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Abstract: The design of the cryogenic system for the DIII-D
advanced divertor cryocondensation pump is presented. The
advanced divertor incorporates a baffle chamber and bias ring lo-
cated near the bottom of the DIII-D vacuum vessel. A 50,0001/s
cryocondensation pump will be installed underneath the baffle
for plasma particle exhaust. The pump consists of a liquid he-
lium cooled tube operating at 4.3°K and a liquid nitrogen cooled
radiation shield. Liquid helium is fed by forced flow through the
- cryopump. Compressed helium gas flowing through the high
pressure side of a heat exchanger is regeneratively cooled by
the two-phase helium leaving the pump. The cooled high pres-
sure gaseous helium is then liquefied by a Joule-Thomson ex-
pansion valve. The liquid is returned to a storage dewar. The
liquid nitrogen for the radiation shield is supplied by forced flow
from a bulk storage system. Control of the cryogenic system is
accomplished by a programmable logic controller.

|ntroduction

The Advanced Divertor (AD) has been operational in the
DIII-D tokamak since September of 1990. It is currently being
utilized to study biasing of divertor plasma ccafigurations and
baflling at the divertor separatrix-wall interface to allow pressure
buildup in anticipation of future pumping experiments. Ade-
quate pressure buildup was observed to allow meaningful pump-
ing to take place (1. Thus, the advanced divertor cryopump
is currently being constructed for installation in early 1992 and
will be used to control plasma density by particle exhaust (2].

The AD configuration consists of a circular shaped inconel
electrode which is biasable and a baffle chamber located inside of
the DIII-D vacuum chamber as shown in Fig. 1. The cryopump
will be located in the space beneath the gas baffle. Hydrogen or
deuterium will be pumped by cryocondensation onto a metal sur-
face at 4.3°K. The pumping surface area is approximately 1 m?
and will be convectively cooled by a forced flow of two-phase
helium at a pressure of 116 kPa (2 psig).

Distribution and control of liquid helium and liquid
nitrogen will be accomplished by a system which will form an
integrated part of the DIII-D cryogeaic system. This paper will
describe the design of the AD cryogenic system.

Cryopump Configuration

The AD cryopump will be located beneath the baffle as
shown in Fig. 1. Particles being pumped will flow through the
space between the bias ring and the floor tiles of the DIII-D
vacuum vessel. The geometry of the pump has been optimized
using the particle transport code DEGAS [2]. The pump is de-
signed for a nominal gas throughput of 2700 Pa-l/s (20 torr-1/s)
with a calculated effective pumping speed of 50,000 l/s for deu-
terium. It will consist of two coaxial tubes which are cooled by
counter-flowing liquid helium, a pair of liquid nitrogen cooled
thermal radiation shields, and an outer secondary shield. The
secondary shield will be used to reduce thermal radiation to the
nitrogen shield from the vacuum vessel walis and baffle plates
and to prevent water vapor desorption due to energetic particles

striking the liquid nitrogen shield. When viewed in plan, the
cryopump will be a non-continuous ring with a short gap to avoid
creating an inductive loop which would result in large electro-
magnetic forces on the cryopump. The helium cooled tube will
have a length of about 10 m and a surface area of 1 m? and is
fed at only one point toroidally with the counter-flow arrange-
ment providing the helium return. The cryogen feed points will
be located 180 deg from the gap. Reference (3] gives a detailed
description of the in-vessel cryopump design.

Existing DII-D Cryosystem

The existing DIII-D cryogenic system supplies liquid
helium to the neutral beam injector cryopanels and the super-
conducting magnets for the 110 GHz and 60 GHz electron cy-
clotron heating ( } systems {4,5]. The helium system is a
closed loop. The boil-off gas is continuously recovered and re-
liquefied. Liquid nitrogen from buik storage is used for the neu-
tral beamline 80°K cryopanels, thermal radiation shielding of
liquid helium cooled components, and in the helium liquefier
gas precooler. The liquid nitrogen system is open loop with the
exhaust gas being vented to atmosphere. In addition to the AD
cryopump, future plans include the addition of a hydrogen pellet
injector which will also require liguid helium and liquid nitrogen.

A simplified flow diagram of the existing closed loop
helium cryogenic system is shown in Fig. 2. The proposed AD
cryopump and pellet injector systems are shown in phantom
for reference. A 50 g/s (600 SCFM) screw compressor supplies
1.6 MPa (220 psig) helium gas to the liquefier and the neutral
beam re-liquefier. The high and low pressure lines are kept at
constant pressure by a gas management system consisting of the
makeup, dump, and bypass valves and gaseous helium storage
tanks. The helium liquefier discharges saturated liquid helium
into a 3800 | dewar at 140 kPa (6 psig). The dewar pressure
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Fig. 1. DIlI-D advanced divertor configuration.
Cross sectional view.
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Fig. 2. Simpiified DIli=D helium cryosystem fiow diagram (present
systern shown in solid, planned additions shown in pnantom).

is maintained constant to drive the flow of liquid helium to the
beamlines. A distribution valve box is used to independently
distribute the flow of liquid helium and nitrogen to the beam-
lines. The ECH superconducting magnets are batch filled from
portable dewars. ‘The cryogenic system operates continuously
during DIII-D run periods.

The present DIII-D helium liquefier operates near its full
capacity when serving the four neutral beam injectors and the
ECH magnets. The addition of the AD cryopump and pellet
injector will require a larger liquefier whaich is planned for instal-
lation in early 1993. Until then, it is planned that one of the
four beamlines will be shut down to provide enough liquid helium
during AD cryopump operation. Table 1 lists the present and
planned DIII-D cryogenic system parameters.

Advanced Di ic System

The AD cryopump system will form a part of the DIII-D
cryogenic system. The existing system will be upgraded to
include the required cryogen distribution, control, and recovery
hardware for the AD cryopump. A programmable logic con-
troller (PLC) based system will automatically control cooldown,
regeneration, steady-state operation and warmup of the AD
cryosystem. The cryopump will be convectively cooled by a
forced flow of liquid helium through its coaxial tubular geom-
etry. Saturated liquid helium will enter the pump at 116 kPa
and at a flow rate of 5 g/s. A liquid nitrogen cooled shield will
surround the helium cryopump. The liquid nitrogen shield will
be cooled by a combination of two-phase forced low convection
through a tube and heat conduction through an attached thin
walled shell. Liquid nitrogen at 140 kPa will enter the shieid at
a flow rate of 10 g/s.

Two cooling options were considered in the cryopump
design: (1) supercritical helium cooiing, and (2) two-phase forced
flow convection. The first option has the advantage that poten-
tial ow instabilities associated with two-phase flow are elimi-
nated. However, super-critical helium flow rates would have to
be higher for a given amount of heat removal, and the tempera-
ture of supercritical helium is too high for pumping hydrogen at
an acceptable vapor pressure without considerabie subcooling.
Therefore, the second option (two-phase forced flow convection)
was chosen.

The configuration of the AD cryogenic system will be very
similar to that of the proven neutral beam cryogenic system to
minimize the possibility of two-phase flow instability. Exper-
iments using a prototypic cryopump were performed to prove
the coaxial counter-flow helium panel design :6{. The resuits

show that flow stability through the belium panel is maintained
at steady-state cryopanel heat loads as high as 54 W. In addition,
it was shown that the helium panel alone can be completely
cooled from near room temperature in about 5 min at the design
flow rate of 5 g/s.

A simplified cryogenic flow diagram is shown in Fig. 3.
Table 2 summarizes the thermodynamic conditions at various
points in the system. Liquid helium will flow from the pres-
surized dewar to the distribution valve box. It wiil then flow
through a subcooler where it will be cooled to 4.4°K. The sub-
cooled helium will drop lower in temperature as it is throttled
into the cryopump through an automatic flow control valve.
The helium will enter the cryopanel as nearly 100% liquid and
exhaust as a low quality mixture after absorbing thermal en-
ergy. The two-phase stream will then pass through the sub-
cooler and heat exchanger/boiler where it will be fully vapor-
ized and warmed to nearly room temperature before returning
to compressor suction.

High pressure helium gas from the compressor will be
regeneratively cooled by the two-phase helium returning from
the eryopump. The high pressure helium will be cooled to 4.8°K
in the heat exchanger and then partially liquefied by Joule-
Thomson expansion. The two-phase helium will return to tne
dewar at 4.6°K and 140 kPa. The liquid portion will fill the
dewar while the cold gas passes through the low pressure side of

Table 1
Dlil=D Cryogenic System Parameters

Present Planned
Helium System
Liquefaction capacity 80 i/h 150 !/h
Steady-state liquid usage 70 I/h 120 I/h
Liquid storage capacity 3800 | 3800 |
Liquid storage pressure 140 kPa 140 kPa
Gas storage capacity 250 MPa-m® 370 MPa-m?
Compressor flow rate 50 g/s 100 g/s
Compressor outlet pressure 1.6 MPa 1.6 MPa
Compressor iniet pressure 108 kPa 108 kPa
Nitrogen system
Liquid storage capacity 40,000 | 40,000 1
Liquid storage pressure 400 kPa 400 kPa
Steady-state liquid usage 500 I/h 700 I/h
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Fig. 3. Simpiified AD cryogenic system flow diagram.

the liquefier to provide refrigeration. The heat exchanger is
designed to have an effectiveness 7], ¢, of 98.8% where ¢ is
defined as

Tu - Te

€= ﬁ (see Fig. 3).

Given this effectiveness, the load imposed on the DIII-D
liquefier by the AD cryosystem will be 16 1/h due to the heat
exchanger flow imbalance and 17 W of refrigeration at 4.6°K due
to incomplete liquefaction by the Joule-Thomson expansion.

Liquid nitrogen will be fed from a pressurized 40,000 1
bulk storage dewar. The nitrogen will be subcooled and then
throttled into the shield through a temperature controlled valve
so that the nitrogen venting to the atmosphere will be fully
vaporized.

The helium liquefier, dewar and distribution valve box are
located in the DIII-D cryogenics area 20 m away and 3 m above
the cryopump (see Fig. 4). A vacuum insulated cryostat contain-
ing the heat exchanger, subcoolers, flow control valves, and the
Joule-Thomson valve will be located adjacent to the cryopump
feed port on DIII-D. The cryostat will be at the same eleation
as the cryopump to avoid two-phase flow instability associated
with elevation changes. The heat exchanger was designed and
constructed by Cryogenic Consultants Incorporated. It consists
of a phase separation boiler and a high efficiency counter-flow
heat exchanger constructed with wound finned copper iubing.
The subcoolers will consist of 7.5 m of coiled copper tubing
housed in a stainless steel shell and are designed to cool the
incoming liquid to within 0.1°K of the cryopanel outlet liquid
temperature. All helium cooled components within the cryostat
will be superinsulated and protected by a liquid nitrogen cooled
radiation shield.

The present distribution valve box contains 16 manually
operated valves which are used exclusively for the neutral beam-
lines. The valve box will be replaced with a new box containing
20 automatically operated electro-pneumatic cryogenic valves
to serve the AD cryopump, neutral beamlines, ECH magnet
fill, and pellet injector fill. Heat leakage will be minimized by
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vacuum insulation, superinsulation, 80°K thermal intercepts on
the valve bodies, and a liquid nitrogen cooled radiation shield.

Liquid helium will low between the dewar and the distri-
bution box through a pair of short vacuum jacketed transfer
lines. Liquid helium supply, two-phase helium return and liquid
nitrogen supply will be transferred between the distribution box
and the cryostat via a triaxial flexible metal transfer line man-
ufactured by Kabelmetai (8]. The Kabelmetal transfer line has
the advantages of minimum heat leakage and easy installation
due to its flexibility and bayonet type end connections.

Instrumentation_and Control

The objective of the instrumentation and control design
(Fig. 5) for the AD cryopump system is to provide the means
to automatically operate the system in concert with related and
interconnected systems. Data acquisition for problem diagnosis
and performance evaluation in addition to provision for manual
operation are also important.

Automatic operation will involve controlling the valves to
accomplish the following tasks:

1. Precooling of the transfer lines.

2. Cooldown of the cryopump.

3. Liquid helium and nitrogen flow control.

4. Heat exchanger secondary flow control.

5. Regeneration of the helium panel between DIII-D shots.
6. Warm-up of the AD cryosystem.

The dependence of the AD cryosystem upon the DIII-D
cryogenics system (9] will require interlocking with the cryogenic
control programmabie logic controller (cryo-PLC). DIII-D pri-
mary vacuum conditions will govern the operation of the cryo-
pump indicating the need for coordination with the DIII-D ves-
sel conditioning PLC. This system controis vacuum pumping,
baking, and discharge cleaning. An interface to the machine
control computer will allow the ma-~line operators supervisory
information on pump status and ability to initiate or terminate
DIII-D synchronous operation. Synchronous operation will also
require signals from the machine master timing system. An or-
erator interface at the engineering level will be necessary to ob-
tain detailed operating information, data logging, analysis, and
maintenance.

Table 2
AD Cryosystemn Thermodynamic States®

T P hf hg ha m
Location (°K) (kPa) (J/gm) (J4/gm) (J/gm) (gm/s) «x
0 4.6 143 12.3 30.3 12.3 5.0 0.00
1 4.6 145 12.4 30.3 13.2 5.0 0.06
2 4.4 144 11.1 - 11.1 5.0 0.00
3 4.3 116 10.8 30.7 11.1 5.0 0.02
4 4.3 114 10.7 30.7 13.1 5.0 0.12
5 4.3 113 10.6 30.7 15.2 5.0 0.23
6 4.3 112 10.6 30.8 30.8 5.0 1.00
7 270.0 110 - 1420.0 1420.0 5.0 1.00
8 300.0 1200 - 1580.0 1580.0 4.5 1.00
9 7.9 1000 - 33.2 33.2 4.5 1.00
10 4.8 1000 - 15.9 15.9 4.5 1.00
11 4.6 145 12.4 30.3 15.9 45 0.20
12 91.6 412 -91.3 - -91.3 10.0 0.00
13 91.5 410 -91.4 85.7 -87.5 10.0 0.02
14 78.0 409 -119.9 - -119.9 10.0 0.00
15 78.0 117 -119.9 - -119.9 10.0 0.00
16 78.5 115 -119.1 78.0 -109.9 10.0 0.05
17 77.9 108 -120.3 776 -77.5 10.0 0.22

* Refer to Fig. 3.
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The close association between the AD cryosystem and
existing cryogenics systems makes it desirable to control the
cryopump from the cryo-PLC. Thus, the cryo-PLC will be up-
graded using a fiber-optically isolated 1/O system and ability
to accommodate cryostat sensors and valves. The cryogenics
control system employs a personal computer based color graph-
ics operator interface sufficient for use as the engineering level
operating console for AD cryosystem. The cayo-PLC will fully
support the AD cryosystem operation and provide a high speed
data link to the vessel conditioning system. The vessel condi-
tioning PLC has access to the machine control computer and to
the master timing signals. .
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