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ASSTRACT

Savanna River Plant reactor structure and shield temperature meas-
urements obtained during P-3 power ascension are compared with de;”
sign calculations. Comparison shows that design calculations are
conservative. Heat generation data from P-5 cycle are also pr%-
sented. A f 2°c error my exist in all the reported data.



Introduction

Miscellaneous center section temperatures have been measured in all
Savannah River Plant 100 Areas by the Reactor Technoloa Sectionts
Engineering Studies group. The data collected were never compared
to design calculations. The purpose of this report is to present
reactor ‘structureand.thermal shield temperature data taken during
P-3 and P-5 cycles, and compare them with desia calculations in
order to predict temperatures at higher power levels.

Summary

Reactor structure and shield temperatures were measured at each
steu of the P-3 umer ascension. and were comuared with desire
cal~ulations. H~at generation ~ta taken in ~he P-5
also given.

Data and curves representing the work done appear in
The more important-findings-obtained

1.

2.

3.

The-1 Shield Maximum Wall
to Wall m, Metal .Tempera-
ture Difference at 700 MW, “C

Film Coefficient From Thermal
Shield Inner Wall to Shield
Coolant, Pcu/hr/ft2PC

Total Reactor Heat Removed.by
Thermal Shield Coolant at
700MW, $ 0.

from thi; study

Reactor Data

12.0

.150

178 to 0.1S3
extrapolated

. (P-3 &P-5 tits)--

—=.
cycle are

the appendix.
follow.

Desi@
Calculations

15.4

108

0.5 to 0.63

Comparison of the measured structure temperatures and the desi~
values has shown that design calculations were conservative in

all cases; ie, the measured temperature clifferentials prOducing
stresses are lower than the desigu differentids.

The reactor data presented should not be considered as completely
accurate. Where absoluti temperature values are concerned, an
error of t ~°C my exist even after all allowable corrections have
been made. However, where temperature clifferentials are concerned,
the percent error may be larger.
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Recommendations

● The extrapolated curves presented fi this repOrt shouli be used
in predicting reactor temperatures at himer power levels.

● Reactor structme temperatures should be measured with the three
16-point potentiameter recorders.

● The miscellaneous temperature retarders should be re-ranged from
O-200”C to O-1OO”C, the chart speed should be advanced to
4 inches/minute (ta print each paint separately), and the re-
corders should be calibrated frequently.

● The miscellaneous temperature.panel telephane jacks and’plugs
shauld be cleaned perladically ta removed caked dirt and film.

Discussion

A stress analysis and limited temperature study ‘wascompleted for
R reactor based on R-1 data (O to 200 MW aperation).The results
of the R-1 study are presented in DPSP 54-25-38. The bulk of the
data is concerned with stress and motion measurement. However,
where temperatures have been plotted and extrapolated to higher
pawers, they have been compared with the data Obtaine& for this
report. The two sets of data are not in a~eement; an exP~natiOn
for the difference is given in the succeeding pages.

In analyzing reactor structure temperatures abave 200 W, it was
decided to cantinue the stu@ in P reactor rather than R reactor
far the follawing reasons:

● P reactor is operating at higher pawers.

.. Msny of the thermocouples in R reactor are defective because
they were wetted before being slipped into theti sheaths. This
wetting led to subsequent corrosion of the thermocouple wire.

● All the amular shield thermOcauples me Q13PPed on the grid
blocks in R reactor, while in P reactor ‘samecouples are padded
to the water side of “theshield inner wall. The padded thermo-
couples measme the wall surface temperature, but do not give
the average metil temperature. Hawever, the latter is simply
calculated if heat generation and.longitudinal flux distribution
data are alsa’measured.

The majority af the test data reported herein were measured during
the P-3 uawer ascensiOn. During the two-week period. the river–r –,

water temperature remained essentially canstmt. I
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Some difference of opinion existed as to thermocouple location in
P thermal shield. As a result of conversations with persons re-
sponsible for the installation of the thermocouples, and after
study of the final as-built drawings (W-133178 and W-134168), it
was concluded ths.tthermocouples are padded on the shield inner
wall at 3 positions (at 3/4 of the height from each shield tsnk
bottom, at the midplane, and at 1/4 of the hei@t from tank bot-
tom). One thermocouple is padded at the midplae on the outer
wall of each shield bnk. There are also 9 thermocouples per tsnk
which serve to follow changes in streem temperature.

In June 1954, the Technical Divlsion was requested to determine
the effectiveness of padded thermocouples in measuring metal sur-
face temperature. There was a POSSibility that a loosely-peened
pad would permit the shield coole.ntto lnwer the indicated surface
temperature. me test results have not been published, but they
show thst peening had a negligible effect on the thermocouple
reading.

originalDesignCalculations

Prior to reactor startup at SRP, calculations were performed to
confirm reactor soundness under thermal stress at maximum antici-
pated pnwer levels. Most of the calculations were mede to pre-
dict structural temperatures in the range 700 to 1400 MW. It was
necessa~, in some cases, to ratio desiw calculations d- rather
than extrapolate the data obtained. Calculated values from the
follnwing documents were either quoted or interpolated: DF~ -602,
DPEX-451, D~Z -1415, DPWZ-251O, DP-36, and DPE-772; (see refer-
ences). In addition, hta reportea in DPSP 54-25-38 are sns.lyzed.

—.

I
I

.—
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Therml ShieldStresses

This report does not concern itself with stress work; however, the
temperatures uresented should be useful in stress ~redictions. Of
gre;t concern’in R and P reactOrs, frOm a stress =~.~ndnOin*.is the
annular thermal shield. TWO

.———...- .. —=. —...,
sketches of the shield follw.

DI 347
H20 SS

1

We of ~ee Tanks

Reactor.9

support
Beam
PocKet

About one third of the heat flux incident on the inner wall of the
the-l shield is attenuated in the 5/8-inch stainless steel inner
wall. The heat generated is then transferred to the coolant flow-
ing through the tanks. This heat load causes a te~perature dif-
ference between the inner and outer walls. This temperature dif-
ference is a function Of both tOtal reactOr POwer and 10ngitudinal
flux distribution.

The shield tanks may be considered as fixed on the bOttom, and
their circumferential expansion, when heated, prOduces negligible
stresses. But the increased vertical motion of the inner wall
over the outer wall sets up stresses in the corner of the support
beam pockets and at the staybolts and instrument holes. These
stresses may become critical at higher powers. A portion of this
report presents react,ordata for predicting shield stresses.

I
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TestMeasurementEquipment

Miscellaneous Temperature Monitor. This panel board consists of
10 rows or 40 telephone jacks used to measure structure tempera-
tures. About 320 of the jacks are in use. One telephone plug
maY be used for instmtaneous reading of any temperature on a
Brom- precision potentiometer, reading directly in degrees centi-
grade. A total of 64 plugs and 4 Brown precision temperate re-
corder potentiometers are provided for continuous track@ of any
64 temperatures. The use of the preci6ion recorders in subsequent
studies has been found to be more accurate for temperature data
than use of the single pOint potentiometer.

F1OW Metering Devices. Flow rate measurements of D@, deionized
water, and river water flow to heat exchangers were mde with
standard flow metering orifices. The pressure drops across these
orifices were transmitted by Brown 3 to 15-psi linear flow trans-
mitters to the water graphic panel. Square root flow indicators
were calibrated in gpm.

Pile Power Calculator. Thi6 instrLDnentintegrates and adds the
DrOdUCt of flm times the difference in heat exchanger exit and
~nlet cooling water temperatures for each of 6 hydraulic systems
feeding the reactor. For each system, the pressure drop acro6s a
metering orifice is converted to an AC simal proportional to the
flow. This conversion is made by an inductance-coil transducer.
The sigal is then fed across 2 resistance-coil thermometers
(thermohms), which measwe Ha exit and inlet temperatures, md
whose difference in resistmce is proportional to the temperature
rise. Thus a voltage drop i6 produced acros6 the resistance
thermometers that is proportional to flow times temperature rise,
or heat.

.
The output from each of the 6 systems is added on a static trans-
former and fed to an AC potentiometer which reads pile power
directly in megawatts. The product of pile power and time is
also integrated to give total fuel exposme time in megawatt-days.

Shield Temperature Recorder. A 12-point temperature recorder is
provided”f6?-F5E6?df5g deionized witer “filet““=dextt temperatures
to the top, bottom, and annular thermal shields. River water in-
let and exit temperatures to the shield heat exchangers are also
recorded. The recorder is calibrated directly in degrees centi-
grade.

D20 Temperatures. A jack box for measuring system inlet and exit
thermohms is provided. The resistances were measured by a preci-
sion Rubicon bridge, and lead resistance ~ compensated for.
System temperatures were then determined from calibration curves
of the individual resistance thermometers provided by “Technical
Division.
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MeasurementProcedures

Telephone Plug Heating Correction. The majority of the data pre-
sented are temperatures measwed on the Miscellaneous Temperate
Jack Panel. Repeated use of the single telephone plug in hundreds
of jack introduces an error in the data, caused by heat-up of the
plug from friction. The emf terminals in the plug are steel and
brass, while the thermocouples and leads are iron-constantan. The
dissimilar metal thermocouple formed at the plug adds au emf to
the signal from the hot junction.

The error introduced by frictional heat-up of the plug varies from
2” to 4°C, depending on how tight the jack is and on how rapidly
the plug is used. The error is nOt constant; ie, v~ing ti@t-
ness of the jacks changes the error, even when the plug is inserted
at a constant rate. In this study, the error was largeIy compen-
sated for by periodically camparing the rise in isothermal box
temperature over initial temperature, as indicated by one Of the
thermocmples in the isothermal box. It is known that the temper-
ature in the isothermal box will not vary ‘overthe time required
to take miscellaneous temperature data. Consequently, a reading
of this box temperature after every 5th plug-in provides ample
data to correct for heating the plug. This correction was ~de
to the temperate data reported.

In a previous study done in the R-1 cycle, this correction for
heating of the plug was not made (see DPSP 54-25-38). The reported
data are high, and the error introduced is magnified when extrapo-
lating R-1 temperature data to higher pawer levels.

The scheme used for correcting P-3 data is reasonable for extrapo-
lating the data to higher pawers, but is inferior to another method
used successfdly more recently. This involves using the miscel-
laneous temperature recorders. The recorders were re-ranged from
O-200”C to O-1OO”C, the c~t drive speed was increased to
4 inches/minute, and the recorders were calibrated to * O.2°C.
This method eliminates all measurement errors, with the exception
of the thermocouple error. Thus, for the most accurate reactor
structure temperature data, use of the recorders is recommended.

Allowance for Equilibrium. Data indicate thermal equilibrium is
reached in the shields after the initial rise fram critical in
about 2 hours, and in less than an hour for any subsequent power
changes. All data reported were taken at least 2-1/2 hours after
pawer change.

Dataand Results

General Reactor Data. Figure 1, appendix, is a schematic cross
section of R and P reactors. Representative reactor temperatures
at each point on the sketch are presented for each power level in
tables I through V, appendix. T7, Ts, Ts, TIO, T1l, ~d T12 were
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I obtained from the shield temperate recOrder, so tbt the abso-
lute values cannot be compared with the temperatures obtained at
the miscellaneous temperature jack panel, since one or both instru-
ments could have been in error.

Figures 2, 18, and.19, appendix, show typical thermocouple instal-
lations in various reactor structures. The thermocouples in fig-
ures 18 and 19 are padded on the outer tank wall near its weldment
to the bottom shield..

The longitudinal flux distribution in the reactor during the period
data were collected is shown in figure 3, appendix. Flux measue -
ments were made by oscillation of Gang III control rods (nearest
the tank wall).

Thermal Shield. Reactor data on the thermal shield are given in
table VI, appendix. me absolute values of inlet and exit tem-
peratures can not be compared with wall md stream temperatmes,
since the two sets of data come from different instments, both
of which may be in error. It was decided to use the deionized
water heat pickup in computing the percent of total reactor heat
generated in the thermal shield, because heat is lost before the
river water removes the heat in the heat exctiger.

Table VII, appendix, gives a breakdown of shield wall metal tem-
perature differences (not to be confused with the surface tempera-
tures which were measured), heat flux, and film coefficients. Two
sets of data are presented, those calculated from reactor data,
and those interpolated from design calculations.

Thermal Shield Calculations

Total Heat Generated

. Q = MC~,. —

where Q = heat generated, pcu/hr

M = lbs fluid flowing/hr

C = specific heat, pcu/lb-”C

~ ‘=bulk temperature rise, “C
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fiTotal Reactor Power @nerated

% = ~.897 “X l~6x~1~le ~We,

where Q = heat generated, pcu/hr

I.MW= 1.897 X 106 pcu/hr

Pile Power = MW

Wimm Incident Heat Flux

E==%

c

where k = maximm heat flux pcu/hr-ft2

Q = heat generated, pcu/hr

d = shield inner diameter = 16.5 ft

A = area under figure 3, ft

Incident Flu On me Inner wall At Height h

EO(h) = QN(h)-

- heat flux at point h‘O(h) -

QN(h) = normalized flux at
point h, figure 3

k = maximw heat flux
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Heat Flux Attenuated In Inner Wall at Point h

Ea=Eo-E=

El= Eoe-~

Ea = Eo(l - e-~l)

x = wall thickness, ft

Ea = heat flux attenuated in x ft, pcu/hr-ft2

E. = incident flux, pcu/hr-ft2

where

E ~ = transmitted

u = attenuation

flUX> pcu/hr-ft2

coefficient, ft-1

Film Coef’ficient From Inner Wall to Coolant

Ea
h=—

t~ - tf

where h = film coefficient, pcu/hr-ft2-”C

Ea = heat flux flowing through fiI.mfrom
wall to coolant, pcu/hr-ft2-“C

t~ = wall surface temperature,

tf = fluid temperature, ‘C

“c



Average Wtal Temperature

1.

Therefore

where

ho (t. - tfo) = :’ -

ho~

B=

to =

t avg =

ho =

UK + &o

o

E.
-—
k

ti-Bx - ‘& 1 e-wl)~(. -

Bx ~ E. E.

‘o+~+r-k=l
— (l-e-~l)

film coefficient on CO=
side> pcu/br-ft2-”c

hot surface temperature, “C

hot side film temperature, “C

to=:

tfo =

E. =

xl=

t==

t avg =

B = a constant, “C/ft

incident flux, pcu/hr-ft2

wall thickness, ft

cold surface temperature, “c

average metal temperature, “C

~ = attenuation constant, ft- 1

k = conductivity, pcu/hr-ft2- OC/ft

@sign calculations were based on a flattop flw and on a greater
heat load on the shield. Film coefficients were calculated from
the ~ standards. It is believed that the design predicted wall-
to-wall temperature Uf ference is higher because of a conservative
estimte of heat generation in the thermal shield (about 0.63$ of
total reactor power).

Compensation was not made for the difference in the assumed shield
coolant flow rate and the existing flow rate. Variations in flow
rate will not have any significant effect on the comparison.

I
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Figure 4, appendix, compares both maximum and length average wall-
to-wall temperature differences as calculated by theory and from
reactor data. Thermocouples do not exist on the upper and lower
portions of the outer wall of the thermal shield. It was as6=d
that the outer wall temperate would be the seineas the bulk
coolant temperature at the seineelevation. This assmption was
also mde in the theoretical approach, and it will be Uscussed
in detail when the results are compared with design calculations.

Figure 5, appendix, reveals that design calculations are conserva-
tive in estimating the percent total reactor heat generated in the
thermal shield. Reactor data have been collected from all SRP
reactors (including the data in this report), and are presented
as a band with a maximum and minimum. The plot is of great sig-
nificance, since stress in the shield is a function of the heat
generated.

Shield heat generation and heat removal &ta are presented in
figures 6 and 7, appendix. me data were collected during the
P-5 power ascension, using accuratelY calibrated instrumentation.
The bta are considered to be the most reliable of their kind
collected to hte.

Analysis of Other Temperatures. Figure 8, appentixj is a plot of
average reactor D@ inlet temperature and top shield deionized
water inlet temperature variation with power. River water tem-
perature ha6 been subtracted from both curve6, so the plot should
be useful in predicting the relative motion of the D=O plenom
chamber and the shield at any time of the year, if the wrapper
plate is a66ued to be at the 6ame temperate as the deionizer
water in the shield (neglecting radiation effects).

A plot of reactor tank wall temperatures i6 presented in figure 9,
appendix. If a graph of temperature versus elevation is made from
the data, the temperatures will follow the flw distribution curve.

The reactor tank wall is welded to the bottom shield. A bending
stress is produced at this T, and is a function of the upward
deflection of the top plate of the bottom shield and the outward
e~a-nsion Of the tank’,re”lativeto’the bottom ~late of’the bottom
shield. The moment is clockwi6e. Temperature data useful for
computing this stress are given in figure 10, appendix. Data
collected in the R-1 cycle are also plotted. The R-1 data ~ve
no correction for telephone plug heat-up, 60 that they are not
only initially M 6plaCed upward, but also spread as the error is
multiplied by extrapolateon.

Figure 11, appentix, presents the radial variation in surface tem-
perature of the top and bottom plates of the bottom shield. TOP
plate thermocouples are padded on the deionized water side.
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I

The variation of the difference between linear average top plate
temperature and the bottom plate temperature of the bottom shield
is plotted against reactor power in figure 12, aPPenfix. Error
in thermocouple readings displaces the curve below zero Uf ference
at 125 MW.

Figure 13, appendix, is useful in estimating the top plate temper-
ature of the bottom shield at any time of the year. Note that the
curve is for average temperature and not -imom. The curve would
be displaced upward by a factor of about 1.5 for meximm top plate
temperature.

Variation in top shield surface temperatures with power is given
in figure 14, appendix. The average temperature of the top plate
was assumed to be the average temperature of the deionized water
in the shield.

Figure 15, appendix, presents temperat~e ~ta for cOmputing stress
in the expansion joint. The curve gives the difference in outer
and inner edge temperatures of the horizontal plate. In this dis-
cussion, the outer edge Of the p~te is defined as the edge nearer
the reactor center,

Figure 16j appendix, is a PlOt Of bearing ring temperature versus
power. Based on reactor data, the temperature should increase
about 3OC/lOO MW.

The concrete shield structure surrounding the reactor apparently
is not heated appreciably. Figure 17, ap~ndix, compares concrete
temperature at a point 3 inches from the l/4-inch liner on the
inner side of the concrete and at a point 3 feet away. Ambient
temperature is also plotted, and the 2 concrete temperatures vary
about smbient temperature and not power.

Figures 18 and 19, appendix, show typical thermocouples padded to
the outer tank wall. These and all simihr thermocouples{indicate
surface temperature.

Analysis of Results. The data collected in each step of the P-3

power astension were corrected fOr heat-UP of the telephOne Plug.
The method of correction was not completely accurate, but it pro-
vided more meaningful resuits. It also makes extrapolation of the
curves reasonable for predicting measured temperatures at higher
powers.

For most of the resuits, an extrapolation was ~de merely by draw-
ing the best strai@t line through the points. Other variables
remaining constant, the temperatwes should be linear with reactor
power.

Comparison of ~ta with @sign Calculations. In all cases where
calculations were available, reactOr stmcture temPerat~es ~ve
been compared with design calculations. In no case were design
calculations below measured values.
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The follOfing assumptions were made in the design calculations.

● Thermal Shield (DPEX-602). The authors assumed natural cir-
culation as the controlling flow mechanism, thus the flow
through individual verticai channels is pr~portional to the
heat transferred. If this is true, the temperature profile
in any horizontal plane is constant, once the film tempera-
ture tiop at the inner wall has been effected.

Design calculations are given as the difference between inte-
grated average metal temperature of the inner wall and stresm
temperature to represent the total difference between inner
and outer wall temperatures. This was also ass-d true for
the upper and lower portions of the shield when reporting
measured values.

● Heat Generation in the Thermal Shield (DP-36). The author
based his calculations on an iniinite slab pile. For a
cylindrical pile with a cosine neutron flux in the buckled
zone, the heat generated in the various portions of the
thermal shield should be decreased by a constantly increas-
ing factor as one moves from the center of the reactor.

● Top Shield (DPWZ-1415). Calculations were based on a tri+-
iu producing pile, which means a higher heat flux than if
they were based on a plutonium producer.

● Bottom Shield and Tank Wall (DPWZ-251O). The author assumed

the cold D@ leaving blanket tubes (now Zone III fuel tubes)
struck the tank wall before mixing with D=O from fuel tubes.

● Beming Wng and Expansion Joint (DPWZ-1415 and DPwz-251O).
Emperatures were computed assting that the radiation guards
(chimes) =e 10@ effective in shielding the bearing ring.
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Table I. Miscellaneous Temperature bta at 50 MW

ocation*

T1
T2
T3
T4
T5
T6
T7
T8
T9
TIO
Tll
T12
T13
T14
T15
T16

T17
T18
T19
T20
T21
T22
T23
T24
1’25

I!emperature,“C

22.4
23.0
22.5
22.5
22.5
22.7
22.5
22.7
21.1
22.6

23.5
27.0
26.9
26.1

I?ankA*

21.5
22.2
21.5
21.3
21.5
21.1

At 30W
Ucation

26.6
27.4
26.8
25.2
25.5

?rature, “C

rank ~

22.4
22.6
21.4
22.1
21.6
21.4

At 240?
Locatior

25.4
26.6
27.1
26.5
24.8

* See figure 1.
* Tanks A, B, and C are thermal shield tanks

rank w

22.0
22.4
21.6
21.4
21.6
21.6

t Thermocouple locations on the main tank wall are
measured clockwise from X-2 (North).
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Table II. ~scellaneous Temperature Eata at 150 MW

Location

TI
T2
T3
T4
T5
T6
T7
TS
Tg
TIo
Tll
T12
T13
T14
T15
T16

T17
T18
T19
T20
?21
~22
’23
’24
’25

Temperature, “C

23.9
24.9
23.6
23.8
23.8

I Temperature, “C

Tank A

23.9
23.6
23.5
22.7
22.7
22.5

24.0
23.7 I
25.0
24.5
23.9

At 30°
Location

30.8
34.4
36.1
36.2
3L.2

26.6
25.6
25.1
26.0

Tank B

27.0
24.8
22.8
23.5
23.5
22.5

At 240°
Location

29.9
34.2
36.1
35.5
30.4

rank C

25.2
23.9
23.4
23.0
22.8
23.0
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mnhle TTT. Miscelhneous Temperature Mta at 300 ~
..” --- ---- -—--————

kcation Temperature, “C

T1
T2
T3
T4
T5
T6
T7 25.8
T8 27.2
T9 25.0

Tlo 25.5

Tll
25.5

T12 26.0

T13 25.3

T14 28.9

1’15 29.4

T16 25.8

Wmperature, ‘C

Tank A

25.9
28.9
26.3
24.0
24.6
23.8

Tank B

30.3
30.4
24.7
25.8
25.1
24.3

At 30” \ At 240° I
I Iacation kcation

I
36.9
43.3
46.7
46.7
39.1

36.1
42.5
45.1
‘47.4
41.6

Tank c

28.2
29.2
25.9
24.9
24.8
24.4

T17
’18
T19
T20
T21
T22 31.0

’23 30.4

’24 29.1
!-C 25.8 I ! I
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Table IV. Miscellaneous Tewerature ~ta at 370 MW

bcation

T1
T2
T3
T4
T5
T6
T7
Te
T9

Tlo
Tll
T12
T13
T14
T15
’16

T17
T18
T19
T20
T21

T22
’23
’24
’25

?emperature, “C

27.2
28.8
26.5
27.1
27.1
27.1
26.8
31.4
32.4
a7.4

32.9
34.5
32.8
26.1

Temperature, “C

Tank A

28.6
30.3
27.4
25.5
25.0
23.4

At 30”
Locatioz

40.0
50.1
52.2
50.2
43.4

Tank B

32.1
31.5
25.9
26.8
26.6
25.6

.—

At 240’
McatioI

41.2
52.4
55.0
52.5
45.2

Tank C

29.5
30.5
27.0
25.8
25.7
25.3
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1’
,.

Fable V. Miscellaneous Temperature Data at 410 MW

>cation

TI
T2
T3
T4
T5
Tfj
T7
Te
%
TIo
TII
T12
T13
T14
T15
T16

T17
T18
T19
T20
T21

Wmperature, “C

28.4
30.1
27.7
28.4
28.4
29.0
27.8
33.0
35.0
28.8

Temperature, “C

Tank A

29.3
31.1
28.2
26.4
26.1
26.0

k
At 30”
Wcation

41.5
51.6
54.9
51.9
43.2

Tank B

33.2
32.7
26.2
27.0
26.4
25.9

At 240’
Locatior

41.9
52.2
54.0
54.0
44.1

Tank C

30.3
31.3
27.8
26.2
26.1
26.0
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See Sketch A

_see Sketch B
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