TO: Phil Heitzenroeder
FROM: Steve Raftopoulos

DATE: September 13, 2008
SUBJECT: WABS 62 Cryogenic Systems Close Out Notes

A. LN2 Supply: 9450-1***-621

Scope
This WBS element covers design, fabrication and installation of a system that transfers

liquid nitrogen from the external LN2 storage tank to the NCSX device.

The scope of this job involves sizing and installing a liquid transfer line from the existing
LN2 Storage tank to the NCSX test cell. This transfer line shall supply LN2 to the
Cryostat Cooldown System (WBS 623) and to the LN2 coil services supply system
(WBS622).

This scope of work should be performed after WBS elements 161, 622 and 623 are
defined since these elements determine the requirements for WBS 621

Status

This scope was assigned to Bagley associates, who were also performing WBS 622 and
623. Bagley Associated did not have the opportunity to further develop this scope prior
to cancellation.

Interfaces
WBS 621 interfaces with the existing LN2 Storage tank, to the Cryostat Cooldown
System (WBS 623) and to the LN2 coil services supply system (WBS622).

Specifications
Not started.

Schematics and PIDs
Simplified representations are shown in design review presentation packages

Models
N/A

Drawings
No detailed drawings were generated

Analyses
N/A



Testing
N/A

Costs
A cost estimate at the conceptual level is available through the project office

Remaining Work

e Determine the flow and volume requirements.
e Design system

e Purchase components

e Fabricate & Install

Lessons Learned:
e N/A

Conclusion:

e This is a very straightforward and simple effort. The major decisions of this job
involve cost/benefit in selecting materials for the transfer line.  Copper
components with fiberglass insulation (cheaper initially, higher operating and
maintenance costs) vs. vacuum jacketed components (more expensive but more
reliable)

e Although out of scope, the size of the existing LN2 storage tank, and its required
refill rate (for NCSX LN2 peak consumption) should be looked at. Will this tank
sufficiently support operations (including an off-normal loss of coolant), or
should a second (or larger) tank be acquired.

B. LN2 Pressurized Cooling for Coils: 9450-1***-622

Scope
This element covers design, fabrication and installation of a pressurized, closed-loop LN2

delivery system for the removal of heat from coil system during plasma operations.

This scope of work should be performed after WBS elements 161 is defined since this
element determines the requirements for WBS622

Status

This scope was assigned to Bagley associates, who were also performing WBS 622 and
623. Bagley associates did not have the opportunity to further develop this design
beyond the work that PPPL had accomplished.

Interfaces
WBS622 interfaces with the LN2 delivery system (WBS621), and to the coil services
system (WBS161)



Specifications
Not Started.

Schematics and P1Ds
Simplified representations are shown in design review presentation packages

Models
N/A

Drawings
No detailed drawings were generated

Analyses
N/A

Testing
N/A

Costs
A cost estimate at the conceptual level is available through the project office

Remaining Work

e Determine final flow, pressure and volume requirements.
Design system

Purchase components

Fabricate & Install

Lessons Learned:
e N/A

Conclusion:

e A small version of this system was designed and operated for NCSX coil testing
thus validating the design philosophy. When coil cooling requirements are
finalized, a scaled up version of the test facility system can be designed.
Experience gathered from operating the test coil cooling loop will be factored into
the design of the full scale system.

C. LN2 Cooling of the NCSX Structure: 9450-1***-623

Scope
This element covers design, fabrication and installation of a system that cools the NCSX

device to ~77 Kelvin. This includes all components within the cryostat.



Status

This scope was assigned to Bagley associates, who were also performing WBS 621 and
621. Bagley associates performed analysis on a couple of potential techniques. A Final
Report was issued that details their work up until the project (and their contract) were
terminated).

Interfaces

WBS623 interfaces with the LN2 delivery system (WBS621) and the cryostat (WBS17).
Since the NCSX device is contained in the cryostat and is (partially) cooled by this
system, heat loads generated by machine operations a design input.

Specifications
GRD

Schematics and PIDs
Simplified representations are shown in design review presentation packages

Models
N/A

Drawings
No detailed drawings were generated

Analyses
Both Bagley associates and ORNL performed modeling of various cooldown schemes for

the NCSX.

Testing
N/A

Costs
A cost estimate at the conceptual level is available through the project office.

Remaining Work

Complete FEA modeling of cooling options
Design system

Purchase components

Fabricate & Install

Lessons Learned:
e N/A

Conclusion:
e Bagley Associates were pursuing a conductive, point-contact method of heat
removal. A Final Report contains relevant data (See attached)



The ORNL team performed analysis of modular coil shell cooling using
conduction from the LN2-cooled Modular Coil Windings to their winding form
(copy attached to this report). The results were encouraging, however this
concept relies on strong thermal contact between the windings and the winding
form which may not be assured during the cooldown phase as temperature
differentials peak. It is recommended that full scale testing be performed to
validate the analysis of this method.

D. Overall Status

Reviews:

In mid-March 2007, a preliminary design review of both the cryogenics and
cryostat was conducted. The design presented at this review was subsequently
revisited. A copy of the material presented at this review is posted on the NCSX
Engineering Web under the Design Review tab (marked as superceded).

A peer review of the cryogenic systems was conducted in late April 2008 with a
team of cryogenic systems experts. This is posted on the NCSX Engineering Web
page under the Design Review tab. The concept presented at this peer review
reflects the current design concepts at the time of NCSX Project termination.
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Overview

NCSY=

National Compact Stellarator Experiment

The stellarator core is
supported by three cryogenic
facility systems:

— WBS 621 delivers LN, to the
machine area.

— WBS 622 performs heat
removal from the field coils

— WBS 623 Cools and
maintains structure(s) within
the cryostat at desired

operating temperatures
(~80K).

PP Fl SC Project Review of NCSX, April 8-10, 2008 ml
PRINCETON PLASMA S. Raftopoulos - page 3
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Requirements

NCS*™
Mationa! Compact Stelfarator Experiment

« WBS621

— Provide LN2 for distribution to:
* LN2 Coil Cooling system
 LN2/GN2 Structure Cooling

e WBS622

— Provide LN2 (~210gpm @150 psig ) to coil distribution manifold
(WBS16) for extracting heat from PF, TF and Modular Coills.

— Maintain single phase flow.

e WBS623

— Cool structures without introducing thermal stresses
— Maintain cold N2 atmosphere within Cryostat.

~PPPL
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Interfaces
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Steffarafor Experiment

« WBS621
— C-Site 9200-gallon LN2 tank
— WBS-622 Coil LN2 circulation pump skid
— WBS-623 LN2 supply to Cryostat
— Test Cell Air monitoring system

e WBS622
— Colil LN2 distribution manifold
— HVAC exhaust
« WBS623
— Cryostat (WBS-171)
— HVAC exhaust
— All structures within Cryostat

~PPPL
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Design Plans (WBS-621 LN2 supply)

Steliara

e This is very straightforward.

 Flow rates, heat loads and pressure drops are already reasonably
well known. This gives us confidence that the current estimate is
reasonably accurate.

« Design will incorporate flow diagrams, and isometric piping drawings.
Detailed component drawings will be minimal. This will allow many
elements of the design of the system to proceed without requiring the
“final” parameters.

 When final requirements for flow rates, heat loads and pressure
drops are available, the components shall be procured, assembled

and installed.

~PPPL
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Design Plans (WBS-622 Coil Cooling)
NeS*=

-
ilarator Experiment

» A pressurized, LN, heat removal
loop is required for the field coils.

* The prototype for this loop was
operated for the coil testing.

» A scaled up version of the Caoil
Test Facility’s pump skid is
required to support these -
requirements. -

« WBS-622 scope provides system
capable of supporting full power
operation. Heat removal
requirements are ~50 MJ in a 15
minute recovery interval (about 56
kW avg.)

PPFI SC Project Review of NCSX, April 8-10, 2008 oml
S. Raftopoulos - page 7
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Design Plans (WBS-622 Coil Cooling)
NCSY=

National Compact Steliarafor Experiment

 The C1 coil was cooled
to the point that single
phase liquid flow was
established in the
winding pack’s coolant
channels

— A success!

— The single phase flow
approach is validated

— Technical risk is low

%PPFI SC Project Review of NCSX, April 8-10, 2008

PEACETOR P S. Raftopoulos - page 8
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Design Plans WBS-623

NCS*™
Mational Compact. for Experiment

Steliara

 Develop system to deliver LN2/GN2 for heat extraction from
structures.

e Currently considering a system that evaporates LN2 to
remove the heat.

 R&D - Have included funding in budget to prototype the
cooling strategy

— Develop better mixing of cold gas for improved convective heat
transfer.

— Electric and/or air motors are candidate drivers.
* Design Opportunities

— Conduction cooling via plates or tubing will be considered
(Alcator C-MOD recommendation).

~PPPL
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Procurement Plans
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Mationa! Compact Stelfarator Experiment

« WBS 621 & 622

— Components for these WBS elements are either common “off the
shelf” items, or can be specified to order and delivered by
vendors (i.e. the LN2 circulating pump)

« WBS 623
— TBD: R&D efforts will drive design and procurements.

~PPPL
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Costs and Schedule

Y=

Mationa! Compact Stelfarator Experiment

62 - Cryogenic Systems
Job: 6201 - Cryogenic Syst-RAFTOPOLOUS
621 -LN2 Supply & LN2 coil cooling supply

62122300 Conceptual Design 142 03JUNGB* 23DEC08 | 132 100,139.85 —— N [P ¢ EPUEM [=A0R |

62122310 CDR 0 23DEC08 | 132 0.00 VvV '

62122320 Preliminary Design 210 02JANOS 270CT09 | 132 128,207.06 :errﬁjgij:jggﬂ T3 [EAieM, LA
62122330 PDR 0 270CT09 | 132 0.00 Vi

62122-340 Final Design 88 280CT09* 12MART0 | 132 118,794.80 [DDE:-'E;11:=-L2\43M { EAVISE | 790pm |
62122-350 FDR 0 12MART0 132 0.00

62122-360 Resolve FDR Chits 10 15MAR10 260MAR1TO 132 3.086.40 [EanEmM |=18hr ;

62122-370 Procurements 130 20MAR10 293EP10 132 251,115.34 [ Tl41=187.815%k |

62122-380 Fabrication & Installation LN2 & LN2 coil supply 145 |2 010CT10* 03NAY11 131 200,621.40 [ JEmiTH =2220hr ;

623 - GN2 Cryostat Cooling System

623-099 GN2 Cryostat Cooling Sys Conceptual design 122 01JuULOs* 23DEC(8 138 33,490.02 T Heatam=184

623-100 GN2 Cryostat Cooling Sys CDR 0 23DEC08 138 0.00 VEn‘:‘renF 160;ealish=160;2mitb=160;ee/gm=160

623101 GN2 Cryostat Cooling Sys-Preliminary Design 130 02JANCI 06JUL09 138 160,208.52 [ =aiEM =464hr | SAUSE =380hr ;esliem=150

623-102 GN2 Cryostat Cooling Sys-Fab & test prototype 130 02JANCI 06JUL09 138 103,753.16 4 1=t 66 emiftiv=64D emiism=520

623121 GN2 Cryostat Cooling Sys-Cooldown& thermal 40 08MA Y09 06JUL09 138 44,983.20 [OEATEM =240nr |

623-141 GN2 Cryostat Cooling Sys PDR 0 06JULOG 138 0.00 v

623-161 GN2 Cryostat Cooling Sys-Final Design 125 07JULOY 12JANT0 138 50,677.94 [[I:]:Zj;m:gﬁh {BASE 178 ;

623-181 GN2 Cryostat Cooling Sys- FDR 0 12FEB10 115 0.00

623-201 GN2 Cryostat Cooling Sys-Procure Hardware 130 01JUNT0* 03DEC10 103 137,230.15 E:}]M =101.7855k|;

623-221 GN2 Cryostat Cooling Sys-Assemble & Install 13’D 06DEC10 14JUNT1 103 187,969.60 IR LR R R R R R AR RN AAI D:[lEMr FE=:DSD T

623-262 GN2 Cryostat Cooling Supply-Title il 33 15FEB10 26MAYT1 115 47473.23 EMIEM =240hr ;
I

~PPPL
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Staffing

NCS*™
Mationa! Compact Stelfarator Experiment

« WBS manager/Technical Expert — 1800 man-hours budgeted
e Cryogenics Consultant — 1200 man-hours budgeted

« Electrical/Controls Engineer — 1300 man-hours budgeted
 Thermal Analysis — 400 man-hours budgeted

« Designer/Draftsman — 1500 man-hours budgeted.

« Fabrication/Installation — Performed by PPPL technical staff ~ 6000
man-hours budgeted for mechanical, electrical and controls.

~PPPL

2
£
z
a
g
=
o
&
g
E




Risk Assessment
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Steffarafor Experiment

« WBS-621 LN2 supply — Low Design Maturity, Low Complexity
— Sizing of piping is straight forward

— Based on identified (calculated) heat loads, the capacity of existing C-site
LN2 tank 9200 (gallon) is adequate.

— Off-the-shelf components are used.
— Providing a bit of reserve capacity should guaranty success.

« WBS-622 Pressurized LN2 cooling for coils — Low Design Maturity, Low
Complexity

— Caoll testing cooling loop validates design.

— Full power coil heat loads have been calculated.

— Required flow rates and pressure drops have been calculated.

— LN2 delivery system can be sized to accommodate requirements
— Standard industrial products make up the system.

— Providing a bit of reserve capacity should guaranty success.



Risk Assessment —cont.

Mational Compa s i

cf Stelfarator Experiment

« WBS-623 Cooling of structures — Low Design Maturity, High Complexity
— Risks

» Heat loads (from hot vessel and conduction thru insulation) can be
calculated, but imperfections in installation and the modular nature of
the cryostat may negatively affect performance and reliability.

» Condensation of liquid at bottom of cryostat may cause sealing
iIssues resulting in LN2 and cold gas leaks.

 Stratification of GN2 temperatures may result in uneven cooling of
the structures.

— Mitigation
o Seeking experience of other facilities that employ cryostats.

» Cooling structures via conduction (as opposed to liquid spray &
evaporation)

» Prototyping the LN2/GN2 cooling concepts will quantify risk and will
lead to solutions.

Oak RmaeNa ABORATORY



EINAL REPORT

NCSX CRYOSYSTEM
DESIGN AND ANALYSIS

June 24, 2008
Bagley Associates
7 Bagley Avenue
Lowell, MA 01851

1. BACKGROUND

The National Compact Stellarator Experiment (NCSX) construction project
was begun in April, 2003, at the Princeton Plasma Physics Laboratory (PPPL).
The design of the magnet systems for the stellarator utilizes inertially cooled
copper magnet coils operating at a temperature of approximately 80 Kelvin.
This design approach reduces the electrical resistance of the magnet coils to
approximately 20 percent of the room temperature value, thus lowering the
power systems requirements and allowing higher field pulsed operation. This
design approach has proven to be effective in several previously constructed
fusion research devices, including the Alcator series of tokomak reactors, as
well as in a number of other high field pulsed magnet applications.

Some of the NCSX magnet coils (the MC, or modular coils) are wound on
and continuously supported by massive stainless steel structures. Other coils
(the TF, or toroidal field coils and PF, or poloidal field coils) are structurally
self — supporting, with the net loads and moments on each coil being carried
by the coil itself to discrete supports. All magnet structural supports, including
the MC support structure are designed to operate at cryogenic temperatures
(80 K), The vacuum vessel, which is located inside the MC structure, is
intended to operate near room temperature, and to experience temperatures as
high as 350 C for bake out. The cold structures and coils are thermally
insulated on the outer surfaces by an external cryostat which serves two
purposes. The first is thermal isolation from the surrounding room
temperature environment, and the second is to contain the cold dry nitrogen
gas atmosphere surrounding the structure and coils. The inner surface of the
cold mass at the interface with the vacuum vessel is thermally insulated with a
silica aerogel insulation system to minimize the heat leak from the warm
vacuum vessel to the cold structure and coils.



The NCSX cryosystem includes all the liquid and gaseous nitrogen systems
which are necessary to cool the cold mass safely and efficiently from room
temperature to the operating temperature and to maintain that temperature
during operation. The cryosystem also is used to recool the cold mass between
magnet pulses. In addition, the cryosystem includes the gaseous nitrogen
system which provides the cold nitrogen atmosphere inside the cryostat.

During the course of the construction, the U. S. Department of Energy held a
number of reviews of the project. The latest of these reviews was held in
April, 2008. In part, the review panel found that the “cryogenic system is at
pre-conceptual design level and requires further development to obtain a
reliable cost and schedule estimate”. The panel issued a recommendation that
the detailed design of the cryogenic system be advanced to identify any
required changes to core components in time to prevent schedule delays. They
further recommended that the cryogenic system be included in overall system
integration and be evaluated as a part of a comprehensive review of cryostat
and core region.

In order to begin to address these issues, PPPL held a workshop / peer review
of the NCSX cryogenic systems two weeks later, on April 23, 2008. This
review generally supported the findings and recommendations of the earlier
DOE review, particularly with respect to the need to develop an integrated
design with supporting evaluation.

Following the April 23 review, PPPL began an intensive effort to acquire the
necessary resources to do the design and analysis of the NCSX cryosystem,
with the goal of advancing the design to the PDR stage by August, 2008. As a
part of this effort, PPPL negotiated a contract with Bagley Associates of
Lowell, MA, for the Engineering Design and Analysis of the NCSX
Cryosystems. This contract was signed on May 14, 2008, and work began
immediately. Bagley Associates staff members have extensive background in
the design, analysis, construction, and operation of large cryogenic magnet
systems. These magnet systems include the Alcator series of three tokomak
reactors, large pulsed cryocooled copper magnets for high energy physics
experiments, and large superconducting magnets, including the ITER central
solenoid model coil inner module.

Recognizing the very tight schedule called for in the contract, Bagley began a
two pronged approach to the task. Work was begun to analyze the existing
design and supporting analyses in order to determine whether that design
could be advanced to the point where success could be assured. In parallel,
Bagley began the development of alternatives to the existing design with the
goal of producing a design concept which could be shown by engineering
analysis to meet the performance requirements with a very high degree of
certainty.



Unfortunately, on May 22, 2008, DOE announced that the NCSX project
would be stopped. On June 2, 2008, PPPL issued a Stop Work Order to
Bagley Associates, with later authorization to complete this Final Report. This
report summarizes the work performed by Bagley during the nineteen days
that the contract was active.

2. APPROACH

The approach taken for the cryosystem design included the self - imposed
requirement that performance be assured by design and supporting analyses.
Prototype testing would be done to confirm or benchmark analysis results;
however, prototype testing alone was not considered to be a substitute for
analysis. The performance of complex systems cannot be guaranteed by the
performance of simple prototypes in tests.

It was recognized that much of the hardware has been fabricated, and that
significant modification of that hardware could be very difficult. For example,
the MC and MC structures are near completion. On the other hand, the
cryostat design has not yet been finalized, and we had planned to work with
the designers of the cryostat to influence that design if it appeared to be
appropriate. This effort had just begun, and the details are discussed below.

There are several interfaces with other NCSX systems which must be
considered and integrated into the design. These include the external cryostat,
which provides both thermal insulation and gas barrier. Other interfaces
include the vacuum vessel insulation system, the machine support system, the
electromagnetic systems with their requirements on eddy currents, the
diagnostic access, and the instrumentation and control systems.

The cryostat was planned as a glass reinforced polymer structure with foam
insulation. The heat leak through the cryostat must be considered and the
design of the cryogenic systems must account for and deal with this heat leak.
Earlier estimates of the heat load through the cryostat were based on the
published data for the foam insulation which was being considered (NCSX
Cryostat WBS171 Preliminary Design Review, April 22, 2005); however, it
appears that no detailed thermal analysis of the cryostat had been done, and it
is likely that the early estimates of heat load represented a lower bound on the
actual value.

Similarly, the heat load from the vacuum vessel was estimated by using the
conductivity of the silica aerogel insulation. Inasmuch as the insulation
thickness varies with toroidal and poloidal location, it may be important to
consider the effect of this varying heat load on the temperature distribution,
thermal deformation, and resultant stress distribution in the MC structures,
particularly during high temperature bake out of the vacuum vessel.



3. EVALUATION OF EXISTING DESIGN

There was no comprehensive NCSX design description document available
which fully described the existing cryosystems design and results of the
supporting analyses. The information which was made available consisted of
design description documents and review presentations dated variously 2003,
2005, and 2008. In addition, a zero — dimensional Excel spreadsheet and a two
dimensional Ansys calculation of cool down of the MC coils and structure
done by NCSX personnel were made available. No calculations of cooling of
the remainder of the cold mass were made available; however, the same
approach as that taken with the MC system would likely have been employed.

The general approach taken for cooling down involved supply of controlled
temperature nitrogen gas to the coil cooling circuits combined with forced
convection cooling of the structure using controlled temperature nitrogen gas.
We discovered that the analysis which was presented in the Excel spread sheet
(see Appendix a) contained two somewhat offsetting but significant errors in
the calculation of the time dependence of the structure and coil temperature;
however, because the temperature was taken down in small steps, the effect on
overall time — temperature behavior was not large enough to change the final
conclusion that the design approach could be made to work. The results of the
two dimensional Ansys calculation supported this conclusion. No calculations
of flow rates or resultant pressure drops were available. No drawings,
sketches, or descriptions of the gas supply and circulating systems were
available, with the exception of a one line drawing of a forced convection
gaseous nitrogen loop which was connected to the cryostat at unspecified
locations and which was intended to assist in cooling the cold mass. This
drawing was supplied at the April 23, 2008 review. No external heat load
(either vacuum vessel or cryostat) was included in either of these analyses.

The existing design of the cryosystems includes a forced convection cold
nitrogen gas loop. The requirements for the performance of this loop were not
presented; however, NCSX personnel suggested that calculations indicated
that the flow rate requirements could exceed 10,000 CFM. This would require
ductwork of significant cross section which could impede diagnostic access.

Based upon review of the PPPL calculations referenced above, we believe that
this approach could be made to work; however, this has not yet been shown to
be the case, and a significant analysis effort would be required to show with a
high degree of certainty that this approach would work and would not result in
excessive deformations or stresses in the structural components. A simple
spread sheet calculation showing the heat transfer from the structure to the
flowing cold nitrogen gas is included in Appendix b. This spread sheet uses
standard correlations for forced convection heat transfer in geometry similar



to the external annular space between the NCSX device and the cryostat, and
the resultant temperature drops indicate that it might be possible to use this
approach to cool the NCSX. The actual geometry is much more complex, and
numerical FEA calculations would be required to confirm that this approach
would work.

We do note that the present cool down approach requires two controlled
temperature forced convection cold gas loops, one a high volume flow rate
system operating at a slight positive pressure and flowing through the cryostat,
and the other a higher pressure (several Bar) system flowing through the coil
cooling passages. Note that these cooling passages are also used to recool the
coils between pulses and that they carry liquid nitrogen during that phase of
operation.

Once operating temperature is reached, the coil cooling system is switched to
sub cooled pressurized liquid nitrogen for the recool of coils between pulses.
The low pressure cryostat cooling flow would be maintained at a rate adequate
to remove the external heat load entering through the cryostat. The flow rate
requirement of this gas loop depends on the allowable temperature rise of
internal components above the inlet temperature. It appears that the flow rate
required can be reasonably achieved (Appendix b).

The April 23, 2008 review participants noted that the control of the flow
distribution and resultant heat transfer within the cryostat had not been
described nor analyzed. There was concern expressed about assuring that
excessive temperature differences and attendant excessive thermal
deformation and stress did not occur during cool down of the structure. We
had planned to perform a preliminary axisymmetric gas flow and heat transfer
analysis utilizing straw man supply and return ducts at the top and bottom
center of the cryostat, and the tools for performing this analysis were being
readied. One area of concern was the region near the axis of the machine,
where the clearance between components is small and there was the
possibility of inadequate flow. In order to perform these analyses, it was
necessary for us to have access to the solid models of the NCSX device.
Obtaining these models proved to be difficult, and we worked with PPPL
personnel for over two weeks to gain access to the engineering database on
the PPPL computer system. As of June 2, 2008, we still did not have access to
that database. As a result no detailed analysis of the existing forced
convection loop within the cryostat was possible.

4. ALTERNATE DESIGN CONCEPT

The existing cryosystem design made use of a pressurized sub cooled liquid
nitrogen loop to recool the MC, TF, and PF coils between pulses. This design
provides well defined and easily calculable flow rates, pressure drops, and
heat transfer coefficients, provided that the heat flux and fluid temperatures



remain below the critical values so that boiling of the liquid does not occur.
Unfortunately, these quantities would greatly exceed the critical values if
initial cool down of the coils from room temperature were attempted using
this system. The resulting thermal stresses could easily exceed the allowable
values, and the flow distribution in the multiple parallel channels would be
unpredictable during the cool down. We decided retain the sub cooled liquid
loop and to make use of it for the cool down of the MC structure, which
makes up approximately half of the cold mass. This approach is similar to that
used for temperature control of the vacuum vessel. Tracer tubes would be
added to the NCSX MC structure to provide a means of heat removal, both
during the cool down from room temperature and during operation. The fluid
tube would be thermally connected to the structure at well defined discrete
points with an engineered thermal resistance to control the rate of heat
transfer. The cooling rate is determined by the thermal resistance and the
temperature difference between the structure and the fluid (which is
maintained at approximately 80 K in this case). A model of one such
connection is shown below in Figure 1. The tube carrying the cryogen is
connected to the structure by means of a stud which is welded to the structure
by an electrical discharge stud welding gun.

—
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Figure 1
The length of the copper clip which connects the tube to the stud is designed
to provide the appropriate thermal resistance to control the heat removal rate
at the connection point. The width of the clip is designed to control the heat
flux at the liquid nitrogen interface to avoid boiling at the surface of the tube
in that region. This approach provides a well defined rate of heat removal and
thus limits the resulting thermal deformation and thermal stress. Preliminary
calculations indicate that the connection points should be spaced



approximately 30 centimeters apart. The tube would attach to the structure at
up to 50 points along its length, with the tube being bent in a serpentine
manner to allow for thermal contraction of the tube during initial cool down.
There would a number of cooling paths in parallel, the final number and
routing to be determined during the detailed design phase. The uniformity of
flow rate and resultant uniformity of the cooling rate of the structure is
assured by the design, which limits heat flux at the fluid interface and
therefore assures single phase flow and well defined pressure drop in the
cooling tube.

Hand calculations (Appendix c) indicate that the liquid flow can be
established and maintained without difficulty. In order to confirm this
calculation, a small prototype test was done, using a block of stainless steel
equivalent to a 30 centimeter square of the MC structure and a thermal
attachment as shown in Figure 1. The tube was supplied with sub cooled
liquid (80 Kelvin) at 5 Bar supply pressure. The temperature of the attachment
lug at a point near the tube was measured to determine whether the forced
convection heat transfer was appropriate to liquid cooling (as opposed to film
boiling at the tube wall, for example). The results are plotted in Figure 2.

Small Prototype Cooling Test
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Figure 2

The test was run for fifteen minutes, and it is clear that good heat transfer was
established within two minutes. Note that the curve labeled Attachment Point
represents the temperature of the copper lug near the cooling tube. The
stainless steel temperature follows much more slowly, and the temperature of
the stainless steel near the stud decreased only about 20 degrees during this
short test. The calculated time dependence of this temperature is shown in
Figure 3. A larger scale prototype employing multiple thermal connection



points was being prepared for testing. This effort had not been completed at
the time the stop work order was issued, so no results are available.

A finite element transient thermal analysis and corresponding stress analysis
of one such thermal connection was done using the Algor computer code. The
model was a rectangular stainless steel plate with an attachment modeled to
represent the thermal resistance of a typical connection like that in Figure 1. A
surface heat load equivalent to that expected from the vacuum vessel at bake
out temperature was applied to the inner surface of the structure. The
temperature of the stainless steel structure at the stud attachment and that at
the corner of the 30 centimeter square section of MC structure were probed
and the time dependence of those temperatures is shown in the graph Figure 2.
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Figure 2
Thermal stress analysis indicates a maximumVon Mises stress of 154 MPa at
the stud connection immediately after cooling is begun. This stress is highly
localized and the stress decreases with time as the bulk of the structure cools
down.

Work had begun to qualify the tools for full three dimensional analysis of the
cool down transient temperature and stress distributions. A representation of

this work is included in this document as Appendix e. This shows the thermal
stress distribution resulting from only a few attachment points for the cooling
tubes. The solid model was an early version which had been used for seismic



calculations, and the purpose of this particular calculation was to qualify the
tools and methods used to model the NCSX cool down. When we finally
gained access to the NCSX engineering database, we planned to import the
current model and then to model the actual thermal attachments (of order one
hundred per 1/3 of the device. We would then calculate the effect of the cool
down on deformations and stresses. In addition, we could include natural
convection to simulate the complete cryosystems effect on temperatures,
deformations, and resultant stresses. In addition to the calculation in Appendix
e, we have included as an attachment a file showing the temperature evolution
with time for this simplified model. (See attachment to cover email)

As the structured is cooled down by conduction to the liquid loops, the MC
coils are cooled by conduction at the winding interfaces. This interface has a
poorly defined thermal resistivity; however, the maximum thermal resistivity
can be calculated as gas conduction through a stagnant layer of nitrogen gas in
a gap between the coil and the structure. This gap, dgap, Will be less than one
millimeter, and the time constant for cooling of the coil by conduction through
the gap, assuming that the gap is uniform over the entire interface area ,
Acontact, 1S given by

T = Meit(Kg) ¢p(I/kg K) dgap(m) / Acontact(M”*2) Knitrogen(VW/M K)

This time constant is less than 2 hours for the MC, indicating that the coils
will be cooled down adequately by conduction to the MC structure, lagging by
only a few degrees.

The cooling of the remainder of the cold mass will be achieved by natural
convection cooling. We have been discussing a modification to the design of
the external cryostat panels with the cognizant NCSX personnel. By
integrating thin panels of a thermally conductive material (for example, 2 - 3
mm. thick aluminum) on the inner wall of the cryostat, it is possible to cool
those panels by conduction to their mounting structure or vertical ribs to
which they are bolted, which would be traced with sub cooled pressurized
liquid nitrogen lines identical to those used for cool down of the MC structure.
No demountable fluid connections to the cryostat panels would be required.
Cooling is achieved by conduction at the structural mounting locations along
the vertical joints between the cryostat panels. This approach would intercept
the heat leaking through the cryostat walls and remove it by conduction
toroidally along the panel to the tracing tubes and into the forced liquid
convection to the external heat exchanger. In addition, it provides a nearly
continuous cold surface to exchange heat with the dry nitrogen gas within the
cryostat and thus by natural convection to the reminder of the cold mass
within the cryostat. We had begun to do the natural convection heat transfer
calculations to confirm the expected performance of this method of cooling.
For completeness, a memorandum relating to this method of cooling is



included as Appendix d. Please note that this was a work in progress, and that
further calculations would be required to support this design.

The cryostat panels are bolted to the support ribs along each edge. The
thermally conductive plates extend from each vertical edge almost to the
vertical centerline of the cryostat panel. There is then an electrical break at the
centerline of each panel, greatly reducing the eddy current effects of the
aluminum plates. It will be necessary to confirm the electromagnetic effect of
these panels by calculation. It would be possible to slit the plates horizontally
if that were necessary to further reduce the electromagnetic effects. No
calculations were performed prior to termination of this work.

A small gaseous nitrogen supply would be required to provide slight positive
pressure within the cryostat. Gaseous nitrogen would not be used for cooling
or required otherwise. Only one major cooling loop is required, supplying sub
cooled liquid nitrogen at approximately 10 Bar, with a return pressure of 5
Bar. The two internal manifolds shown in the existing design would remain as
presently designed, and there would be two additional manifolds with the first
supplying the MC structure tracing, and the other supplying the cryostat panel
support tracing. A combination of remotely controlled valves and fixed
orifices would be used to control the flow in the four internal loops

5. INTERIM CONCLUSIONS

We have developed the concept for a simplified method of cool down of the
cold mass of NCSX which utilizes the existing coil recool system design
components. Two controlled temperature gas loops are eliminated, and the
cool down rates are controlled by the engineering design of the thermal
conduction elements. This concept does require modification to the MC
structure by the addition of a few hundred studs welded in place by means of
an electrical discharge stud welding gun. The exact placement of the studs is
not critical, and we could easily develop criteria for their placement. In
addition, the cryostat design will be required to incorporate thin thermally
conductive plates on the inner surfaces, as well as liquid nitrogen tracing of
the vertical support ribs for the cryostat panels. The preliminary analyses
indicate with a high degree of certainty that this design approach will meet the
performance requirements.
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6. APPENDICES

a. NCSX Gas Cooling embedded Spreadsheet (with original errors)

Cryostat / shell / winding cooldown estimate

sssume:
cooling tme 96 hour
time incr. 1 hour
tempiner 30 c
cryostat
tme  atmosphere
0 203
1 263
2 263
3 263
a 263
5 263
6 263
7 263
8 263
9 263
10 263
1 263
12 233
13 233
14 233
15 233
16 233
17 233
18 233
19 233
20 233
21 233
22 233
23 233
21 203
25 203
26 203
27 203
28 203
29 203
30 203
31 203
32 203
33 203
34 203
35 203
36 173
37 173
38 173
39 173
20 173
a1 173
a2 173
a3 173
a 173
a5 173
a5 173
a7 173
a8 143
a9 143
50 143
51 143
52 143
53 143
54 143
55 143
56 143
57 143
58 143
50 143
60 113
61 113
62 113
63 113
64 113
65 113
66 113
67 113
68 113
69 113
70 113
71 13
72 83
73 83
7 83
75 8
76 83
7 8
7 8
79 83
80 8
81 83
82 8
83 83
84 7
85 i
86 7
87 7
88 4
89 7
%0 i
o1 7
02 7
o3 7
0 7
o5 7
% 7

tau shell
(hrs)
1001

mod cail shell

278.2651412

2735658268

268.372858
26

263

263

263

263

250,8485553

169.8485553
1663660572
162.5177291
158.2651412
1535658268

148.372858

143
139.8485553
136.3660572
1325177291
1282651412
1235656268

118.372858

109.8485553
106.3660572
102,5177291
98.26514118
9356582676
88.37285804

tau windings
(hrs)

mod coil
windings

2895606593
285.7270165
2814538669
276.6908234
2713817222
265.4639608

250.5606593
255.7270165
2514538669
246.6908234
241.3817222
235.4639608

229.5606593
225.7270165
221.4538669
216.6908234
2113817222
205.4639608

1513817222

06593
105.7270165
1014538669
96.69082338
91.38172222
19608

8

8231213186
815454033
8069077338

radient,
Tshell -
Twindings

0
0287896
0.639041
1063862
1574318
2184105
2.908897

o

o
o
o
o

0287896
0.639041

‘Time constant for infinitely conducting media m*cp/hA

for shell, 0.0016 Wiem 2-K

M°Cp segment 9883115 Joules/i

for winding, 007 Wicm2-K koA nsul 010812 wattsk
001 ‘uheatng 3352798 hours
K 0001 Wicmk
h 02 cm
mshell 2051000 gm
cp sh 03 gk
Asnel 1535272 cme2
m winding 3433716 gm 667 om acond oescmz 7563251 b
cpinding . 033 Jig:K
Awinding 486.0343 cm'2 4 1ubes up each g of col 8 wbes totl each half as long as winding
Cooldown temperature vs time
300 35
—e—cryostat atmosphere.
—=—mod coil shell [ 3
250
mod coil windings
gradient, Tshell - + 25
200 Twindings H
g bervey
¢ e} 2 g
& 150 4 Ay 5
3 g
g 3
5 ™ +15°%
s
100 4
’h'.mmv,, +1
50
105
o+— ——————— 0
0 20 40 60 80 100 120
time (hours)
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b. Forced Convection embedded Spreadsheet

Max allowable rise in gas temp, K 5
Heat removal rate, W 10000
Average temperature of gas, K 200
Average radius of cyl flow space, R, m 25
Flow gap, d, m 0.2
Heat transfer area, sphere of radius R~ 78.539816
Flow area 3.1415927
Perimeter, p, m 31.415927
Hydraulic diameter, m (D) 0.4
Density of gas 1.7175
Viscosity of gas 0.000013
Thermal conductivity of gas 18
Heat capacity of gas 1045
Prandtl number 0.7532
Pri:.666 0.8278204
Surface roughness, m 0.1

Mass flow rate required, kg/second 1.9138756

Mass flow rate per area (G) 0.6092055
Reynolds number 18744.785
Friction factor (f) 0.14326
Colburn j-factor 0.0144591

Heat transfer coefficient, h, wK-m"2  11.119516

Film Drop, K 11.450494
Flow Velocity in annulus, m/sec 0.3547048

c. Hand Calculation of Liquid Cool Down with Discrete Attachment Points

From: A. Zhukovsky

To: D.Gwinn

Date: May 16, 2008

To: NCSX cooling system file

Cooling of NCSX Modular Coil Structure by a tracer with LN, flow connected to the
Structure by discrete thermal anchors

Approximate parameters of LN, at T+=80K and p=5 atm are:
Density — p = 800 km/m?® (795)

Thermal conductivity k = 0.14 W/m-K. (0.1406)

Specific heat — ¢, = 2000 J/kg-K. (2051)

Absolute viscosity — v = 141*10°® Pa-s. (146)

The parameters from NIST Tables are given in brackets [1].

For a turbulent flow in tubes the heat transfer coefficient h [W/m?-K] is calculated from [2]:

Nu = 0.023*Re%8*pr%4
(1)

()

h = k/d * Nu,

12



where Nu = hd/k Nusselt number,

Re = wdp/v - Reynolds number,

Pr = cpv/k - Prandtl number,

d [m] — inner diameter of the tube,

w [m/s] — velocity of the flow in the tube.

For calculations we take: d = 10 mm = 0.01 m and w = 10 m/s (which is a very high velocity
for liquid nitrogen) and get Re = 6.66*10°, Pr = 1.71. From (1) Nu = 1300, and from (2) h =
18190 W/m?-K.

The difference between temperature of the tube inner wall T,, and the nitrogen flow Tx is:

ATw-f = TW _Tf = Q/h'A,
(3)

where Q [W] - heat transferred through the tube wall, taken as 10 W,

A = 3.14*d Ly, [m?] - heat transfer surface area,

L, [m] - length of the tube, at which the heat is taken from the heat transfer anchor, taken as
0.1 m,

A =3.14*10° m*.

From (3) ATu. = 10/(18190*3.14*10°%) = 0.175 K.

Heating of the nitrogen flow in one discrete place of the heat transfer due to the heat supply
IS ATq [K]:

ATQ = Q/M -Cp,
(4)

where the mass flow rate is:
M [kg/s] = A¢ p w = 0.7850° p w
(5)

For w=10 m/s M = 0.785*10"**800*10 = 0.63 kg/s and ATq = 10/(0.63*2000) = 0.008 K.
Pressure drop AP due to a friction in a smooth tube for a turbulent flow is calculated as:

AP = ¢* L/d* pw?/2 [N/m?],
(6)
where L [m] — length of the tube,
¢ - coefficient of friction,
at Re<10° ¢ =0.316/Re®?,

(")
(8)

at Re>10° ¢ =0.0032 + 0.221/Re%?",
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According to (8) and (6) the pressure drop in L=10 m tube with diameter d=0.01 m and
velocity of liquid nitrogen w=10 m/s is: at Re=6.66*10° c=0.0089, but for the tube with
industrial roughness we take ¢=0.014 and AP=0.014* 10/0.01* 800*10/2 = 5.6*10° N/m?.
This figure doesn’t include additional pressure drops in the curved tubes, local resistances,
and pressure drops in the full liquid nitrogen circuit. Additionally we can calculate local
pressure drops due outlets and inlets in the inlet and outlet manifolds. The local pressure drop
coefficient at the inlet into 10-mm tube is gi, = 0.5 and at the outlet from the tube into the
manifold is cout = 1.0. The pressure drop due to local losses is ¢; pw?/2. The inlet and outlet
pressure drops are:

APinsout = (0.5+1.0)*800%10%/2 = 6*10* N/m?.

The “full” pressure drop AP for 10-m line between inlet and outlet manifolds is
AP=APf; + APipsout = 6.2%10° N/m* = 6.12 atm.

The other important part of cryogenic liquid flow heating is AT [K] due to the inner heat
dissipation at transformation of compression forces into the heat due to a friction [3].

(9)

For 10 m/s flow rate of liquid nitrogen ATy = 6.2*10°/(800*2000) = 3.875 K.

Increase of temperature of liquid nitrogen flow in this case is AT = ATq + ATg =
(0.008*n+3.875) K, where n —amount of heat removal studs connected to 10-m long tube.
Take n=50 for 200 mm of the stud pitch. In this case the full AT =0.4 + 3.9 =4.3 K.

The consideration of the results for cooling by liquid nitrogen flow with velocity of 10 m/s
shows that 10-W heating can be removed with a very small temperature wall-to-liquid head
and a very small increase of nitrogen temperature due to outer heating. At the same time the
pressure drop in the flow is huge and most of the nitrogen heating is connected with a friction
work. In the following Table I show that the cooling by the flow with velocity 1 —2 m/s is
much more attractive, providing a low pressure drop and acceptable increase in all
temperatures.

Calculations are made for the liquid nitrogen inlet temperature - 80 K, nitrogen pressure — 5
atm, tube diameter - 0.01 m, discrete heat to 0.1 m length of the tube — 10 W, length of the
tube 10 m, amount of discrete heating places (studs) to supply heat to the 10-m tube — 50.
The pitch between studs is 0.2 m, which leave the tube length between thermal anchors of 0.1
m. This length is very small considering the tube bends between thermal anchors to
accommodate differential thermal contractions of the tube and the cooled Structure (and
welded studs). The more reasonable heat anchor length is 50 mm = 0.05 m. In this case the
distance between thermal anchors increased to 0.15 m and for 1.0 m/s flow velocity AT . =
2.22 K, which is also acceptable.
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Table

W, M, Re 10” | k, ATws, | AP, | AP, ATq, K | AT, | AT, K
mis | kg/s Wim*- | K atm atm K
K

10.0 0.63 6.66 18200 | 0.175 |5.527 |6.12 3.9 04 4.3

5.0 0.315 |3.33 10460 [0.304 | 1579 |1.73 0.10 0.8 0.9

2.0 0.126 | 1.332 | 5022 0.634 |0.284 |0.308 |0.196 |2.0 2.2

1.0 0.063 |0.666 | 2885 1.108 | 0.079 ]0.085 |0.014 |40 4.0

The optimization of cooling tracers can be made only at consideration of the actual design of
the Structure cooling. At the minimal pressure of 5 atm in the Structure cooling tracers the
nitrogen saturation temperature is Ts = 95 K. It means that even twice-longer tracers of 20-m
long at 1.0 m/s are acceptable to provide a single-phase flow at the outlet nitrogen
temperature of about 88.0 K and pressure drop in the tracer below 0.2 atm. At the same time
increasing of the tracer length decreases the amount of parallel tracers, which is very
important.

The velocity of transportation of a cryogenic fluid in the pipe, which causes the minimal
increase in the temperature of the nitrogen flow, can be determine from [3]:

w = 1.17{Qn/(ndL cp[1 + 0.85g/(cL/d)])}°%
(10)

For Qn = 10*50 = 500 W per one tracer L=10-m long with d=0.1 m, ;= 1.5, ¢ = 0.015 the
“optimal” flow velocity, which provide the minimal increase in the nitrogen temperature is
5.7 m/s. The real optimization should consider also the pressure drop in the tracers as well as
in connecting corrugated hoses and in manifolds, and amount of parallel tracers and so on.
The mass flow also increases proportional with the flow velocity. It means that the liquid
nitrogen pump should be more powerful for higher velocities of flow in traces.
Simultaneously pressure drops in the line outside of the considered tracers increase, or it
would require the bigger diameter of the pipes to keep the same as for the lower velocity
pressure drop. It means that the process of optimization of cooling tracers for the Structure
will be a complex process with consideration of the full cooling system of NCSX.

References

[1] http://webbook.nist.gov/chemistry/fluid/

[2] Kraussold H., Forschung, 1933, 4, Nu 1, p.39

[3] Filin N.V., Bulanov A. B., Liquid cryogenic system, Mashinostroenie, Leningrad, 1985
(in Russian)
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d. Natural Convection Memorandum

From: A. Zhukovsky

To: D.Gwinn

Date: May 28, 2008

Subject: NCSX cryostat vapor cooling heat transfer. Revision 1

It is the revision of [1] with new calculations of the heat transfer to the nitrogen vapor flow
cooling the NCSX cryostat wall. | have found the exact recommendations for calculations of
the heat transfer coefficient (h) to the turbulent flow of gas in an annulus or in a flat gap at
only one wall heating [2].

h = hpe [1 = 0.45/(2.4 + Pr)] (Din/Dou)*®, (1)
htube = NUgpe K/20
NUgse = 0.023Re%8pro4, (2)

where hype IS the heat transfer coefficient for the round tube for the turbulent flow at 0.5 < Pr
<5,

Temperature of the adiabatic wall (T,aq) of the cooling passage (wall facing the machine)
can be determined from:

AT w,ad) = [5.94(Din/Dou)’ — 22]Pr*% Re %8 = K(Tw.a0) — T1)/(q*25) (3)

The flow cross-sectional area and other cryostat and cooling vapor parameters are taken from
[1].

Ains = 52 m? - the surface area of the cryostat insulating panels

Q = 5.0 kW - heat leak through the cryostat insulating panels,

kins = 0.027 W/m-K — thermal conductivity of panels,

dins = 16 cm — thickness of insulating panels,

Tout = 300 and Tj, = 80 — outer and inner temperatures of the insulating panels at Q =5 kW.
For 6 = 10 mm = 0.01 m — width of the flow passage,

As = 0.118 m? - the flow cross sectional area is.

Heat flux through the cryostat panels is
g = Q/Ains = 5000/52 = 96.15 W/m".

The mass flow rate of vapor from the heat exchanger is m = 0.28 kg/s and the cryostat inlet
vapor temperature T; = 78 K. The approximate outlet temperature of the vapor flow is taken
as T, = 98 K. The mean parameters of the nitrogen vapor between 78 K and 98 K at pressure
of 1.0 atm are [(nzg + Nnes)/2]:

p = 4.064 kg/m® - density,

v = 0.250 m*/kg — specific volume,

i = 88.81 kJ/kg - enthalpy

k =0.008615 W/m-K — thermal conductivity,

Cp = 1097.6 J/kg-K - specific heat capacity,
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v = 6.1565*10°° Pa-s — absolute viscosity,

Pr = 0.804 —Prandtl number.

All the properties for Re, Pr numbers are taken as mean values between values for T, and T».
The flow average temperature is (T + T)/2 = T, = 88 K.

The mass flow velocity for 10 mm gap is
wp = m/As = 0.28/0.118 = 2.37 kg/s-m?.

The flow velocity of vapor is
w=wp/p=2.37/4.064 =0.583 m/s (it is a very low velocity for a gas flow)

The characteristic size (hydraulic diameter for a flow in tubes) for the flow in an annulus or
between two parallel plates is 2*5, when D;i,/Doy: = 1.0 (the last one is practically our case at
Din/Dout = 4980/5000 = 0.996).

Reynolds number for the flow in the gap is
Re = wp28/v = 2.37*2*0.01*10°/6.1565 = 7699.

From (2) the heat transfer coefficient in the round tube is
Nugse = 0.023*7699°° 0.804%* = 27.09
hube = 27.09*0.008615/0.02 = 11.67 W/m*-K

From (1) the heat transfer coefficient to the heated side of the cryostat wall is
h = 11.67[1 - 0.45/(2.4 + 0.804)] = 11.67*0.86 = 10.04 W/m*K

From (3) the adiabatic wall temperature is

AT w,ad) = [5.94(Din/Dou)® — 22]Pr*% Re 8" = K(Twa0) — Ta)/(q*25),
Tw.ad)— Tr = 0.008*96.15*0.02/0.008615 = 1.79 K

Twad) = 1.79 + 88 = 89.8 K

The adiabatic wall temperature of the cooling passage is very close to the flow temperature.

The temperature of the inner cryostat wall, cooled by nitrogen vapor flow is
Twav = Q/h*A + Ta, = 5000/(10.04*52) + 88 = 9.6 + 88 = 97.6 K.

After several iteration the resulting heat leak for the gap 0.01 m is Q=4669 W at the average
inner wall temperature T, oy =94.6 K, outlet flow temperature T, = 93.2 K, average flow
temperature T,, = 85.6 K.

The results of calculations for flow gaps of 0.01 m, 0.02 m, and 0.03 m are given in the
Table. The inlet flow temperature is 78 K as well as the mass flow rate 0.28 kg/s for all cases.
The Re and Nug,pe numbers don’t change for different gaps. | didn’t recalculate the results
with parameters of nitrogen corrected according to the change of the average flow
temperature. The nitrogen parameters are mean between 78 K and 98 K. The changes in
nitrogen parameters are relatively small. The adiabatic wall temperature increased from 89.8
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K to 91.6 K and to 93.4 K with increase of the gap from 0.01 m to 0.02 m and 0.03 m,
respectively.

Table
Heat transfer and vapor flow parameters for different width of the cooling gap

5m |A,m® [w,m/s [ h Wm*-K | To-T, K | Twa, K [ AT, K | QW
0.01 [0.118 [0.583 |10.04 15.2 94.6 205.4 4670
0.02 [0.236 [0.292 [5.02 14.6 102.5 [1975 4485
0.03 |0.354 [0.194 |3.89 14.3 107 193 4400

The Table shows that increase of the flow gap decreases the heat leak to the nitrogen flow.
The worse the heat transfer to the nitrogen flow is the less heat is supplied to the flow, and
the less is the temperature of the cooling nitrogen at the exhaust. It is a paradox result:
usually people try to increase heat transfer to a cooling flow. At the same time the
temperature of the wall facing the machine is increasing with the size of the gap. It means
that the bigger part of the heat is supplied into the machine. The size of the gap can be
optimized. It looks that the gap of 2 cm would be reasonable for vapor flow cooling of the
cryostat wall.

Reference
[1] A. Zhukovsky, Memo NCSX cryostat vapor cooling heat transfer, May 27,2008.

[2] S.S Kutateladze, Heat transfer and Hydrodynamic Friction, Handbook, Energoatomizdat,
Moscow, 1990 (in Russian).

18



e. Preliminary Three Dimensional Stress Analysis

AN

MAY 23 2008
10:55:27

NODAL SOLUTION

STEP=5

SUB =20
TIME=273600
SEQV (AVG)
DMX =.003963
SMN =461806
SMX =.44G6E+09

e
461806 .994E+08 .198E+09 LZ9TE+09 .396E+09
.499E+08 .149E+09 .248E+09 .347E+09 .446E+09

NCS¥ Cooldown Stress Analysis Time 1.E-05% sec Run #1
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Adding material to Tee for thermal modeling
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Determining a worst case cross section




Determining a worst case cross section

Approx 14 inches
. of length from the
— tee section to the
edge of the back
surface.




Updated FEA Model

14 inches

Detail of mesh near Winding
(same as before)



Case 3: Added length after 2 hours
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Case 3: Added length after 2 hours
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Accurate representation?

ANSYS 11.0
NODAL SOLUTION
STEP=1
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Symmetry expanded model Lengthwise cooling is also ignored here.



Implications

The vast majority of the
coil has cross sections
similar to those
analyses in the last
memo.

The wing regions are
the outliers where hot
zones may appeatr.



Time history profile with constant temperature
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Time history profile with convection on bottom
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Time history profile with No convection or
temperature _on bottom
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Multiple Step Modeling

 New model cools for 2 hours at 5 degrees
below set / initial value. ie) first step runs
with gas at 293 — 5 K = 288 K second step
runs with the gas at 283 K and so on.

 There is NO convective cooling or
constant temperature on the bottom of this
model



Time history of gas cooling through tubes
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Time history of gas cooling through tubes
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14.9 degree gradient
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Cool-down with convection on bottom

o Complete cool-down history of cross
section of wing.



The entire cool-down with convective cooling
on the lower edge.
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The entire cool-down with convective cooling
on the lower edge.
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