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The operational aspects of fusion reactors are being recognized as important ingredients of the design process. In this paper,
we present analyses and modeling relevant to the understanding of blanket performance during transients. The use of Li-Fb as
a blanket coolant is considered in this paper from the viewpoint of transient operation during initial start-up. When Li-Pb is
first introduced into the blanket tubes in the form of a molten metal, freezing/blockage and thermal shock to the tubes may
occur, We first modet the transient thermal behavior of the coolant (Li-Pb)-tube system. We then proceed to analyze the
thermal shock to the blanket tubes upon contact with the hot Li-Pb. It is shown that freezing /blockage due to excessive heat
losses from the Li-Pb coolant is not a major design consideration. However, thermal stresses caused by differential expansion

during transients should be mitigated by appropriate pre-heating of blanket modules.

1. Infroduction

Recently, two major design studies [1,2] for Tandem
Mirror Reactors have considered the use of the molten
metal Li~Pb as a tritium breeder and cooling medium.
Both the WITAMIR-I [1] and Mirror Advanced Reac-
tor Study (MARS) [2] have successfully demonstrated
the viability of the Li,Pby, ecutectic LiPb as a
coolant /breeder material. LiPb is compatible with both
austenitic and ferritic alloys. The combination of LiPb
and the ferritic alloy HT-9 shows successful perform-
ance in a high temperature blanket, up to about 480°C,
Magnetic fields in Tandem Mirror Reactors are not so
high as to result in excessive MHD pressure losses.
Since LiPb must be kept always molten during reactor
operation, it is important to understand how this will be
achieved. In this paper, we analyze the engineering
problems that result during the initial start-up phases of
a specific Li~-Pb cooled blanket. Since such analysis is
expected to be design dependent, we focus here on the
MARS blanket [2]. In section 2, we first model possible
freezing /blockage of blanket tubes during initial flood-
ing with LiPb. This is then followed by analysis of
thermal shock to the blanket tubes, upon contact with
hot LiPb. The necessary requirement of pre-heating of
the primary system and blanket modules are finally
presented.

2. Freezing /blockage during initial start-up

Fig. 1 shows the cross-section of the mirror advanced
reactor study (MARS) blanket. The blanket consists of
two arrays of tubes and one array of beams. Cold
coolant (350 ° C) enters the blanket from the top, passes
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Fig. 1. Cross-section of the mirror advanced reactor study
(MARS) blanket.
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through the tubes and beams while being heated up, and
finally hot coolant (500° C) leaves the blanket from the
bottom.

In this section possible freezing of the hot LiPb
during initial flooding of relatively colder tubes of the
blanket is considered. It is desired to determine condi-
tions leading to freezing of the coolant or bloackage of
the tube during initial flooding.

2.1. Modeling

Consider a vertical tube representing one of the
circular MARS tubes at room temperature being flooded
from the bottom with hot liquid LiPb. Such a model is
shown in fig. 2. Upon initial contact of the cold tube
wall and hot coolant, the temperature of the interface
between the tube and the hot liquid reaches a unique
temperature calculated as [3]

T,— T,,_( P1¢piky )m

Tl - 1::. pwcpwkw (1)
where T, is the contact temperature and subscripts w
and 1 are related to tube wall and liquid coolant, respec-
tively. The interface stays at this temperature only for a
short period of time. Thereafter, the interface tempera-
ture will be dictated by the balance of the heat going
into and out of the interface.

In cases where the contact temperature is below the
coolant temperature, a thin frozen layer may form in-
side the tube. The rate of growth or shrinkage of this
layer is then dependent upon the magnitude of the heat

/Frozan coolant

/Tube wall

Liquid coclant
Fig. 2. Model for flooding of HT-9 tube with hot LiPb.

fluxes in and out of the film, The frozen film is heated
by the adjacent flow of hot coolant while it loses heat to
the cold tube wall. For a short period of time the
magnitude of the heat transfer to the tube wall is higher
than that received from the hot coolant which results in
growth of the frozen film. Thereafter, the tube tempera-
ture will rise and the heat lost to the tube wall will
decrease. The heat gained from the hot coolant, how-
ever, will remain almost constant. At some point the
frozen film starts remelting. To analyze this problem,
{wo separate models describing the phenomena in short
times and relatively longer times will be considered. The
two medels are matched by studying the transient re-
sponse of the tube wall to a sudden surface temperature
increase.

2.1.1. Model for short times

For short times, most of the heat lost to the tube wall
goes to raise the tube temperature. Therefore, it may be
appropriate to approximate the tube wall with a semi-
infinite slab. Fig. 3 shows such a model. Assuming that
no significant temperature drop occurs across the frozen
layer, an energy balance may be written to obtain a
relation for the growth of the frozen layer.

dé
Pszfd_; = q\: - qr’ (2)
where
go = ko (T = T.) /(7 1), 3
g =h (T, - T,). (4)

Substituting eqgs. (3) and (4) inte eq. (2), and integrating,
we obtain the following relation for §,:

as=2kw(Tm_T;) tl/z—hl(T]_Tm)f. (5)
psHsﬂ,"?raw PsHsf

It is evident from eq. (3) that the frozen layer thick-

ness is zero at £ = 0 and starts to grow as /2 for small ¢.

At some time, #,,,,, the frozen layer thickness reaches a
maximum and decreases with time thereafter. The
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Fig. 3. Physical model describing the freezing for short periods
of time,
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parameters ¢, and §, .. may be calculated as

_ K(T,-T)
7rawhlz(Tl_ Tm)2 ,

(6)

max

k2 (T, - T,)"

O max = (7

S o p Hghy (Ty— T,)

The layer thickness will eventually become zero at ¢ =
4t ., when the present model will no longer be applica-
ble.

2.1.2. Model for long times

For long times, almost all the heat transferred to the
tube wall is in turn lost to the environment. It is
assumed that a linear temperature profile exists in the
frozen film and the tube wall. Fig. 4 shows such a
model. An energy balance at the frozen layer-hot liquid
interface yields:

das rn 7
PsHst =qy — 41> (8)
where
9y =(Tn—T.)/(8s/ky+1/h.), ©)
and
qf'=h1(T1_Tm)- (10)
Egs. (8), (9), and (10) may be combined to obtain
dé,
=, = (L= T)/(8u/ku+1/k,)

_hl(Tl_Tm)/(psHsf)' (11)

In order to integrate eq. (11), information is needed
as to when the infinite tube thickness model breaks
down and the present model utilizing steady state tem-
perature profile is applicable. The time for matching the
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Fig. 4. Physical model describing the freezing for long periods
of time.

two models is obtained by studying the transient re-
sponse of a finite slab to a sudden jump in its surface
temperature.

2.2. LiPb-HT-9 case

In this section the preceeding analysis is applied to
the specific case of a cold (T, = 7, =20°C) HT-9
tube flooded with hot (7; = 350°C) LiPb. Table 1 lists
the thermophysical properties of HT-9 and LiPb. The
tube is about 10 cm 1.D., 0.25 cm thick and 2 m long.
The heat transfer coefficients inside and outside the
tube (h; and h,) are calculated by employing ap-
propriate correlations for flow of liquid metals inside
tubes and natural convetion on vertical surfaces, respec-
tively. For the present case, the heat transfer coefficient
inside the tube 4, = 725 W/m?K and outside the tube
h,=13 W/m’K.

The contact temperature for this system is calculated
from eq. (1) to be

T, = 128°C. (12)

This temperature is below the freezing temperature (7,
= 235°C) which suggests that some freezing may occur
initially. Before attempting to obtain the frozen layer
thickness as a function of time, the cut-off time between
the two models for short and long time behavior must
be evaluated. Fig. 5 shows the transient response of a
0.25 cm thick slab of HT-9 initially at 20 ° C to a surface
temperature of 235°C. The plot is for the average
temperature of the tube wall as a function of time. It is
seen that at about 2 s the average temperature has
almost reached its asymptotic value. At this point the
results obtained for the frozen layer thickness (eqs. (5)
and (11)) may be plotted for the LiPb-HT-9 case. Fig. 6
shows the dependence of the frozen layer thickness on

Table 1

Thermophysical properties of HT-9 and LiPb
Property Unit HT-9 LiPb
Melting temperature  °C - 2354
Density kg/m*  7818% 93504
Specific heat J/kgK  460° 159°

Thermal conductivity W ,/mK 29° 16.6 *
Heat of fusion J/Kg - 2.47x1042

2 Estimated based on thermophysical properties of Li and Pb.

b Estimated based on thermophysical properties of similar
materials.

¢ Ref. [1].

9 Ref. [4].



372 K. Taghavi N.M. Ghoniem / Transient thermal-hydraulics considerations

Average tamperature of tube,C

] ] 10 12 14

Time, a

Fig. 5. Transient response of HT-9 tube to a surface tempera-
ture jump (T, = 235°C).

time. The film thickness increases with time for short
times (solid line). However, at some point (f= 2.2 s),
the short lime model is not applicable and the long time
model is used (dashed line). Thereafter, the film thick-
ness decreases with time and becomes zero at t =133 s.
It is seen that the frozen film thickness reaches a
maximum of 1.5 cm at r=22 s which results in 28%
blockage of the MARS blanket tubes, The freezing and
remelting, however, lasts about 13.3 s. It is interesting to
note that the frozen film obtained from the infinitely
thick tube model (sclid line) also demonstrates a similar
behavior of growth and shrinkage (freezing and remelt-
ing).
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Fig. 6. Frozen layer thickness as a function of time.

2.3. Temperature variation of the coolant

In the model used for analysis, the coolant tempera-
ture was assumed to be constant. However, in the actual
situation the coolant loses heat as it flows through the
tube. We estimate here the coolant temperature drop
along the tube,

Assuming that the coolant loses heat to the frozen
film at T, = 235°C, the coolant temperature along the
tube may be written as:

(Tl.out - Tm)/( Tl.in - Tm) =g~ Whly (pIDVICPI)! (13)

where L and D are length and inner diameter of the
tube and V] is the coolant velocity. For a coolant
velocity of 2 m/s, the coolant exit temperature is calcu-
lated as:

Tyom=347.8°C or Ty — 1oy =22°C. (14)

It may be concluded that the coolant temperature drop
is negligibie and that the coolant temperature is rea-
sonably constant.

3. Thermal shock during initial start-up

During initial flooding of the blanket tubes the rela-
tively cold tube material is suddenly exposed o hot
LiPb. This results in thermal shock across the tube wall,
In this section the thermal shock of the tube material
upon initial flooding with hot LiPb is investigated.

3.1. Modeling

The largest thermal shock is predicted to occur at the
tube entrance where an initially cold tube is suddenly
exposed to hot coolant from inside. Transient thermal
strain distributions through the tube wall are obtained
numerically by solving the time-dependent heat conduc-
tion equation. Fig. 7 shows such a model. The thermal
stress history of the tube wall is subsequently de-
termined with the use of plate theory. The instanta-
neous strain at various tube wall locations are given by:

c=am(T— T(x)), (15)
where
‘=31—f0““1~(x) dx, (16)

where a,, is the coefficient of thermal expansion of the
tube material, &, is the tube wall thickness, and T is the
average wall temperature.
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Fig. 7. Physical model for thermal shock during initial flooding.

3.2, LiPb-HT-9 case

Fig. 8 shows the results of sample calculations for
HT-9 where the thermal strain is plotted as a function
of time for various locations across the tube wall. It is
shown that on the coolant side of the tube, the compres-
sive strain exceeds the yield strength of the material for
short periods of time. This leads to plastic deformation
and strain ratcheting over several cycles. Fig. 9 shows
similar results for a thicker tube (§ =7 mm), which
corresponds to the manifolds. The maximum strain
(compression and tensile) is seen to have not been
affected by the tube thickness. The characteristic time,
however, is much longer for the thicker tube. Fig. ¢ also
includes the strain related to the yield stress. The inside
of the tube experiences strain larger than the yield limit
for a couple of seconds. Fresh start-up is not likely to be
a frequent event, however, considering problems associ-
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Fig. 8. Transient thermal strain versus time for HT-9 (8§ =2.5
mm).
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Fig. 9./ Transient thermal strain versus time for HT-9 (§=7

ated with fatigue, radiation embrittlernent, and uncer-
tainties in HT-9 data, any stress in excess of the yield
stress should be avoided. Therefore, it is concluded that
the blanket needs to be pre-heated to a temperature
higher than the ambient (20°C). Similar results have

Table 2
Peak strain results for different initial conditions
Tiiuat [°C] € peak /(L — P)ey,
20 2.99
100 2.26
200 1.35
300 0.452
350 0

The yic‘ld strain, €., for HT-9 is taken to be e, /E=0.0017 [7].

Table ?L

Comparison of maximum strain for stainless steel 316, 2.25
Cr-1 Mo, and HT-9 for a tube initially at 20 ®C exposed to
coolant at 350°C

§5-316 225Cr-1Mo  HT-®

Cosign |

at 400 ° C [GPa] 0.227[5] 0.185[6] 0.194[7]
rat400°C 0.294[8] 0.283[6] 0.265 [8)
Eat400°C[GPa]  167(8]  183[6] 175[8]
Bt /(1= V) Ogeggn 173 1.68 117

* Based on ASME boiler and pressure vessel code.
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been obtained for flooding with hot LiPb of tubes with
different initial temperatures. Table 2 shows the ratio of
the peak strain (at the inner surface and at time = Q) to
the yield strain for different pre-heating temperatures.
From the standpoint of fatigue failure, however, it is
desirable to lower this ratio as much as possible.

Strain results have also been obtained for tubes of
similar size and made of HT-9, stainless steel, and
22Cr-1 Mo. The resulis indicate that HT-9 suffers the
smallest maximum strain. Table 3 is a summary the
results. In a companion paper [9], various possible op-
tions will be considered regarding pre-heating require-
ments of blanket tubes.

4. Summary and conclusions

Thermal hydraulics of the LiPb cooled blanket dur-
ing start-up and shutdown transients has been consid-
ered in this paper. It has been shown that during
flooding of coid blanket tubes with hot LiPb, some
freezing of LiPb may temporarily occur before it remelts
again. The degree of freezing has been found not to
cause any significant blockage. The thermal shock caused
by flooding, however, has been found to exceed the
yield stress if the blanket is initially kept at room
temperature, This indicates that some pre-heating of the
blanket is necessary to avoid severe thermal shock and
eventual thermal fatigue. Calculations for various de-
grees of pre-heating have shown that blanket modules
must be pre-heated to within about 50°C of the LiPb
inlet temperature during operation, in order to avoid
thermal fatigue.

Nomenclature

specific heat of the Liquid coolant,
specific heat of the tube wall,
D inside diameter of the tube,
E  modulus of elasticity,
; latent heat of fusion,
heat transfer coefficient outside tube,
k,  heat transfer coefficient inside tube,
k conductivity of the liquid coolant,
conductivity of the tube wall,
L tube length,
gy liquid side heat flux,
¢,  tube wall heat flux,
T, contact temperature,
environment temperature,
T, liquid coolant temperature,
coolant freezing temperature,

average temperature of the tube wall,

time,

liquid coolant velocity,

ay, coefficient of the thermal expansion of the tube
wall,

=N

a, thermal diffusivity of tube wall,
v Poisson’s ratio,

8, frozen layer thickness,

8, tube wall thickness,

€ strain,

€ yield strain,

[\ stress,

p,  frozen layer density.
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