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4

15.7 inch diameter

Original TF Bundle Upgraded TF Bundle

7.9 inch diameter

New Centerstack Assernbl}f
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Appendix J
Objective Evidence for KPP’s

>50 mA plasma shot

NSTXU Demonstrated Performance Objective Evidence #1

KPP: The major milestone marking the transition from a fabrication project to an
operating facility is the first plasma milestone (CD-4). First plasma is defined as an
ohmically heated discharge > 50 kA at a toroidal magnetic field of > 1 kG.

Status: Achieved 8/10/2015.
KPP Goal Achieved
OH Discharge >50kA >100kA
TF Magnetic Field >1kG Skg
Supporting objective evidence attached.

Independent Certification

Cragially sagrd by D & Gabe

David A. Gales e el

Drate 20730817 Ta=13 34 0500

David Gates
Head, Advanced Projects-Stellarators

Appm‘h"al Digitally wgned by Ron Strylowsky
Dz en=Ran Strykowsky, o, ousPPPL,

RoON StryKOWSKY i oot gor ceus

Date: 20150811 15:43-58 D400

Ronald Strykowsky
MNSTXU Project Manager

Approval:

|'-Jq.|l'- *y\-..-u by S ad® Prasgest
Stewart Prager ==t e

Stewart Prager
PPPL Director
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Appendix J

Objective Evidence for KPP’s

>50 mA plasma shot (continued)

Plasma current (top) and toroidal field data (bottom) for ~100kA,

B; = 0.5T plasma in NSTX-U for CD-4 KPP

(note: 0.5T = 5kG).

The NSTX-U plasma current Rogowski loop was calibrated using the PF1C

Lower poloidal field coil which is enclosed by the Rogowski.

December 2015

Plasma Current

150[ 201085 - 201086

August 10, 2005

KA 1\ |

507 || 1

0 \“‘N.«.L.N
10 20 30 40 50
Time [ms]

NSTX-U Torcidal Field Data for Shot 201085

h_ __ Toroidal Field Cosl Powar Supply Current [kA]
=10

Toroidal Field at R=0.9m [Tesia]

BIEEEXL

-1 0.5 0 0.5 1
Time [s]
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Appendix J
Objective Evidence for KPP’s

>50 mA plasma shot (continued)

Camera image (left) and EFIT reconstruction (right)

for NSTX-U CD-4 KPP plasma
NSTX-U Shot 201085
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Appendix J
Objective Evidence for KPP’s

>40 kV Neutral Beam Shot

NSTXU Demonstrated Performance Objective Evidence #2

KPP: The installation of the second neutral beam on NSTX shall be considered complete
at the stage where each item below has been demonstrated:
a. Beamline water, vacuum, cryogenics, and feedstock gas services have been
attached to the beamline;
b. A Torus Isolation Valve and duct interconnects the NSTX vacuum vesse| and the
neutral beamline;
¢. Local Control Centers have been powered on to monitor power supply status,
and;
d. Project will be verified as complete when a 40,000 electron-volt beam has been
produced and injected into the armor for ,050 seconds.

Status: Achieved 5/11/2015.
Five 45KV @ 12 amps shoots into the armor for >50ms. Attached are PDF's of the armor

TC's(pre and post shoots), RSView page showing the status of the beam systems, and the
scope traces showing the wave forms.

Supporting objective evidence attached.

Independent Certification

Gy (A Ad—
David Gates
Head, Advanced Projects-Stellarators

Digitally signed by Ron

Approval Ron Strykovsly

i ;;;Enn Strykowsky, o,
Strykowsky amisimomssso s

Ronald Strykowsky
NSTXU Project Manager

Approval:

| kg e e Prape
s o e

Stewart Prager i
——

Stewart Prager
PPPL Director
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Appendix J
Objective Evidence for KPP’s

>40 kV Neutral Beam Shot (continued)

Armor shot

Armor shot probes

Armor shot

Armor shot fast

December 2015
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Appendix J
Objective Evidence for KPP’s

>40 kV Neutral Beam Shot (continued)

Agilent

Bpquirition

Chanrels

[haisre Iner arment
Mhar art nr
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Appendix J
Objective Evidence for KPP’s

>40 kV Neutral Beam Shot (continued)
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Appendix J
Objective Evidence for KPP’s

>40 kV Neutral Beam Shot (continued)

NB ARMOR TC rev 2.vi

C\Users\grossi\Desktop\NB injection sys Armor TC project\NB ARMOR TC rev
2vi

Last modified on 5/6/2015 at 2:30 PM

Printed on 5/11/2015 at 4:21 PM

NEUTRAL BEAM ARLAOE rHEﬂ“IDLH (29

- | - L] |
278 ‘ m | m ‘ ™ m.‘ ) ‘ o
o , mm‘mn | um

\m:P .

-
3.91 ——

m m‘mm

wm-.w -
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Appendix K
NSTXU Fabrication and Assembly Techniques
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Appendix K

NSTXU Fabrication and Assembly Techniques (continued)
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Appendix K
NSTXU Fabrication and Assembly Techniques (continued)
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Appendix K
NSTXU Fabrication and Assembly Techniques (continued)
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Appendix K
NSTXU Fabrication and Assembly Techniques (continued)
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NSTXU Fabrication and Assembly Techniques (continued)
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NSTXU Fabrication and Assembly Techniques (continued)
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Appendix K
NSTXU Fabrication and Assembly Techniques (continued)
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NSTXU Fabrication and Assembly Techniques (continued)
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NSTXU Fabrication and Assembly Techniques (continued)
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NSTXU Fabrication and Assembly Techniques (continued)
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NSTXU Fabrication and Assembly Techniques (continued)
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NSTXU Fabrication and Assembly Techniques (continued)

Passive Plates

E-Beam Weld

E-Beam welding - Applications

TF Coil Lead Extensions
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NSTXU Fabrication and Assembly Techniques (continued)

rt

Actual Components

Neutral Beam Port Duct

| mockups

Prototypes

-

Typica
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NSTXU Fabrication and Assembly Techniques (continued)
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Appendix L

Aquapour Independent Peer Review Findings

Princeton Plasma Physics Laboratory

To: Distribution

From: P. Heitzenroeder

Date: October 14, 2014

Subject: Peer Review of September 8, 2014: Impact of CTD 425 Resin-Contaminated Aquapour
on NSTX-U Operations

Reviewers: T. Todd, I. Katradomos (MAST); A. Kellman (GA); J. Irby, W. Beck, D. Terry, J.
Minervini, R. Viera, E. Marmar, W. Burke (MIT-PSFC); B. Nelson (ORNL)

Attendees & Participants: J. Makiel, T. Indelicato, B. Sullivan (DOE); M. Williams, M. Ono, J.
Menard, S. Gerhardt, R. Strykowsky, P. Titus, H. Zhang, S. Smith, S. Raftopoulos (PPPL).

The motivation for this peer review was described in the Introduction (Ref. 1). To summarize:
A plaster-like compound called Aquapour was used to form what was to be a temporary surface
0.100” above the TF center stack surface on which to wind the OH coil. Aquapour is normally
easily dissolved by water, and the intent was to remove it after the OH winding was completed to
create a thermal expansion gap between the OH and TF windings so that the mechanical and
thermal behavior of the two windings would be decoupled. Unfortunately the Aquapour became
contaminated with the CTD 425 resin during the vacuum pressure impregnation (\VVPI) process.
The resin-contaminated Aquapour is impervious to water, and is moderately hard. Attempts to
remove it with picks, a variety of saws, and pressurized water were unsuccessful. After detailed
discussions, the project decided that, rather than risk damage to the TF and OH coils, which were
very good electrically, a mitigation strategy based on assuring that the OH coil is always hotter
than the TF coil (and thus expanded away from it, permitting the two coils to expand and
contract independently) seemed feasible and could be developed. The mitigation strategy was
presented in the following two presentations (ref. 3 and 4).

It is worth noting that this risk was evaluated and listed in the risk registry around the time of the
preliminary design review in June, 2010. Risk: “unable to completely remove temporary space
material between OH and TF.” Mitigation Plan: “Administrative controls during operation
requiring OH and TF to be powered together.”

The mitigation plan that PPPL proposes is outlined below. (The alternative option discussed
during the review, which is to build mockups of the OH coil and perform testing to qualify the
coil for the expected strain rates, can be revisited in the future.)

0 Preheat the OH to create a gap between the TF and OH so that each can thermally expand
independently. The gap required is ~0.012”. There are two options for maintaining
Tre<Ton:

1. Pre-heat the OH coil using currents before the TF turns on.
2. Control the shape of the OH S-curve by adjusting the amount of pre-charge.
0 Year 1 and 2 physics program can proceed basically unaffected since the OH and TF
coils are only needed to operate at ~70-80% full operating parameters, even allowing for the

proposed OH coil pre-heating. This provides “room” for the temperature rise due to
preheating or recharging of the coil.

December 2015 Page |239



O Year 3+ requires 2 MA, 1T, 5s operation. To make room for the OH preheating while still
permitting the full thermal excursion required, we propose extending the maximum OH
operating temperature from 100 °C to 110-120 °C after tests to verify this change.

Depending on the maximum temperature, there may be a small (0.2-0.3 s) loss of pulse duration.

Operation at tdischarge>3tcr (plasma current redistribution time constant) will not be affected.

With these changes in operation, the full NSTX-U Physics Program can still be achieved.

Increasing the maximum OH operating temperature:

0 The resin used to Vacuum Pressure Impregnate (VPI) the TF and OH coils is CTD-
425, which is a cyanate ester / epoxy blend.

o The primary reason this resin was chosen was to assure maintenance of adequate
strength properties at the projected 100 °C maximum operating temperature.

0 DMA test data shows that this resin has a virtually flat storage modulus up to ~120C.
The storage modulus behavior indicates that there will be minimal loss of the elastic
modulus up to that temperature. Consequently, we believe that it will be possible to
safely extend the maximum operating temperature from 100 °C to 110-120 °C.

= We plan to verify creep properties. Creep (permanent deformation), can occur
when a material is stressed for prolonged periods of time at elevated
temperature.

e Tests are planned to measure the creep behavior of a CTD-425 VPI
impregnated mockup of a coil section, but this is not expected to be an
issue.

e The time that the coil will be at temperatures >100 °C will be limited
- allowing for cool-down, it is in the range of 12 minutes per pulse.

e It will only be a maximum of 10-20 °C above the design basis 100 °C.

e |If creep does occur, the preload mechanism (compressed Belleville
spring washers) can absorb a modest amount. If more must be
accommodated, the mechanism can be re-adjusted or, in the extreme,
shims could be added.

e The preload mechanism contains two sensors to measure solenoid
thermal growth or, if creep occurs, decrease in height.

Reviewer Inputs:

Below are answers to the Charge questions and comments from the MIT reviewers and the
responses from the Project:

Charge questions:

A. Does our approach with temperature controls appropriately control risk?

You are not making direct measurements of temperature or strain. The 1t measurements must be
good enough and the thermal coefficients known well enough to ensure you know the
temperatures are within safe limits, with appropriate margin. Good measurements of inlet and
outlet water temperatures and flow rates should be used to add confidence to the measurements.
Assuming adequate testing of your new Digital Coil Protection System ensures you can maintain
the entire OH coil at least 10 °C above the TF everywhere, your plans for 2015 and 2016
operation could be carried out with acceptable levels of risk. You should continue to refine your
measurement and control capability, your analysis results, and your testing program over the
next few months. These issues should be discussed before the readiness review in December.
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Answer: RTDs measure the inlet and outlet temperatures for all 4 layers of the OH coil and all
turns of the TF coils. RTDs are type A PT100 with accuracy of 0.1C. RTD temperature
measurements will be used to periodically calibrate the accuracy of the algorithms used in the
DCPS. These sensors will also be used to provide the permissive for the next shot.

10°C is not proposed as the temperature difference between the OH and TF; rather we propose
to keep the TF always colder than the OH, or at worst have their temperatures match. In the
future we may assess scenarios with the TF slightly warmer than the OH. See S. Gerhardt’s
presentation for details of the OH preheat or precharge temperatures proposed.

B. Is the need for qualification tests urgent or can they wait for operating experience
and/or physics need?

The characterization of Aquament mechanical properties should be completed before you begin
operation. Creep tests on an OH mockup should be part of an ongoing program to prepare for full
parameter operation in 2017.

Answer: By ensuring that the OH temperature is above or equal to the TF temperature there
will be no mechanical interaction between the two systems. We do plan to cut samples from a
VPI’d sample of Aquapour to measure its compressive and tensile strength and modulus.
However, since our plan going forward does not require this data, it is just for information for
possible future use. Based on the effectiveness of the VPI process and our suspicion that thermal
expansion of the OH coil preceded thermal expansion of the TF coil which was interior to it and
“insulated™ by a layer of Aquapour, it is likely that resin flowed down the entire length of the
Aquapour and impregnated the entire cylinder of Aquapour. The VPI’d Aquapour was found to
be very tough (though not as tough as the resin) and hard to break up; we feel that it will not
break up into pieces small enough to fall into the thermal expansion gap (~0.012”") . Regardless,
we will periodically monitor the bottom of the solenoid for any evidence of particles falling out.

C. Is the present and future work that is planned comprehensive enough to support our
research goals?

If you continue to refine your models and do tests consistent with those mentioned in Pete’s
presentation, you will be able to make very good progress on your research goals. We still have
questions and comments you should consider as you plan the engineering work ahead:

1. We strongly recommend tests to evaluate the Aquapour properties, including mechanical and
thermal. This test should also measure the rate of penetration of the resin as a function of
time during the VVPI process.

Answer: We do plan to evaluate the mechanical properties of Aquacement (see B above).
The thermal conductivity, although not measured, was observed to be low during heating of
the assembly during the relative motion tests (below). It will not have any appreciable effect
on the dT between the two coils or cool-down during operation.
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2. How was the relative movement of the OH relative to the TF core measured? Was it
symmetrical top/bottom or with one end of the OH coil fixed? Symmetrical growth top and
bottom does not ensure that the OH is free to move relative to the TF.

Answer: Normally the OH coil is fixed on the bottom and expands towards the top. It was
measured by dial indicators. For this test, the bottom support was removed and the coil
expanded both ways (not quite symmetric, ~0.040°” bottom; 0.060”" top).

3. OH coil cool-down analysis which includes the Aquacement thermal properties should be
performed.

Answer:  The heating time-temperature behavior during the relative motion tests
demonstrated that the Aquacement has relatively poor thermal conductivity and will not
appreciably affect cool down during operation (See B above). .

4. What is the degree of accuracy of the temperature measurements and is the error within the
allowable delta T for safe operation of the coils?

Answer: Thermal calculations will be done within DCPS. These calculations will be
calibrated by the RTD’s which measure the water inlet and outlet temperatures. The
accuracy of the RTDs is 0.1 degrees; the calculation accuracy and calibration accuracy
together will be better than ~1-2% , which is safe for assuring adequate dTs between the
coils.

5. What type of electrical testing will be performed on the coil once it is installed in the
tokamak, and at what temperatures will the tests be performed?

Answer: After installation, impulse tests will be repeated at 5 kV and hi-pot tested at 9 kV
and compared to the previous measurements. The tests will be performed at room
temperature. A subsequent Integrated System Test Procedure (ISTP) will qualify the coil for
operation.

6. Cool-down fault analysis should include failure of any or all of the coil cooling systems. Are
the implications of such events benign? As one example, if the TF cooling system failed at
the end of a high performance pulse, what will happen to the TF and OH temperatures (and
gradients) as the coils cool passively through conduction and convection to the rest of the
structure?

Answer: The coils do not require active cooling during a pulse for safe operation. In a
passively cooled condition, analyses show that the TF cools faster than the OH due to the TF
flags which extend from the coil in the umbrella structures and acting like cooling fins; this is
a desirable condition. If the TF cooling water trips or has a flow problem, the programmable
logic controller (PLC) can be programmed to stop the flow of the OH cooling water. As a
result of this review, we do plan to program the PLC to stop the flow of water to the OH if
the TF cooling water trips or has a flow problem.

7. Do the 4 wires (intended to help remove the Aquapour, but now trapped in the coils) pose
any electrical or mechanical risks? Issues could include stress concentration and peaking of
electric fields. Is there modeling that could/should be done?
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10.

11.

12.

Answer: The electrical insulation has large factors of safety (see Att. 3). An ANSYS 2-D
electrostatic model indicated no risk electrically since the calculated electric field is 1.8
MV/m compared to a dielectric strength of 30 MV/m for G-10 (which has comparable
electrical properties to VPI impregnated fiberglass) and 3 MV/m for air. They pose no
mechanical risk.

Is the time between pulses using the new cool-down scenario adversely affected?

Answer: The cool down scenario will not be affected due to Aquacement issues.

Slide 31 in Titus's presentation shows one preliminary simulation of post-shot cool-down, but
in the case shown it appears the stresses might be as high as 16 MPa, which seems too large
(based on slide 4 from the same presentation). Pete says "more analysis required”. When
will that be complete, and will it be reviewed?

Answer: Although not related to the Aquacement issue, the cooling wave phenomena was
recognized and is being further analyzed. The analyses are expected to be completed in
early November, and a Peer Review will be held shortly after that.

What about a TF crowbar at end of TF flattop, when OH current is back to 0. Slide 4 from
Gerhardt's presentation shows a case where the OH temperature gets very close to the TF
(within perhaps 3 degrees C). [a]. Are there simulations of cases like this, with a TF crowbar
at the end of flat-top? [b]. During the review it was mentioned that a TF crowbar at full
current would cause something like an additional 4 °C temperature rise. A simulation that
shows this for 130 kA TF cases with the TF starting at 100 C should be run. [c]. Slide 20
discusses the DCPS algorithm to be implemented for protection, but without more
information, it is not clear if this will prevent access to some of the desired (required)
operating space. Also, what is the maximum temperature the TF can take, independent of the
OH stress considerations?

Answers: [a] and [b] The DCPS algorithms factor in the temperature rise due to
crowbarring. [c]. It may slightly narrow the operating space at the combined highest fields,
currents, and pulse durations. That algorithm is conservative as it limits the projected
temperature difference between the OH and TF to less than zero; i.e. this enforces the new
requirement that the OH temperature is never lower than the TF.

Almost all of the simulations for coil temperatures appear to be 0-D. Are important gradient
effects being missed? It appears that all of the planned DCPS algorithms assume single
uniform temperatures for each coil (OH and TF). Is that sufficient for protection?

Answer: The cooling analyses with the F-Cool code were 1-D, and these demonstrate that 0-
D is sufficient for protection. The analyses have addressed 3-D thermal gradients in the
coils.

If Aquapour degrades during operations, what keeps the OH centered on the TF? Slide 22 of
Gerhardt presentation implies centering shims will no longer be used since there is no room
for them now anyway, because of the Aquapour.
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13.

14.

15.

16.

17.

18.

Answer: Shims can easily be added on the top end of the solenoid if we do observe Aquapour
debris beneath the machine.

How will the DCPS changes be implemented, reviewed and tested? A detailed plan is
required. What about software bugs, hardware reliability, redundancy, common mode
failures?

Answer: Out of scope for this review, but will be addressed in Operations Procedure OP-
DCPS -779. A Failure Modes and Effects Analysis (FMEA) was performed which includes
failure modes. Reliability analysis will be included in the DCPS system description which is
currently being written.

Extensive failure analysis and testing of interlock and temperature difference control and
protection systems are necessary.

Answer: Agree. This will be addressed in the PTP’s (Preoperational Test Procedure) and
ISTP (Integrated System Test Procedure).

How is the temperature evolution algorithm to be calibrated against outlet water temperature
and other measurements, and how often is this calibration to be done?

Answer: See (4) above. Calibration will be performed at the beginning of the run period,
which is typically 12-16 weeks. This data is stored for each shot and used for periodic
review.

What is the range of OH coil temperatures required during normal and off-normal operation?
What effect will this have on OH coil insulation over time? When will engineering tests be
done for the mock-up section of OH winding for fatigue testing?

Answer: It will be in the range of 12 °C to 110-120 °C, (to support 5s, 2 MA operation) with
the exact upper limit decided after the data for the planned insulation creep tests is
examined. These tests will be performed in the next year. For the first year, only 70-80% of
the GRD I t is required, (Trise~75 °C). The creep test is being performed to ensure that the
OH insulation will not be adversely affected over time. The temperature increase being
proposed is modest and far from the glass transition temperature of 180 °C and will not
cause any aging degradation of the insulation.

Will DCPS and interlock systems safely handle test shots with TF only and other required
test or calibration pulses? The system should be designed to allow them.

Answer: “TF only shots™ will be led by OH preheats sufficient to provide the required
thermal headroom. Should this not be done, the DCPS will issue a Level 1 fault.

Pete Titus recommends several tests and qualifications for the two possible solutions he
presents in slide 19. Are these to be done and, if so, when? These include:

a. First solution (slide 19)
i. Recommends strain controlled tension fatigue tests of insulation systems.
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ii. Properties of epoxy impregnated Aquapour should be better characterized.

b. Second solution (slide 19) this is our preferred solution.

i. Plumbing and new operational controls needed.

Answer: We plan to go forward with the solution which avoids interactions between the OH
and TF and with 110 -120 °C max. temperature operation, as discussed on p. 1. Creep tests
at 110-120 °C will be performed. Only operational controls are needed for the elevated
temperature operation.

MAST Group Comments:

M1.

M2.

M3.

M4.

M5

Several of us considered that it must be possible to do micro-hardness tests on the chips of
removed impregnated Aquapour.

Answer: We do plan to perform tests on VPI’d Aquapour samples (see Charge Question B
responses above).

I liked the idea raised by someone else of simply measuring the density of the chips and
mocking up to some decent sized samples by deliberate impregnation with CTD-450 to
cover a range of densities, to check the mechanical behavior, yield strength, etc.

Ans: See Charge Question B response above.

The hi-pot test was helpful and reassuring in its results, but as | said at the time, the wires
will create electric field stress concentrations and could conceivably shorten the insulator
life against micro-discharges (miniature break-downs within the insulator, exacerbated by
electric field cycling), so worth getting someone to analyze sometime, | think.

Ans.: As stated in (7) above, An ANSYS 2-D electrostatic model indicated no risk
electrically since the calculated electric field is 1.8 MV/m compared to a dielectric strength
of 30 MV/m for G-10 (which has comparable electrical properties to VPI impregnated
fiberglass) and 3 MV/m for air.

Temperature rise profiling and control was extensively covered and seemed perfectly OK
to me, but | got the impression there had been less work on the temperature fall after each
shot. The adverse effects of the cold wave propagating up the solenoid (so it bites the TF
vault if that has not been thoroughly cooled beforehand) seemed to be of some concern,
and not just because of the Aquapour issues. Indeed, it was said that the solenoid shrinkage
being inhibited by it contacting the TF vault would help to reduce the stresses caused by
the solenoid diameter transition.

Answer: You are correct; the adverse effects of the *““cooling wave” are issues independent
of the Aquapour issue. We are re-visiting previous analyses of the cooling wave.

However | agree that a trivial cure to the TF-OH differential temperature problems during
cool-down is simply to delay the active cooling of the solenoid until after the outlet
temperature of the TF has shown it to have cooled sufficiently. This will work if, as we
were told, the thermal time constant between them is measured in hours rather than
minutes, and the physicists don’t mind waiting an additional five or ten minutes between
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M6.

M7.

M8.

MO.

high-performance shots.
Answer: In normal operation the TF cools down faster than the OH coil. Simulations show
similar cool down wave response with and without Aquapour.

Not closely related to this Aquapour problem, | observed that the machine protection
system, as sketched perhaps overly simplistically for this presentation, seemed to have
many common-mode failure points that could prevent it from carrying out its function
rather too often. This would need detailed exploration by more of us with Machine
Protection Working Group experience!

Answer: Indeed, the sketch was simplified to provide an overview of the system and should
not be considered as an engineering drawing. A FMEA for the DCPS system was
performed and has been successfully reviewed.

Similarly it was said that the machine protection would only trip all power supplies
simultaneously, by means of electronic shorting switches to force zero voltage on all bus-
bars. Compared to JET and MAST systems, this is oddly limited and somewhat brutal to
the supplies, and also (I think it was Jon Menard who noted, near the end of the meeting)
stops the control systems from being allowed to initiate a controlled termination e.g. when
something important has tripped (e.g. the TF or OH), in order to avoid precipitating a high
current major disruption. JET uses a cascade of different trip types as any operational limit
(single parameter or combined) is approached, in a sequence like power supply internal
current clamp, thyristor trigger blocking to create essentially a bridge voltage going to zero,
open mains input breakers, fire brutal crowbar. Before all that, we send an alarm to the
plasma control system telling it what is likely to trip, so that it can choose one of about a
dozen different soft termination scenarios to minimize the chance of a disruption given the
specific power supply loss.

Answer: Prior to year 3 of operation, we will have developed and tested algorithms inside
the plasma control system analogous to the DCPS which will anticipate exceeding an OH-
TF temperature differential limit and other DCPS faults and initiate a controlled plasma
current ramp-down before a DCPS trip is triggered.

There was mention of letting the coils cool down on their natural L/R time, but some slides
showed a steep TF current decay all the way to zero, as though the supply has two-quadrant
behavior. Maybe it has, when not shorted?

Answer: The standard Transrex power supply section has two-quadrant behavior (current
in one direction, but voltage in both). The plots that show the TF ramping down quickly are
cases where the supply is controlling the current rapidly back to zero, under digital
command and NOT in a fault condition.

It was said that sub-cooling TF might exacerbate creep failure, but I don't understand this
since creep phenomena are associated with elevated temperature. If the impact of one coil
system upon the other was meant, the detail was not explained.

Answer: Sub-cooling of the TF was mentioned as an alternative way of generating the
required dT between the OH and TF. This could potentially avoid having to qualify the
OH for operation above 100 °C. If sub-cooled, the TF water temperature would be
reduced to 8 °C. This would require improving the dehumidification of the test cell. We
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expect the creep level to be manageable, as discussed in *““Increasing the maximum OH
operating temperature” on p. 1 of this report; this is the more cost effective solution.

M10.My proper engineering colleagues can comment, but I thought Tresca stress, while
recognizing the superposition of shear and compression/tension in a generally appropriate
way to represent total stress, did not intrinsically relate this to the loci of allowable shear
and tension/compression in a composite material at various temperatures and desired
fatigue lives, as Mohr plots do?

Answer: The failure criteria we generally use are described in the slide below. Mohr’s
Circle analysis is used to determine the shear stress in the plane of the composite.

Failurecriteria

[-5.2.1.3 Shear Stress Allowable

The shear-stress allowable. S<, for an insulating matersal is most strongly a
funiction of the particular setenal and processing metbod chosen, the
loading conditions, the temperamre, and the radiation exposure level. The
shear strength of msulating materials depemds strongly on the applied
compressive siress.  Therefore, the following condiiions must be met for
cither static or fatigue conditions — — e —

Ss= (23 70 |* [c2x Scwl e

ezl
[-5F 1 2 Tepsile Scraim Allowakle Mogmmal o Plane
In the derectvon pormal to ibe adhesive bonds between metal amd composate
i prinaery tensile straimn is allowed, Secondary straim wall be lmted 1o 105
ol the ulmaae fenside strn. In the absenos of specilic da the allowabde
working tensibe strmm 15 002% 1 the msulation sdpscent 1o the bond

Tsar-Wu has been proposed for Composite materiak. It is available in ANSYS
butwe havrmt usedit

Electrical Hi Pot Test of OH Coil
Details of the OH coil electrical hi pot test were requested during the review. The photo below shows

the center stack during the test. The TF turns were connected together and grounded, the foil over-
wrap over the OH coil was grounded, the structure was grounded, and the (4) wires embedded in the
Aquapour were grounded. The leakage current from the OH coil to ground was 12pA at 13 kV after 1
min.
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References: (posted at ftp://ftp.pppl.gov/pub/Heitz/NSTXU_8SeptPeerRev/ ).
1. Peer Review Introduction

2. NSTX-U TF-OH Design & Manufacturing
3. Aquapour/CTD-425 Composite Implications for NSTX-U Operations and Research Goals
4. Aquacement problem (Analyses)
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Appendix M

Report from NSTX-U Readiness Review Committee

FROM: Arnold Kellman

TO: Mike Williams

SUBJECT: Report from NSTX-U Readiness Review Committee
DATE: 1/20/2015

OVERVIEW OF COMMITTEE ACTIVITY

A Readiness Review Committee met at PPPL December 9 — 11. The purpose of this
review was to ensure that the commissioning and subsequent operation of the National
Spherical Torus Experiment Upgrade (NSTX-U) could be performed in a safe and
environmentally responsible manner. The specific charge questions, prepared by Mike
Williams and the NSTX-U staff, are listed below. During the meeting, the committee
heard presentations from the PPPL staff, interviewed various PPPL staff members, read
procedures, viewed additional documentation, and toured the facility, including the torus
hall to address the specific questions in the committee charter. A closeout presentation
was made to Stewart Prager, Mike Williams and some of the NSTX-U staff by the
committee on Thursday December 11.

CHARGE TO THE COMMITTEE

The following questions were taken from the NSTX-U Readiness to Operate Charter:

1. Do the approved NSTX-U Safety Assessment Document (SAD) and pending Safety
Certificate adequately define the safe operating envelope for NSTX-U operations?

2. Are there clearly defined roles, responsibilities and training for NSTX-U operations
personnel?

3. Are there clearly defined operating procedures that ensure that NSTX-U is
commissioned and operated within the safe operating envelope defined by the NSTX-U
Safety Assessment Document (SAD) and Safety Certificate (including off-normal
events)?

4. Does the PPPL Activity Certification Committee (ACC) process ensure that
configuration changes are adequately reviewed and appropriately documented in the
NSTX-U Safety Assessment Document (SAD) and Safety Certificate?

5. Does the PPPL Activity Certification Committee (ACC) process, including approval to
proceed by the PPPL ES&H Executive Board Chairperson, ensure that PPPL is indeed
ready to begin NSTX-U operations?

6. At the time of project completion, will the NSTX Upgrade Project have delivered the
Project Objectives as defined in Section 2.2 of the NSTX-U Project Execution Plan?
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Appendix M
Report from NSTX-U Readiness Review Committee (continued)

COMMITTEE MEMBERS

* Armnie Kellman, General Atomics, Chairperson

* Dragoslav Ciric, Culham Centre for Fusion Energy

» Kevin Freudenberg, Oak Ridge National Laboratory

* Tim Scoville, General Atomics

* Jim Irby, MIT Plasma Science and Fusion Center

* Dave Terry, MIT Plasma Science and Fusion Center

*  Will Oren, Thomas Jefferson National Accelerator Facility
* Edward Lessard, Brookhaven National Laboratory

* Tom Todd, CCFE (Retired)

GENERAL FINDINGS

+ The committee was impressed with the project and the evidence of continued high
quality of workmanship and project management.

+ The project is ~95% complete with the major production and assembly milestones
and the highest risk items completed (CS, DCPS, NB Vessel modification, and
NB2 installation) almost complete.

* The recent setback with the Aquapour removal was handled effectively through a
combination of internal and external review panels. The expected impact on the
physics plan will be minimal.

» Present status gives high confidence in successful completion of project and
completion of CD4 in March.

* This committee was not asked to perform a typical Readiness Review. NSTX-U
is not ready to resume operations of either the new beamline or plasma operation,
as defined by ISTP-001.

* 20 Project and 28 Operations Engineering Work Packages (EWPs) remain
open.

* 25 chits remain OPEN, 4 are CLOSED but not VERIFIED

» Some official signed off drawings remain to be updated to “as-built”
conditions.

* PTPs are not yet updated

« Personnel are not trained in new PTPs or new hardware, software, user
interfaces

* The committee was asked to evaluate the SAD, whether the processes, procedures,
and training protocols were in place to allow an assessment of readiness to be
made by an internal review panel through the ACC process.

*  Main conclusions include:
» Additional work is needed on SAD and definition of Safety envelope.
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Appendix M

Report from NSTX-U Readiness Review Committee (continued)

* An extensive set of procedures exists to track completion of project,
appropriately test all project upgrade elements and existing operational
subsystems, and safely operate the device. However, test procedures are
not yet updated and would benefit from improvements in quality and
uniformity, e.g. allowable ranges in measurements should be included in
PTPs, missing signatures, incomplete feedback. An improved focus of the
QC/QA group on preparation and completion of procedures is
recommended.

* Personnel clearly understand their roles (in some cases multiple) and
responsibilities and training is excellent.

» The ACC process is well developed and manned by highly experienced
staff members with a broad range of skills. High confidence exists that this
process will properly assess Readiness to Operate, similar to what it has
done in the past. However, procedural changes to ACC could further
improve this well-established process.

» A great depth of institutional and detailed system knowledge exists in
present staff. This contributes greatly to thoroughness of reviews and
proper functioning and oversight of systems during operations and on-
going system modifications and upgrades.

* No commissioning sequence up to full design parameters was presented.
The committee recommends that a full commissioning plan be developed
including verification of cnitical stress calculations.

« A potential problem is that since some of the very experienced staff hold
more than one key role in the safety and operational management of the
facility, there is a tendency to obviate the need for procedures and
document trails regarding communication of emerging issues, plant status
etc. between these roles.
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Appendix M

Report from NSTX-U Readiness Review Committee (continued)

ANSWERS TO CHARGE 1

Charge 1: Do the approved NSTX-U SAD and pending Safety Certificate
adequately define the safe operating envelope for operations?

* Conditional yes, subject to Items Requiring Resolution
Committee members for Charge 1
e Will Oren (TJNAF), Edward Lessard (BNL)
Method of review:
e Document review, interviews, observations, presentations
Findings
« SAD still in draft
* SAD does not cover entire system’s hazards (e.g., ODH in all relevant enclosures)

» Safety basis for the limits in the safety envelope were not described in SAD, but it
is tied to the design parameters

* Pressurized water/stress issues in CS are not addressed in SAD/FMEA

»  Software QA not addressed in QA section of SAD

* Operating organization structure and authorizations not addressed in SAD

» Linked references or appendices on N2, He and SF6 ODH calculations needed
* Linked references or appendices on radiation calculations needed

* SAD did not have a Maximum Credible Incident section (e.g., max D gas event,
max direct radiation exposure, etc.)

* Engineered and administrative controls for non-standard industrial hazards not
included in safety envelope (e.g., SIS/HIS operability, ODH protection system
operability, etc.)

» Safety envelope does not include engineered and administrative control supports
such as calibration frequency, testing frequency, configuration management for
shield drawings

* No documented practice to measure and track integrated neutron fluence in safety
envelope

» Assurance processes beyond QA (e.g., ACC) not described in the SAD

Comments
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Appendix M

Report from NSTX-U Readiness Review Committee (continued)

» Safety of rf system not adequately analyzed in SAD
Items Requiring Resolution Before ISTP

* Finalize SAD/SE

* Address all non-standard industrial hazards (NSIH) for all enclosures and
the basis for inclusion in SAD

* Include sections that describe the assurance processes such as ACC

* Include methodology to determine NSIH controls, and link NSIH controls
to safety envelope

+ Identify tangible controls in safety envelope and their supports

» Supporting safety related calculations need to be linked or appended to
SAD

Items Requiring Resolution After ISTP

* The web based work control system should automatically forward work related to
limits and controls in the safety envelope to the ACC
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Appendix M

Report from NSTX-U Readiness Review Committee (continued)

ANSWER TO CHARGE 3

Charge 3: Are there clearly defined operating procedures that ensure that NSTX is
commissioned and operating within the safe operating envelope as defined by the
SAD and Safety Certificate (including off-normal events)?

» Conditional yes, subject to Items Requiring Resolution
Committee members for Charge 3
e Will Oren (TINAF), Edward Lessard (BNL)
Method of review:
e Document review, interviews, observations, presentations
Findings

e Non-standard industrial hazards that are controlled by engineered safety systems
or administrative safety programs (NSIH controls) are not clearly identified in the
Safety Assessment Document, e.g. SIS

e There are no tangible NSIH controls or NSIH control supports in the Safety
Certificate

e There is no implementing procedure that ties responsible positions to credited
controls in a Safety Certificate (e.g. identify responsible authority for assuring SIS
is tested and operational).

e The limits in the Safety Certificate are not related to tangible controls that must be
present during operations (e.g. what is tangible control for the lithium limit?)

e 19 NBI procedures have been expanded to include preparation for and safe
operations of beam line 2

e Administrative procedure OP-NSTX-02, which is managed by the COE, lists the
sub-systems and integrated system procedures for startup and operation of NSTX-
U

e ACC is an assurance process/program that addresses technical ESH issues,
reviews projects and modifications against the requirements in the safety envelope
and assumptions in the SAD, and it performs readiness review activities.

However, implementing procedures beyond the charge were not documented (e.g.,
procedure to request a review, procedure that describes the ACC activities,
tracking of ACC issues to closure, records of the reviews, authorizations to
operate the facility or to modify safety systems identified in the Safety Certificate).

¢ No discussion of purge procedures in SAD regarding D gas event and NSIH
controls such as mandatory purge gas volume
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Appendix M

Report from NSTX-U Readiness Review Committee (continued)

e Work packages and controlled documents are readily retrievable; but not
completely error free

e Some procedures out of date
e Software QA process not defined

Comments

¢ Findings indicate inadequate QA/QC on procedures, which is needed to assure
they are implemented as intended

Items Requiring Resolution Before ISTP

e Administrative controls, such as procedures, are needed to stay within limits in
safety envelope and need to be included in the safety envelope (e. g., procedures
associated with limiting the LITER lithium capacity, boronization, neutron limit
logging, and shield configuration management)

e Engineered controls such as minimum purge gas volumes, operability of SIS, etc.
must be in Safety Envelope

Items Requiring Resolution After ISTP

e QA procedures/programs to regularly audit the thoroughness of use of installation,
checkout and operations procedures needs to be established

e Develop auditable procedures for ACC process/program/authorization as it relates
directly to implementation at NSTX

e Develop associated training for ACC process/program as it relates directly to
implementation at NSTX

ADDENDUM TO CHARGE 3

Although not specifically asked to comment on machine protection in either Charge 1 or
3, it was felt by the committee that the role of the Digital Coil Protection System in the
machine protection was significant enough to be worthy of comment.

Findings

* The hardware of the Digital Coil Protection System has a comprehensive
redundancy and fail-safe architecture.

* The physical architecture employed modern low-cost 16-core chips in a standard
rapidly exchangeable plug-in format, so that an adequate spares stock could easily
and usefully be achieved.
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Appendix M

Report from NSTX-U Readiness Review Committee (continued)

Comments

* The system makes extensive use of a custom, made-to-order design of a multi-
channel digitizer with multiplexed fiber-optic output, raising questions of design
validation and lifetime, or Mean Time Between Failures. It would seem
worthwhile to identify their failure modes in a simulation of their anticipated
workload and working environment.

* In the longer term, the importance of the DCPS for machine protection surely
warrants a comprehensive verification and validation process, not just for the
early usage but evolving with the machine and the physics program and
developing understanding of the potential threats to the tokamak assembly.

Items Requiring Resolution - URGENT

e To the extent that resources permit, develop a suitable testing plan, including a
hardware simulator to challenge one or more examples of these digitizers, both
inputs and outputs, over an extended period, in order to:

- Prove longevity by burn-in (at least some hundreds of hours);
- Identify repeated types of failure and redesign or acquire spares to
suit the full set of such digitizers used in NSTX-U and its hot spares.

Items Requiring Resolution After ISTP

e Depending on the results of the simulator trials, acquire suitable spares and
consider modifying the design to obviate any weaknesses identified.
¢ Continue monitoring the success or failure rate of the digitizers and adjust spares
holdings, preventative maintenance planning, and design evolution accordingly.
- Validation and verification of the coding within DCPS should be
undertaken by suitable procedures such as by modeling (evolving with
increasing physics understanding) and by cross-correlations with strain
sensors, temperature sensors etc. on the load assembly.
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Appendix M

Report from NSTX-U Readiness Review Committee (continued)
ANSWER TO CHARGE 2

Charge 2: Are there clearly defined roles, responsibilities and training for NSTX-U
operations personnel?

+ Conditional yes, subject to Items Requiring Resolution
Committee members for Charge 2

e Jim Irby (MIT Plasma Science and Fusion Center), Dave Terry (MIT PSFC), Will
Oren (TINAF), Edward Lessard (BNL)

Method of review:

e Document review and interviews. Interviews included COE, Operations
supervisor, Responsible Line Management, Cognizant Engineer, System Operator,
and Entry Level engineer

Findings

e There is an outstanding culture of safety. All employees felt safe at PPPL and all
commented on their own about how impressed they were with the safety program

e The people we interviewed gave very similar answers to the questions indicating
there was a very good training in roles and responsibilities

e We found that all but one of the employees interviewed have been at PPPL for
many years (> 20), and have extensive experience in many areas. Some concerns
were mentioned about the need to train new people and transfer information as
long-term people leave. Our one new employee indicated to us that this process is
underway. Others said they were working with other engineers to make sure
knowledge is not lost.

e Training requirements are documented and approval process is in place. All
employees knew about this process, and how to use the online training tools.

e The situation regarding multiple-role position holder succession seems not to be
recognized by some of the position-holders interviewed, whose response to
queries on this issue was to debate which of the other near-retirement, highly
skilled staff could be further trained to successfully to take over the multi-role
posts.

e Several people were concerned about out of date procedures or new incomplete
procedures for NSTX-U, but they felt the system in place would make sure these
procedures were ready before CD-4. One person was concerned about the DCPS.
One person was concerned about the CHI system readiness because of loss of
experienced personnel. Finally, someone mentioned there are too many acronyms
(but improved with webpage update)
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Report from NSTX-U Readiness Review Committee (continued)
e Process to determine what type of training for each procedure not defined in a

procedure

e Roles, Responsibilities, Authorities and Accountabilities (R2A2) of COE not
defined/represented in operating org chart

e The structure with roles and responsibilities of each position beneath the COE
was not presented

e Conduct of Operations Order Matrix not developed
omments

o Shift supervisor and COE roles could be better defined and made more clear in
the documentation

e What role does the physics operator play in machine operation? How do physics
operator and COE interact to ensure safe operation of the machine? The roles
should be better defined.

e Suggest more training for COGs and COEs in ACC process and SAD and safety
envelope

e It would serve the lab better, against the various reasons for loss of staff, if there
was one person (and a deputy) per key role. While there is currently no evidence
of the multiple roles carried by any one person leading to any conflict of interest
(such as science program expediency versus the priority of definite safe working)
we do not feel that this is a good policy.

e Above findings indicate R2A2s not well documented for operations organization

e Other attributes of the Conduct of Operation Order may not be documented or
clearly implemented.

e Continued attention should be paid to succession planning since many of the staft
are approaching retirement age. This is especially important in light of the fact
that some of the staff performs multiple roles.
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Report from NSTX-U Readiness Review Committee (continued)
ANSWER TO CHARGE 4 and 5§

Charge 4: Does the PPPL Activity Certification Committee (ACC) process ensure that
configuration changes are adequately reviewed and appropriately documented in the
NSTX-U Safety Assessment Document (SAD) and Safety Certificate?

Charge S: Does the PPPL Activity Certification Committee (ACC) process, including
approval to proceed by the PPPL ES&H Executive Board Chairperson, ensure that PPPL
is indeed ready to begin NSTX-U operations?

* Yes, subject to items requiring resolution.

Committee members for Charges 4 and 5
e Kevin Freudenberg (ORNL), Dragoslav Ciric (CCFE), and Tim Scoville (GA)
Method of review:

e Document review and interviews.

Findings

* The existing ACC review process is functioning as an internal readiness review,
but in places there is no evidence of external input, to the extent that some serious
issues have been missed.

* The experience of the ACC members, and their “hands-on™ approach to checking
the plant has been and continues to be of immense value for the human safety and
plant protection of the facility.

* The guideline for determination of the scope of the ACC review is based
primarily on the OP-NSTX-02. However, the ACC review has full authority to
expand its scope into any area it sees fit.

* The NSTX-U safety certificate is issued by the ES&H Executive Board based on
the recommendation of the ACC review. The safety certificate is required for
NSTX-U operation.

* Maintenance activities are not directly input into NSTX-02 or the ACC review
process.

*  Spot checks of the commissioning procedures and the FMEA, reveal some
shortcomings most easily explained as arising from the familiarity of practically
every key post-holder with the old plant and its hazards.

— The typical problems are, in the commissioning procedures, inadequate
descriptions of how exactly to perform certain tasks (such as “check the
type of gas in the [SF6 towers]”, and inadequate requirements for
recording findings or branch conditions if certain conditions were not met
(e.g. vacuum pressure achieved).
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Report from NSTX-U Readiness Review Committee (continued)

— For the FMEA the old plant and the new differ more than the NSTX-U
FMEA recognized (although it is unclear to what extent ACC had
approved this document at the time of this Review). One example is that
the turbo-pumps will see higher stray magnetic field from the tokamak
poloidal fields, which will create higher eddy current heating in the rotor
blades, exacerbating their creep behavior and raising the likelihood of
explosive disassembly — a serious failure mode of TMPs guarded against
by modern suppliers and by many other MFE installations but not
mentioned as a hazard in the FMEA.

Comments

* The ACC review was stated to be on time and within schedule but this was not
shown explicitly. There is concern that many systems, most notably the DCPS,
need to be fully approved and ACC assessment is only half done on that system.

* Responsible line manager decides (engineering judgment) when modifications are
big enough to make change to SAD.

* The schedule for bringing NSTX-U up was not discussed in any detail. The ACC
stated that their involvement was “just in time” and driven by the new systems
coming up that needed review.

* The ACC effectiveness relies heavily on their considerable years of experience to
guide activities. However, as senior staff retires, an improved process become
more important.

* Since ACC members are themselves part of the long-term cognoscenti of the
facility, it is not clear that their further efforts alone will identify the new hazards
raised by the change from NSTX to NSTX-U or the unstated things in the
commissioning procedures that are not obvious to trainees and other new-comers.

» It would be beneficial to create and maintain a preventative maintenance database.

Items Requiring Resolution Before ISTP

* The NSTX-U Operations group should provide a well-defined startup schedule
for use by the ACC and other groups. Hold points should be used to trigger the
involvement of the ACC in approvals.

e Consider how to identify the unstated reliance upon prior knowledge in the
commissioning procedures. Improvements should be made such as recording
values observed (useful for maintenance guidance and confirmation of tasks
actually completed).

e Preventative maintenance (PM) activities should be input into NSTX-02 or the
ACC review process when applicable, since PM activities may impact
assumptions in safety analysis. Explicit decisions should be required by Cog and
approved by RLM on whether completeness of maintenance activities is
appropriate for startup.
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Report from NSTX-U Readiness Review Committee (continued)

e Arrange for external peer review of the FMEA and evaluate whether any new
issues identified must be resolved prior to ISTP.

* Issues Requiring Resolution After ISTP Any changes to the NSTX-02 that
impacts a control identified in the Safety Certificate or an assumption in the SAD
document must automatically trigger an ACC review. This should be included in
the PPPL tracking/change system to remove the ambiguity of when an ACC
review is required.

» A skill profile for future ACC members is needed.

* Atasuitable interval, reassess the ease of use of the procedures by new trainees.
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Report from NSTX-U Readiness Review Committee (continued)

ANSWER TO CHARGE 6

Charge 6: At the time of project completion, will the NSTX Upgrade Project have
delivered the Project Objectives as defined in Section 2.2 of the NSTX-U Project
Execution Plan?

Yes. It is the opinion of this committee that the demonstration of the two items listed
above (Section 2.2.2.2 in the NSTX Project Execution Plan (PEP)), coupled with the
successful completion of the required action items, and the completion of the integrated
testing OP-NSTX-U will demonstrate that NSTX has been upgraded to permit operation
at the desired technical baseline parameters. This will meet the project objective, as
defined in Section 2.2.1 of the PEP.

Method of review:

e Document review and presentations during the Readiness Review.

Findings

» The Technical Baseline Parameters for the NSTX Upgrade Project are the
following: TF = 1.0 Tesla, Pulse length = 5 seconds, Plasma current = 2 MA, and
NB Power = 10-14 MW

* The Center Stack Upgrade and the additional of the second Neutral Beamline will
provide the device capabilities to meet the baseline parameters.

« All systems have been designed to meet the baseline parameters. Design reviews
have been held for all key systems and have been reviewed by internal project
personnel as well as external reviews through the final design review stage. All
action items (Chits) identified during the reviews were listed and tracked in a
master action item file.

* A procedure exists and is being executed to verify that all action items are
resolved, that appropriate personnel have reviewed the resolutions, and that the
resolutions are completed prior to the start of integrated testing OP-NSTX-02.

* The execution of the design was reviewed periodically during the project by
external review committees and all recommendations of those committees were
followed.

* Formal project completion requires demonstration of (1) an ohmic plasma with Ip
> 50 kA at a toroidal field greater than 1 kG and (2) installation of the second
neutral beamline, including all support services and control systems, and injection
of a 40 keV neutral beam into vessel armor for 0.050 seconds.

Comments

e Actual achievement of the baseline parameters over the course of the next few
years will require continued testing, including validation of design simulations
against measurements.
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Appendix O
NSTX OH Fault Corrective Action Plan (continued)

Background:

On April 24, PPPL ESU responded to alarms from the NSTX-U expenimental area. An active water leak from NSTX-U  was
observed. Staff discovered that several of the Ohmic Heating coils external cooling paths were damaged at the iop  end of the OH
coil. Additionally, indications of electrical arcing were observed in the vicinity of the water leaks. Iniial inspection showed no
damage to the OH or other coil systems. The water was secured and investigation into the cause was initiated

Review Teams:

As a result of this event, the Laboratory has commissioned a number of reviews io evaluate the cause, determine what acbons are

necessary to repair the coil, what actions are necessary to improve processes and prevent recurrence. The  following teams were
commissioned:

+  Aninternal Independent Review team, comprised of: Robert Ellis, Chair, Michae! Bell, John Delooper, Joe! Hosea, and
Charlie Neumneyer conducted a formal review on May B. Their report, issued on May 12, idenfiied 32 recommendafions. The
recommendations for this report are label as no's 1 (IRR) through 32 (IRR).

+  The PPPL Advisory Board meet on May 13 and 14 and were given a summary of the event. Their report, issued May 15,
identified 3 recommendations. The recommendations for this report are labeled as no's 33 (PAC) through 35 (PAC).

s  AnExtentof Condition Review Team, comprised of J. Hosea, chair, R. Elis, N. Greenough, D. Mueller, issued  their
report on May 26, with 25 recommendations. The recommendations for this report are labeled asno’s 36 (EOC) through
60 (EOC).

*  Anlindependent External Review Team, comprised of Amie Keliman, chair, General Atomics; Jim Irby, MIT Plasma
Fusion Center;, Brad Memill, Idaho National Laboratory. and George Ganetis, Brookhaven National  Laboratory issued

their report on May 28, with 14 recommendations. The recommendations for this reportare  labeled as no's 61 (IER)
through 75 (IER). Note that item 75 was in ermor and is not associated with any recommendation.

+  Aformal Root Cause Analysis Team, compnsed of Irving Zatz, John Lacenere, Judy Malsbury and Mike
Mardenfeld was commissionad. This report identified some 20 Judgements of Meed (JONs). These JONs are label
as no's 76 (JON) through 95 (JON)

Since many of the recommendations were related, this comective aclion plan groups the recommendations into major - areas for
action and fracks the items by these groupings.

This plan also specifies which actions need to be done before CD-4 and which can be accomplished after CD-4.  Category A
comections must be done before CD-4 while Category B aclions can be actions can be accomplished  subsequently.

Revision0  Original lssue

Revision1  Added Judgemenis of Needs (JOMs) from Root Cause Analysis Reportand updated siabis column as of July 30, 2015
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Appendix O
NSTX OH Fault Corrective Action Plan (continued)

FAULLCT MICEIADY Tded = Jd SHEAIRUY 567 J00H WO PRaN 0 JURBpnT = MO Majsay JuspuRdapu| [RUEN) = HI| AIARH (TR Iuepuadapy) = B3| VoRlpuad Jo JuaiNE = 304

shiimang
Bupien pIDODTE W apnpi
ST puR 50070 Sanpacad
Cifid sod Kagod afiueigs prgy
jo peumyEs snss) kfiupooe
sampacasd 4 sy ufisap pisyg o pemduod aq o ey | (ui)
03507 UL ARG L hovjod uoepmsus piay dopanag WARL 1 SS0D UM ~ SUDGERETSL) Py 0) fjod & ussomse of spedy Buseufug i a ¥l
ok oy
(FIE o =) smag o pauissy BUCy oy | wodey | 1ED | oD |
(LT Piape e LCDa S )00 Sl SUoREE | (5l
01 ] P PN ISR BT asuiad o) (G20 DY) 1 MG U aoimmachLl Peo) AjRILL 0) USTS Spisiog £z a £l
o
{g1/e o =) smms o pauiesy SU0n amm | wosay | w0 Jow o
T ET
pap o) Apoe ey Bunimgumiu sy Seqry Bumoos syt ey pasns fuedos ¥
TS - saibanpom) Bun e Sbugon LD, Jato i &) o nou) DLukanbus
Ptk sk (sl ubsap wah- 1) pry Amn sped jmefiug - fevaepan | (D030
- ingmnsus sadod yyw wisap pasoidde (= paa. SUCIIMIDT B 1O 1]
s
sa piong 0 Bugy syew o) puag e Busnd eoeuo) w6y sy oyl uo ssas
anpun Buoeyd o 'pasy sumnwe) 2 angs poddns 8y sddoo oo jo vosuedes | {wi))
LOGINGELDD A0} g 0 Denss! TR ) S0 @ ST g T 0 GUICLRYD D) PR 0 D R SRS [
) P Wi L0 Ly \ged ebedean | |3 9 9P 0 [y BP0R
o pasigrs ulisey] wesuiius BHE A SR DOOAR SMEI06 ML 25N U 0F 'POS Wy Galleus 1 68 Sul) pem
[ESLEDS(E L0y jrchur g, JA0 Joog Bugeinsw 2en Jode Yo, X 5 | 18 jodw ssed o) vosensu pue sledaan | (w1
050n soodopuy | padofansp ueeq sey ubisap man ‘sdefl ayenbepe amnsLE Sauy SREM HO poodns ey sduep o ubssp e Ry | g2 ¥ 4]
(-]
{Sinen o %) smag Q paufisy U onsy | woosy | 1m0 o avn

Page | 270

December 2015



Appendix O
NSTX OH Fault Corrective Action Plan (continued)
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Appendix O
NSTX OH Fault Corrective Action Plan (continued)
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Appendix O
NSTX OH Fault Corrective Action Plan (continued)

BAOLLIUACT) AJOSATRY Tddd = T “SEAIRUY NENET JO0N W) PN O SABWBpnT = NOT Wiy TURDUSGRDU] [ELNILT = NI MM FLLUBIE JUSDUS0RD] = N3] UONIIUGY J0 JUADE = 303
SR
e S Pl Sl ekl [ g o ks e W oo | (il
[LET n] o UL O WAL T I PUR  BUREIL JOCUN B B S R ay uo (shesss mqe Bused spsuc? ...Iﬁ b
o
(g1 p ou) sy 5 pauliesy sogy ars woomy | wa |oy gwnl
PRCORIUELES (WA LN DOCPE SI0SU8S PUB 000 pagia
) PGS S pecsaa ) gy Ay e puncul Bugoe fppind e o Led apew seulis
65 P S0E.4S pUnG |0 18U G DI BG PINOYS SI0TUES NG pund mucsepy | (W3 @
E

APOYS SEIIETEROUN 0 pie Al pagpdn o (80 AmE PR, 800 W) OVORd

oo Bupasy swaced Wiyt oo fy Summn  case sumpd puneul jo s esy LOERa) WS [, ybnong Sl wagog
spinaliwitinbs [ades e oy o 00U punad § 870 PEpeuUDs & pyncus suedpunod 4o | (il o
o s s e oy AT [R5 S [0 sl ponoite
40 shoufiue sy Jadrs agey Gl Dugooysamgnog oy da PEURGD B U ) UDEELED Y08 Wi SR
eigng lupunafijusudebe uE Of e punad JED0) S5 LA UL 0 SIS SR pees | (dn) gt
PRI o PEDEN PUS Dafasl RTLTE Rl P (VO |
aq e iy Soudiug uaeLis g pssteuii Se G Lo ubran U Uil Ung [USBGIT % OgBanung
) pust iy wmpunca L0 paunmag (amnbssungo 007 s
sonpaocd jeustrIds g o Lmd P uogsdd sdoud wuyuos oy umd sengd punodd jo oumssa anssayy | (4 6
wog e s o bugs | ) UGS aQ.0San
pus g oy Shuweppue  LOPEUBINOOD apWoid (00 LI INTD LOEOLD £
PO BN ZE0I0 L PG 0 N OZE0WD £l Rl e sedden g o aen
pun saspRcoxiea s, | poaRDy esapge o susd punll 3 uognps swases fuponpuss mpsses | (il 2
B e R TSR DR e o) g A % SoUR RS
b g . usnBanses indy aEuoway] peens Buld uosuedcs
aeng U A P DR PRy e 0 R SR IS S Punaali YRR 3 peen 5 Joeodde
i ix) iy 20 jpn vmd Bupunc pras) s 90y i Hooy jepaouy iy jou $a0p uopaues auedpunofmparsy | el | vy | @ |
oN
[GI/1Ex) o 58) Snomg 0 paulimsy oy anss] wooey | w0 foy o

Page | 273

December 2015



Appendix O
NSTX OH Fault Corrective Action Plan (continued)

SIS ASSSINEY Wi = Tl ‘SIA LY SN 100} Wiy paay 40 UALBRN" = NO[ MAIAIY JUBPUSHBEU| NG| = §I| 'MAINDY [BLELC WWApUSIBPU| = 43| UoR|pues JO BN =303

Wi W TIELI SHL HUM NOUYONSAND 038 Did05-s ON- 03l 50 | e ] 8 | & |
o
(Suey o =) s apsnisy SN L] ucosy | 183 o &)
TI9IS PUW SUO I 00w
RN U (15N GBS (o0 GAGIIL UB 4ONS SEauERs  Susaisds e dna jou
oty AU SR U JeUG PINGS |BUL SON 300 KYPUE LOISN| LSty P Ul iEe
sanbayay o e sease payiBeybiy vogomon e punoJlow-ee pue dpoyad)
cumpnsajucd pomuewsnses  Bunseoucs seossnos sucpedo pus Busesuibue
S/ Ag s suojemd asaogoed g 0o sioysyon JIUnuucs Loy ey pinc spume st Aumun | Gl
[JEFn] ‘RN e g LIOEN § STy Eiluﬂlil.lhi!#.pﬁ!ﬁ.—ttﬂl&rﬁ.ﬁ:g nlh ] L.
oN
(gungsy o =) sy o pidiestg SUD sy uosy | 183 |oN '
SUCEIRULICD
G102 31 wan ig PR M ENG B Ol Py ogautme aigdq dn wwep ow e Edeloo maeg | (43
9907 Auag jusimmbalsuuRap o) wala By AT YR 3) SUILEL B JE WCWOG Ul 18 ASEINSL YL | U0 S0S U iEsy | 80 ¥ £
o
(guiery o =) s apaudesy B ansy woosy | 13 |oN v
PHOGECD U
PeREN{EAS & 3 pae usysks puncli
msubien ag u suirey doojumouy
PEMEIES 3 MO LW SIeeT
Y PUE PRFTERL U SEY SR
o LowsaLmIg A i S esaasa ‘wesgefe ponl sgmoufion o o) juseasd e
oS SUCYORCED O BN L0INal SYIE] 000 SUmoeCED Suesau i sed ag u paer) syeaq D0 ey uosssey | (03)
(H80712 B UDA Vawpsues oyJaep dony)ne) pund.n WdHH SS0.08 DE)SA Suoyoeced Aqpauassa) ngsUss KLaap Cooyne punds 5 ¥ i
o o
KLEN o Be) sng oy paubmsy SUOgy onsy | wooay | 1D | oo

Page |274

December 2015



@ail0D ARosApY Tadd = Jvid 'SEAIEUY SSMe 100Y Wwou) pas j0 wBpnt = NOT 'Masaay Juespusdapu iU | = Hil MeiAa Y use Tuspuadap = ¥ Wopapecd jo s = 303

Appendix O

NSTX OH Fault Corrective Action Plan (continued)
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Appendix O
NSTX OH Fault Corrective Action Plan (continued)
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