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Engineering considerations during start-up/shutdown operations, and during transients induced by power level variations
are considered in this paper. Flooding of cold blanket modules with hot Li—Pb results in severe strain transients that may lead
to fatigue failure. The entire primary system, including blanket modules, must therefore be pre-conditioned. We first analyze,
and present results of design, for a pre-heat system for the Mirror Advanced Reactor Study (MARS). The pre-heat system is
based on helium gas pre-heating for the primary piping and blanket modules. Operational transients induced by partial power
variations, or by loss of fusion power are then considered. It is found that the response of the primary loop system is dictated
by how fast pumps can accommodate power fluctuations. Pump transients are modeled with a focus on the time dependent
power balance through the pump system. Time constants for a representative pump are also derived. Finally, the situation of a
total loss of pump power is investigated. In this case, natural circulation due to boyancy pressure differences is shown to be

sufficient for the removal of decay afterheat immediately after a loss of pump power.

1. Introduction

It is being recognized that conceptual fusion reactor
designs must demonstrate the ability to accommodate
operational scenarios, as a part of the design basis.
Recently, the design study, START [1], at UCLA, has
focused on this particular question. The objectives of
the study are the analysis, design and performance
evaluation of both Tandem Mirror and Tokamak reac-
tors during start-up/shutdown operation. In a compa-
nion paper [2], we have demonstrated the necessity of
primary loop /blanket system pre-heating. In this paper,
we investigate design issues related to the transient
performance of the primary loop/blanket system. In
particular, we perform analysis for the following:

(1) Primary loop/blanket system conditioning and
pre-heating.

(2) Primary loop pump transients due to partial power
variations.

(3) Design of a decay heat removal system for a total
loss of pump power.

In section 2, we discuss primary loop/blanket pre-heat-

ing. This includes an analysis of the various pre-heating

options, and the design of a gas pre-heating system.

Section 3 is concerned with the analysis of pump

transients. In section 4 we present the results of calcula-
tions for the use of natural circulation as a means for
removal of decay afterheat. Finally, conclusions and
recommendations are presented in section 5.

2. Blanket / primary loop pre-heating

It is shown in a companion paper [2] that freezing of
the coolant during initial flooding is not a severe prob-
lem and may not cause any serious blockage. The ther-
mal stresses induced during initial startup, however,
were found to exceed the ultimate stress. This suggests
that preheating is needed for the blanket and the primary
loop.

2.1. Pre-heating options
Two preheating options are considered here: electri-

cal and gas preheating, Each option will be investigated
with respect to its feasibility, and its compatibility with

sthe blanket and primary loop design considerations.

2.1.1. Electrical preheating
Congideration has been given to electrically heat the
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blanket and the primary loop. Neutron effects on elec-
tric heaters make blanket modules inaccessible for this
method of heating. The primary loop, however, may be
heated electrically (e.g., strap heaters). Subsequently,
heat may be conducted through the primary piping into
the blanket. Our analysis indicates that this heating
method requires very long times as well as extremely
high temperatures outside the blanket in order to main-
tain the blanket temperature high enough (i.e., about
350°C). It is qbvious here that the heat conducted into
the blanket should at least be equal to the heat loss of
the blanket to the environment. The heat loss of one
blanket module is estimated to be about 85 kW at
400°C. For the sections of the primary pipe just before
the blanket modules, the following relation holds.

aT Q1055
k ( ¥z ) T 24,0, ’ 1
9z primary pipe 2Ac,pipe ( )

where A ;.. is the cross-sectional area of the primary
pipe and @, is the heat loss for one blanket module.
Assuming that the pipe size is 30” O.D. and 2" thick,
we obtain:

T

3 200 K /cm, 2
It is clear that such large temperature gradient requires
extremely high temperatures outside the blanket. There-
fore, it is concluded that preheating based on conduc-
tion alone is not feasible.

2.1.2. Gas pre-heating

Convective heating by hot gas has been considered
as a method of preheating the primary loop and the
blanket. In this method hot gas is pumped through the
primary piping and the blanket. It is assumed that each
primary (preheating) loop serves 6 blanket modules and
there are 14 such loops. In this section performance of
such a system will be investigated.

2.2. Gas selection criteria

Before modeling the preheating system, it is ap-
propriate to conduct an investigation on the perfor-
mance of different gases as preheating fluids. Among
the parameters to be considered are: reactivity with
LiPb and with HT-9, diffusion into the wall, price, and
pumping power. One possible criterion based on pump-
ing power is to select the gas that requires the least
pumping power for the same heat transfer capability. It
should be noted here that we are not relying on the
pumping power to heat up the primary loop. Therefore,

it is logical to try to minimize the pumping power since
a higher pumping requires a larger pump.

2.2.1. Pumping power figure of merit

Consider a hot gas flowing through a pipe with inner
diameter D and length L. Fig. 1 shows the physical
model. The objective here is to express the pumping
power in terms of the thermophysical properties of the
gas. Pumping power is related to pressure drop as:

P=%D2VgAp, 3)
where

L
Ap=fEinVl. @

The friction factor, f, for a turbulent flow may be
written in terms of Reynolds number as:

f=0.413 Re~4, %)
where
Re=p,V,D/p,. (6)

Combine egs. (3)-(6) to obtain:

P =01622p)L Re*" /p}D>. @)
The heat transfer relation for turbulent flow inside a
pipe is

q"D

Nu=—>2"—_
k(T,—T,)

= 0.023 Re®3Pr0%, (8)

The Reynolds number may be eliminated from egs. (7)
and (8) to obtain:

“:LDl.Mqu&M
27 3.44 3440 103
kg (T, —T,) Prg

P =6.94x10*

©)

A figure of merit based on pumping power may then be

f L -

Gas T

—_—— - _ D

Tg

" l
le Ny

Fig. 1. Model for gas selection criterion based on pumping
power.
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Table 1

Data on various preheating gases [3]

Gas selection criteria He Ar N,

» Reactivity with LiPb None None  None

- Reactivity with tubes None None Stainless
steel

- Diffusion into walls None None None

» Price $,/100 SCF 9.25 7.50 5.00

« Pumping power
(figure of merit) F x10™8  7.69 1.48 0.417

defined as
27 3.44 3445 113
1 ok T,-T, Pr
F=2=144x10"° =8 2( — ,),344 2 (10)
pg LD g™
Fo ks Pry/p) (11)

2.2.2. Gas selection data [3]

The gases considered are He, Ar and N,. Table 1 '

lists the relevant data for these gases. It is seen that,
except for the pumping power, Ar and He gases are
equally satisfactory. The pumping power figure of merit
for He, however, is seen to be about 5 times higher
which means that helium is an overall better heat trans-
fer fluid.

2.3. Modeling for gas preheating

Fig. 2 shows the preheating diagram. The preheating
loop consists of the gas heater, primary pipes and the
blanket. The hot gas leaving the gas heater passes
through 1/2 of the primary pipes before entering the
blanket. Subsequently, the gas passes through the re-
maining half of the pipes before entering the gas heater.
The following simplifying assumptions are made in
analyzing the model.

(1) No heat is lost from the primary pipes.

(2) Each half of the pipes are represented by an average
temperature (i.e., 7, and 7},,).

(3) The temperature of the gas in each component is
assumed to be the average of the temperatures of
gas entering and exiting

(4) Temperature of the hot gas leaving the gas heater is
constant and does not vary with time.

2.3.1. Formulation

Each primary loop consists of four components: the
first half of the pipes, the blanket, the second half of the
pipes, and the gas heater. The hot gas transfers heat to

T2 Blanket
at T,
To1
1/2 of pipes 1/2 of pipes
at Tp‘g at Tp.1
T3 Ta0
Gas heater

Fig. 2. Gas pre-heating model for primary loop and blanket.

the pipes and the blanket while it receives heat from the
heater. Simple energy balance equations may be written
for each component to relate the gas temperature drop
to the temperature rise in the component.

2.3.2. First half of pipes

T,ot+ T4
qp1='/7Dprhp< & 2 5 - pl)’ (12)
91 =r'ngcp,s(Tg,0— Tg,l)’ : (13)
dT,
Gp1 =MyCp p d: . (14)

Eq. (12) represents heat transfer between the pipes and
the gas. Eq. (13) the heat loss to the gas temperature
drop. Finally, eq. (14) relates the heat transfer rate to
the rise in the pipe temperature. Here subscripts p and
pl relate to primary pipe and first half of the primary
pipe, respectively.

2.3.3. Second half of pipes
Similar equations may be written for the second half
of the pipes.

T,,+T,,
qu='nDLphp(-——g 2 £ _sz), (15)
Qo2 = mgcp,g(TgJ - 7;;,3)’ (16)
dT,
p2
o2 = Mp2Cpp=q, - (17)

2.3.4. Blanket
Heat is transfered from the gas to the tubes and the
beams and thereafter to the reflector, the shield and
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eventually to the environment. The heat transfer rate
may be written in terms of the gas average temperature
and the tube inside temperature (blanket inside temper-
ature, T;),

T.,+T,,
qb=nAtht( £ 2 £ _Tbi), (18)

where 7 is the number of blanket modules per preheat-
ing loop. The heat transfer rate may also be written in
terms of the temperatures of the gas and the blanket as:

9p = '.”gcp,s(n,l - Ts,Z)’ (19)
dT,
qp =nmyc, dtb + nAyohpo (T, — T,). (20)

The second term in the right hand side of eq. (20)
accounts for the heat loss to the ambient. T} represents
the blanket average temperature. Assuming that steady
state temperature profile exists in the blanket, 7} may
be written in terms of inside and outside temperatures
of the blanket as (T,; and T, respectively):

Ty =117y + 12Th0s (21)

Table 2
Definition of constants used throughout egs. (27)-(37)

where

n=1+[n(r2/2)] ' -(1-r2s2) ", (22)
and

va=(1-r2/a) " =[n(r2/m2)] " (23)

The blanket inside and outside temperature are also
related through the heat transfer rate as

Tbi_Tbo
brbi(lnrbo/rbi)'

There are 11 unknowns: Ty1s Tyns Tysy Tty Tps Tis
Tyor Tv> dp1> 9p2> qp and 11 equations (egs. (12)—(21)
and (24)) to be considered. Therefore a solution may be
obtained. The boundary and initial conditions are as

follows:

(24)

g, =nAyk

T, o = const., t>0, (25)
T,=T,=Tu=Ty=T,=T, t=0. (26)

2.3.5. Solution
Since the equations contain several parameters, the

ay(aDL k)"

as= (mplcp,p)_l
as=aya,/a;

aq= aS(Tg,O -T)

by = (""scp,s)_l

by =(ndyohp,)bs
bs=Q2b+by)/2

by = b5 /bs

bro=n+1b;

by =by1/byo

bya = (v2bgag-byas)/byg
big=b14/(b1p— a,)

by, =Q1- by/b12)T; — blSTg,O - bls(Tg,o -T)
b1o = b1sTpo +(b1a/01)T;
by =(1/b,-1/2b,)/(1/2b,+1/b,)
by =byby,

bys =bqbig— bsTg,o

o= (7erLphp)"1

€3 = (mPZCp,p)—l

€5 =c4bp

€7 =C4b24

g =g /(¢4 — b13)
en=Ti—cg—cg—cy

e =ley(1/2¢,+1/¢y)) 7
€15 = C12bp3 + 1369

€17 = C13tn

ay=(rgep )"
as=2a3/Ca, +a,)
Qg = A445

b= (nd;h)!

b3 = (nrnbcp,b)_1

bs = (ryi /Apiky) In(ryo /ry;)
by =1+ bs /b,

by =bs3/bs+ bybg
byy=b4by+ by /b
bi3=bs/bye
bys=by3/b1y

big= bls(Tg,o -T)

by =[b:1(1/2b,+2/b,)]7"
byy = bygbig + by T, ,

by = byyb1g — bpa,y

byg =bqb1g + bga,

6= (mgcp,s)_l
cqg=(cr/c3+ 02/203)_'1
= Caba3

g=1¢s5/¢4
clo=0¢7/(cs—ay)
cn=1/c; =1/2¢1)/(1/2¢;+1/¢5)
C1a= C1abay + €136

€16 = C12b24 + c13090
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solution may become complicated, unless appropriate
constants are defined. The definitions of constants are
given in table 2. The results for the unknowns in terms
of series of the constants a, b, and ¢ are written as:

L,=T,o—a,e %, (27)
1,,= by, + by e b 4 by €74, (28)
T,3=clatcppe “+ese bl 4o e (29)
T =Ty (To—T;) e, (30)
T,=cg+cyy e 4 +cge b4 em, (31)
Ty =byo+ by e P12 + p g e7 9!, (32)
Tyo=bys + bybig e t12" + by g™ %4, (33)
Ty = (Mbio + V2bs5) + (11b17 + 12b7by;) €70
+(11b1s + 1abys) €74, (34)
9p = (‘14/‘13)(Tg,0 - Tl) e, (35)
02 (T2~ Ty3)/cs (36)
9= (Tg,l - Tg,Z)/bZ' (37)

In addition, the power and energy required by the gas
heater may be calculated as:

2.3.6. Gas preheating results

In order to perform a sample calculation for the
transient response of the preheating loop, the following
assumptions are made:
(1) there are six blanket modules served by each loop

(n=6),
(2) the inner diameter of the primary pipe = 0.66 m.
(3) preheating gas is He,
(4) gas velocity in blanket =5 m/s,
(5) primary pipe length = 862 m,
(6) temperature of gas leaving the heater = 500° C.
Table 3 lists the values of all parameters for the MARS
blanket design. Fig. 3 shows the transient temperature
for each component. They all start initially at room
temperature and increase with time. It is seen that it
takes about 51 minutes for the temperature inside the
blanket to reach the desired 350 ° C. Obviously this time
becomes shorter as the temperature of the hot gas
leaving the gas heater is increased. Fig. 4 shows the
power and the total energy required for the gas heater.
It is seen that the power starts at a maximum value of
about 10 MW and thereafter decreases with time. For
the preheating period of 51 min, about 5.3 MWh of
energy is needed. Next the pumping power will be
estimated.

2.3.7. Pumping power

P=wmc (T -T ) (38) The required pumping power is proportional to the
[ 8"p.g\ 78,0 8.3/
. volume flow rate and the pressure drop as:

E,= ['pdt. (39) ,

0 P=—AP. (40)

Pg

Table 3
Parameters for MARS blanket
Parameter Definition Value
A, Tube and beam heat transfer area per module (m?) 1.38%102
v Gas velocity in the blanket (m/s) 5.00
k, Heat transfer coefficient in tubes and beam (W /m?K) 2.02x 10!
iy Gas flow rate (kg/s) 5.42
hy Heat transfer coefficient in the pipe (W /m?K) 1.76 X 102
2L, Total length of the primary pipes per loop (m) 6.16 10!
2m Total mass of the pipes per loop (kg) 2.80x10*

3.40%10°

my, Mass of one blanket module, (based on a 2m long module) (kg)

Ao Outside area of one blanket module (m?) 2.32%10!
Ao Heat transfer coefficient outside blanket, (W /m?K) 1.00x 101
Fpo Outside radius of blanket (m) 1.34

Pui Inside radius of blanket (m) 6.00x1071!
ky Thermal conductivity of blanket (W /mK) 1.95x10?
Cpog Heat capacity of gas (helium) (J /kgK) 5.20%10%
Cop Heat capacity of the pipes (J /kgK) 5.60x102
n Number of blanket modules per loop 6
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Fig. 3. Transient temperatures of the blanket and the
pipes during pre-heating with He at 500 ° C.
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The pressure drop is the summation of the losses in the

pipes and the blanket,
Ap=A4p,+A4p,,
where

2L
App =f_D_: %ngpzy

L
APb = ﬁ%ngtz'

For the case considered here

Ap,=1.23x10°Pa,

(41)

(42)

(43)

(44)

12 e 12
10~ 410
8l {8

z — £

2 el 16 ¥

a” S

w
4 14
2r 12
o Illlll\l 1 lIIIIlII 1 i 1 o
10- 10 100 101

time, hr
Fig. 4. Power requirements for gas pre-heating.

oning and design constraints

Ap, =9.30 X 10~ 'Pa. (45)
From gq. (40) the pumping power is calculated as
P=502x%x10*W. (46)

3. Analysis of pump transients

3.1. Mpdeling

In

this section the effect of fluid acceleration on

pump transients is studied. Special consideration is given
to pujlp startup. Assuming that the torque (electrical) is

gener

ted instantaneously, a transient power balance

may be written as

d d 2
P=0Ap +E(Ef)+5[;1p(zmv) | + 75 27N,

where

(47)

P = applied power,

0 =

lumetric flow rate,

Ap=pressure drop,

E; =ki
I =m

netic energy of the fluid,
oment of inertia of the pump moving parts,

P
N =pump speed (revolution per unit time)

Trric = f
parts.

rictional torque exerted on the pump moving

The last two terms in eq. (47) depend on the size and
characteristics of the pump and have to be supplied by -

the ma

nufacturer for each pump.

Frictional losses may be written in terms of the total

power by defining a pump efficiency as
P—1,. 27N 27N
Npump T Tf;)c =1- Tfncpw ’ (48)
or
Tie 2N = (1 = Ny ) P (49)
Because information is not available on pump char-
acteristics, it is appropriate to assume a constant ef-
ficiency during any transient process. Employment of
eq. (49) in eq. (47) yields,
d d 2

Toump? = Q4 + - (En) + - (3,@7N)]. (50)

The pressure drop in a closed loop may be written as:

Ap=K,0.

(51)

The kinetic energy of the fluid and the pump moving
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parts may also be written as:

= K,0%, (52)
1L, (27N) = K;0°. (53)
Substitution of egs. (51)—(53) in eq. (50) vields a rela-

tion which governs the transient flow rate Q.

2
P=K\Q?+(Ky +K;) 32 (54)

Npump
The following initial conditions apply: -

Q=05 P=Py=(Ki/tpump)Q5 at1=0, (55)
P=P1=(I<l/"'pump)Q12 att>0’ (56)
where Q, is the steady state value corresponding to P;.

Eq. (54) with initial condition (55) and (56) may be
solved for Q(¢) as:

0%(1) =07 — (02— 03) exp{ - Ky1/(K, + K;) ).

(57)

In terms of powers, Q(¢) can be written alternatively as:
1, LT
Q*(1)=— p[ P —(P,—F)

exp{—Klt/(Kz +K3)}]. (58)

In the special case of startup (zero initial power) that is
P, =0, eq. (58) reduces to

07 (r) - Trem?” 2 (1 - exp{ Kt/ (K + K)))- (59)

It should be noted that (X, + K;)/K| is the character-
istic time of the system and is a measure of how fast the
flow rate changes.

3.2. Evaluation of the Constants K,;, K,, and K ;

In the MARS blanket design, each primary loop
serves 6 modules. The coolant flows through the primary
pipes and the blanket tubes and beams. Although the
tubes and beams have different sizes, they could very
well be represented by an average size. Fig. 5 shows the
simplified primary loop configuration.

3.2.1. The constant K,

Total pressure drop in the primary loop is the sum-
mation of those in the primary pipe and in the blanket

Ap=Ap,+A4p,. (60)

Lt
Y
t
e >
Blanket
Lp
Dp
Pump
Dp DIAMETER OF PRIMARY PIPE 0.66 n
N NUMBER OF TUBES AND BEAMS PER LOOP 912
Ly AVERAGE LENGTH OF TUBE 2.50 m
I AVERAGE DIAMETER OF TUBE 0.10 n

Fig. 5. Schematic of the primary loop.

The pressure drop in the pipe is due to friction losses,
that is,

L
z
where
64 64p
=—= . 62
Re oV, D, ( )
Substitution of eq. (62) in eq. (61) yields
Ap,=32uLV,/D}. (63)
In terms of volume flow rate, Q,
128 »L,
App="""4 X L0. (64)

The pressure drop in the blanket is due to MHD effects
[4] and is given by:

Ap, =2V,B%,8,L,/D, (65)

The velocity in the tube can be written in terms of the
total volume flow rate, Q, as:

Q—nt4D V. (66)

Eliminating ¥, from eqs. (65) and (66) yields the follow-
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ing:
8 B8, L,

Apy= p— —DB—Q' (67)

Using egs. (64) and (67), the total pressure drop may be
written from equation (60) as:

where
L B%. 5, L
K1=1_2§_Q+_8__M' (69)
T p} m D}

3.2.2. The constant K,
The kinetic energy of the coolant flowing in the
primary loop is written as:

T

T
Ev=to( 502 )73 +ndo(F02) LI} (1)

The velocities V, and V, are written in terms of Q as:

m m
Q=ZD§Vp=n,ZD,2V,. (71)

The velocities V, and ¥, may be eliminated from egs.
~(70) and (71) to obtain:

E;=K,0%, (72)
where

Ky=2p(L,/D? + L/n,D?) 3
2= P o/ Dy /1D ). (73)

3.2,3. The constant K
The kinetic energy of the pump moving parts is
written as: '

E, =1L (27N)% (74)

In centrifugal pumps the flow is proportional to the
pump speed according to homologous theory [5], which
yields:

2aN=K,Q. (75)

The constant K, depends on the pump characteristics
and may be obtained from data furnished by the pump
manufacturer. Introduction of eq. (75) in eq. (74) yields:

E,=K,0?, (76)
where

Ky=3LK}.: - (17)

3.3. Numerical results

As it was mentioned before, the primary loop has a
characteristic time of (K, + K3)/K; (see eq. (57)). Here
we are interested in the numerical values of K, K,, and
K, for the MARS blanket. The constants K, and K, are
calculated as:

K, from eq. (69)

K, =33.5+4.39X10° =4.40 X 10° kg /m"*s. (78)
K, from eq. (73)
K,=8.42X10°+1.63 X 10%=8.43 X 10° kg/m*. (79)

In order to obtain numerical value for the constant K3,
we will use manufacturer’s data on a similar pump [6].
The inertia is assumed to be about 64 kg m?. For the
constant K, assuming a flow rate of 8360 GPM at 857
RPM, we calculate,

_ 27 X857 RPM
478360 GPM

=170 1/n?. (80)

The constant K, is calculated from eq. (77) as
K, =1x64x(170)
=9.25 X 10° kg/m*, (81)
The characteristic time may now be calculated as,
(K, +K;)/K,=4.025. _ (82)

Apart from the numerical result for the characteristic
time, two observations may be made from the calcula-
tions. From the calculations for K; (egs. (69) and (78)),
it is clear that the MHD pressure drop is dominant and
the pressure drop in the primary pipes is negligible. This
will minimize the error due to the assumption that the
flow in the primary pipes is laminar. It should be noted
from calculations for K, (egs. (73) and (79)), that the
kinetic energy of the coolant in the blanket is negligible
with respect to the total kinetic energy.

4. Natural circulation in LiPb cooled fusion reactor
4.1. Introduction

In this section the possibility of natural circulation in
the MARS blanket and its primary loop is investigated.
In the event of loss of pump power, the fusion power
may be shut off immediately but heat deposition will
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continue in the blanket structure in the form of decay
afterheat (~ 1% of full power). It is desired that the
decay afterheat be removed by natural circulation.

Natural circulation is caused by buoyancy forces and
has long been considered in pressurized and boiling
water reactors [7]. There, the water vaporizes and creates
a large density difference (large buoyancy forces) which
results in natural circulation. In the MARS blanket,
where the coolant is LiPb, however, there is no phase
change. Therefore, the buoyancy forces are relatively
small and are due only to thermally induced density
difference only. In all the above cases heat must be
removed during coolant circulation. In a BWR the
vapor generated is discharged at the top of the core and
is replaced by cold water. For LiPb cooled fusion reac-
tors, heat must be removed by passing the coolant
through a steam generator or a special water tank. Fig. 6
shows the schematic of such an arrangement. It should
be noted that the position of heat sink is critical and
should be at the highest elevation in order to generate
natural circulation.

4.2. Analysis

The driving force for natural circulation is the
buoyancy force. It has to overcome the frictional and
magnetic forces opposing the circulation. Therefore, for
any given situation the circulation rate is determined by
balancing the buoyangy.and opposing forces:

/

Apg=Apy+A4pE, (83)

where A py, is pressure difference due to buoyancy forces
and A p,, and A pp are pressure losses due to magnetic
forces and friction, respectively. Assuming that flow is
laminar, pressure drop due to friction may be written
as:

APF= Ce0Q, (84)

Heat sink

@ Blanket
(hot leg)

Fig. 6. Schematic of natural circulation arrangement.

Primary loop
(cold leg)

where Q is the volume flow rate. The magnetic pressure
drop is written as

Apu=Cu@. (85)

The pressure difference due to buoyancy, 4 Py, is caused
by the density difference between the hot and cold legs,
that is:

Apn=gf0H"(pc—pH)dz (86)
- ngfOHP(TH ~T.)dz, (87)

where H, is the length of the hot or cold legs in the
direction of the gravity. Having a constant heat genera-
tion rate, the temperature increase is proportional to the
inverse volume flow rate,

APB=CBQ_1’ (88)

where Cp, the proportionality constant, should be ob-
tained for each individual case. Substitution of egs. (84),
(85) and (88) in eq. (83) yields the following for the
volume flow rate, Q.

0=[Cp/(Ce+ )] (89).
Next we will obtain parametric relations for the con-
stants Cg, Cpy, and Cy.

4.2.1. Evaluation of the constants Cg, Cyy, and Cy
Fig. 7 shows the physical model used to represent the

MARS blanket and primary loop. The following as-

sumptions are made:

(1) Blanket tubes and beams are approximated by an
average straight tube (Hy,, Dy).

(2) Heat deposition rate is constant (no spatial varia-
tion across the tubes and beams).

(3) Heat sink is located at an ¢levated point.

(4) Heat is removed at the rate generated.

4.2.2. Friction losses, Cg

Pressure drop due to frictional losses in a pipe may
be written in terms of the volume flow rate. Assuming a
laminar flow: :

LP 1 2
Ape=fg2P%;, (90)
P
where
f=64/Re=64p/pV,D,, (91)
T
0= ZD;Vp. (92)



384 K. Taghavi, N.M. Ghoniem / Primary loop conditioning and design constraints

BLANKET INLET TEMPERATURE Bp PRIMARY PIPE DIAMETER

BLANKET OUTLET TEMPERATURE 3 BLANKET TUBE LENGTH

HEAT DEPOSITION RATE Lp PRINARY PIPE LENGTH

BLANKET HEIGHT Ny NUMBER OF BLAWKET TUBES AND BEAMS
PRIMARY LOGP HETGHT 0 VOLUME FLOW RATE

BLANKET TUBE DIAMETER

Fig. 7. Physical model representing MARS blanket and primary
loop.

Substitu;tion of egs. (91) and (92) in eq. (90) yields the
following:
|

App= (FFQ’ (93)
where
Cr= 12‘8pLP/7rD;' . (94)

4.2.3. MHD pressure. drop, Cy
Pressure drop due to MHD forces of a flow of
conducting liquid in a thin conducting pipe is written as

[4]

_ 2B%,0,H

Apu="—""7""Vy. (95)
b

The velocity in the blanket, V. is written in terms of
the total volume flow rate as:

w
Q=7Dint, (%)

where Dy, and H in eqs. (95) and (96) are diameter and
length of an average tube in the blanket. Substitution of
eq. (96) in eq. (95) yields:

Apu=Cu0Q,

where

Cy=8B% 8, H,/mn D}. 97)

4.2.4. Buoyancy pressure difference, Cy
The pressure drop due to difference in fluid tempera-
tures in hot and cold legs is written from eq. (87) as

‘APB=ng{(Hp_Hb)(TH -Tc)

+/0”"[TH(Z)—7;]dz}. (98)

The difference in fluid temperatures may be written in
terms of heat generation rate through an energy balance
on the blanket as:

a n Q:? .l) 2
TH(Z)‘Tc=zﬁz-
P

(%9)

Substitution of eq. (99) in eq. (98) and integration
yields:

Apg=Cp07}, (100)
where

= Bgn O, D3H,
CB=Z+CP———-(HP—HI,/2). (101)

4.2.5. Coolant and wall maximum temperature

It is important that the temperature of the coolant
and the structural material do not exceed their limits.
Maximum coolant temperature occurs at the blanket
outlet. The decay afterheat is mainly generated in the
tube wall and has to be transfered to the coolant. This
results in a tube temperature higher than the coolant
temperature. The coolant exit temperature is obtained
from eq. (99) as
Ty =17+ 2 QDo 102

H c 4 ’)(:I)(z ( )

In order to obtain the wall temperature, the heat
transfer coefficient on the coolant side has to be known.
The coolant flow in the blanket tubes may be consid-
ered as slug flow, that is a flow with uniform velocity
and no turbulence. This approximation is valid for flow
of liquid metals under the influence of strong magnetic
fields. Neglecting the heat lost to the environment, the
wall condition is assumed to be a constant heat flux
since all the heat generated within the tube material has
to be transfered to the coolant. The surface heat flux is
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obtained by writing an energy balance.
7Dyq” = %Dng. (103)
For a slug flow and constant heat flux, it can be easily
shown that a Nusselt number defined as:
- _q,:l_)k_

k(Twall - TH) ’

is equal to 8[8]. The wall temperature is obtained by
combining egs. (103) and (104) as:

Nu (104)

Tyan =Ty + QVD§/4 Nuk, (105)
where
Nu=38, (106)

for slug flow in circular tubes.
4.3. Numerical results for MARS blanket

Table 4 lists the values of the necessary parameters
for the MARS blanket. Assuming that the decay
afterheat is some fraction of the heat deposition rate at
full power, that is:

Qv = n(Qv,fp> . (107)

The following numerical results are obtained from equa-

tions (89)-(106).

CB= 1.04 X 1041’ kng/s:S’ (108)
Table 4

Values of the parameters for the MARS planket
Parameter Value
I.(°C) 350

(Qygp) * (W/m’) 13.7x10°
H, (m) 3

H,(m) 10

Dy, (m) 0.1

D p (m) 0.66

L, (m) 62

ny 912

p (kg/m’) 9350

BEK™ 078x1074
¢, (J/kg K) 159

B(T) 47

o,, (mho) 0.95x10°

3, (m) 0.0025

p (kg/ms) 0.0025

* Averaged across the tubes and beams

Cy = 3.66 X 10° kg/m?s, (109)
Cp = 3.33 x 10! kg/m’s, (110)
Q=0.168742 i’ /s, (111)
Ty, = 350 + 98072 °C, (112)
T,pn = 350 + 9807/2 + 2587 °C. (113)

Fig. 8 shows the dependence of Q, Ty, and T, on the
fraction of full power, 5. Often, the practical limit is for
the temperature of the structural material. For the
MARS blanket this limit is set at 500 °C. It is seen from
fig. 8 that decay afterheat up to 2.3% of the full power
heat deposition rate is removed by natural circulation
while the wall temperature remains below the 500°C
limit.
4.4. Heat sink requirements

Heat should be removed from the coolant at the rate
generated in the blanket. It may be assumed that the

heat is removed by generating steam. The rate of steam
generated can be written as:

mwhfg=chp(TH_ Tc)s (114)
m, = 83.1nkg/s. (115)

Let’s consider decay afterheat at a rate of 1% full power
heat deposition, n=0.01. Then the feed water rate is
calculated as

m,, =0.83 kg /s (0.83 litre/s). (116)
600 0.06
550 T wall, max 10-08 ;
o £
G {0.04 g
5 500 2‘
o 003 ¢
a 3
£ 450 o
d 0.02 &
§
400 2
0.01 2
350 : ' ' : 0.00
0.00 0.01 0.02 0.03 0.04 0.05

Afterheat, fraction of full power, n

Fig. 8. Variation of heat transfer parameters as a function of
afterheat fraction of full power.



386 K. Taghavi, N.M. Ghoniem / Primary loop conditioning and design constraints

If no feedwater is available, then one may rely on the
water inventory in the steam generator. For a typical
steam generator (say 1.30 m® water capacity), the dryout
time may be calculated as

Lgryom = 1570 5. (117)

That is the water inventory can accommodate the heat
sink requirements for about 26 min.

5. Summary and conclusions

In this paper, consideration has been given to primary
loop conditioning and design constraints during startup
and shutdown. Included are blanket and primary loop
preheating, analysis of pump transients, and natural
circulation in Li-Pb cooled blankets in the event of loss
of pumping power.

It is concluded that the primary loop should be
preheated and that the gas preheating method is the
most feasible one. Helium is found to be suitable for
preheating. Having a gas supply temperature of 500°C,
and desiring the blanket temperature to reach 350°C, it
is estimated that 51 min of preheating is necessary.

Pump transients are also analyzed. The inertia of the
moving parts of the pump is estimated from manufac-
turer’s data on a typical liquid metal pump. It is ob-
served, rather surprisingly, that the response time is
relatively short, on the order of seconds.

Consideration is given to natural circulation as a
removal mechanism for afterheat in the event of loss of
pumping power. It is shown that afterheat may be
removed by natural circulation without experiencing
extreme temperatures in the coolant and blanket if a
heat sink is provided at an elevated position in the

primary loop.
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