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Abstract

Two major improvements have been made to our dynamic parametric model for
liquid metal/water reactions in a steam generator, which we introduced in a
previous report (UWFDM-559). Because of the results of large scale lithium-
lead experiments carried out at HEDL, we have altered the chemical reaction on
which our model is based, from the LiOH redox reaction to the Li,0 reaction.
The effect of this modification is to roughly double the amount of hydrogen
produced during the accident. The hydrogen production rate seems to be a more
serious problem than we had originally estimated. The second change made to
our model was to allow the liquid metal to be a compressible fluid. As a
result of this change, our model predicts that a pressure wave will be gene-
rated within a few milliseconds of accident initiation. This pressure wave
effect should be considered for the structural integrity of the steam gene-
rator. Finally, the temperature response is quite similar to that in the ori-
ginal study indicating that the initial peak reaction zone temperature for a
Tithium-lead pool is Tlower than that for a Tlithium pool. In both cases the
reaction zone temperature decreases to near the surrounding temperature quick-

1y after the transient begins (~ 10 s).



Introduction

In this paper, we discuss improvements that were made to the computation-
al model of lithium-lead/water interactions, MARSBURN. This paper is intended
as a supplementary report to our original work.(l)

Our work in the modeling of lithium-lead/water interactions is based on a
specific accident scenario in a conceptual fusion reactor design. We consider
the effect of a steam tube rupture accident in a liquid-metal/water steam
generator., The steam generator is nominally considered to be a Westinghouse
design and acts as the main heat transfer unit in the primary loop of the re-
actor. The MARS(Z) (Mirror Advanced Reactor Study) conceptual fusion reactor
design utilized the 1lithium-lead alloy, Li19Pbgs (hereon designated as
“lithium-lead") as the primary breeder and coolant. The model we have de-
veloped predicts the temperature and pressure history and the hydrogen gene-
ration rate due to an assumed guillotine break of a steam tube and the result-
ing liquid-metal/water chemical reaction (Fig. 1). The model 1is applied to
both a 1ithium and lithium-lead coolant in order to obtain a general compari-
son between these two materials.

Large~Scale Experiments at HEDL

Recently a couple of large-scale lithium-lead/water and 1lithium/water

experiments have been carried out at the Hanford Engineering Development

(3-5)

Laboratory. Examining the results of these tests, it was found that the

chemical reaction, on which our model was based, was not valid for a liquid
metal rich environment. We had based our model on the equation
1

Li + H,0 » LiOH + 5 H

) 5 Hy - 49 kcal/mole (@ 259C) . (1)
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But the HEDL tests indicated that in the presence of excess lithium, the water
and Tithium would react as

2 Li + H,0~> Li,0 + H, - 75 kcal/mole (@ 25°C) . (2)

2 2 2
Only when the reaction occurs in an excess of water is Eq. (1) considered
valid. Since the accident being modeled consists of the injection of high
pressure steam from a broken steam tube into a large volume of lithium-lead
(the shell side of the steam generator), the reaction will take place in the
presence of excess lithium, as long as the mixing is adequate enough to dis-
perse the steam into the lithium-lead. This is considered to be quite similar
to the HEDL AWR-1 test.

The HEDL experiments were steady state experiments. The experiments con-
sisted of a steady state injection of steam flow into a large (~ 20 %) bath of
Tithium or lithium-lead. The insulated test chamber was exhausted into a gas
sampling system to determine the amount of hydrogen produced. In both the
Tithium and 1ithium-lead tests, all of the steam injected into the system re-
acted to form hydrogen. Also in both tests, temperature readings from thermo-
couples placed at the point of steam injection up to 20 cm away showed temper-
atures within 20°C of each other except for the thermocouple placed at the
point of steam injection. The temperature indicated by the thermocouples at
the point of steam injection was higher than the other measured temperatures
by as much as 100°C. As stated in the report from the lithium test: "These
pool temperatures indicated a localized high temperature zone near the point
of steam discharge, but otherwise good pool mixing occurred throughout the

test."



This well mixed situation seems to result in the reaction zone being
1iquid metal rich. Because in a steam tube rupture in the steam generator the
geometry is quite similar to the AWR-1 test, we consider the reaction zone to
be metal rich. Thus, Eq. (2) seems valid for the early phase of this acci-
dent.

Dynamic Parametric Model

The steam generator accident modeled is one in which there is a sudden
and complete rupture of a steam tube ("guillotine break"), essentially leaving
a two water flow path into the liquid metal. For our current calculations,
our model contains these major assumptions:

1. We base our nominal calculations on the MARS design parameters. The
initial pressure of the reactants is 17.0 MPa for the water and 0.17 MPa
for the liquid-metal. Also, the initial shell side, liquid-metal volume
and temperature are taken to be 55.5 m> and 673 K, respectively.

2. 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 at thermal equilibrium,

3. The flow rate of water into the reaction zone is calculated by the one-

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

Swo = wa (3)



- . . 1/2
Vb = [2(1wo - 1wb)]

l.nw B Abpwovwb (5)
where the enthalpy at the break, iwb’ is found knowing the upstream entro-
PYs Syo and pressure, py..

The flow of the Tliquid-metal into the reaction zone is determined by a
mixing parameter x. Thus x is defined as the ratio of the molar flow rate
of water to twice the molar flow rate of Tithium into the reaction zone.
Thus when x = 1, water and 1ithium enter the reaction zone in stoichio-
metrically equal amounts.

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

The system pressure is maintained below 17 MPa (the water backpressure) by
a pressure relief valve. This is accomplished by allowing a portion of
the unreacted liquid-metal to leave the nonreaction zone each timestep.
The flow rate out through the valve is modeled by a quasisteady mechanical
energy balance (Bernoulli's equation)
2

— (P - P )]

1/2
kplm prv o (6)

Mom = Panfpry [

where Pprv is the pressure at the pressure relief valve. K is the loss

coefficient of the valve, and is a function of the length of pipe (Lprv)

connected to the valve

(= oy (7)
prv



where Dprv is the diameter of the pipe and f is the pipe friction factor,
which for simplicity is taken to be equal to 0.005 for a commercial steel
tube. If Lprv is chosen to equal 0, then the loss coefficient for flow

through an orifice is

K=2.69 . (8)

7. We assume that the increase in pressure in the shell side of the steam
generator suspends the normal flow of the liquid metal through the steam
generator.

8. The thermodynamic and transport properties of the reactants and products
are assumed to be simple functions of temperature. The gases are assumed
to be perfect. For x > 1, any unreacted water is assumed to be super-
heated steam. This possibility 1is allowed although the AWR-1 test
suggests it is not physically reasonable.

9. The 1iquid metal in the nonreaction zone is considered compressible.

This last assumption is a major improvement from the previous model. One
of the implications of this change on the model is that pressure changes are
propagated as waves traveling through the system at the speed of sound of the
liquid metal. The other implication of this change on the model is that, at
the end of each timestep, the change in volume of the nonreaction zone due to
pressure compression is calculated and becomes part of the volume occupied by
the gas in the reaction zone,

Because pressure changes are propagated through the system at the speed
of sound of the liquid-metal, the pressure, as calculated at the break, is

delayed in time before its presence is felt at the pressure relief valve, The



time delay (tdelay) is determined by

/C (9)

tde]ay B Sb-prv m

where Sb-prv is the distance from the break to the pressure relief valve, and
Com is the speed of sound of the breeder. We assume that the break occurs in
the center of the steam generator, therefore Sb-prv is given in one-

dimensional geometry by

Sp-pry = (v + (Lsg/z)z)l/2 : (10)
Since the pressure relief due to flow out of the pressure relief valve must
travel back to the break before its presence is felt by the gas in the re-
action zone, a sharp pressure increase at the break is felt for Z*tde1ay
seconds before pressure relief is sensed at the break.

The change in volume due to the pressure compression (AVNR) is determined
by the definition of the bulk modulus (B)

_ dp -
B =y /vNR = APVNR/AVNR (11)

where AP 1is the difference between the system pressure and the reference pres-
sure (0.17 MPa). Because the bulk modulus is a function of the liquid-metal
density and sound speed, the change in volume due to pressure compression is

given by

2

AVNR = APVNR/(pszzm) .

(12)



In our model, AVyp is calculated utilizing the following assumptions. We as-
sume that the reaction zone is small enough to neglect the effect of compres-
sion of the liquids in the reaction zone. We also assume that the temperature
of the nonreaction zone varies so little that thermal expansion can be ne-
glected. At each timestep, AVyp s determined by a one-dimensional calcula-
tion. AVpR is the sum of 1individual volume changes each of which is a
function of the separate calculated pressure points as they propagate through
the system.

We employ two control volumes and a specified mixing parameter in order
to keep the modeling of the dynamic process relatively simple and unambiguous.
Consistent with this approach is the use of a 1-D HEM critical flow model for
water inflow and Bernoulli's equation for liquid-metal outflow. Because the
pressure transient within the shell side of the steam generator is expected to
be large, the assumption of the suspension of normal flow of Tliquid metal
through the steam generator is reasonable. Because the transient caused by
the tube rupture occurs over such short times (~ 1 s), the retention of Hy in
the reaction zone is reasonable. Also, because the experiments at HEDL were

based on a volume of Tliquid-metal which equaled 0.02 m3, and because the

volume of liquid-metal in our model equals 55.5 m3, it is safe to assume that
there is sufficient lithium in the system for the system to be considered
lithium rich throughout the calculation (i.e., x < 1).

One should notice that this last assumption may not be consistent with
the two zone model of the shell side of the steam generator. According to the

two zone model, later in the accident sequence, the reaction zone would be

rich in reaction products, namely Li,0. One may then expect the



L120 + H20 + 2 LiOH (12)
reaction to occur if x > 1. But one should realize that the two zone model is
simply a calculational device to model the energy transfer from a region near
the break to a region far from the break. The assumption that the mixing is

sufficient to 1imit the chemical reaction to

2 Li+ H20 +> L120 + H2 (13)
is based on experimental observations. The model can follow this empirical
observation for a user input of x < 1.

Based on the aforementioned assumptions, we solve mass and energy bal-
ances on the two zones to determine shell side pressure, reaction and nonre-
action zone temperature, and the mass of hydrogen generated, all as functions
of time from the initiation of the accident. The new program uses the mixing

parameter, x, the relief valve area, A the relief valve pipe length, L

prv? prv?®

and the distance from the break to the relief valve, Sb—prv' as the main vari-
ables. The new program varies from the old in two areas. The first differ-
ence is the result of basing the program on the Li,0 reaction instead of the
LiOH reaction (Eq. (1) is used in place of Eq. (2)). The second difference is
the result of allowing the liquid-metal in the nonreaction zone to be compres-
sible.

Before we can compare the results of the new model to the old model, we
must point out that the figures used in our previous paper(l) are in error,
Qur old program contained an error in the mass balance subroutine, which re-

sulted in a calculated amount of hydrogen that was larger than it should have



been. For a given value of the pressure relief valve area, A,.,, and the mix-

prv
ing parameter, x, the error in this mass balance subroutine caused the system
pressure to be overestimated and the reaction zone temperature to be under-
estimated, when compared to the corrected program. Although the calculations
shown in the previous paper are in error, for a given value of x and Aprv’ the
system pressure and the reaction zone temperature are in error by less than
20%, when compared to the corrected program variables. Thus the conclusions
drawn in the previous paper, that the maximum temperature for Tithium-lead
during the accident is not a safety concern for the steam generator, and that
the pressure characteristics govern the integral response, are still valid for
the corrected program.

We are now ready to discuss the results of the new model. 1In Fig. 2, we
have graphed the pressure at the steam tube break as a function of time, for
both the old and new models. Both plots are functions of the same input vari-
ables, the liquid-metal breeder is 1lithium-Tlead, the area of the pressure re-

2, and the mixing parameter equals 1. The old model

lief value equals 0.005 m
pressure trace is calculated with the corrected mass balance subroutine. The
0old model is based on the assumption that the liquid metal is incompressible.
Therefore, the pressure at the break is also the pressure throughout the
system. This means that pressure relief occurs immediately, and results in
the system pressure quickly reaching a maximum and leveling off. Since the
new model is based on liquid metal being compressible, the dynamics of pres-
sure wave propagation through the system are important during the early por-
tion of the accident sequence. The new model calculation represented in Fig.

2 is based on the distance between the break and the pressure relief valve

being 10 m. Since the speed of sound of lithium-lead is 1850 m/s, the pres-

10
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sure wave takes roughly 5 ms to travel from the break to the outer region of
the system. By keeping this fact in mind and by examining Fig. 3, it becomes
possible to explain the oscillatory behavior of the break pressure during the
first 10 ms of the accident sequence. In Fig. 3, we have plotted the volume
change due to pressure compression for the same input variables. After initi-
ation of the accident, the hydrogen generated by the chemical reaction causes
a rapid increase in the system pressure at the break. This high pressure
pulse propagates through the system at the speed of sound of the liquid metal,
and compresses the liquid metal as the pressure wave travels through it. The
change in volume due to the pressure compression is assumed to be occupied by

the reaction zone hydrogen. From the ideal gas law,

PVl (14)
therefore, as the compression volume increases, the break pressure decreases.
Thus the behavior of the break pressure is explained by the following sequence
of events. During the first 100 us after the initiation of the accident, a
high pressure wave is generated at the break due to hydrogen generation. From
100 us to 5 ms after the initiation of the accident, the high pressure wave
travels from near the break to the outer regions of the system. This causes
the compression volume to increase by 4 orders of magnitude, during the same
period. This, in turn, causes the break pressure to decrease, which causes a
larger flow rate of water into the system and thus a more extensive reaction.
Therefore the break pressure increases once again. By 10 ms into the acci-
dent, the effect of flow through the pressure relief valve is felt at the

break, A balance between the flow of water into the system and the flow of

12
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unreacted Tiquid metal out of the system through the pressure relief valve, is
then quickly established. Once the balance is established, the compressible
effects are suppressed and the break pressure for the new model mimics the
break pressure for the old model.

The effect of liquid metal compressibility is further illustrated by Fig.
4, In this figure, we have plotted the new model break pressure for two
values of the pressure relief valve area. Up to 10 ms after the initiation of
the accident, the break pressure response is identical for both values of
AprV' This should be expected since it takes roughly 10 ms for the effect of
flow through the pressure relief valve to be felt at the break. After about
10 ms, a balance between water inflow and liquid metal outflow is quickly
established, and the liquid metal compressibility becomes of negligible impor-
tance. Therefore, before the effect of pressure relief is felt at the break,
the break pressure is only a function of the mixing parameter, which deter-
mines the extent of the reaction; and of the break to pressure relief valve
distance, which determines the length of time that compressible effects are
significant. The initial pressure wave at the relief valve is actually quite
small due to pressure decay as 1/r2 from the break location. These facts are
demonstrated in Fig. 5. In this figure, we have graphed the new model break
pressure for Aprv = 0.005 m2, and two differing values of the break to pres-
sure relief valve distance. Here we assume that the shape of the steam gene-
rator does not change as Sb-prv changes, i.e. the ratio of the steam generator
height to radius remains constant. For Sb-prv = 5 m, the compressible effects
are minimal, and break pressure response approaches the incompressible liquid
metal limit. For Sb-prb = 25 m, the compressible effects have a greater im-

pact. In this case, it takes 27 ms for a pressure pulse to travel from the

14
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break to the pressure relief valve and for the subsequent pressure relief to
be felt back at the break. Therefore the balance between water inflow and
Tiquid metal outflow will take place on a timescale greater than 27 ms. This
is the the reason for the oscillating behavior displayed by the pressure trace
from 20 ms to 1 s.

Despite the fact that the changes made to the model have a considerable
effect on the early pressure response of the system, the effect on the temper-
ature response of the system is minimal. This is exhibited in Fig. 6, where
we have plotted the temperature of the reaction zone for the two models, under
the same initial conditions as used in the first two figures. This figure
shows that, after the compressible effects diminish, the new model reaction
zone temperature converges to the incompressible flow model reaction zone
temperature,

The only quantity that is significantly changed by the new model is the
mass of hydrogen generated, which is presented in Fig. 7. As shown in this
figure, the mass of hydrogen generated is elevated by roughly a factor of two
over the old model. This increase in hydrogen generation is the reason why
the two pressure traces shown in Fig. 2 do not converge to the same value.
The reason that hydrogen generation is increased by a factor of two is due to
the different chemical reaction. Comparing Eq. (1) to Eq. (2), one will no-
tice that twice the amount of hydrogen is generated by the new model reaction
(Eq. 2) as is generated by the old model reaction (Eq. 1), for equal amounts
of water injected. Since the flow rate of water into the system is determined
by the break pressure, the differing break pressure response for the two
models (Fig. 1) is the reason why the mass of hydrogen generated by the new

model is not exactly twice the mass of hydrogen generated by the old model.
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Conclusions

Two major changes were made to our dynamic parametric model for liquid-
metal/water reactions in a steam generator. The effect of allowing the
liquid-metal to be a compressible fluid causes the system pressure to oscil-
late during the first few milliseconds after the initiation of the accident.
The large pressure wave generated should be considered in the integrity of the
steam generator tubes. After a balance has been established between the flow
of water into the system through the broken steam tube and the flow of unre-
acted liquid-metal from the system through the pressure relief valve, the ef-
fect of liquid metal compressibility on the system becomes negligible.

The effect of altering the base chemical reaction to the Li,0 reaction
instead of the LiOH reaction, is to roughly double the amount of hydrogen pro-
duced by the new model as opposed to the old model. Therefore the production
of hydrogen by a ruptured steam tube accident in a lithium based liquid-metal
steam generator is greater than originally estimated. For this contact mode
of coolant injection into a large pool of liquid-metal this chemical reaction
is considered reasonable based on the observation of the HEDL experiments.
The parametric model should be used in this case with the mixing parameter,
x < 1,

Finally, the conclusions from the original study concerning the temper-
ature response using the parametric model are relatively unchanged. At early
times the peak reaction zone temperature of the Tithium-lead is significantly
lower than that of a lithium pool. As time progresses (t > 10 s) the reaction
zone temperature decreases during the mixing with the surrounding liquid-metal

pool,

20



Nomenclature

prv

tde]ay

the area of the steam tube break

the area of the pressure relief valve and a variable in the model
the bulk modulus of the ligquid-metal

the speed of sound of the liquid-metal

the diameter of the pressure relief valve pipe

a friction factor for the pressure relief valve pipe

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

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

the loss coefficient of the pressure relief valve
the pressure relief valve pipe length
the length of the steam generator

the molar flow rate of the liquid metal through the pressure relief
valve

the molar flow rate of water into the reaction zone

the system pressure at the pressure relief valve

the pressure relief valve backpressure

the radijus of the steam generator

the distance from the break to the pressure relief valve
the entropy of the water at the tube break

the initial entropy of the water

the length of time it takes a pressure wave to travel from the break
to the pressure relief valve

the volume of the nonreaction zone
the velocity of the water flowing through the tube break
the mixing parameter; it equals the ratio of the molar flow rate of

H20 to twice the molar flow rate of Li into the reaction zone

21



AP

AVNR

Pem

Pwb

the difference between the system pressure and the initial pressure

the change in the nonreaction zone volume due to the pressure com-
pression

the density of the liquid metal

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

22
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