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ABSTRACT

This paper presents a thermal-hydraulic analysis of a helium-
cooled ceramic breeder blanket for ITER. It is found that the
blanket can operate at moderate pressure and lemperature,
which coupled to the use of an inert gas, makes it particularly
atiractive from a safety stand point. Transient analysis of the
manitolding flow distribution indicates that the introduction of a
diffusive plate at the inlet of the blanket cootlant flow path
produces a more unifarm coolant exit temperature. Control of
the pump pressure head ensures that the coolant temperature is
kepl below its maximum limit, set by the maximum allowable
operating temperature of the breeder.

INTRODUCTION

The helium-cooled ceramic breeder blanket design proposed
for the International Thermonuclear Experimental Reactor (ITER)
and considered here consists of blanket sectors on the cutboard
of the reactor, providing good coverage of the tanus suracelll,
As shown in Fig. 1, each sector comprises several independent
blanket cansiters lying side by side, which are individually cooled
by helium supplied through an inlet manifold and an inlet
distribution channel. The coolant manifolds, which run poloidally,
surround the seclor at the rear of the canisters. This type of
design can be characterized as a large number of flow channels
having common inlet and outlet plenums operating hydraulically
in parallel, all having the same pressure drap. In this conneclion,
the relationship between flow rate and pressure drop plays an
imporiant role, in paricular when the heating rate varies from
canister 1o canister. The neutron wall oad generally peaks at the
mid-plane of the torus and decreases with the poloidal distance
frem the plasma center. While it is conceivable that one could
tailor the blanket canister so as o obtain a poloidally flatter power
distribution, this solution could only be achieved at the expense
of a more complex design. An alternative measura would be to
devise & means by which the cooling in each module can be
controlled ether actively or passively.

This paper presenis a themmal-hydraulic analysis of the
proposed blanket design. Trade-ofl studies for the helium
coolant pressure and temperature based on prassure drops,
pumping power and maximum aliewable temperature constraihts
are first discussed. Results from transient analyses for the
manifolding flow behavior are then shown with the aim of
comparing the uncontrolled flow case to a proposed controiled
flow case based on balancing the flow distribution in the blanket
tegions according to the corresponding power Jevel.

CANISTER DESCRIPTION

A schamatic of a blanket canister is shown in Fig. 2. A rod
bundie configuration Is chosen for several reasons such as the
flexibility that it provides of varying the individual rod sizes and
compositions In differenl rows to allow for the exponential
-decrease In heat generation in the radial direction while
maintaining the solid breeder at an acceptable temperatura. Each
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Figure 1 Cross-section of ITER showing canister layout

rod consists of a clad LigSiQ4 solid breeder inner cylinder with a
clad Be packed bed region on the outside. Both the solid
breeder and Be regions are purged by helilum gas o remove the
tritium produced during operation. The use of beryltium particles
and helium in the region between the solid breeders and helium
coolant is to provide the required thermal resistance between the
high temperature solid breeder {requirad for tritium release
purposes) and lower temperature coolant. In addition, it offers
several advantages such as the possibility of controliing the
Be/Me region thermal-conductivity through purge flow
adjustment and good tritium breeding capabilities. A complete
description and an overall analysis of the blanket configuration
can be found in Ref. [1].

Figure 2 Helium-cooled solid breeder blanket canister for ITER




HELIUM OPERATING CONDITIONS

Pressure Drop and Pumplng Posver

The power density for [TER Is substantially lower thanthat of a
typical fusion power reactor and, the blanket is used purely for
fritum production, not for power generation. Thus, an attractive:
sofid bresder blanket would hava the solld breeder operating al
high temperature for tritkum relaase with the coolant operating at
moderate pressure and temperature for safety, Hellum, belng an
Inert gas, Is particularly attractive as a coolant provided Hs
operating temperature and prassure are reasonable. As shown
in Fig. 2, the main helium coolant flow comes in akong the side,
wall to provide for the cooling of the first wall and then emlers the
main canister at the first wall and flows radlally over the rod
arrangement betore existing the canister at the back. For a given
power densfty and fractional flow area, the major parameters
influencing the choice of the flow inlet pressura and inlet and
outlet temperatures are the flow pressure drop and raquired
pumping power. From Ref. [2], the average neutron wall loading
for the cutboard is about 1.5 MW/m2, the average heat flux 1o the
first wall Is 0.2 MW/m2, and the energy muttiplication factor Is 1.4 .
This results in an average power In the outboard blanket and
shisld of about 2.2 MW per unit area {m?) of the first wall.

The fractional flow area is a function of the first wall channel
siza, the spacing between rods and the size of the rods. For
compactness reasons, B is desirable to maximize the volume
fractions of the Be and solid breeder in the canister and hence to
minimize the spacing between rods, however, if the spacing is
too small, there Is the concern that thermal expansion and/or
swelling might cause adjacent rods to touch and create hotspots
even if there are spacers. Based on these considerations, a 2
mm spacing seems reasonable and was chosen for the design
calculations. A rod diameter of 4 ¢m Is assumed based on
considerations of maximization of space utilization, neutronics
and temperatura profile considerations(3l. The resutting canister
fractional flow area is 5.4%. The side wall fractional area is 1.8% it
a 3 mm channel thicknass for the side walls and the first wall is
assumed subject to verification based on the resulting velocity
ard pressure drop In the side walls. .

The helium mass flow rate in each canister is calculated from an
energy balance for the prescribed power generation and a given
temperature 7ise. The helium velocities in the tirst wall channel
and canister can then be calculated based on the local density
and flow area. The friction pressure drop per unil length of the
first wall, AP, Is caiculated by using the triction tactor correlation
for a smooth channet [4].:

£ pv2
Awa"E (%)fw;

f=0316 Re 025 )}

The friction pressure drop per unit length of the canister, APgan,
is given by:

&Pcan =2 f (V2)can N;

£ =025 4 —2:118 0.16

(S1- D)1.08 *¢ (2
)

where f* is the friction factor for the staggered rod arrangement
estimated from Rel. {5].

The acceleration prassure drop, APace, Is estimated from the
following expression for both the first wall and canister flows
using the corrasponding parameter values:

AP = Z.L.._...l... 3
 &Pacc {pV) [Pout Pin] {3)
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The total pressure drop for the canister APio can then be
calcutated by summing Rs individual components Including ertry
and exit lossas assumed as being twice the dynamic pressure.
The required pumping power, Pp, Is then given by the fottowing
exprossion:

APt W @
M fin

From the aforemantionad expressions, the pressure drop and
purmping power for the canisters were estimated and plotted as a
function of the hellum femperature rise and Inlet pressura as
shown In Figs. 3 and 4. The hefium inlet temperature was set st a
low valua of 509C based on the safety objective of minimizing
the helilum temperature. Figure 3 indicates that for an inlet hellum
pressure of about 10 bars or moere, tha corresponding pressure
drop Is not a binding constraint unless the helium temperature
sise Is small {less than 150°C). However, as shown In Fig. 4, the
pumping power can be appreciable and Is more consiralning. For
design purposes, a moderate inlet pressure of 15 bars Is chosen
togsther with mederate Inlet and outlet temperatures of 50°C
and 3000C, raspeclively.
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Fig. 4 Canister pumping power as a function of the

helium coolant iniet pressure for different helium
coolant temperature rises.

Estimates of the pressure drop in the manifold and lines
leading 1o the heat refection syslem were also made and added
fo the canister pressure drop result in a total pressure drop of 1.7
bars and a coresponding-pumping powaer of 30 MW, both of
which are acceptable. The total coolant flow rate for the blanket is
1.1x108 kg/hr. The maximum coolant velocity in the first wall and
canister are 53 m/sec and 24 m/sec, respectively and the
minimum velocitles are 36 nVsec and 20 mvseg, respectively.

Porous Mesh Insulating Helfum Layer
In order to insulate the cold hellum flowing along the skle wall
from the hotter hellum flowing In the canister, a porous mesh s




used lo create a stagnant film of hellum as shown In Fig. 2. The
Dittus-Boalter comrelationf4] is used to astimate the heat transfer
cosfficlont on sach side of the insulating helium layer. Af the
entrance to the side wal, the helium temperaturs Is 509C while
on the other side of the insulating layer and second wall, the
outlet hellum temperature Is 3009C. At this location, the
calcitated heat transter coefficients are 1831 Wm2-K and 1109
W/m2-K for the cold side and hot side, respectively. The heal flux
across the second wall is then 0.125 MW/m? assuming no
insulating gap (L. only a 2 mm thick second wall) and effectively
increases the temperature rise in the first wall channe! by 75°C.
in the present design, a 2 mm stagnant He layer 1s included; the
heal flux Is then reduced to 0.017 MW/m? al that particular
location and effectively increases the temperature in the first wall

channel by only 10°C, which is acceptable. The temperature at
the exit of the first wall channel is then about 160°C.

TRANSIENT ANALYSIS OF FLOW BEHAVIOR AT THE
MANIFOLD

Anaivlical Modl For Flow Behavior at Manifold

In a base-line design, the fusion planl components ars
designed lo operate most efficiently at the rated full power while
maintaining a capacity to operate the system within some safety
tactor which accounts for plasma disruptions. To examine the
thermal-hydraulic behavior of one blanket sector, a blanket
canislar was modeled, by using 5 hydrodynamic volumes and 6
tiow junctions to reprasent its physical characteristics. The model
also includes 2 common volumes to simulate the inlet and outlet
manHolds. The three volume breeding zones were used 1o
account for the radial variation of power, Note that this model
applies to all helium-cooled sofid breeder blankets with a canisiter
configuration and Is applied here 1o the helium-cooled solid
breeder blanket design proposed for ITER. The one-dimensionat

transient system of conservation equations used to solve the
flow behavior are written as follows:

Continuity equation:

3 BEVA)
Am+ p =0.

(5)
Energy equation:
pCp ooV ey Laq.Z ©
Momentum equation:
apV 9 Q_%:;A_ aP
AT Fxw @

where F represents friction pressure losses and k, are the
pressure losses at the inlet, outlet, and intenal restrictions, and y
is tha direction of flow, which Is +1 for upflow and -1 for downflow,
The fourth equation used is the equation of stats.

To predict the thermal-hydraufic behavior of the system in
response to a specified variable power input o the channel, it Is
possible 1o separate the Inlet mass velocity and the
Instartaneous axial mass flow rate distribution from the resulting
mass flow rate G(z.1), Following Tongl6], assigning ¢(z.1) as the
axial mass flow rate distribution in the channel, and G(0,1) as the
inlet mass flow rate, which may vary with time, yields:

G(z,1) = GOt) ¢z,t) (8}
Substituting this equation into the momentum equation and
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Integrating over the channel length results in:
oP-JFdz - xd €2 o 12a
36(0.) _ -JFdz - xdz-fpdz + S 1) I da

a fadz

©

where AP Is the driving force between the common planums and

n vanishes if the mass flow rate (G A) remains constant within

the channsl,
The total Inlet mass flow rate, W(Y), is written as:

Al G1(04) + A2 G2(0) + ... + Ap Gp(0) = W(1) (10)

whera A1, A, and, Ap, are the flow areas of channels 1,2,and n,
respectively, Differentiating the above equation ylelds:

oG 1{0,t 2G2(0,t o0y (0,1) oW
Al 13t )+A2 %: )+...+An—-%—f~—)-—.3t- {(19)

This equation ¢an be used for evaluating the pressure drop
common to all channels;

oW
(—Bt—- ILBn Ap)
AP = o An (12)

where C and B are defined respectively as:

ot
“Jedz’

2
-{Fdz -{xdz-Jypdz + "%—+ G(0.1) Ia—;? dz
Jadz

(13)

The calculated AP can be substituted into Eq. (8) to determine
subsequents G's for Individual paraliel channels. The coolant
temperature distribution along the blanket canister was
determined through the use of the energy equation. To obtaln
the flow rate, pressure drop, and coolant temperature distribution
time history, the solution schema requires an Herative procedure.

The pressure losses along each coolant flow path include
triction losses along the channel wall, localized losses from
sudden change in channel diameter and intemal restrictions, and
variation of momentum from change in fluid density. In the
reference blanket design, the heflum coolant flows along the
side walls and across a bundle of staggered rods lying in a
toroidal axis. The friction loss in the canister Is calculated from
Eqgs. (1) and (2). The aforenientioned system of equations are
formulated in terms of area and time-average parameters of the
flow and are solved numerically using a semi-lmplicit finite
difference technique. The time step required for the numerical
solution method Is controlled by the Courant time constant,
which ls the ratlo of flow path and local velocity.

During normmal operation, a cooland channel in a blanket
canister with a higher heating rate will experience higher flow
acceleration and reducad denshty. The resistance to the flow will




therefore be higher in this canister and the coolant channel will
recelve less tlow 1o maintain the pressure drop balance. Table |
summarizes the results for the steady state normal operaling
condition. For the present calculation, the poloidal power
paaking factor is set al 1.3, the minimum power lactor Is at 0.5,
and a poloidal linear distribution is applied to the rast of the
blanket canister. This Is optimistic since the poloktal power
varlation Is likely 1o be significantly higher. Thus, any comective
measure raquired al this level would be greater for the higher
power variation case. 1t is noted that the coolant exits from the
bianke! canisters at temperatures ranging from 493 K 1o 573K,
For the same pressurs drop across each canister, the lowest
power blanket canisler requires the highest flow rate which
results In the lowest coolant exit temperature. The ritium
release behavior in solid breeders is heavily dependent on
temperalure, being unacceplably slow al low temperatures. At
the same lime, it s desirable thal the blanket tas the capability to
operate at different steady state power lavel, which Is of particular
importance for ITER conditions. Thus, the solid breeder is made
1o operale at fis minimum allowable temperature o enable the
maximum passive power increase accomodation by letling the
sofid breeder temperature rise within its allowable temperature
window. Power decreases can always be accomodated by
reducing the helium flow rate 1o keep the solid breader
tempaerature above its minimum allowable value. if the coolant
temperature is different in each canister, the canistar
configuration will then have to ba individually tailored to malmain
the same minimum solid breeder operaling temperalure. To
avold this design complexity and to avoid thermal mixing in the
mainfold, it is desirable 1o have the same coolant Inlet and outlet
temperatures for alf canisters,

Channel nurnber 1 3 5 7 2
Region Power Faclor 1.3 1.2 1.1 1.0 0.9
Coolant intst Tamparature(K) 323 323 323 323 323
Coolant Inlat Pressura{MPa) 1.5 1.8 1.5 1.5 1.5
Coolant Mass Flow Rate{kg/sec) 1.200  1.204 1.208 1.213 1.218

Coolant Exit Temparature{K) 5§73.0 552.9 533.0 513.2 4938
Coolan Pressurg Drop{MPa) 0.188 0.168_ _0.168 0.166 0.166

The power was increased linearly with time 16 150% full power
at 0.05 s after initiation of the transient calcufation. The translent
was run for 1 s under the assumption that the subsystems are
capable of providing the normal coolant inlet conditions and that
the pump provides the same pressure head as In the steady
state condition. Figure 5 shows the behavior of the Individual
mass flow rale vs tims. The results indicate 1hat the flow rate n
each blanket canister begins to decrease at the moment the
transient begins and reaches a new equilibrium flow rate at about
0.15 s. The highest power blanket canister {channel 1) has the
fargest drop in flow rate, since the flow there experiences the
fargest changes In fluid properties {density reduction) and
acceleration losses. Reduction of the flow rate during power
transient operation results in an additional increase of the helium
-toolant lemperature. For the highest power blanket canister, the
coolant temperature rise is 5% higher then & would be if there
were no reduction in flow. The corresponding difference
between the maximum and minimum coolant exit temperatura is
130 K, which Is about 60% higher than under nomal operating
condition, Both of these consequences exacerbate the problem
causad by non-unitorm coolant temperatures and augment the

heed for correctiva measures.

Introdhuction of Difusive Plata

A corrective measure Is to install a diffusive plate at the Inlet of
the coolant flow passage to adjust the hellum mass flow
distribution and to obtain a uniform helium outlet tomperature.
The required flow resistance is then calcutated by batancing the
pressure losses in all the coolant passages. The reason 1o
introduce a tlow resistance at the inlet of the coolant channel
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Figure 5 Coclant flow rate history under power increase transient
{assuming pump head Is fixed).

instead of other location of the flow passage is that it increases
the tlow stability by providing for the retention of "a farge pressura
head at the inlet. The calculated inlet flow resistances lo balarce
the pressure drop in a blanket seclor made up of 9 bfanket
canisters connected to two manifolds are calculated from the
momentum equaltion and tabulated In Table 1.

The same transient condition is sun with the Instaliment of the
diftusive plate at the inlet of the coolant llow passage and the
resulting coolant flow rate history Is shown in Fig. 6. The flow
reduction and the increase of coclant exit temperature follow a
similar behavior 1o the previous case. However, the
corresponding difference between the maximum and minimum
coolant exit temperature is only 10 K.

Coolart Flow Rate(kg/sec) 1.200_ 1108 1.015 0.922 0.833
Coalamt Exit Tamperatura{K) 5730 573.0 573.9 573.3 672.2
Coolant Prassure MPa} 0166 0.166 0.188 0.166 0.168
Diffusiva Plate Flow Resistanca'0 3.0 895 12.15 18.64

* The flow resistances are oxpressed in terms of valocity head in the side Tlow
path of tha reference blanket dasign.
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Figure 8 Codlant flow rate history under power increase transient
with Instaliment of diffusive plate.

Another transient conskdered In the present study is the
sawteeth surge scenario due ct:f" }:e m:lllur‘\rc".hon gll :;1:5‘?[5
heating. A typicat power profile of the sawleeth surg
would gesul??r,\ a power incraase to 120% of rated power in about
2to 3 s and a drop to normal power leve! in about 0.3 s. The cycle
repeats itselfl until the RF heating backup operates. The coolant
exit tamperature history for a single power transient Is shown in
Fig. 7, for each channel. The exit temparature history tends to
follow the same profile as that of the power level but the




ditference between the maximum and minimum coolant exit
tamperalures Is again small, about 4K,
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Figure 7 Coolant exit termperatury history during sawteeth surge
scenario. :

Elow Corfrgl Schema

The basis of fiuid flow control is 10 ensure the integrity of the
blanket module during various operating conditions, which
include normal operation in the design power range as well as
transients. This objective can be obtained by varying the fotal
flow 10 the blanket channets, so as to mairmain the breeder, the
support structure and internal cofnponenis at temperature levels
which lie within the temperature design limits. This results In a
limited fise of the coolant temperatures during any operating
upset conditions so that the breeder and the siructure
temperatures do hot exceed thelr design operating temperature
fimits. For example, for the referance L13S5i04 solid breeder, the
assumed maximum allowable operating temperature beyond
which sintering would occur thereby affecting the tritium release
1s 1000 KI1L. 1, as an ilustration, a 375 K temperature gradient
across the film, multiptier and breeding region Is assumed at all
canister locations for the reference design I3], the mixed coolant
temperature at any location in the breeding regien must then be
less than 625 K for the solid breeder to stay below its maximum
allowabla temperature.

To ensure the blanket canister integrity during change in
operating conditions, the total inlet mass flow rate is adjusted
through a flow contro! valve according to the temperature rise of
the coolant In the reactor and the imposed flow contro} schemna.
The control system consists of the evaluation of the system
behavior through the algebraic equatiens and logical statements,
and Is primarily intended o provide the capability to simulate the
control systems which may be used in the reactor. The coolant
femperature rise at each blanket canister Is examined after
calculation. H the program detects that the coolant temperature Is
over the design lemperature fimit, the flow s reset to a new value
based on the lemperature rise at that blanket canister. Since the
coolant temperature rise is proportional to the mass flow rate, it [s
possible to generate a schemea such that the required flow rate Is
cbtained from the following equation:

AT

Wy =W,
BT ATdesign ©

(14)
where

Wy = mass flow rate before adjusiment

Wn = desired new mass flow rate

AT = totallemperature rise at the detected location
ATdagign = maximum allowalle temparature fise

The Initlal transiert case is rerun with the ald of the control
schema and the results are summarized in Figs. 8and9. Figure 8

indicates ihat prior to the control schema being initialed, the tiow,
rate 1o each blanket canister is reduced such that the pressure
losses In the coclant passage maich the avallable pressure head.
The system detects the coolant temperature over the design
temperature limit at about 0.03 s and bagins {0 Introduce more
flow to the blanket sector. Figure $ shows that a slightly different
hellum coolant outlet temperature occurs al the new equibrium
state due 1o the fotal flow being redistributed 1o the blanket
canisters based on the driving force between two common
heads, The lowest power blanket module receives more fiow,
and therafore the lowest coolant exit temperature cccurs thera

during the power transfent. H a uniform coolant oullet

temperaturs ts proferred, then the fiow resistance of the diffusive
plate requires adjustment to smooth out the tlow distribution and
pressure disturbance.
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Figure 8 qu|ant flow rale history under power increase transient
with proposed control scheme.
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CONCLUSIONS

The thermal-hydravlics calculations indicates that the helium-
cooled solid breeder blanket for ITER can opsrate al moderate
pressure and temperature, which coupled 10 the use of an Inent
gas, makes the blanket particutarty attractive from a safety point of
view. Transient analysis of the manifolding Indicates that the
Introduction of a diffusive plata at tha Inlet of the blanket coolant
flow path produces a more uniform coolant exit temperature
distritertion for the pololdal running malnfold design. The analysis
shows only a small difference of temperature at the exit of the
blanket module for the reference operaling case. Results
Indicate that the provision of differant amount of total coolant flow
can be achieved by adjusting a fiow control valve at the Inlet of
the coolant pump and that through the control of the pump head,




the coolant temperature can be kept below lts maximum it set
by the maximum allowablo materlal operating temperature,
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NOMENCLATURE

e o0>
gogs® =07gog

ER - Ni<"“—-l£?

cross sectional area of the channel, m2
heat at constant pressure, JkgC
rod dlameter,m
hydraufic diameter,m
friction factor {(dmensionlass)
mass flow rate
rurmber of transverse rows of rods per unit radial length
of canister (dmensionless) .
pressura,bar
pressure drop,bar
pumping power, MW
heat generation per unit voume, Jimd
Reynolds number (dimensionless)
transverse pitch between rods,m
coolant temperature,C
lime,sec
velocity,m/sec
mass flow rate kg/sec
axiat position in the channel,m
density kg/m?

pump efficiency (= 0.9 for presant catculation)
{dimensionless)

NOMENCLATURE (cortinued)

r

power per unit area, MW/m2 .

subscripts "can, tw, tot, In, out, acc” refer o canister, first wall,
total, inlet, outlet and accelaration.
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