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ABSTRACT

This report describes the instrumentation locations of the Tore Supra Phase III
Outboard Limiter, including the locations and signal names of the flowmeters and
thermocouples. Shot 11044 was evaluated in some detail. The heat loads in the
fourteen cooling tubes that form the limiter head were calculated from the data and
the results compared with the heat loads predicted using a 3-D model heat transfer
calculation that calculates the distribution of power on the limiter based upon the
power scrape-off length, the mag magnetic configuration and the shape of the limiter.
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Initial Report on
Calorimetry for the Tore Supra Outboard Pump Limiter

R. E. Nygren, T. J. Lutzand J. D. Miller
., Sandia National Laboratories

• The objectives of this report are (1) to explain what data are available from thermo-
couples and flowmeters on the outboard pump limiter (OPL) and (2) to show an
example (for shot 11044) of a calorimetric analysis using these data.

Among the positive results during successful operation of the limiter on Thursday
and Friday, May 13th and 14th, 1993, was confirmation that 30 of the 32
thermocouples and all 10 flowmeters operated well and provided useful data for
calorimetry on the limiter. Selected data from shot 11044shows examples of the
data available. Additional details are given in Appendices A and B.

With the instrumentation on the Phase III Limiter, we can analyze the heat received
by each tube in the limiter head (and the shelves). This information can be used, for

example, to calculate Xq(power scrape-off-length) and total power received by the
limiter. During its initial operation, the limiter received about 0.8 MW. The
calorimetric data can also be used to discern asymmetries in tile power loading on
the limiter. Another important use for these diagnostics is to protect the limiter.

Some signals from the limiter will be useful (and we believe absolutely necessary)
for the warning systems (interlocks) that are needed to operate the limiter safely. In
the past, and including the experiment reported here, the signals from the limiter
have been collected only on a dedicated VAX. In the future, it will be necessary to
provide some signals directly to the Tore Supra control system,

1.0 Measurements of Water Flow and Water Temperature

Water flow in the OPL is monitored by flowmeters on the 10exit lines downstream
from the fourteen tubes and two shelves on the limiter head.a Water temperatures
are monitored with 32 thermocouples. Figure 1 shows the piping in the limiter
head. Figure A-1 in Appendix A shows the locations of the flowmeters and
thermocouples. Tables A1 and A2 give the signal names and locations of the
flowmeters and typical flow rates at "full flow" and the signal names and locations of
the thermocouples.

° aTheshelvesarejustoutboardofthethroatopenings.Theshelveseachconsistofa Glidcopplate
boltedtoa stainlesssteelplateonthelimitermodule.Asinglewaterlineispressedintoagroovein
theGlidcopplate.Graphitearmorisboltedtotheoutsideoftheshelves,SetsoffourLangmuir
probesaremountedontheinsidesof boththeionsideandelectronsideshelves.
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outlets7E, 6E, 4&5E

outlets
CtrB

CtrA

outlets ,.
4&51
61
71

Pipingin the Tore Supra
Phase III LimiterHead

inlet 7E

inlet Ctrelectron side
Tubes 7E-1E

ion side inlet 71
Tube 11-71 pyrolytic graphite tiles

(only a few shown)

_L,,,,-- Ir_=,_ - ,_--,_Tubes 1-4 have tiles Tubes 5.6,and 7 l,,,,,,_,-_,,,,,,j
on plasmafacingside havetilesonlyon
and deflectorside. plasmafacingside._"_
Example:Tube 41. ExampleTube 61.

Figure 1. Piping in the Phase III Outboard Pump Limiter -- From left to right the tubes
a_'enumbered from 71(leading edge tube) to lion the ion side and 1E to 7E (leading
edge tube) on the electron side. The leading edge tubes, 71and 7E, and Tubes 61and
6E each have (separate) flowmeters. Tubes 41and 51are joined to a single manifold ' •
which has a flowmeter; the same is true for 4E and 5E. The center tubes flow into a
single header which has two outlet pipes (Center A and Center B). Tubes 1-6 one each
side plus the shelves (the heat sink and armor just outboard of the throat) are fed from a °
single header supplied by one large inlet pipe. The leading edge tubes (71and 7E) are
fed by,a separate inlet line that splits into two lines before the diagnostic flange.
(See also Figure A1 in Appendix A.)



The general pattern for the flowin all tubes is typifiedby the flow in one of the two
exit linesfor the centralportionof the limiterforshot11044, shownin Figure2. Well
before the shot,the flowcircuitisat a steady"standby"flow.c About60 seconds
before the shot (-60s), the feedwaterwas changedfromwarmwater to coldwater
and the flow increasedto -62 gpm(-.14.1 m3/hr)and remainedat thisvalue during

: the shot. About25 secondsafter the startof the shot,the shutdownsequence
beganand the circuitwas isolated(valvesclosed)while the pumpswere switched
back to the standbyconfiguration.

70 FL_r,,CTR_Ashot # 11044 14-1MIqY-199318:13:t8.47
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Figure2. Flowthroughexitlinef'omcentralheader

" Figure 3 (next page) shows the temperature of the thermocouple on the exterior of
Tube 21at the inlet. This location is just downstream of the header that feeds all

. tubes except the leading edge tubes. After the changeover at -60 seconds, the

CThe data acquisition system was reinitialized at -30 seconds and data prior to this time is not valid, so
the plots do not include this time period.



incomingcoldwater gainedsomeheat as it passedthroughthe previouslyhot
piping. The temperaturewas about32°C justafter the flowchangedand then
decreasedto about25°C at the time the shotbegan. The inlettemperature(Fig. 3)
for Tube 21appearsto have been relativelyconstantoverthe durationof the shot
exceptfor the offsetwhichoccursduringthe shot.d

Figure4 (nextpage) showsthe temperatureat the outletof the Tube 21. A sharp
rise inthe outlettemperaturebeganat 3 secondsas the plasmacontactedthe
limiter. The outletthermocoupleon Tube21,T T_21, is justdownstreamof the ',
heatedportionof the tube, on the stainlesssteelnipplethat joinsthe tube to the
outletpipe. The smallspikeat 0 secondsis presumedto be an anomalous
"signature"as the shotcommences.
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Figure 3. Inlet water temperature for Tube 21.

dFor some signals, an offset appears during the shot while the plasma contacts the limiter and thus
must be subtracted from the signal during this time. (See further comments in Appendix B.)
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Figure 4. Outlet water temperature for Tube 21.

The power incident upon Tube 21can be calculated from the temperature rise of
about 9.5°C (and flow parameters). The heat load on Tube 21includes heating on
both the back face (deflector side) and the front face. (This is true for the central
portion of the limiter from Tubes 1-4 on each side which constitute the deflector on
the back face of the limiter.) The rise of 9.5°C corresponds to a heat gain of about
53 kW. This heat gain, in turn, corresponds to an estimated heat flux on the center
tiles of about 267 W/cm2, based upon heating profiles along the tube from earlier
calculations at Sandia. A more complete analysis of this type for all the tubes is
presented in the next section.

• ' An analysis of the uncertainties in the calorimetry has not yet been done but a few
simple observations can provide some insight. The thermocouples closest to the
heat source are those on the outlet of each tube on the limiter head plus the one on

" the inlet of Tube 21. These thermocouples, mounte_lexternally on the tubes, are
coupled to the water through the thickness of the tube (and its heat capacity). The
signals from these thermocouples will lag behind the actual water temperature by
some characteristic response time and will slightly underestimate the temperature



riseduringtransientheating. For longershots,suchas 11044, wherethe temp-
eraturerise reachesa constantvalue, thisshouldnotbe an issue in interpretingthe
data. Also,while mostof the thermocouplesseemedto performwell, someof these
thermocouplesmay be exposedto andaffectedby the plasma. Forexample,the
thermocoupleon the outletof the electronsideleadingedge tube (T T 7E)
appearsto have been severelyaffected. (See plotinAppendixB.) The primary ".
sourcesof uncertaintyare (1) the effectsof plasmaon the thermocouplereadings
and (2) the projectionof a referencetemperature from whichto subtractthe peak ,
temperatureas one determinesthe temperaturerise. °

2.0 Data for Shot 11044

Shot 11044 was typicalof the limiteroperationwithlongerpulses. Duringthis
seriesof shots,the durationoverwhichplasmacontactedthe limiterstartedat about
1.5 secondsand thenwas progressivelyextended. Typicalvaluesof plasma
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Figure 5. Outlet flow in Tube 71



density and loop voltage respectively were 3x1019 m-3 and 1.0 V. For shot 11044, i

the plasma current reached 1.5 MA at 2.1 s (seconds) and remained at this value
until rampdown began at 11 s (-gs flattop). The plasma started on the inner wall,
moved onto the OPL at about 3 s and contacted the limiter for about 8 s. Appendix

" B contains a compilation of the signals from thermocouples and flowmeters.

Figure 5 (previous page) shows the water flow in the ion side leading edge tube (71)
•' over the period includingthe shot. The leading edge tubes receive most of the

attention here because they set the limit for the acceptable heat load to the limiter,e
The flow was roughly constant at 5.9 gpm (1.34 m3/hr) during the shot. This flow
rate corresponds to a velocity of 10 m/s. During the shot, the flow rate increased
slightly, presumably due to the decrease in density with increasing water
temperature, the creation of vapor with local boiling, and some decrease in flow
resistance due to a slight dilation of the tube.

The signal from thermocouple T_T_71 on the outlet pipe of Tube 7i is shown in
Figure 6 (next page). The temperature rose from about 34°C to a maximum of
112°C during the shot. The temperature rise was roughly 80°C but depends on the
value chosen to subtract from the peak temperature.

Figure 6 also shows the overall shape of the signal from thermocouple T_T_71 from
before to well after the shot. The inlet water temperature decreased during or
shortly after the shot and the maximum temperature was determined assuming a
decrease of 0.4°C/s. (This differs from Figure 2, T T 121,where the inlet
temperature just downstream of the header that supplies all tubes except 71 and 7E,
appeared to be relatively constant .)

The estimated temperature rise along tube 71based on Figure 6 is 81°C. The
uncertainty in the "reference" temperature (subtracted from the peak temperature of
112°C to give the temperature rise) corresponds to an uncertainty in the
temperature rise of less than 5%.

The temperature rise of 81°C corresponds to a heat load of 135 kW on Tube 71.
This heat load corresponds to a peak heat flux on Tube 71 over its central portion of
about 1.7 kW/cm 2.

- eThesurfacecurvatureof the limiterwasdesignedwitha _ of 1.0cmas thereference.Witha longer
Zqthereisproportionatelya greaterfractionof thetotalheatloadtothe limitertakenby the leading
edge. Theflawedtilesontubes1 and3 resultin lowerallowableheatloadsfor thesetubesbutthe
leadingedgetubesstillappearto havethe morestringentlimits. Thesecomparativeanalyseswill be
reportedin the future.

" ' '1_ _P........
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Figure 6. Temperature at outlet on leading edge Tube 71

The heat flux varies significantly
around the (toroidal) curvature |a % plasma
of a tile on a leading edge tube. _, e
Figure 7 shows the cross "- 4
section of a tile on the leading
edge. The power along the " 4

field lines decreases with,a,,(,increasing minor radius in
figure) but the angle of
incidence of the field lines 4
increases with increasing
distance down the curved part \ tube
of the tile. The maximum \
surface heat flux occurs strongback "
somewhere above the middle
of the tile. Figure 7. Tube 7 tile cross section



Figure8 showsthe riseinwater temperaturemeasuredinthe exit lineof Tube 71.
The valuesfor temperaturerise (assumingthe decreasinginletwater temperature)
and heat load are 78°C and 130 kW. The peak temperaturemeasuredat the tube
itself is slightlyhigher,as wouldbe expected,sincesomeof the heat inthe water

.. willbe lostalongthe manifold. The outletthermocoupleon Tube 7E was notuseful,
but we can estimatethe heat loadthat wouldhavebeen measuredon Tube 7E
itselfas being 121 kW,equal to 135 kW (from71)times116/130 (the ratioof the heat

" loadscalculatedfor the exit lines). The flowthroughTube 7E is essentiallythe
same as that for71,sothat the smallertemperaturerisethroughTube7E does
indicatea lesserheat load by about 10%.
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Figure 8. Outletwater temperature in Tube 71measured downstream at manifold.

Table 1 (next page) gives the results of calorimetry on the limiter head for shot
11044. The overall heat load from the calorimetric analysis is 0.72 MW based
upon the data from thermocouples on the tubes on the limiter head (left side of
Table 1) and 0.84 MW based upon data from the thermocouples in the water flow at



the diagnosticflange (rightside of Table 1). For the leadingedge tubesandTubes
61and 6E, the temperaturerisesmeasuredat the tubeandat the manifoldagree
fairlywell. ForTubes41and 51andTubes4E and5E, there isfair agreement,but
the heat loadsestimatedfrom the manifoldtemperaturesare larger,especiallyfor
Tubes4&51. For the centertubes(31,21,1I, 1E, 2E and3E), the heat flowestimated
fromthe manifoldsis almost20% greaterthanthat fromthe tubes. This discrepancy
has the largestoverall impactuponthe comparisonof heat loadsbecausethe
centralportionof the limiterreceivesroughly40% of thetotalheat load. For these
tubes,the flowvolumeis typicallylargeand the temperaturerisesare small.
Consequently,inaccuraciesinthe thermocouplesor in reducingthe data leadto
largeruncertaintiesin the estimatedheat loads.

Table 1. Results of Calorimetry for Shot 11044

tube t;iow velocity T rise power manifold flow T rise power
m3/hr m/s °C kW m3/hr °C kW

71 1.46 iO.O 81 " 135 71 1.46 78.0' 130
61 ....1.30 6'19' 25.2 38 61 1.30 27.2 41

., - ,. i ,, . i ,,,,,

51 1.98 6.7 12.3 28
41 1.98 6.7 18 41
4&5 69 4&51 3.96 15.9 87

I t
31.... 4.80 6.7 9.8 54
21 4.80 6.7 9.5 53
1 I 4.80 6.7 8.8 49
1 E 4.80 6.7 6.5 36
2 E 4.80 6.7 5.2 29
3E 4.80 6.7 8.5 47
cent 268 ctr A&B 28.83 11.0 367
er
4 E 2.01 6'18 22.5 52 .....
5E 2.01 6.8 6.7 16
4&5 68 4&5E 4.02 19.0 74
E
'6E 1.37 7.3 14.1 22 6E ....1.37 ...... *23
7E ..... 1.46 10.0 "71.1 "121 7E 1.46 68.5 116'

, ,, ,,

tota 721 838

* These values were estimated based upon other values in the table; 71.1 = 81"(68.5/78.0) and
23=41"(22/38) ,.
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3.0 Comparison of Calorimetric Results with Modeling of Heat Load

Heat loadson the outboardpumplimiterwere calculatedby Joel Millerusingthe
three dimensionalmodel HF3D (PATRAN/ABAQUS) that was used to design the
limiter. For the specified power scrape-off-length, the model distributes a specified

.. power (or a specified parallel heat flux on the .lastclosed flux surface) over surfaces
that intercept the magnetic field lines. The mesh in the model has been modified
slightly so that the model now calculates the incident heat fluxes over both the front

• " and back faces of the limiter and the cells are equivalent to the faces of individual
tiles. To describe the magnetic field, the model uses coil specifications by Koski
(Sandia) and codes (FIFL, RELI, GENFI and RECOGE) written by the Magnetic Field
Design Group at Princeton Plasma Physics Laboratory and is believed to describe
accurately the field, including ripple, in Tore Supra.

Figure 9 compares the calorimetric data for shot 11044 (line plot) with the power
loads calculated by the model. Several values of power scrape-off-length from the
model are shown in the histograms. The heat loads on each tube were obtained by
summing over the heat loads on the front and back tiles on each tube. The

1,o i0.72 MW total to limiter, a=75.4 cm

120

_ 1.0cmSOLp

1.4 cm SOLp
100 1.7 cm SOLp

2.0 cm SOLp
_ power, shot 11044

l.._

• 80

o /
6o

0

4o

20 I '_ 5

op

7i 6i 5i 4i 3i 2i li le 2e 3e 4e 5e 6e 7e
tube

Figure 9. Comparison of calculated heat distribution with calorimetry for shot 11044
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calculationswere done for an heat loadof 1 MW andthese resultswere normalized
to the valueof 0.721 MW measuredonthe limiterhead in shot11044.

In general, regardingthe shape of the heat loadprofile,the agreementbetweenthe
measurementsandthe resultsobtainedwiththe modelis fairly good. Some
discrepanciescan mostlikelybe associatedwith deviationsin the positionsof the
tubesfrom the idealalignmentassumedinthe model. There also appearsto be a
slighttoroidalasymmetryinthe measuredheat loads. As may be seen in Figure9,
the heat loadson the leadingedge tubes(71and7E) are roughly20-30% higher
than those calculatedwiththe model. Thishas importantconsequencesin
operatingthe limiter,sincethese tubesare the mostvulnerableto overheating.

Some possiblereasonswe can considerfor the comparativelyhigherheat loadson
the leadingedgesare: 1) the valueof Zqof 1.4 cm istoo low;2) the descriptionof
the powerdistributioninthe scrape-off-layeris wrong; and 3) the descriptionof the
field or field rippleinthe model is incorrect.

We can probablyruleout #1 and#3. Whilethe trend of proportionatelymore
heatingon the leadingedges is consistentwitha longerZq, a simplechange in ;>_q
in the modelingdoes not providesignificantlybetteragreementwiththe observed
power loading,as may be seen from Figure9. The modelhas been inspectedto
determinethatthe specifiedfielddescriptioninstalledby Koski is beingcorrectly
used; however,an evaluationof whetherthe specificationsthemselvesare
accuratehas not been done.

The normalizationused in comparingthe heatingprofilesfor differingvalues of kq
mustbe kept in mindin interpretingthe comparisonmade herebecausewe are
usedto seeingexperimentaldata whereZq decreasesas the overallpowerto the
limiterincreaseswithcurrent. In the comparisonhere, there is littlechangein the

powerto the leadingedge tubesas _ increasesfor two reasons.

First,the overallpowerto the limiterhas been normalizedto 0.721 MW so the trend
of increasingpowerto the limiterwithincreasingcurrent(and decreasing_.q)is
eliminatedby the normalization.Althoughsomewhatmorepowergoesintothe
throatwith increasingZq, nearlyall of that poweris stilldepositedon the deflector
sideof the limiter.

Second,the leadingedgetubes coverthe range from 1.0 cm to 2.5 cm of minor
radiusfrom the lastclosedfluxsurfaceto the throat. As the deposited powershifts

outwardwith increasing_, the leadingedge is stillinterceptingall the power
between roughly1.0 and 2.5 cm (ignoringthe effectof ripple)fromthe lastclosed
fluxsurface. Varying _1 throughthe regionof interestof 1.4 to 1.7 cm or even to 2.0
cm may move the peakheat fluxon the leadingedge tubesa bitbut does not
drastically alter the proportional distribution of power from tube to tube on the
limiter.

A distribution of power in the scrape-off region somewhat different than the
assumed exponential decay might account for the higher power on the leading
edge tubes. For example, in TEXTOR, power dissipation characterized by scrape-
off lengths of about one centimeter adjacent to the last closed flux surface and much

12
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longer scrape-off lengths after the first 1-2 centimeters has been observed in the
ALT-I and ALT-II limiters. Similar behavior of the power dissipation in the scrape-off
region in Tore Supra could account for the somewhat higher than expected power
to the leading edge tubes. Further use of the model to explore the effects of
poloidal asymmetry and a scrape-off region characterized by two zones may be

,' useful in explaining the observed heat load distributionon the limiter.

Table 2 compares numerical results for the heat loads calculated with the model for

,' a ;Lqof 1.4 cm with the calorimetric results from shot 11044. Table 2 (and Figure 9)
shows the transfer of power from the front face to the back face (deflector) with

increasing Zq. As a fraction of the overall power to the limiter, the power received
by the deflector side varies from 8% for a Zq of 1.0 cm to 27% for a Zq of 2.0 cm. For
Tubes 31 and 3E, the transfer of power off the front face is balanced by the increase
in the heat load to the deflector tiles (back face) and the histogram is fairly level. For
Tubes 41 and 4E, which have the steepest angle to the field lines on the deflector

side, the received power increases as Zq increases.

Table 2. Comparison of Calorimetric Results from Shot 11044
with Results from a 3-D Model of Heat Load on the Limiter

' tube comparison calc calc. calc, ratio
meas:calc heat front back back:total
heat load load face face

kW kW kW

7i 132% 102.2 99.5 2,7 3%

6i 151% 25.1 22.9 2.3 9%

5i 92% 30.5 26.1 4.4 14%

4i 73% 56.1 27.7 28.4 51%

3i 97% 56.0 43.5 12.5 22%

2i 115% 45.8 41.9 3.9 9%

li 109% 44.8 40.7 4.1 9%

1 e 81% 44.8 40,7 4.1 9%

2e 63% 45.8 41.9 3.9 9%

3 e 84% 56.0 43.5 12.5 22%

4e 93% 56.1 27.7 28.4 51%

. 5e 51% 30.5 26.1 4.4 14%

6e 89% 25.1 22.9 2.3 9%

" 7 e 118% 102.2 99.5 2.7 3%
i i i i ,i,,,

total 720.8 604.5 116.3 16%

13



4.0 Development of User Access for Calorimetry Data from the Limiter

The data presentedhereon shot 11044 was reducedby handshortlyafter these
data were obtained. A programfor automaticdata reductionis beingdevelopedby
Tom Lutz andwillbe availablefor the futureoperationof the limiter.

The basiccharacteristicsof the programare as follows. Similarsignals(e.g., all
thermocoupleson manifolds)are groupedin a singleplot. When appropriatethe
signal levelsbefore the shotare normalizedto a singlevalue. Forexample,the
temperaturedifferencesfor each tubeand each pipeare all normalizedto zero over '.
a periodjustbefore startof plasma.

A samplepreliminaryoutputof the overviewof the data as wouldbe seen on a
computerscreenis shownin Figure 10. Inthe developedprogram,the individual
signalswillbe separatelyidentified(e.g., differinglinestyles)and the peakvalues
willbe labeled. Also,a userwillbe able to obtainplotsof individualsignalswitha
simple command.

SHOT11044

160 Temperature 100 &T .......

140 ..... 80 '1

120
' 60 , ,(-v_

100 I" ""I ,, /'_

"3 ,c 4o80

,o
.....

40 0 , _ ---

20 -" "_'_ ,..... i_=ii -20
-30 -20 -10 0 10 20 30 -30 -20 -tO 0 10 20 30

200 Power(Individual) 800 Power(TotalandGroupings)

,

150 .... __ 600 ,, /,/_ 400

,oo . ,y50 .... _[ 200

-50 -200
-30 -20 -10 0 10 20 30 -30 -20 -tO 0 10 20 30

Time(sec) TIN_LE:T..T_171 Time(sec) .
TIN_CTR"T_P_SHFE

Figure10. Sample on-screenoutputof calorimetryprogramfor users
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APPENDIX A: DIAGNOSTIC NAMES AND LOCATIONS
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TABLE A1. Flowmeters on the Outboard Pump Limiter
Signals appear in their order in the output program.

i

• signal name: location {e.IIon exit flow)' GPM rn3/hr_ _0._)

FL_71 ion side leading edge tube 5.9 1.3
" FL_4_51 manifold for tubes 4 & 5 ion side 17.4 4.0

FL_61 tube 6 ion side 5.8 1.3
FL_SHLFI shelf on ion side 5.2 1.2
FL_CTR_A upper manifold (tubes 1e,2e,3e,1i,2i,3i), A 61.4 13.9

side common with B (FL_CTR_B)
FL_CTR_B upper manifold (tubes 1e,2e,3e,1i,2i,3i), B 59.2 13.4

side common with A (FL_CTR_A)
FL_SHLFE tube 6 electron side 5.5 1.2
FL_6E shelf* on electron side 5.9 1.3
FL 4 5E manifold for tubes 4 & 5 electron side 17.2 3.9
FL_7E electron side leading edge tube 6.0 1.4

' TABLE A2. Thermocouples on the Outboard Pump Limiter
Signals in their order of output program. "1"and "E" denote ion and electron sides.

signal name: location: signal name: |oc_ti0n:

T P 71 outlet pipe, ion side leading T_T_8E outlet, tube electron (E)
edge tube (71) side shelf

T P 4 51 outlet manifold, tubes 41& 51 T_T_2E outlet, tube 2E
T P 61 outlet pipe, tube 61 T_T_3E outlet tube 3E
T_P_SHFI outlet pipe, ion side shelf T_T_4E outlet tube 4E
T P CTRA outlet pipe, tubes 31,21,11,1E, T T 21 outlet tube 21

2E,3E common with CTRB T T 11 outlet tube 11

T P CTRB outlet pipe, tubes 31,21,11,1E, T_T_IE outlet tube 1E
2E,3E common with CTRB T T 51 outlet tube 51

T P SHFE outlet pipe, ion side shelf T T 41 outlet tube 41
T P 6E outlet pipe, tube 61 T T 31 outlet tube 31
T P 4 5E outlet manifold, tubes 41& 51 T T 81 outlet tube ion side shelf
T P 7E outlet pipe, tube 7i T_T_71 outlet tube 71
T P ICTR inlet pipe, tubes 1-6E& 1-61 T T 61 outlet tube 61

" T P ILE inlet pipe, 7E & 71 T T 121 inlet, tube 21
T T 7E outlet, tube 7E T_T_I71 inlet, tube 71

• T T 6E outlet, tube 6E T T 181 inlet, tube E side shelf
T T 5E outlet, tube 5E T_T_I7E inlet, tube 7E

"'i'_P" TC's are probes inside pipes; "T_T" TC's are attached to the outside of tubes.
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APPENDIX B: CALORIMETRIC DATA FOR SHOT 11044
__L '1 '1 _ I '1' I'r" I'1 I I"1'11 '1 II ' ' "I

Calorimetricdata, i.e., the signalsfromthermocouplesandflowmeterslistedin
AppendixA, for shot11044 are compiledin thisAppendix. The figurespresented

. are in the order listedbelow. The commentsbelow pertainto these figures,some
of whichwere also presentedinthe maintext.

- "rsble B-l: List of Plots in Order Presented

FL si_on_ls TP _i_onals "1"[slanal_

FL_71 (a) T_P_ILE TJ_I71 T_T_21

FL_71 (b) T_P_ICTR T__T_I7E T_T_ll

FL_71 (c) T_P_71 T_T_I21 T_T_IE

FL_4_51 T_P_61 T_T_I81 T_T_2E

FL_SHLFI T P 4 51 T_T_81 T_T_3E

FL_CTR_A T_P_CTRA T_T_71(a) T_T_4E

FL_CTR_B T_P_CTRB (a) T_T_71(b) T_T_5E

FL_SHLFE T_P_CTRB (b) T_T_61 T_T_6E

FL_4_5E T P 4 5E T_T_51 T T 7E

FL_6E T_P_6E T_T_41 T T 8E

FL_7E T_P_7E T_T_31

T_P_SHFI

T_P_SHFE

Comments

1. The leads for thermocouples on the manifolds (T_P_XX type signals) were
reversed from the ion to electron side; the incorrect signal names on the plots have
been corrected by hand.

2. For the most part, the data are plotted over the time range from 10 seconds
before the shot (-10) to 20 seconds after the shot. Some plots cover a wider range
of time (-50 to 200 s) that includes the change over from hot feed water to cold feed
water for the limiter. In these plots, the origin of the data before -30 seconds is
uncertain. The system was reinitialized automatically at -30 seconds and the data
plotted before this time was whatever was previously stored in the memory for that
interval.

d

3. In several Figures, there is an offset during the shot that begins when the plasma
contacts the limiter. This is true for signals T T 171,T_T_I7E, T_T_I7E, T T 121,

- T_T_I81,T_T_IE, T T 2E, T_T_3E, T_T_4E, T_T_5E, T_T_TE, T T 81and T T 8E.
The important point here is whether the offset persists, in w!,ich case it can be
ignored in estimating the temperature rise, or whether the offset ceases at about 5 s,
e.g., at the end of the current ramp. For the signals on the manifolds (T_P_71and

B1



T_P_7E), such"signaturesat the onsetof the plasmawere believedto be
temporaryandwere ignored. Forthe signalson the tubes(T_T_I7E, T_T_I7E,
T_T_I21,T_T_I81,T_T_IE, T_T_2E, T_T_3E, T_T_4E, T_T_5E, T_T_7E, T_T_81and
T_T_8E). The offsetswere usuallytreatedas beinginducedby the presenceof the
plasmaandthe offsetswere subtractedfromthe signalin an appropriateway. This
is often obviousfromthe handwrittennoteson the figures. '.

4. The temperatureof the inletwaterapparentlydecreasesslightlyduringthe shot
forthe leadingedge tubesbutnotfor the othertubes. The decreasinginlet ..
temperaturemeans one musta somewhatlowertemperaturefromtime 0 rather
than usingthe temperatureat time0 as a referencepointto subtractfromthe
maximumtemperaturein orderto determinethe dsein temperatureduringthe shot.

5. The valuesgiven inthe text are showninTableB-l, a spreadsheetusedto
processthe calorimetrydata.
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