - mp i) (B.2)

where Q. = conduction energy

dv
p Ef£'= fluid expansion work

mbrib + m, 1, = energy flow into R.Z.

moelp * mbp‘b = energy flow out of N.Z.

= convection energy out of R.Z.

=]
3
[

convection energy out of N.Z,

O
=]
]

= final energy of R.Z.

™
P
-+
[

= final energy of N.Z.

™

=

-4
I

Epj = initial energy of R.Z.
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Eyj = initial energy of N.Z.

The last two lines in the output are an internal check to show that
energy is being conserved. If Egs. (B.1) and (B.2) are added together, the

resulting equation is

ERf - ERi + ENf - ENi = At(-Qr - Qn + mwiw - mbpibp) . (B.3)
If both sides of this equation are summed for each timestep j, then the

equation becomes

+ E + (B.4)

§ (Eres = Erij * Eney ™ Enig) = g A 5(=Qpy = Qg+ mygiyg = Mppsipps) -
If one notes that the initial energy of one timestep equals the final energy

of the previous timestep, i.e.

ERij = ERf(j-1) (8.5)
and EN'ij = EN'i(j"l) s (B.G)
then the left hand side of Eq. (B.4) becomes

) (ERfj - Epe(4-1) * Eney - ENf(j-l)) = Epej - Epfo * Engj ~ E (B.7)

J

RO NfJ NfO °

If one notes that the initial energy of the reaction zone, at the start of the

calculation, is 0, then Eq. (B.4) can be written as
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ERfJ. - ENfJ. - Eyeo = JX Atj(-er - an + me.iwi - mbjibj) . (B.8)

The last two output lines correspond to the right hand side of Eq. (B.8) and
the left hand side of Eq. (B.8), respectively. If energy is to be conserved

by the program, the last two output Tines must always be equal.
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NOMENCLATURE

A an area
Ab the area of the steam tube break

Aprv the area of the pressure relief valve and a variable in dynamic model
equations

A¢ the surface area of a steam tube

] the factor that determines the probability that the outer tube, of the
duplex tube, will fail

Co the factor that determines the probability that the inner tube will fail
due to the failure of the outer tube

Cs the factor that determines the probability that the outer tube will
fail, due to the failure of the inner tube

Cq the factor that determines the probability that a small break will
deteriorate into a large break

Cy the molar specific heat of hydrogen

CL the molar specific heat of lithium

CLH the molar specific heat of lithium hydroxide

Er the total internal energy of the reaction zone

Eyot the overall unavailability of a steam generator design

h the overall heat transfer coefficient of the steam tube

ip enthalpy of the liquid metal breeder entering the reaction zone

if the heat of formation of the liquid metal breeder, Lij4Pbgj

iyp  the enthalpy of the water/steam flowing through the steam tube break

iyf the final enthalpy of the water in the Thermodynamic Equilibrium Model

iyo the initial enthalpy of the water in the Thermodynamic Equilibrium Model
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the thermal conductivity of the nonreaction zone, liquid metal breeder

the molar flow rate of unreacted 1liquid metal breeder through the
pressure relief valve

the molar flow rate of liquid metal breeder into the reaction zone
the molar flow rate of water into the reaction zone

the total mass of the nonreaction zone

the total mass of the reaction zone

the number of moles of hydrogen

the variable system pressure

the final quasi-steady pressure

the maximum system pressure

the pressure reljef valve back pressure, assumed to be 1 atm

the heat of reaction

The conduction heat flow between the reaction zone and nonreaction zone

the convective heat flow from the nonreaction zone to unbroken steam
tubes

the convective heat flow from the reaction zone to unbroken steam tubes
the radius of the reaction zone

the entropy of the water at the tube break

the initial entropy of the water

the final thermodynamic equilibrium temperature

the average temperature of the nonreaction zone

the initial temperature of the nonreaction zone

the reference temperature in the Thermodynamic Equilibrium Model, chosen
to be 0°C

the average temperature of the reaction zone

the average temperature of the water/steam in the steam tubes, assumed
to be 648°K
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Vuwb

AG
AS

At

Pwb

the volume of the reaction zone

the velocity of the water flowing through the steam tube break

the mixing parameter. In the Thermodynamic Equilibrium Model it is
defined as the molar ratio of water to Li in the initial mixture. In
the Dynamic Model, it is defined as the ratio of the molar flow rate of
Ho0 to the molar flow rate of Li into the reaction zone per timestep.
the thermal diffusivity of the liquid metal breeder

the Gibb's free energy of the Lij;Pbgs

the entropy of the Lil7Pb83

the length of the timestep is seconds

the probability of a specific accident scenario

the probability that the inner tube, of the duplex tube, will fail

the probability that the outer tube will fail

the probability that a PWR steam tube will fail

the overall probability that a forced shutdown of the steam generator
will occur

the reciprocal of the time needed to repair the steam generator, which
has been shut down due to a specific accident scenario

the conduction length scale derived from boundary layer theory
the density of the 1iquid metal breeder

the density of the water/steam flowing through the steam tube break
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