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Abstract developed a leak in July 1995. Examination of the cooling
f.ircuit indicated that in addition to the cracked conductor two

The DIII-D ohmic heating (OH) coil solenoid consists o ;
two parallel windings of 48 turns cooled by water. EadifPes connecting the outlet flow from the conductors to the

winding is made up of four parallel conductors. Desiregit manifold were also damaged during abrasive cleaning.
thermal capability of the coil is 80 MJ at a repetition rate of 10 The DIII-D ohmic heating (OH) coil solenoid consists of
minutes. One of the conductors started leaking water in Jto parallel windings of 48 turns each, cooled by water flow
1995. Between July 1995 and December 1997 the coil whsough the conductors. Each winding is made up of two
operated at a reduced thermal load using one winding. Alectrically parallel conductors about 200 m in length with
experiment followed by analysis was undertaken to determiiogir parallel coolant paths. Figure 1 shows the estimated flows
if the OH-coil could be operated at full capacity by relying oim conductors after repairing the inlet and exit connections and
conduction heat transfer to the neighboring cooled conductptagging the cracked conductor. The coil is normally
without actively cooling the leaking segment. The analysiperated such that an energy input of 80 MJ occurs nearly
took into consideration the transient energy equatioriastantaneously (10 s) compared to the cooling time of 600 s
including the effect of conduction between neighboringetween plasma shots. The maximum allowable coil
conductors. An experiment was performed on the undamagenhperature is limited to 70°C, which is a limit on the epoxy
coil winding to determine the thermal conductance betwetamperature. The normal cooling water flow rate per
neighboring conductors. The experiment consisted of passaugductor is 9.3/min (2.5 gpm). The purpose of this work
hot water through cooling channels of two conductors amas to investigate cooling schemes, which will allow the OH-
cold water through the cooling channels of the remaining twoil to be operated at the desired energy rating.

conductors of the same winding. The flow rate, inlet and

outlet temperatures from each circuit were measured during [I. FORMULATION

the transient. From the experimental data and analysis, an consider a conductor of area And length L cooled by

average thermal conductance between the conductors W@§iant channel of Area A(Fig. 2). Following relations can

determined to be about 800 WRC. Using the pe written for transient temperatureg and T of the coolant
experimentally determined value of the thermal conductanggy the conductor (see nomenclature):

an analysis was performed on a coil winding consisting of two
uncooled conductors and two cooled conductors. Results show

oT,
that it is possible to operate the full OH-coil to the desired (pCpA)S—s =g" Ag-hP (Ts —TW)
thermal load of 80 MJ per pulse without actively cooling the ot
q X . 4 02T Q)
amaged conductor. During an operational test, the coil was KW (2T T.T ) ks
instrumented to measure the outlet water temperature from the s 'n n2 NG
conductors before operating it at full current capacity. The caoil
was operated at 80% energy level and outlet coolant (pCpA) Ty _ _( c A) v Ty,
temperatures were compared with analytical results. The w w 2

comparison between analysis and measured coolant outlet +hP(TS —TW)

temperatures was within 10 %. This gives us sufficient ) ] )
confidence to operate the OH-coil at full capability in the 1he above formulation accounts for the axial conduction
the conductor but ignores it in the coolant. The radial

future. It should be noted that the coil can be operated ard L DU .
capacity of 180 MJ if adequate time is allowed between Cycfg_gwperature d|§tr|but|on in the copper is neglected because the
(~30 minutes) for the coil to cool completely. Forcesg) Biot number, Bi = Pcy/key = 0.3 < 1.

within the repaired conductor limit allowable current. For Further, relations for the volumetric heatin§ and the
short pulses (<5 s) this limits the thermal input to less thaeat transfer coefficient h are:

180 MJ. Heat Generation per unit volume:

|. INTRODUCTION q" = ('/As)200[1-0 +0.04(T, ‘20)]

The DIII-D tokamak was built in 1986 and uses the 9" =0.0fort>1tp
ohmic heating coil previously fabricated for the Doublet Ill in  Heat Transfer coefficient:
1978. One of the conductors in the ohmic heating coil h = Nuk,/d

*Work supported by U.S. Department of Energy under Contract No. DE-AC03-99ER54463.
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Fig. 1. Modified coolant flows for DIll-D OH-coil.
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Ty: (ApC),,

. Analysis Model.

Nu = 0.023(R&}§(Pr)°-4 and
Re = Reynolds numberpgdV/u
Pr = Prandtl number

[ll. THERMAL CONDUCTANCE

One of the important variables required to solve the
Egs. (1) and (2), is the thermal contact conductance between
the conductors. The conductors are welded to each other at
intervals of 30 cm in the lead area (first 2 m length) and gaps
between the conductors (0.25 mm) for the remaining length
are filled with epoxy glass composite.

An experiment was performed with the undamaged coil
bundle to determine the average thermal conductance. Using
four neighboring leads like Fig. 1, the inlet temperature of
water to two of the conductors was maintained at about 51°C
while inlet temperature to other two other conductors was kept
at about 21°C. There was no electrical current flowing in the
conductors. Outlet temperatures were monitored as a function
of time. The experiment was run till steady state was achieved
in about 30 minutes. The outlet temperature from hot and cold
channels was always equal during the transient. The steady-
state temperature was slightly less than the mixed mean
temperature. These conditions were used in the program
described above and the conductance in-between the
conductors varied till agreement between experiment and
analysis was obtained. Since the measured steady-state
temperature was less than the mixed mean temperature, it was

Using these relations, a program was developed doncluded that some heat loss was occurring to the

perform this analysis. An implicit numerical scheme was us@@ighboring winding. The analysis of the experiment shows
to solve the equations.
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conductors is 800 W/#C and the conductance in-between Details of mechanical repair work done is described in
the windings is 5 W/mC (Fig. 3). The experimentally Ref. 1.

determined value compares with the estimated value of the

thermal conductance based on thickness and thermal V. CONCLUSIONS

conductivity of the epoxy (K 3/k) within 25%.
Hetvity poxy ( ) withi ° 1. The average thermal conductance between the conductors

of DIII-D ohmic heating coil is 800 W/#C.

It is possible to operate the ohmic heating coil for with
desired energy input of 80 MJ with a rep rate of 10 min.
without cooling the leaking conductor.

IV. PERFORMANCEVERIFICATION

The cooling system was originally designed for a parall%l
water flow rate of about 9.8min (2.5 gpm) through each
conductor. However, due to the leaking conductor and leaks in
the outlet tubes, extensive repairs were undertaken [1]. Evin The first 2 m lengths of the conductors are thermally
after the repairs, normal flow of 2.5 gpm parallel flow in each isolated from each other. A low pressure water circuit at a
conductor could not be restored. Also, one difficulty still 10% flow rate cools this length for the leaking conductor.
remained to be overcome. The first 2m length of the performance of the repaired coil checks out with the
conductors is thermally isolated from each other. Analysis analysis model.
shows that temperature of the uncooled conductor will ratchet
up to 144°C, in this part. Hence, a separate cooling scheme to NOMENCLATURE
cool this part of the conductor by low pressure water was
devised. The worst flow condition consisted of normal parallgl= Area; n?
flow of 9.5 (/s in two of the four conductors in a winding angj = Biot number = ByKg
a flow rate of 0.9%/min (0.25 gpm) in the leads only of the . _ e
other two conductors. Four conductors depicted on the RHSC|R = specific heat, J/kg-C
Fig. 1 represent the worst flow conditions after the OH-cdil = diameter of coolant channel; m

cooling system was modified. h = heat transfer coefficient; WfC

After the repairs, the coil was operated at 80% of the current; Amp
desired energy input of 80 MJ and the exit water temperat&:(rg
of the worst cooled winding was compared to the analysis
(Fig. 4). This analysis took into consideration conductance k= thermal conductance between neighboring turns,30m
between the conductors and in-between the windings. TXg = Nusselt number: hd{K
excellent comparison gives us enough confidence to opergtg cooling channel perimeter: m
the OH-coil at full capacity of 80 MJ per pulse. Figure ’
shows the maximum temperature of the coil if it is operatéd’ = heat generation rate; Wim
now at 80 MJ energy input per pulse at a rep rate of 600 s. Thetime: s
maximum calculated temperature is below the limit of 70°C.

thermal conductivity, W/m-C

tp = pulse length; s

60 - T = temperature; °C
V = flow velocity; m/s
W = width of contact between neighboring turns; m
50 - . .
5 X = axial distance; m
o = o @@ - o
< (Inlet = 21°C) Al (Inlet =51°C)
% 40, 301
S
= Analysis ) .
& \ OO\OOOOODOODD 0:; ‘0, w
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Fig. 3. Comparisons of exit temperatures between experiment and
analysis (conductance in between conductors = 800.0°W&/rand Fig. 4. Comparison between calculated and measured outlet water
between bundles = 5.0 W?HC). temperatures from DIlI-D OH-coil.
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40 1 Og= resistivity at 20°C; ohm-m
o = resistance coefficient: 1/°C
U = viscosity; Pa-s

p = density; kg/rd

0 = thickness; m

Subscripts

S, CU = copper

w = water

nl, n2 = neighboring channels

w
o
1

Temperature (°C)

N
o
1

Inlet Cooling Water Temperature
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