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PURPOSE: 

This calculation presents an analysis of measurements of the OH water outlet temperature, and 
provides an update of the simulation of the OH coil heating and cooling for three different 
repetition periods, 300, 450, and 600 seconds. See rev. 0 of this calculation for description of the 
simulation. 

REFERENCES: 

NSTX-CALC-13-3-0 gives the detailed description of the simulation. 

Memo 71-000731-CLN-01 interprets the results from this calculation. 

ASSUMPTIONS: 

CALCULATION: 

See attached 

Note: all digital documents stored in NSTX File Share, Engineering Folder, Engineering 
Calculations Folder. Hard copies of all documents stored in NSTX project file. 

CONCLUSION: 
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This memo documents the analysis of the recent OH outlet water temperature measurements 
and the adjustment of the simulation of OH coil thermal behavior to fit the measurements. 
This is a required step of the ISTP [3] which commissions the OH repetition rate interlock 
system. The details have been incorporated into rev. 2 of the formal calculation [4]. 

Data was taken from shot #102190 by P. Sichta from the EPICS data and provided in 
spreadsheet form. The waveforms of the eight tempera ture measurements are shown in 
figure 1. A magnification during the beginning of the cool down period is shown in figure 2. A 
plot showing the simulated result versus the minimum, maximum and average of the path 
measurements (minimum and maximum at each time sample) is shown in figure 3. The 
simulated result shown differs from that originally presented in references [1] and [4] in that 
the average of the eight winding path lengths was used instead of the longest, and the actual 
flow was used instead of the low flow drop out setpoint. These changes were found to 
produce a better match to the observed measurements. 

The following points are noted: 

1) From figure 2 it is noted that there seem to be four distinct pairs of cool down waveforms 
which correspond to the four layers of the coil wound two-in-hand. However, the numbering 
of the measurements (lX, lY, etc.) does not match the expected behavior. It appears that lY 
and 4Y seem to be from layer I, 2Y and 3X seem to be from layer 2, 2X and 3Y seem to be 
from layer 3, and IX and 4X seem to be from layer 4. This would correspond to IX and 4Y 
being swapped, and 2X and 3X being swapped. Testing recently performed in which the 
cooling hoses were pinched off at the point where they are attached to the machine and 
labeled, causing the flow detector on the pinched path to trip, confirm this finding. At the next 
opportunity the hoses will either be reconnected or the naming of the paths will be swapped 
to correct this discrepancy. Also, clear unmistakable labeling of both the hose ends and the 
connection points needs to be implemented to avoid this problem in the future. 

2) From figure 1 it is noted that there appears to be a radial gradient in temperature, with the 
innermost layer being the coolest. This could be explained by inward radial cooling which 
could be expected to be most significant on the inner layer which faces the OH tension tube 
which in turn faces the TF inner legs. The TF inner legs cool down very rapidly after a pulse 



due to the large flow of water and the short water path length. Further, it is noted that little 
outward radial cooling would take place because the outer surface of the coil is covered by the 
Microtherm insulation. 

3) As shown in figure 3, using the average OH winding length instead of the maximum 
winding length, and the actual flow instead of the low flow setpoint, the waveshape of the 
simulated temperature fits the measurements reasonably well. 

4) As seen on figure 3, the simulated temperature during the plateau period, when the cooling 
wave has not yet propagated through the coil, exceeds the measurements by about 5DC. 
Possible explanations for this include: 

a.	 errors in the thermocouple measurements, individual or systemic 
b.	 cooling of the water between its point of exit from the winding, through the hose, to 

the manifold where the thermocouples are located 
c.	 error in the Ji2(t)dt used in the simulation 
d.	 error in the conductor dimensions used in the simulation 
e.	 error in the copper or water properties used in the simulation 
f.	 simulation neglects heat absorbed by epoxy1fiberglass insulation 
g.	 simulation neglects radial cooling 

Concerning a. above, the measurements performed for the ISTP show that at 50DC the tic 
instrumentation reads about 2 DC on the low side. Concerning b., since the thermal resistance 
of the rubber hose material and the surrounding air is large, this should be minimal in the 
judgement of the writer. Concerning c., the writer has performed this calculation very 
carefully using a spreadsheet with actual data from the MDS Tree. Concerning d., the writer 
has double-checked this number and, besides, the calculated resistance of the coil agrees with 
the measurement. Concerning e. and f., a simple energy balance spreadsheet which takes the 
energy dissipated during the pulse in the copper, and then distributes it in the combined heat 
capacity of the copper, entrained water, and epoxy glass insulation does indeed yield a plateau 
temperature in between the simulation and the measurement (measurement average = 46 DC, 
spreadsheet = 49 DC, simulation = 54 DC). Concerning g., there is in fact evidence of radial 
cooling as noted in 2) above. 

Based on the above discussion, it is concluded that the simulation overestimates the water 
temperature rise over the inlet (13 DC ) during the plateau period by (54-(46+2))/(46+2
13)*100=17%, due mainly to the fact that the it does not include the heat capacity of the epoxy 
glass insulation or the inward radial cooling. 

The reader is reminded, however, that during a pulse, the heat dissipated in the copper does 
not immediately equilibrate with the entrained water and the epoxy glass insulation, so that 
the actual peak copper temperature is considerably in excess of the plateau water temperature 
(for the shot analyzed, with a starting temperature of 13 DC the copper temperature at the end 
of the pulse under adiabatic conditions is calculated to be 61DC). So the key features of the 
protection are that 1) the SOP temperature measurement feeding the interlock is accurate, and 
2) that it is properly coordinated with the RIS Ji2(t)dt setting. The fact that the simulated 
plateau temperature is higher than the actual is not really very important. It simply means that 
the actual temperatures will fall below the interlock value a bit sooner than predicted by the 
simulation. 



Based on this analysis the recommended approach is to adjust the fe(t)dt and Start Of Pulse 
(SOP) temperature allowables previously stated [1,2] for the three repetition periods based on 
the modified simulation results which use the average winding path length instead of the 
maximum and the actual flow instead of the low flow setpoint. Due to the fact that the 
simulation does not include the heat capacity of the epoxy glass insulation, or the inward radial 
cooling, the actual cooldown will occur more rapidly then predicted by the simulation. This 
represents a slightly sub-optimal utilization of the capacity of the system but is judged to be a 
reasonable compromise. The revised settings, which result in a nominal EOP copper 
temperature of 90°C, maximum EOP copper temperature of 100°C in case of fault at 24kA, are 
given in the following table. 

Repetition Period 300 sec 450 sec 600 sec 
Allowable iL(t)dt 160 kAL-sec 265 kAL-sec 280 kA2-sec 
Allowable iL(t)dt 57% 95% 100% 
Tcnn 42°C 14°C 12.4 °C 
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Figure 1: Eight Cooling Water Measurements 



Figure 2: Zoom of Eight Measurements During Cool Down 
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Figure 3: Comparison of Simulation Against Min, Max and Avg At Each Time Step 
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CSA-Cu
 
Hole Dia
 
CSA-H20
 

RESIST 
R20 
OOEFF 
SH-Gu 
Dens-Cu 

Vol-Cu 
Mass-Cu 
HC-Cu 
SH-H20 
Dens-H20 
Vol-H20 
Mass-H20 
HC-H20 
SH-EiG 
Dens-EiG 
OHDR 
OHDZ 
OH Reenter 
OH Vol 
Vol-E/G 
Mass-EiG 
HC-ElG 
HC-Net 

G-Funetion Calc:--_._- -- - - -

Tinlet 
GO 
GSA 

LL?! 
G 

Tfinal 

0.2192 in"2 
0.188 in 

0.027759113	 in"2
 
31440 in
 

1.7241 )lQ-em 

0.097357794 Q
 

0.0041
 

0.386J/gm-C
 
8.94gm/ee 

112933.8768 ee 
1009628.859gm 
389716.7396 J/degC 

4.186J/gm-C 
1 gm/ee
 

14301.7528 ee
 

1430LJ§28.g rn
 
59867.1371JJ/degC 

1.1506J/grn -C 
1.419_50617gm/ee 

4.6533 em 
426.2628 em 

13.19 em 
164385.3648 ee 

---- -- - ---. --- 

37149.73519 ee 
- ----"-_.-~--------

52734'P1333 g_m 

60676.() 13~§4---lidElg.Q 

51 0259:_9~7.i...J/degC .. 

. .~1~cJEJg.Q_ 

2.74E+15.__LAj_rn"1Y1.~see_ 

1.4139 em"2 
1.79E+08 A"2-see--------_._-----

.13jJ§j 2E+1.§._JA/rn"g)"~-~e~ 

_ 6.06~.±()_L~_eg.Q. _ . .. _ _ . .__ . 

fin~Temp Fi.Q,'lI!?L IE)sw__ ----. Tesw - -- .---------_._-----~---_._-

48.59 1.79E+08 24000.00 0.31 



Rei_Time ek_plusoffLO ws_OH1X_AI ws_OH2X_AI ws_OH3X_AI ws_OH4X_AI ws_OH1Y_AI ws_OH2Y_AI ws_OH3Y_AI ws_OH4Y_AI Time Tmin Tmax Teale 
-90 8 12 13 13 1 2 13 13 13 1 2 -90 12 13 
-80 8 12 1 3 13 12 13 13 13 12 -80 12 13 
-70 8 12 13 13 1 2 12 13 13 1 2 ·70 12 13 
·60 8 12 13 13 12 12 13 13 12 -60 12 13 
-50 8 12 1 3 1 3 12 12 1 3 1 3 12 -50 12 13 
-40 8 1 2 13 13 1 2 12 13 13 1 2 -40 12 13 
-30 8 12 13 13 12 12 13 13 1 2 -30 12 13 
-20 8 12 13 13 12 12 13 13 12 -20 12 13 
-10 8 12 13 13 12 12 13 13 12 -10 12 13 

o 8 12 13 13 12 12 13 13 12 o 12 13 13 
10 8 12 13 13 12 13 13 13 12 10 12 13 53.821022 
20 8 41 40 41 34 42 40 36 37 20 34 42 53.821025 
30 8 43 44 45 39 44 44 42 40 30 39 45 53821025 
40 8 44 46 46 41 44 45 45 42 40 41 46 53.821033 
50 8 45 47 47 43 44 46 46 42 50 42 47 53.821037 
60 8 46 47 47 44 44 47 47 42 60 42 47 53.82102 
70 8 46 48 48 44 44 47 47 43 70 43 48 53.82102 
80 8 46 48 48 45 44 47 47 43 80 43 48 53.821025 
90 8 47 48 48 45 44 48 48 43 90 43 48 53.821025 

100 8 47 48 48 45 44 48 48 43 100 43 48 53.821033 
110 8 47 48 48 46 44 48 48 43 110 43 48 53821037 
120 8 47 48 48 46 43 48 48 43 120 43 48 53.821037 
130 8 47 48 48 46 43 48 48 43 130 43 48 53.82102 
140 8 47 48 48 46 43 47 48 43 140 43 48 53821025 
150 8 47 48 48 46 43 47 48 42 150 42 48 53.821025 
160 8 47 48 48 46 43 47 48 42 160 42 48 53.821033 
170 8 47 48 48 46 43 47 48 42 170 42 48 53821037 
180 8 47 48 48 46 43 47 48 42 180 42 48 53.82102 
190 8 47 48 47 46 43 47 48 42 190 42 48 5382102 
200 8 47 48 47 46 43 47 48 42 200 42 48 53.821025 
210 8 47 48 47 46 42 47 48 42 210 42 48 53.82098 
220 8 47 48 47 46 42 46 48 41 220 41 48 5382079 
230 8 47 48 46 46 41 46 48 41 230 41 48 53.820281 
240 8 47 47 46 46 40 45 47 40 240 40 47 53.81809 
250 8 47 47 44 46 38 44 47 38 250 38 47 53.81227 
260 8 46 46 43 46 36 43 46 37 260 36 46 53.797084 
270 8 46 45 41 46 34 41 46 35 270 34 46 5375971 
280 8 45 44 38 45 32 39 44 33 280 32 45 53.676753 
290 8 44 42 36 45 30 36 43 30 290 30 45 53.506404 
300 8 43 40 33 44 28 34 41 29 300 28 44 53 072807 
310 8 41 37 31 42 26 31 39 27 310 26 42 52.45836 
320 8 39 35 28 41 24 29 36 25 320 24 41 51.53709 
330 8 37 32 26 38 23 26 34 23 330 23 38 50.178234 
340 8 34 29 24 36 22 24 31 22 340 22 36 48.31869 
350 8 31 27 22 33 21 22 28 21 350 21 33 4591986 
360 8 29 24 20 31 20 21 26 20 360 20 31 42 153762 



370 8 26 22 19 28 19 19 24 19 370 19 28 38.801887380 8 24 21 18 26 18 18 22 19 380 18 26 35.384006390 8 22 19 17 23 18 17 20 18 390 17 23 31837595400 8 20 18 16 22 17 17 19 17 400 16 22 28 37852410 8 18 17 16 20 17 16 18 17 410 16 20 25.172707420 8 17 16 15 19 16 
430 

15 17 17 420 15 19 21.60714
8 16 15 15 17 16 15 16 16 430 15 17 19369913440 8 16 15 15 17 16 15 15 16 440 15 17 17.650452

450 8 '15 15 14 16 16 14 15 16 450 14 16 16.269493
460 8 14 14 14 15 15 14 15 15 460 14 15 15.221838
470 8 14 14 14 15 15 14 14 15 470 14 15 144645195
480 8 14 14 14 14 15 14 14 15 480 14 15 13814519
490 8 14 14 14 14 15 14 14 15 490 14 15 13.504615
500 8 13 13 14 14 15 14 14 15 500 13 15 13.312939
510 8 13 13 13 14 15 14 14 14 510 13 15 13.186266
520 8 13 13 13 13 14 14 13 14 520 13 14 13.107155
530 8 13 13 13 13 14 13 13 14 530 13 14 13.06008
540 8 13 13 13 13 14 13 13 14 540 13 14 13.027103
550 8 13 13 13 13 14 13 13 14 550 13 14 13.014545
560 8 13 13 13 13 14 13 13 14 560 13 14 13.008034
570 8 13 13 13 13 14 13 13 14 570 13 14 13.004366
580 8 13 13 13 13 14 13 13 14 580 13 14 13.002433
590 8 13 13 13 13 14 13 13 13 590 13 14 13.00148
600 8 13 13 13 13 14 13 13 13 600 13 14
610 8 13 13 13 13 14 13 13 13 610 13 14 
620 8 13 13 13 13 13 13 13 13 620 13 13 
630 8 13 13 13 13 13 13 13 13 630 13 13 
640 8 13 13 13 13 13 1313 13 640 13 13 
650 8 13 13 13 13 13 13 13 13 650 13 13 
660 8 13 13 13 13 13 13 13 13 660 13 13
670 8 13 13 13 13 13 13 13 13 670 13 13 
680 8 13 13 13 13 13 13 13 13 680 13 13 
690 8 13 13 13 13 13 13 13 13 690 13 13 
700 8 13 13 13 13 13 13 13 13 700 13 13 
710 8 13 13 13 13 13 13 13 13 710 13 13
720 8 13 13 13 1313 13 13 13 720 13 13
730 8 13 13 13 13 13 13 13 13 730 13 13 
740 8 13 13 13 13 13 13 13 13 740 13 13 
750 8 13 13 13 13 13 13 13 13 750 13 13 
760 8 13 13 13 13 13 13 13 13 760 13 13 
770 8 13 13 13 12 13 13 13 13 770 12 13 
780 8 13 13 13 12 13 13 13 13 780 12 13 
790 8 13 13 13 12 13 13 13 13 790 12 13 
800 8 13 13 13 12 13 13 13 13 800 12 13 
810 8 13 13 13 12 13 13 13 13 810 12 13 
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cool.d.300 

1 0.2192,0.1880,326.0,3. 
2 8.0,12.4,12.4 
3 24000.,0.277,300.,5000.,5. 
4 1 
5 60.,2.880e8 

cool.d.450 

1 0.2192,0.1880,326.0,3.0 
28.0,12.4,12.4 
3 24000.,0.460,450.,5000.,5. 
4 1 
5 60.,2.880e8 

cool.d.600 

1 0.2192,0.1880,326.0,3.0 
2 8.0,12.4,12.4 
3 24000.,0.485,600.,5000.,5. 
4 1 
5 60., 2.88e8 


