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The divertors of future fusion reactors will have a power throughput of several hundred MW.
The peak heat flux on the divertor surface is estimated to be 5 to 15 MW/m 2 at an average
heat flux of 2 MW/m 2. The divertors have a requirement of both minimum temperature
(100°C) and maximum temperature.
The minimum temperature
is dictated by the
requirement to reduce the absorption of plasma, and the maximum temperature is determined
by the thermo-mechanical properties of the plasma facing materials.
Coolants that have been considered for fusion reactors are water, liquid metals and helium.
Helium cooling has been shown to be very attractive from safety and other considerations.
Helium is chemically and neutronically inert and is suitable for power conversion.
The challenges associated with helium cooling are:
1)
2)
3)

Manifold sizes
Pumping power
Le_ prevention

In this paper the first two of the above design issues are addressed. A variety of heat transfer
enhancement techniques are considered to demonstrate that the manifold sizes and the
pumping power can be reduced to acceptable levels.
A helium-cooled divertor module was designed and fabricated by GA for steady-state heat
flux of 10 MW/m 2. This module was recently (August 1993) tested at Sandia National
Laboratories. At an inlet pressure of 4 MPa, the module was tested at a steady-state heat flux
of 10 MW/m 2. The pumping power required was less than 1% of the power removed. These
results verified the design prediction.

1. INTRODUCTION
Three coolants considered for the next generation of fusion machines such as the Tokamak
Physics Experiment (TPX), the International Thermonuclear Experiment (ITER), and the
Next European Tokamak (NET) [1-3] are water, liquid metal and helium gas. From safety
considerations helium is the best coolant [4].
In order to evaluate the feasibility of helium cooling, a study was undertaken at GA during
1992-1993 to evaluate if a module could be designed to remove ITER-relevant heat fluxes
with helium cooling. This paper describes the design, fabrication and testing re_qlts of this
module.
The conclusions reached from the GA study were used to analyze the thermal hydraulic
performance for the helium-cooled ITER divertor. Two designs were examined. The first was
at a moderate helium pressure of 5 MPa but with a highly enhanced heat transfer surface.
The second was with a high helium pressure (20 MPa) but with a very moderate heat transfer
enhancement. In practice a combination of high pressure and enhancement technique will
lead to practical divertor designs for fusion reactors.
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2. PUMPING
POWER
ANDFLOW
The pumping power and flow rate are two very important parameters which determine the
feasibility of using helium to cool the fusion divertors (and or blankets). An approximate
expression [5 ] for the required pumping power N, to remove total power Q is (nomenclature
is at the end of the paper):
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The volumetric flow rate V, required to remove a peak heat flux of q"max, at an inlet
temperature of T l, and peak wall temperature Twmax is given by:
V=
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Equations ( 2 ) and (3) show that, the pumping power and volumetric flow rate could be
reduced by:
1)
2)
3)
4)
5)
6)

Increasing the coolant pressure,
Increase the heat transfer coefficient,
Reducing the length,
Reducing the peak heat flux and the power to be removed,
Reducing the inlet coolant temperature,
Increasing the allowable peak temperature.

A higher coolant pressure results in larger stresses in the cooling tubes. The use of high
pressure is also limited by availability of high pressure components such as circulators and
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heat exchangers. The length of the coolant passages are determined by the divertor geometry.
Physics design efl'orts are underway to reduce the power flow and the peak heat flux on the
divertor by using techniques such as the radiative divertor. Other than these physics design
efforts, heat transfer enhancement techniques offer the best promise to make helium cooling
practical for ITER. In practice, the benefit obtained by enhancement techniques is larger than
indicated by Eqs (2) and (3), because, the enhancement has to be applied over the length with
high heat flux only. This area may be only 10% in the case of the ITER divertor. Any
enhancement technique used to obtain a higher heat transfer coefficient (e.g. roughening the
walls) also results in an increase in the friction factor. However, as seen from Eq. (2), the
Stanton number (non-dimensional heat transfer coefficient) has an exponent of 3, compared
to an exponent of 1 for the friction factor. The net result is to decrease the flow and the
pumping power required to attain the same thermal performance.

3.

TESTMODULEDESIGN

3.1. Design Basis
The purpose of this task was to design, fabricate and test a helium-cooled divertor module for
ITER-relevant heat flux conditions. The module was tested at the plasma materials testing
laboratory of Sandia National Laboratory, Albuquerque (SNLA). The maximum pressure and
flow rate for the helium loop at SNLA are 4 MPa and 0.025 kg/s, respectively. The peak heat
flux for the ITER divertor is 5 MW/m 2. The GA divertor module was designed for twice the
ITER heat flux and flow conditions. These heat flux parameters, and the size of the test
vacuum chamber limited the heated size of the module to 25 mm wide and 80 mm length.
The material selected for fabrication of the GA divertor module was dispersion strengthened
copper (DSC) with a peak surface limitation of 500°C as determined by creep limits at
temperature.
3.2. ThermalHydraulicOptimization
Standard correlation's for the heat transfer coefficient, friction factor and inlet and exit losses
from Rot\,;. 16] and 171 were used for the thermal design of the module. The properties of
helium were based on Ref. [8]. All calculations were done for an inlet pressure of 4 MPa, an
inlet coolant temperature of 20°C, a surface heat flux of 10 MW/m 2 and a peak surface
ternperature of 5(X)°C.
The simplest design will con_';istof a smooth channel. The required flow rate is 0.23 kg/s and
the required flow velocity is 450 m/s if smooth channels are used to cool the module. The
helium inlet pressure i,:,4 MPa. The corresponding pressure drop will be 0.64 bar, and the
pumping power will be 2300 W. Thus the pumping power is 11.5% of the power removed if
a smooth channel is us,_'dfor cooling. The_ values are too large. Equation (2) shows that this
performance can be improved by increasing the heat transfer coefficient.
A two-dimensional roughness increases both the heat transfer coefficient in the turbulent
flow regime by a factor of about 1.8 and the friction factor by a factor of about 4 at a given
Reynolds number [6]. Such surfaces have been used successfully in gas cooled reactor
programs to reduce the p,lmping power [9] . With the two-dimensional rough surface, the
required heat transfer coefficient can be obtained at a lower velocity of 230 m/s. The
resulting pressure drop is 0.66 bar, and the pumping power is 1183 W.
For a 3-D roughness the heat transfer multiplier is about 2.5 and the friction factor multiplier
is about 7 at the same Reynolds number [7]. The required flow velocity is reduced to 141
m/_, the pressure drop is 0.44 bar and pumping power is 487 W respectively. Thus the 3-D
3
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roughness reduces the required pumping power by a factor of 4.7 relative to the smooth
channel.
Another possible enhancement technique is the use of impinging jets. The average heat
transfer coefficient created by a jet impinging on a flat plate can be obtained by correlations
from Ref. [10]. Using a pitch of 1 mm, an arrival jet velocity of about 180 m/s will be
required to obtain a heat transfer coefficient of 40,000 W/m2-°C. This corresponds to a
pressure drop of about 1.1 bar at a flow rate of 0.026 kg/s. The resulting pumping power is
480 W. This is a vast improvement over flow through a smooth channel but still represents a
significant 2.8% of the power removed. Also manifolding will be complex with jet cooling.
Although cooling by jets results in relatively high pressure drop and pumping power, it has
two distinct advantages:
1)

The performance does not depend on thermal conductivity of the material as in the
case of extended surfaces.

2)

It is desirable to make longer modules (the module considered here is only 80 mm
long!). The pressure drop due to jets will not depend on the length of the module.
For the ITER divertor, the length with the peak heat flux will be 0.3 m or longer.

A large increase in the effective heat transfer coefficient can be obtained by using extended
surfaces (i.e., fins). Extended surfaces increase the effective heat transfer coefficient by three
mechanisms:
1)
2)
3)

The reduced flow area increases the flow velocity.
The hydraulic diameter is smaller.
The heat transfer area is increased.

The overall effect can be (depending on the coolant, fin material, etc.) an increase in the heat
transfer coefficient by a factor of 5 to 10 over the smooth channel value, for a given flow and
flow channel cross section. All the factors listed above also contribute to an increase in
friction factor and pressure drop. However, as seen from Eq. (2), the net effect is to reduce
the required flow and pumping power.
The heat transfer coefficient on the surface of the fins was calculated by standard
correlations. The effective heat transfer coefficient t_e can be calculated from the fin area, fin
efficiency, and heat transfer coefficient on the fin surface [5].
Since there are many variables which determine the surface temperature of the module (flow
rate, fin pitch, thickness, height, material thermal conductivity), the effect of each variable
will be examined. A computer program was developed to perform this study. An
optimization study was performed to find the best height, pitch and width which resulted i,_
the minimum pumping power. The details of the optimization are reported in Ref. [5].
Thus the optimized extended surface design consisted of a pitch of I ram, a height of 10 mm
and pitch to thickness ratio of 2.5. For this geometry, the pumping power for a copper
module at a heat flux of 10 MW/m2 is 50 W, i.e., 0.25% of the power removed. This is a
factor of 45 improvement over use of a smooth channel!
Further improvement (but very small) can be obtained by offset fins [6]. The principle
behind this concept is use of the developing boundary layer in the entrance region to obtain a
higher heat transfer coefficient. Analysis shows that the pumping power can be reduced to

40 W for the present design with this offset fin concept. Thus only a slight improvement can
be obtained over the non-offset fins with the added complexity to the design.
A calculation was also performed for a module made from beryllium. Due to considerably
lower (33% of copper) thermal conductivity of beryllium, the beryllium module requires four
times the pumping power compared to copper. Table I shows summary of analysis in this
section.
TABLEI
SUMMARYOF ANALYSESFOR THE GA DIVERTORMODULE
Thermal analysis of different concepts to achieve a surface temperature of 500°C. Heat flux = 10
MW/m2; wall thickness = 3 ram, helium pressure = 4 MPa (580 psia). The module is
80 mm long and 25 mm wide.
..........
Material
Cu
Cu
Cu
Cu
Cu
Cu
Be

Concept
Smooth tubes
2-D rough tube
3-D rough tubes
Jets
Optimized fins
Offset fins
Optimi_d fins

Fiow
Required
(kg/s)

Heat Transt-er
Coefficient
(MW/m2-°C)

0.230..........

0.(J26

0.120
0.072
0.026
0.026
0.025
0.040

0.028
0.029
0.040
0.040
0.042
0.040

Pressure ....
Drop
(MPa)

....... 0.064
0.066
0.044
0.1
I).012
0.01
.....
0.035

Pumping ....
Power
[MW (%)]
2300 ii 1.5%)
1180 (5.9%)
480 (2.4%)
490 (2.45)
50 (0.25%)
40 (0.20%)
200 (1%)

3.3. ModuleFabrication
A divertor module with a heated length of 80 mm, fin height of 5 mm, fin pitch of 1 mm and
a fin thickness of 0.4 mm was fabricated out of DSC material by an electro discharge
machining (EDM) process. The fin height of the fabricated module is half the value found in
the optimizing study, for ease of fabrication. This will degrade the thermal performance to
some extent but will still permit verification of the analysis methods. Figure 1 shows the
fabricated module.
3.4. TestResults
The tests were conducted (from August 13th through August 18, 1993) at the plasma
materials testing laboratory of the Sandia National Laboratory. The heat source was an
electron beam. Following are some preliminary results at the highest helium pressure
(4 MPa). The pulse length was 60 seconds, which is adequate to achieve steady state. No
damage was detected at the end of these tests.
Tests at lower loop pressure increased the pressure drop and pumping power as discussed in
Section 2.
The results in the following table confirmed the design predictions.
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II

I

.....
Flow Rate
(kg/s)
II

I

I

Peak Surface
Temperature
(°C)

Heat Flux
(MW/m 2)
I

II II

IIIIII

Pumping Power
[W (% of
power removed]

IIII

II

0.022

10

380

0.011

6

422

0.0064

3

424

157 (0.8)
21 (0.2)
3. 4

(0.06)
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4. ITERDIVERTOR
DESIGNS
Derivations in Section 2 and tests described in Section 3 indicate that an ITER-relevant
divertor design with helium cooling is feasible with a combination of heat transfer
enhancement techniques and high pressure helium. Two designs are discussed in this section
which apply these pnnclples.
4.I. DesignBasedon Enhancement
A configuration of the ITER divertor under consideration (as of May 1993) is shown in
Fig. 2. The outside diameter of the tubes is 40 mm and an average length of the tubes is 3 m.

.....

7m
Fig.2. Concnptual
design
oftheITERdlvertor

The cross section of the divertor looks like Fig. 3. Additional data and limits assumed to
perform the analysis were:
Beryllium armor thickness = 5 mm
Tube of DSC with 2 mm wall thickness
Peak heat flux 5 MW/m2 over 10% of divertor area
Average heat flux 2 MW/m 2 on the rest of the surface
Total power to divertor = 480 MW
Helium pressure = 5 MPa
Inlet He temperature = 150°C
Peak beryllium temperature = 700°C
A computer program was written to study the effect of the different techniques used in
designing the module to cool the ITER divertor shown in Fig. 3. Helium pressure of 5 MPa
5MW/m
2

DSCopper
\

\'_

.,,_//

/

26mm
40mm
Fig,3. Crosssection
oftheflowchannel
InITERdlvertor

was chosen lbr this study as this is the pressure in current designs [9] of the high temperature
gas cooled reactor (HTGR). All the out of vessel components required at this pressure of
helium are already available.
The simplest design will consist of smooth tubes. The following
obtained for a smooth tube design:
Flow required = 2800 kg/s
Pumping power = 615 MW

flow parameters

are

Both these values are too large. The pumping power is 128% of the power removed. In order
to handle the flow of 2800 kg/s, very large manifolds (12 inlet and exit manifolds of about
0.50 m diameter each) will be required.
Table II shows how the flow rate and pumping power can be reduced by use of heat transfer
enhancement techniques. In all these cases the enhancement was applied over 10% of the
length based on the assumption that the peak heat flux is over 10% of the divertor length.
The computer program is one dimensional and the cross section of the divertor is two
dimensional (due to azimuthal variation of the heat flux). Hence a two-dimensional finite
element analysis of each of the geometries was performed and suitable correction factors
applied to the thermal hydraulic calculations.
TABLEIi
SUMMARYOF ANALYSISFORTHE 5 MPa DESIGN

tt

l/

Pressure= 5 MPa, qmax = 5 MW/m 2, qav = 2 MW/m 2, total Q = 480 MW, Tin = 150°C,
Tmax for Be = 7(X)°C, Be thickness = 5 mm, Cu thickness = 2 ram, length = 3 m
RESULTS

.......... - ..............
Flow
(kg/s)

Geometry
II

Illll-

Ill

II II

I

__

Reynolds
Number

IIll II

I I] IIlllll

Vek_'ity
(m/s)
I

I

......
Pumping"'

Drop
(MPa)
I

Power
[MW (%)]

I

]

I

]1__

III II L_

Smooth

2800

2.8 x 106

510

1.1

t5i5 (128)

2-D rough

150(}

1.6 x 106

270

0.47

130 (27)

Twisted tape

1250

1.3 x 106

230

0.3

71 (15)

920

9.7 x 105

170

0.24

42 (9)

0.21

20 (4.1)

3-D rough
Extended surface
7

430
I11111111
I

I

I

4.6 x 105
I

I

I

84
I

III

I IIIIIIII

_

-

i

I

I I

Two types of extended surfaces were considered. The finite element analysis, performed on
the finite element code COSMOS [11], is shown in Figs. 4 and 5 for straight and radial fins.
The geometry with tile radial fins could be fabricated by extrusion (although not with DSC).
Thus, a helium cooled design at a pressure of 5 MPa with a pumping power less than 5% is
possible. Using an extended surface may result in increases in hardware costs and this needs
further study.
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Mcmifi)M Sizes

For the design with extended surfaces, the flow required is 430 kg/s. The manifold sizes
inside the machine will be:
Number: 12 inlet and 12 outlet
Inlet diameter 15 cm
Outlet diameter 17 cm
4.1.2.

Stress Analysis

A finite element stress analysis (Fig. 6) of the designs indicated that the thermal slress in the
copper tube was below a level of 4(X) MPa at 4()0°C. However, stresses in the beryllium
armor exceed the acceptable levels by a factor of 4. New joining techniques are under
development to overcome this problem.
4,2. HighPressureDesign
A high pressure design of the ITER divertor proposed by P.H. Rebut, is shown in Fig. 7. The
two important features of this design are: 1) no braves and 2 ) helium at a pressure of 20
MPa. This design needs a very high helium pressure to be viable due to small diameter of the
flow channels. Also, the coolant tubes are spirally wound along the length. This is required to
insure that all coolant tubes participate in heat removal.
Thermal hydraulic analysis of this design was perl'ormed with the following parameters:
Inlet helium pressure = 20 MPa
Coolant temperature at high heat flux location 200°C
if the cooling tubes are smooth, even at very high helium pressure, the flow required is very
large (840 kg/s) due to:
I)
2)
3)

Small tube diameter
Thermal resistance of liquid metal inter ('_hase
Distance between half the tubes and the heat flux surface.

HeatFlux
YonMise8Siren MPa
667.00
_,
++_

_

_(

_

_f

_(

4G5.00
611.00
3gg.O0
232.00
176.00
1_0,0o
|18.00
.,6o
7..

-,(---(4
/40

BeArmor
mmthick,
mmO.D,)

StagnantLiquidMetal
z.:,_,

.,.. x

(4 mmlO )

r

Fig.6. Stressanalysisfor a adlalfin geometry

Fig.7, A highpressurehelium-cooleddesignfor ITER

The performance can be improved by using a heat transfer enhancement such as roughness or
spiral ribs inside the cooling tubes. This will increase the heat transfer coefficient by about a
factor of " and the friction by a factor of 4. As before, it will be assumed that the
enhancement is applied over 10% of the length.
The finite element analysis of this design is shown in Fig. 8. The heat transfer in the coolant
channels was increased to obtain a surface temperature close to 700°C. The equivalent heat
transfer coefficient required to obtain this temperature was 0.05 MW/m2-"C. To remove the
480 MW of power with 5 MW/m 2 peak heat flux with this design the following parameters
are required'
..........
Geometry

Flow
(kg/s)

Flow
Velocity
(m/s)

Smooth

840

190

3.0

Helical ribs

400

90

1.3

I

Pressure .......
Drop
(MPa)
I

II

Pumping
Power
[MW (%)]
130 (27%)

i

23 (5%)
i

Analysis was also performed for vanadium tubes. Due to the lower thermal conductivity of
vanadium, the peak temperature was about 150°C higher.
The thermal stress analysis of the above design showed that, the stresses in cooling tubes
were below the limits. However, the thermal stress in the beryllium armor was about 380
MPa, which is 2.3 times the allowable stress.
The flow rate and pumping power required for this design are similar to low pressure design
presented in the last section and summarized in Table II. The manifold diameter will be half
due to high pressure.

10

Temp"C
681
575
416
363
310

Rg.8. Finiteelementanalysis
ofthehighpressure
design

5. CONCLUSIONS
As a result of this evaluation,

the following

conclusions

were reached:

1)

Helium cooling of fusion divertors can be achieved

2)

A helium cooled divertor design for steady state fusion machines
pumping power less than 5 % of the power removed.

is feasible,

3)

The flow rate and the pumping power required can be minimized
of enhancement techniques and high pressure.

by a combination

4)

A trade-off study to compare
high pressure is required.

5)

Power conversion
available now.

6)

Experimental
results confirm the analysis methods
that helium cooling of fusion divertors is practical.

the hardware

system components

at pressures

of about 5 MPa.

costs of enhancement

for helium cooling

with a

techniques

of fusion

divertors

and
are

in this paper and demonstrate
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NOMENCLATURE
A

= flow area

St

Cp

= specific heat of coolant

Tw = Wall temperature

Dh

=

hydraulic diameter

T

= Stanton number

= coolant temperatures

m

f

= friction factor

T

= average coolant temperature

ot

= heat transfer coefficient

V

= volumetric flow rate of helium

L

= length of the flow passage

rl

= circulator efficiency

M

= mass flow rate of helium

p

= density of helium

N

= pumping power

_"

= average density of helium

Ap

= pressure drop

P

= perimeter

Pr

= Prandtl number

1

= inlet

Q

= total power removed

2

= outlet

q"

= heat flux

max = maximum

Subscripts:

12

