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ELECTRODE COOLING FOR LONG PULSE HIGH CURRENT ION SOURCES
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Summary

The need for cooliag of electrode surface in ion
sources for neutral beam line applications is summa~-
rized. The projerties of possible cooling flulds are
discussed and the decision to use water as a cooling
fluid of choice is explained. The influence of source
geometry on the design of a cooling canal is examined
and two possible desigps are presented. The need for
model testing and the results of the tests on a model
cathode are also discussed. Some remarks are also made
on a method of predicting burnout failure of a cooled

electrode.
Introduction

The next generation of fusion reactor experimental
facilities will require neutral beam heating systea
with significantly increased power levels. Neutral
beam currents of 20 Amperes (equivalent) bsam pulses of
5 to 100 seconds and injection energles of from 150 to
400 KeV have been qucted. Sources designed to meet
these beam line specifications must incorporate ccoling
systems for the various electrode surfaces. The ex—
traction and acceleration grid structures of positive
ion sources and the cathade structures of surface
plasma negative ion sources present particularly dif-
ficult problea of cooling.

At Brookhaven Nailonal Laboratory the Neutral Beam
Group is currently developing surface plasma sources of
the Penning and Msgnetron type. Fig. 1 shows the
E.N.L. MK IV Penning source. The objective is to de-
sign and construct & source module to deliver 10 Am-
peves of H™ with a pulse length of up to 100 seconds.
Sources will be stacked to meet the beam line require-
aents. It has been estimated! that a source cspable
of mceting the above requirements will require an arc
power of 200 kw and chat this power is distributed 70X
to the cathode structure and 30% to the anode. Assum-
ing a pover efficiency of 50 MA/kW this results in a
heat load to the cathoce of 3 kW/cm?. In addftion, it
is necessary tiwt the surface temperature of the cath-
ode be maintained at between 300°C and 600°C during the
power pulse.

Cooling ol surface plasma sources of the Penning
and Magnetron type present particulaily difficult prob~
lems at high heat fluxes. Cooling takes place at or
close to the nuclested boiling regime and thus allows
only a smnll margin of error. This paper will discuss
the relacive merits of the various cooling fluids
avallable snd the type of cooling process used. Due to
limitations condicioned by the geometry of the source,
the cooling fluid starting length becomes a dominant
factor in the hsat removai process. The mcst satisfac-
tory method of design s by model testing. Brookhsven
National Laboratory and Westinghouse Eleccric Corpora=-
tion L.C.T:.D« have constructed test stands to carry out
model testing experiments. Results wiil be prssented
on the cooling of a poussible cathode design for the
BNL MK IV Penning source-
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Fig. 1
MK IV Penning Source

The laportance of the ability te predict the onset
of cooling failure leading to burnout 1s examined and a
method is proposed which may be useful to predict bura=~
out.

Choice of a Cooling Fluid

The primary objective of the Brookhaven program is
to develop a source module capable of delivering 10
Amperes of H- with a pulse length of up to 100
seconds. From thermodynamic considerations the heat
load may ba considered continuous with tempdaratures
becoming stale, other than tatal system enertia,
within a few milliseconds. The electrode cooling
sysien vill consist of three major assemblies which are
connected.

8. Heat abstraction.
b. Fluid transportation, including pumplng.
c. Heat rejection.

The system should use reliable, well testad rech—
niques and should not be a development program in ic-
self. The heat abstraction system is very strongly re—
lated to the design of the source and to z lesser
degree to the choice of flu.d. The fluid transporta—
tion, other than pressure and temperature considera-
tions, is dictated by the choice of fluid, as is the
heat rejeccion system.

A cooling fluid should bave the following
properties.

a. Able to .emove the required amount of heat
within che temperature limitacions.

b. Be safe to use and have no undue hszard during
soutrce operatfion.

c. Easy to handle when changing sources and
carrying out other modifications Lo the source
systeno.
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d. Able to insulate the electrode voltage during
operation.

e. Be compatible with all source materials.

f. Have a low pumping horsepower.

Poasible cooling fluids are:

a. Liquid metals and heat transfer salts.

b. Hydrocarbon and silicone~based heat transfer
£luids.

c« Demineralized water (pressurized).

Many of the liquid metals and heat transfer salts
may be disregarded due to teaperature considerations.
The melting point needs to be 100°C or lass in order to
allow for a reasonabla temperature drop through the
electrode wall when operating at 300°C. It would be
advautageous 1f the melting point is below room
temperature. Mercury, cesium and two of the NaK alloys
oeet the ideal conditions. The disadvantages of these
possible 1iquid metals is that they are either very
toxic or highly reactive. In addition, they are also
very good electrical conductors. The major advantage
is that they are good conductars of heat with film
coefficients ranging from 1.7 to 3.69 W/cm? °C.
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Fig. 2
Comparison of Heat Transporation
Properties of Various Cooling Fluids

The hydrocarbon and silicone based heat transfer
fluids sre generally suitable for use in the required
tesperature range and have good electrical insulating
properties. The major disadvsntage {a that most have
soune form of environmantal hazard probles and also have
rather low heat cransfer properties. Dowtherm "A" film
coefficiants range from 0.17 to 0.28% W/ca? °C.

Cooling systems using water can be shown to have
heat transfer film coefficlents comparable to the
1iquid metals. By demineralization and pressurization,
the fluid can be made essentially nonconducting and
also able to operste in the required tsmperature range.

The major advantages of water cooling sre that the
techniques are fully developed and are in everyday use.
When work is done on the source, no toxic or hazard
probless exist. Thers ate no environmental problema
and vater is compacibla with all the matarials used
within ths source.

Fig. 2 & 3 compare the properties of the fluids
considered.
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Fig. 3
Comparison of Fila Coefficient
of Various Cooling Flulds

It is clear from the foregoing that demineralized
pressurized water has considerable advantage over the
other possible heat transfer fluids and is the fluid of
choice for the source development program. At some
future date, other considerations may require a re-
evaluation of this question. For example, it is neces-
sary to supply cesium to the interior of the source and
it may be pcesible to combine a closed loop cesium liq-
uld metal cooling <vscem with a cesfum supply system.

Demineralized Pressurized Water as a Cooling Fluid
s

) Water is in enryéay use as an energy transfer
fluid; the following are typical design heat flux
values for commercial equipaent.

&, Utility Boilers 47.3 ~ B3 W a2

b. Current Solar Boilers 70 =~ 100 W em™2

Ce« Marine Boilers 47.3 ~ 50 W a2

d. Naval boilers 95 ~ 100 ¥ ea~2
(high rated)

These figures should be compared to the required value
of 1000 to 3000 ¥/cal.

The variation of heat flux with 4T is assumed to
foll '@ the well-known Nukiyama curve. As AT=Ty~Tg
increases so the influence of the fluid velocity on the
heat. flux transmited decreases. For a very large AT
the heat flux seecs to be almost totally independent of
£fluid velocity witiin very large velocity vsriatfons.
The fluid velocity and, hence, the mass flow sre the
controlling factors in the value of the burnout heat

flux.
A correlation developed by Engelberg-Foster and

GriefZ for application in the nucleated boiling
regina, i.e. large AT, ylelds s

T= 4.3°207 4oy T, (c'r.nlz)l‘ (ﬂs’ Bé:)l’ 32 (W
ok Loy) 3/2 ul \k




Where:

D = Diameter ft.
G = Mass velocity lbs/ft.?2
hy = Filw coafficient btu/hr, ft.2 °F
T » Heat flux btu/hr. ft.
Ty = Temparature degres’F
P = Pressure lb./ft.
Ty = Saturation temperatuze °F
T, = Temperature of heating surface °F g
Ty~Tg = I3 = superheat temperature °F M
Tg=T3 = T2 = subcooling temperature °F
T,=Ty = T3 + Tz Overall temperature
difference °F

4P = Pressure difference corrasponding to super—heat

tesperature T; 1b./ft.
L = Latent heat of vaporization of fluid btu/lb.
0 = Density lb./ft
c = Specific heat at constant pressure btu/lb. °F
k = Thermal conductivity btu/hr.ft.Z *P/ft.

Fig. 4
. MK IV Penning Ion Source
Cathode Assambly

o = Surface tension 1lb./ft.
n = Vigcosity 1b./hr.ft.
a = Thernmal diffusivity fr.2/hr.

Subgcripta: 1 » liquid, w = wall, v = vapor

Note that there 1is no velocity term and that the domi~
nant terms are Tg and &. This correlation has shown
close agreement with experimental results for nucleated
boiling in pressurized water and mercury.

For the twisted tape configurations, shown In Fig.
5, the expression, developed by J Kia et a18 is ap-
plicable.

T = La6xa072 a7, 225 (2)

where the tap twist ratio y = 2.48.

At moderate valuer of &T, the velocity term be-
comes more significant in the snergy transfer procass
and the following correlation developed by Sieder and
Tated appexrs to agrea with experimental results.

ny feul’? /)0 2% o 0,023 (3) Fig. S
Gy Yy ﬁ' (Dc-mll 0.2 Component Parts of MK V
Penning Ion Source

In order to maincain the required cesium layer on
the operating face of the cathode, the surface tempera-
ture must be maintained between 300 °C and 600°C. Sys-
tem pressures of between 250 and 500 psi are required
to supress boiling and maintain the surface teapera~
tures at the required value. o A0S cavth
N .

Cooling Canal Design .\\:

The source geometry is very often an overriding
factor in the space allowed for water cooling canals. | SUNTIR T potm
The entvance and exit region of a canal presents diffi- R TS L ML Bt et

culties in that sharp turns cannot be avoided in most
cases. Fig. 4 is a cooled cathode design for the HNL
MK IV Penning source showm in Fig. 1.

. L P FURIT Y

Here there are many variations in cross section
and direction of fluid fiow. The starting length 1s
defined as that distance over which tha fluid velocity
profile continuss to change due to a change of canal
cross section or flow direction. This distance may
vary between 10 and 60 diameters depending upon the
£luid velocity and type of entry. A modification of
equation (2) may be used to calculate these effectss,
clearly a better solution 1s to avoid the problems by
design wherever posiible. Fig. 5 shows the campenient
vt of 4 cathode deatgned by the Westinghouse

Electrle Corpe I.G.T.D, for th N MK
shoun 1 Fei 6. e B.N.L. V source X v Pen::.ﬁ; !6.ou Soure
¢



As an exaople, cousider ths structure shown in
Fig. 7. This represents a possible cathoda design for
low power cw operation in the BNL MK IV Magnetron
sources Becnunc of source test stand linltationl it 1s

MK LV Magnetron Lon Source
Cathode Assembly

intended that the water system be a once through to
drain with no pressurization using domestic water.
Water will be supplied to the cathode and returned to
ground through water chokes. The water flow passage’
involves two right angle -bends at entrance and exit and
a central divider to reproduce two separate water cir~-
cuits. Equation (3), or any modification of this equa-
tion, is not applicable due to the short length cf the
heated section of the canal. Application of equation
(1) with an internal pressure of 15PSIG and a Ty, of
350°F, (all other fluid properties obtained from stan~

dard references) ylelds
jﬁzs
250+0,0065 j

4)

T 4.3.10% 0.0065¢59.8:250
0.044 5(94540,073)/2
(e

T = 3.225:10° brufhr.fr.2 = 102 vatts/ca’

702

383, 2,286« 10

By slotting the cooled surface to give a surface en-
hancemant ratio of 2.5 yields a cathods operating sur—
face heat flux

Q = 250 W/em? cw

Making reasonable assumptions on tha rest of the water
system and allowing for a 20°F temperakure rise of the
water, & flow rate of 511 lbs./hr. results, giving a
valocity of 6.8 fc./sec. and a Renolds number Re =
44318. Applying Fannings equation results in a rather
sodest pressure drop of § PSI.

A computer run using the pot? computer :ode
yields a mean surface tewperature of approxizately
250°C under this heat flux. It is anticipated that the
actual heat flux may be higher dus to the Hypervapor-~

tron effect.

The maximum thermal stress is induced under startup
conditions when the tempersature across tha Molybdenum
wall will reech spproximately 230°C.

Local bending stress P = 1/Z & «<E

.which yields P = 24500 1bs.

The U.T.S. for Molybdenum at 250°C is listed at 107
1bs./1n.2 giving a factor of safety of 4. Under nor-
wal operation this stress will be reduced. The method
of location for the cathode within the anode will allow
for thermal expansion.

The use of domestic water as a cooling fluid ia
not recomaended except as an expedience to facilitate a
testing program. The usable life of cathodes with
small dimension cooling canals and using domestic water
is not expected to be very great.

Deposition of metal salts etc. on to the cooling
passage walls in the boiling zone will cause localized
blockages leading to failure. Deionization of the
vater removes these metal salts, thus providing insuls-
tion of the cathode voltage with respect to ground, al—
80 preventing the deposition of these salts in the

cooling space.

One version of the Penning type cathode shown in
Fig. 5 contains a twisted ribbon to provide emhanced
heat transfer properties to the fluid. The starting
length is reduced by use of shaped fluid entry sections
and a mask {s used to shield the starting length from
the applied heat load. Assumlng a system pressure of
15PSIG and T, = 325°F application of equation (2)
yields
T = 1.46-1072(325-250)2-35%

q - 3.28 k4 2

Again if reasonable assumptions are made on the rest of
the system and a fluid temperature rise of approximate-
1y 100°F {s allowed, then a flow rate of 480 lbs./hr.
results in giving a velocity of 9.55 ft./sec and a
Renolds aumber Re = 61500. A twisted slot version of
this cathode has also been fabricated.

At high T with sucleated boiling, two phase flow
in the cooling f£luid takes place. Under these condi-
tions, even minor changes in cross section, with asso-
clated pressure changes, can cause a vapor lack and
burnout conditions. The most satisfactory msthod of
design is a calcnlated first pass followed by madel
testing. Computer studics have been made of variaus
cathode cross sections suitabla for the MK 1V and X V
Peaning sources.¥»® Filn comEficients were com-~
puted from Equations 1, 2, and 3.

Cathode Testing Program

Test stends suitable for testing possible cathode
designs have been constructed at INL and at Westing-
house Electric Corporation R & D Center. The Westing~-
house test stand is cagable of simulating cathode heat
loads of up to 5 kW/cm. This test stand f{s more
fully described in paper 20-07 of thls symposium. The
BNL test stand is simf{lar, but has lower power capabil-

ity.

The Penning cathode shown in Fig. 5 was tested in
the BNL zest stand at a power level of 600 W/cmZ. '
Figure 8 shows the variation of surface temperature
with input power for two points along the length of the
canal, and also contains 2 calculated curve of the mid
point temperature. The (nfluence of the change of




EEOSI section at the exit passage is clearly indicated.
The Penning cathods showm in Fig. 6 will be tested at
the Westinghouse R & D Center.

.

MK IV PENNING CATHODE
TEST RESULTS
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Fig. 8
MK IV Penning Cathode Test Results

Prediction of Burn Out

The failure of a cooled electrode under test or
service conditions will lead to the dismcharge of sub-
stantial quantities of fluid into a vacuum system.

This type of failure can mean a major interruption of a
testing prograa or, even worse, the shutdown of a neu-
tral beam iine. The failure of a water cooled surface
results from the formation of a steam sheath between
the zooling fluid and the surface. Heat transfer takes
place by gas convection and radiation only leading to a
rapid rise in temperature. For ths design shown in
Figs S, this temparaturs will exceed the melting point
of the material within approximately 100 m secs. It
is, therefore, essential to provide a method of pre-
dicting the onset of failure of a cooled surface.

One approach to this problem is to use the change
of sound "signature” with power level increases as a
prediction of burnout failure. The design shown in
Fig. 5. is a twisted ribbon inserted into a bore. Heat
is supplied at ons side only, therefore, steam bubble
nucleation sites will be at this side only. The size
and frequency of steam bubble formation will depend up~-
on the power level. After a bubvle leaves the surface,
the distance travelled around the twisted helix before
condensing will depend upon the pover level. If suit-
able detectors are wounted into the water system at lo-
cations close enough, the sound signature of the growth
and coliapse of these steam buhbles may be detected.
As the power level is increasad, steam bubbles will
travel such a distance that they again reach the heated
surface before condensing and may no longer undergo
collapse. At this point, a significant change in the
sound signature may be detected. Buoyancy forces asso~
ciated with the centrifugal forces imparted by the
helix twist cause bubbles to aigrate toJards the center
of bore. It is, therefore, probable that some long

Reference

l1ived steam bubbles wiil collapse leading to difficul-
ties in understanding what a particular sourd siznature

The collapse of a steam bubble can be associated
w#ith pressure changes and it is, thereafore proposad to
insert quartz pleza pressure transducers intoé the water
system. These transducers will be mounted ss close as
possible to the cooled su .ace and the frequency src’ -
trum will be recorded on magnetic tans. Electro.'es
will be tested to burnout and the frequency spsct: '
characteristics will be analyzed for significant
events. Once the failure characteristics have been
estabiished, it will be a relatively simple matter to
make real time electronic comparigons with the fre~
quency spectrum of an operating system. At tha point
that a frequency match occurs with the faflure fre~
quency spectrum, a shutdown signal can be provided.

Conclusion

The BENL cooled electrode development program is
aimed at the production of slactrode structures capable
of sustained operation under an incident heat flux of
1.0 to 3.0 kW/em2. The properties of the various
cooling fluids available have besn examnined and the de-

.cisfon has been made that demineralized pressurized

water will be the fluid of choice. The temperature of
the electrode operating surface will be controlled by
variations in the system pressure. Two possible cool-
ing canal geometries have been examined and calcula-
tions show that a heat flux up to 3kW/cnz can be re—
moved from a cathode suitable for use fn a BNL MK ¥
Penning source. Progress has been made on the con—
struction of test stands and some electrode models have
been tested at power levels of 0.6 kW/cm?. There 1s
indication that a method of predicting the onset of
burnout failure will work.
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