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ABSTRACT

Experimental data for the determination of superheats of separately,
fission fragments and fast neutrons in water were taken with an experimen-
tally modified set up of Bellsz) Attempts to correlate both data from
present work and from Bell with theory led to apparent inadequacies with
the theory. The theory is based on an "Energy Balance Method" developed
by Bell, This method was also used to compute threshold superheat for
benzene, for later comparison with data from another investigator(s )
when this reference becomes available, .

Application of this Energy Balance Method to predict fission neutrons
induced nucleation and alpha particles induced nucleation (alpha particles
from (n, o) reaction on Boron) at Pressurised Water Reactor conditions
indicated that radiation induced nucleation for monoenergetic neutrons
and alphas present in reactor may be effective in causing initiation of
nucleate boiling, However, detailed consideration of all neutron energies
present (spectrum) was not accomplished to arrived at a definite conclu-

sion for this reactor case,

Thesis Supervisor Neil E, Todreas
Title - Assistant Professor
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Chapter 1

Introduction

1.1 Objectives
The present project will study primarily the effect of radiation

in inducing nucleation in water, The main goal of the project is to
confirm or modify as necessary some of the conclusions of C.R. Bell's
Doctorate Thesis( 2 ). Basically, the experimental work consists of
determination of threshold superheat of an oil-suspended water bubble
at various pressure, when subjected separately to fission fragments
and fast neutrons radiation,

The objectives of this thesis are enunciated as follows:--
(1) To repeat some of the data points in Bell's work in order to make
the following corrections to Bell's data and to compare with the valid-
ity of Bell's analytical corrections,

a) Correction on the apparatus in order to create an isothermal
field around the water bubble,

b) Correction on the apparatus in order to reduce a thermocouple
thermal error present in Bell's work.

c) Correction on a pressure gauge reading error,
(ii) To apply Bell's theory, modified as necessary by the results of (i)
above, to the high pressure range of the Pressurised Water Reactor (PWR)
conditions,
(1i1) To compare the prediction of Bell's theory, modified as necessary
to the results of (i) above, to some organic liquid data obtained by

(13)(5)

other investigators



11

1.2 Background information on theory

The amount of superheat a liquid could attain when heated beyond.
its saturation point depends on the substance properties as well as the
environmental conditions of the system, The presence of radiation is
likely to affect superheat owing to deposition of energy into the
liquid with consequent increase in instability in the system.

There are primarily two approaches to predict radiation induced
nucleation, The Energy Balance Method requires that the energy of
formation of a nucleus in water, Er, be equal to the energy available

from radiation for the formation of the nucleus, E;, That is

(1.1)

)

Ef=

The Statistical Method which regards the situation from a miero-
scopic viewpoint predicts that an additional energy term Eg is involved,
due to the extra energy given from the surrounding vapor to the nucleus,
E5 is dependent on the production rate of the number of energy transfer

events to the nucleus, Equation (1,1) becomes

Ep = E5 + Es (1.2)

For a given pressure in the system, Ef decreases when the amount of
superheat attainable in the system increases, Under idealized conditions,
Er decreases to a threshold minimum, with the corresponding superheat
temperature being the Foam 1limit for the particular system pressure,

Thus from equations (1,1) and (1,2), it is clear that for the same E.,
the Energy Balance Method predicts a higher superheat than the Statis-

tical Method, The differences, however, is small, and in this work the
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simpler Energy Balarce Method will be used and Es neglected,

1.3 Experimental background

A water bubble of about % in, diameter is suspended in oil to
avoid cavities, and heated up by the oil to the point of boiling,

The source of radiation used is a combination of five sealed
one-Curie Pu-Be sources with neutron spectrum as given by Karaian( 9).
The total flux at the water bubble is about 0,53 x 104 neutron-sec'i.

In the case of fission fragments in water, the same neutron source
is used, except that a minute quantity of uranium nitrate is introduced
in the water bubble, The concentration used is 0,0087 gm of
UOZ(NO3)2'6H20 in one gm, of water, giving rise to a fission rate of

about 2 events per minute in the water bubble,
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Chapter 2

Experimental Considerations
The reader is urged to consult Bell(2 ) for a fuller discussion of
the experimental program, Here, the basic set-up is recapitulated with
a description of apparatus modification, and the experimental results

presented,

2.1 Experimental set-up

Fig, 2,1 gives a diagrammatic representation of the apparatus, The
water bubble X is suspended between the suspending oil H, a heavy mineral
0il, and a layer of covering oil I, a "Dow Corning 550 Fluid" silicon
0oil, These fluids are contained in the cylindrical (10" x 3" dia)
boiling chamber A which has tube fittings both at the covered flanged
top, and at the closed bottom, Sticking out from A at the same level as
the bubble is the observation window B through which nucleation of the
bubble can be observed, Visibility is maintained by a flood lamp above
the light window C, To compensate for heat loss from B to the surround-
ing, there is a durmy window from the chamber siivated diametrically
opposite the observation window (not shown).

Two main cooling devices exist in the boiling chamber, One is the
condenser F which serves to condense residual water vapor in the air
space left by previous boiling of the bubble, The condensate is
collected in a container and is dischargeable via a line to the waste
tank R,

The other cooling device is the important convection gensrator G,
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Fig, 2,1 .Legend,

Number 1 to 10
A

B

(@]

<« H O = O "5 3o

W ® O v O =2 =B O ==

H W = < o 93

valves

boiling chamber
observation window
light window

bubble entrance

cover oil reservoir
condenser

convection generator
supporting oil

cover oil

cover oil outlet

top thermocouple
bottom thermocouple
bottom heater

top heater

air pressurizer
pressure gauge
supporting oil reservoir
waste tank

flow indicator

supply water line
convection generator cooling lines
condenser cooling lines
neutron source

water bubble

fibre glass insulation

Diagram of experimental setup,

15



16

which is a hollow open-ended tube with a cooling ceil, sitting at the
bottom of the chamber as shown, In a heated chamber, a free convection
current is generated which circulates the supporting oil such that the
flow is radially towards the top of the generator, down through the
tube, and radially out at the bottom, In thkis fashion, the bubble is
kept in place radially in the boiling chambers, Vertically the bubble
can be located by adjusting the oil levels,

Both these cooling devices are fed by a supply water line T, The
condenser cooling lines V are led in from the top while the convection
generator cooling lines U from the the bottom of the chamber,

The cover oil reservoir E stores oil to be introduced into the
test region through the inlet J, Supporting mineral oil is introduced
from the bottom of the chamber from the reservoir Q, O is an air
cylinder for pressurizing the system. The pressure gauge P indicates the

pressure in the chamber,

2,2 Apparatus modification

In Bell's experiment, the position of the water bubble was kept
about 1/8" above a thermocouple L projecting up through the convection
generator G as shown in Fig, 2,1, The bubble temperature based on this
singular thermocouple measurement was later found by Bell to be incorrect

as there existed a temperature gradient in the field of the bubble
confirmed by a temperature plot in this region with the aid of a movable
thermocouple, Bell corrected the temperature measurements by subtracting
1°F from his data, This 74°F is based on an analysis in Bell's theses,

Bell used only a circumferential heater M to heat the system, Since
heat was lost from the chamber above the cover oil a temperature gradient

existed in the cover oil and hence the water drops, To set up an
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isothermal region at the bubble a second circumferential heater N was
added in this thesis to the upper part of the chamber, At the same
time, a second thermocouple probe K(top) was installed to read the
temperature at the top of the bubble, Both thermocouples were visible
through the observation window, The Chromel-Alumel type thermocouple
had been calibrated with reference to boiling water at atmospheric
pressure, The readings were recorded to +§°F by a Minneapolis-Honeywell
strip chart recorder, By switching connections to and fro, temperatures
measured by top and bottom thermocouples were registered alternately on
the strip chart to confirm isothermal bubble conditions., The latter was
also checked periodically for accuracy with reference to a Leed and
Northrup Type K-3 Universal potentiometer, With both heaters being
adustable in power, this arrangement led to good indication of an
isothermal field when K and L were in close agreement,

Another modification made was the material of the sheath of lower
thermocouple L, This was formerly a 1/8" 0/D, 1/16" I/D aluminum
tubing with the thermocouple bead pushed against the closed upper end.
In the course of preliminary investigation on the isothermal field
around the bubble with a third thermocouple, it was found that at about
200°F atmospheric pressure the third thermocouple while in the vieinity
of the tip of L gave a reading of about 1°F higher than L, This was
attributable to heat conduction down the sheath from the chamber to the
exterior, producing a temperature difference between the thermocouple
bead and the oil, Thermocouple thermal error is inevitable in such
temperature measurement, but this case is particularly pronounced since
the aluminum sheath with a high thermal conductivity of about 120

1

-1 - ~1
BTU-hr "-ft 1-OF is embedded in oil of conductivity about 0,07
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[ BTU-hr-1-ft-1-0F-1 ] only, An attempt will be made to estimate the
the error in Bell's data taken with the aluminum sheath in Chapter 4,
The aluminum sheath was replaced by a stainless steel sheath which has
a conductivity of about 10 [BTU—hr-i—ft'l-oF'ij and the thermal error
at the same conditions was then down to with %OF. It is noteworthy that
the error is also sensitive to the convection generator flow rate, as
the convective current encourages heat transfer through L, For the top
thermocouple K, no appreciable error was detected though an aluminum
sheath was used;

Another modification was the way the water bubble was introduced
to the chamber, Instead of an arrangement similar to the path E,2,J
of Figure 2,1, the bubble was put in by a thin glass syringe through an
entrance D, This eliminate unwanted water drops which often drained
down into the oil chamber from the old arrangements in the course of the
experiment,

The 0 to 100 psig Bourdon pressure gauge P had been tested by a
Refinery Supply Company Dead Weight Tester, The calibration graph,
Fig, 2,2, shows that the gauge reads 3-4 psi too low, Bell found that
the same gauge read 1-2 psi too high and corrected accordingly in his

work, The implication of this will be discussed later on,

2,3 Experimental procedure

A typical pressurized run will be described, After the apparatus
was checked to be in running conditions, oil was filled in the chamber,
With reference to Fig, 2,1 again, by closing valves 1 and 9 and opening
valves 10 and 6 supporting oil was forced up the charber, Covering oil

flowed in by opening valve 2, After the water bubble was carefully
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put in at the oil interface, the chamber was pressurized to the required
pressure by opening valves 9 and 10 and closing all other wvalves,
Heaters M and N were then switched on and adjusted to maintain isother-
mal spatial temperature field as the overall temperature rose on a
reasonable temperature ramp as sensed by K and L, With valve 7 kept
closed and valve 8 crack opened, a convection was generated, stabilizing
the bubble, The system was then left to attain its superheat, attention
being given to the heater adjustment and bubble position all the time.,
At a pre-determined temperature level close to but below the incipient
boiling point (either by reference to Bell's results or by a trial run)
the neutron source W was introduced and set close to the face of the
chamber outter container, Henceforth, watchful work determined the
superheat threshold of the bubble; a sudden burst or jump of the bubble

being indicative of boiling,

2,4 Experimental difficulties

A number of snags were encountered in the course of experimental
work, Apart from the mechanical failures in the hardware, work was
often delayed due to one of the following frustrating events,

(1) The pubble boiled well before the expected temperature range
because of foreign particles present inadvertently in the bubble,

(i) On occasions, it was necessary to change the supporting oil in
the chamber as its density had been decreased through repeated heating,
resulting in the bubble to submerge out of view,

(iii) Owing to reasons still unknown, at high temperatures of about
400°F and pressures above 50 psia, the bubble tended to drift out of

sight to the side chamber wall, in spite of a strong convection generator
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(iv) Also at conditions of (iii), there is a tendancy for evaporation to
take place from the bubble in the form of a stream of tiny steam bubbles
rising upwards, A result is that the bubble is set into slight motion
by the principle of momentum conservation, This may upset the super-
heat threshold and may also make the threshold less distinguishable
since at these higher temperatures and pressures the first indication of
boiling is a weak quiver without the bubble breaking up,

While (i) and (ii) are difficulties present for all experimental

work, (iii) and (iv) are dominant only in the fast neutron runs,

2.5 Experimenta]l Results of Present Work,
Table 2,1 shows data obtained for the fission fragment induced

boiling at four system pressures, Tgz¢ 1is the saturation temperature of
water at that pressure, Tt and Tb are the electromotive forces recorded
at nucleation by the top and bottom thermocouples respectively, in
millivolts, For chromel-alumel thermocouples, and with reference junction
at 32°F, these electromotive forces are easily converted to °F from
standard tables,

The average superheat temperature is T, and the amount of superheat
attained is AT. The mean values of each set of data are T, ., and ATpean,
with the standard deviation for Tpean being O, The values in parentheses
are those from Bell's work on which more will be said in section 2,6,

'No, of trials' is the actual total number of experimental attempts
made, Not all these attempts gave results because of experimental diffi-
culties mentioned in section 2,4, And out of the 'no, of results' as
tabulated in the table, some data represent cases where nucleation took

place too early due to such factor as foreign bodies present, These
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cases are underlined in the table, The number of data not underlined is
denoted by the item 'ususble results,' and these are used to compute ATmean
and Tpegn.

Table 2,2 shows data for the fast neutron case at two system pressures,
They are much more difficult to obtain as stated in the previous section
because of higher experimental superheats at the same pressure, TR; is

the temperature ramp in °F/min as recorded by the top thermocouple, and

TRy, by the bottom thermocouple, giving an average value of IR,

For a system pressure of 55 psia, the TR had been obtained by taking
the temperature trace on the strip chart recorder for the last one minute
history before boiling occurred., This ecriteria, even though is now
believed incorrect (compared to the one that will be mentioned in the
next paragraph) is used here because the traces obtained in the experiment
for 55 psia could not be interpreted in the other way, Only the last
minute ramps were fairly constant,

(2,p.168) showed

For a system pressure of 75 psia, Fig, VI,6 of Bell
that for 'a' at and below 12, there is a threshold superheat of about 77°F
below which there is not likely to be any boiling event at any finite TR,
Be11( 2sP¢151 ) showed that above about 77°F, the boiling event is a function
of the TR from that superheat (of 77°F) up to boiling, The plots in Bell's
Fig, VI,6 were actually obtained based on a constant TR for each boiling
event (for a particular 'a'), Thus if experimental results were to be
compared with theory (Bell's Fig, VI,6), the experimental results should
best have a constant TR from A T around 77°F, This corresponds to an
electromotive force of about 8,00 mv on the chart, In table 2,2 for 75
psia pressure, only the runs with TR 1,70 and 5,50 oF/min have fairly

constant ramps as well as being constant from 8,00 mv onwards, The run
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of TR 0,41 °F/min has a constant ramp about 10°F too late or at about 88°F,

The experimental charts are kept with N.E. Todreas (22),

Table 2,1 Fission fragment data of
Tso and that reported by Bell (in parentheses)

Pressure 14,7 psia 32,7 psia

Teat 2124 °F 255,8 °F

No, of trials 12 9

No, of results 12 6

Usable results 11 5

Temperatures ;; _;3 gF é;T A;;_ :5 gF é;T
Results 5.08 5,09 255,0 42,6 | 6,27 6,20 306,5 50,7

5.46 5,48 272,5 60,1 | 6.20 6,18 304,5 48,7
5.4 5.5 273.5 61.1 | 6,28 6,30 309,0 53,2
5.55 5.60 277,0 64,6 | 6,16 6,22 304.5 48,7
5.65 5.53 278,0 65,6 | 6,14 6,08 301,0 45,2
5.4 5,50 272,5 60.1 | 5.80 5.80 287,0 31,0
5.60 5,60 280,0 65,6
5.53 5.52 2754 63,0
549 5,62 2764 64,0
5.52. 5,54 2744 63,0
5.55 5.59 2784+ 66,0
5.47  5.57  275.4+ 63.0

A Tmean 63.5 °F (55.1) 49,3°F (39,0)
Tmean 27509°F (26705) 30501°F(29"'|8)
T (Tpogn) +2,09F (0,3) *+ 3,0°F (0.5)




Table 2,1 (Continued)
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Pressure 53.7 psia 74.2 psia

Toat 285.5 °F 306.9 °F

No, of triels 8 10

No, of results 7 8

Usable results 5 6

Temperatures ;1.; _;‘s gF gF T ;’; 33 gF QF T

Results 6.50 6.5 3195 3%.,0| 6, 9% 6,98 339.0 32.1
6,67 6,62 325,0 39,5| 6,83 6,88 33,5 22,6
6,43 6,35 313.5 28,0| 6.96 6,91 340,0 33.1
6,70 6,57 324.6 39.4 | 7.02 6,98 /1,0 .1
6.61 6,56 322,5 37.0 | 7,07 6,99 3M2.5 35.6
6.66 6,60 324,5 39,0 | 7,08 7,00 343,0 36.1
6.75 6,70 329,0 23,5| 6,86 6,8 33,0 27,1

7.03 6,97 31,0 3.1

A Tpean 38,7°F (29.5) 34,2F (24,6)

Tnean 324 ,29F(315,0) 31.,1°F (331.5)

T (Tpean) +2,59F( 0,7) 2 4°F (0,6)
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Table 2.2 Fast neutron data of Tso

Pressure 55 psia
Tsat 287,1 °F
No, of trials 11
No, of results L
Usgble results 2
Ty Ty T T szm TR
m_ omv °F °F OF OFJmin OF /min
Results 7.45 7.15 348 51 - - -

8,09 8,06 389,5 102.4 1,30 1,90 1,60
6.80 6.80 1332 45 - - -
8,32 8,00 393.0 105.9 0,80 1,90 1,35

A Tpean 1.06.2 °F (106.5)
Tmean 391.3 OF (393.6)




Table 2,2 (Continued)

Pressure 75 psia
Tsat 308,0 OF
No, of trials 24
No, of results 9
Usable results 3

Ty T, TR TR
v nv F OF °F7min OF/min °F/min

Results 7,03 7,00 W2 0B em em -
7,00 740 350 42 e= e -
7.20 7.0 35 46  -- - -
7,50 7,30 404 51  e=  em  em
7.60 7.60 368 60 - = -
8,27 8.24 397,5 89,5 042 040 0,41
8,20 8,20 395 87 2,10 1,30 1,70
7.35 7.35 357 49 - - -

8,35 8,15 39?7 89,0 5,50 5,50 5,50

A Tmea.n 8808°F ( 8904)

Tnean 396.8°F (397.5)
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2,6 Re-interpretation of Bell's Data

The one condition Bell made on his own data is that due to non-isother-
mal field and this he did by an analysis which resulted in subtracting 7,5°F
from the superheat threshold temperatures he obtained,

In this thesis, this effect was corrected by addition of heaters to
create an isothermal field, However, since several changes were simulta-
neously made in the apparatus and data, it appears prudent to to re-inter-
pret Bell's data by identifying each correction independently, Thus, we
have three corrections on AT and one correction on TR (temperature ramp)
as follows:-~
AT - correction(i), Bubble in Bell's runs was not in an isothermal field
AT - correction(ii). Thermocouple sheath error, Bell's data was recorded
by a thermocouple reading lower than 'true,’

AT - correction(iii), Pressure gauge reading difference of 5 psia as
mentioned earlier,

TR - correction(i), In the case of fast neutrons in water, the temperature
ramps reported by Bell are based on varying lengths of time and temperature
intervals before boiling, As mentioned in section 2,5, it is now thought
more accurate to base the TR on an average basis (provided TR variation is
not too drastic) from the temperature recording of about 8,00 mv or AT of
77°F (see section 2,5) onwards, (This 8,00 mv is only applicsble for 75psia
system pressure), Hence the TR should be re-interpreted, if necessary, from

Bell's experimental charts.(ZZ)

2,6,1 Fast neutrons, Table 2,3 presents a re~-interpretation of Bell's
data for fast neutrons in water at 75 psia system pressure, Similar tables

could be compiled from Bell's temperature charts for 55 psia and 95 psia,
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the other system pressures Bell worked on,

Table 2 Re-in retation of Bell's fast neutron data

Pressure = 75 psia;  Tgat = 307.6°F

A B c D E F G
TROF/min _ TR OF /min AT OF AT OF AT °F
run reported interpreted reported reported colum E
no, by by Tso Status by Bell. by corrected
Be11{2) TR-correc- Uncorrected Bell by Tso
tion(i) (=7.5°F) A T-correc-
tion(44i)

27 0.09 0.09 *x 984 90,9 %,0

5 0,30 0.30 * 9 b 86.9 90,0

2 0,38 0.38 ** 98,4 90.9 %,0
26 0.41 0.41 l %.9 87 4 90,5

L 0,50 0.50 * 98.4 90,9 9%,0

6 0.33 0,58 ok 974 89,9 93.0

7 0.60 0,60 *k 98,4 90,9 %,0

25 0.95 0.95 ** 102.9 95.% 98.5

19 0.95 0.95 ** 102,9 95.4 98.5
23 1,10 1,10 ** 104,9 97.4 100,5
22 1.10 1.10 * 104,9 97.4 100,5

1 1,20 1,20 ok 100,4 9%2.9 96.0
21 1,30 1.30 ok 103.4 95.9 99.0

7 0,40 1,30 ok 97 .4 89.9 93.0

io0 1,50 1,50 s 107.9 100,4 103,5
20 1,30 1,70 *hk 101.4 93.9 97.0

11 1.90 1,90 *x 107.9 100,4 103.5
24 1,90 1.90 ok 103.9 96 .4 99.5

8 2,10 1.90 hk 114,9 107.4 110.5

16 1,70 2,00 ok ok 104,54 96,9 100.0
21 2,00 2,00 *kk 105,9 98,4 101.5

9 1,60 2,30 k¥ 115.4 107.9 111.,0

14 2,30 2,30 ok 1014 93.9 97.0

i3 2,40 2,40 ** 102 .4 9%,9 98.0

18 2,50 2,50 ¥ 110.4 102,.9 108,0

17 2,00 2,70 ** 102 4 102 4 98,0

12 2,80 2.80 k% 106,4 98.9 102,0

* Ramp not constant
** Fairly constant ramp--but not extending from AT = 77°F
**¥*Fairly constant ramp and extending from AT = 77°F

(22)

Column A gives the run number as marked on Bell's charts + Column
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B shows the TR as reported by Bell, while columm C lists the TR as
interpreted by TR-correction(i), The status as marked in column D
indicates how good the data in column C are, as explained at the end of the
table,

The entry *** indicates the best data, Data with the entry * will
be discarded for comparison with theory on TR, The data are arranged in
ascending order of the TR magnitude in column C,

The amount of superheat above the saturation temperature (Tsat) are
given in colums E,F, and G as AT, Column E indicates values reported by
Bell uncorrected, Column F are values reported by Bell but with his 7, 59F
correction made, In colum G, AT-correction(iii) of above is made, which
is simply colum E minus 4,4°F (Tga4 at 80 psia minus Tg,y at 75 psia),

In figure 2,3, the data marked are for a TR of 1.7 °F/min, the only
ramp which is common between Bell's data from Table 2,3 amd data from the
present work, Table 2,2, On Table 2,3, this is shown in run number 20,

As a comparison, Fig, 2,3 shows that there is a 10°F difference in super-
heats attributable to A T-corrections(i) and (ii), For a different IR,
this difference would be different so that this 10°F difference cannot

be applied confidently to each of the other data collected by Bell,

2,6.2 Fission Fragments, For fission fragments in water data, only
the three A T-corrections are applicable, as no TR is involved, Table
2.4 with associated notes shows a re-interpretation of Bell's fission
fragment data for the same four system pressures as Table 2.1,

Fig, 2,4 shows results from Tsble 2,1 and Table 2,4 plotted as AT

versus system pressure,
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Table 2,4 Re-interpretation of Bell's fission fragment data

X Y A
Pressure = 14,7 psia
A Tpean 62,6 55.1 62 ,6*
Tmean 275.0 267.5 275,0%
T (Tpean) 0.3
Pressure = 32,7 psia
A Tnean 46,5 39.0 38,3
Thean 302,3 294,8 302.3
T (Tpoan) 0.5

Pressure = 53,7 psia

TAY 37.0 29.5 31,0
Tnean 322.5 315.0 322.5
T (Tpean) 0.7

Pressure = 74,2 psia

ATpean 32.1 | 24,6 27,8
Tmean 339.0 331.5 339.0
T (Tpean) 0.6

A1l data in OF
Colum X = Raw data reported by Bell (A)
Colum Y = X corrected by -7,5 °F only (A)
Columm Z = X corrected by pressure gauge error (A T-correction(iii)) only
values are for pressures 5 psia higher than stated pressures( ™)
* = No gauge error here since chamber opened and gauge not used
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Chapter 3

Theoretical Considerations

3.1 The Energy Balance equation

postulated that a roughly cylindrical length of
vapor would be formed along the radiation path in water due to energy
deposition to the water, Fig. 3.1 shows a typical situation, The

cylinder radius is less than 508, and it is assumed that the cylinder

L VAPOR
‘ CYLINDER
A ' B8
[
ELECTRONIC
ENERGY ENERGY TRANSFER
Loss \DOM!NANT
NUCLEAR
[9&; ‘ ELASTIC
da COLLISIONS
DOMINANT
0 AI Az
DISTANCE A

Fig, 3.1 Typical energy loss for a heavy charged
particle interacting with matter (From Bell),

would break up into small lengths L before forming the more stable
spherical embryos of radius r, If radiation induced nucleation equation
(1.1) is satisfied, then r = r*, the critical radius, Bell theorised
that (%*) £ a, a constant of 6,07 based on a certain criteria for

sperical nucleation (2,p.198 ).

The energy of formation of an embryo is made up of several components,



34
. s LoL *33
The enthalpy change from liquid to vapor form is —3-1[(1‘ gvhfg’ where
é?v is the density of the vapor state in [ib-ft'BJ and hfg is the
-1

specific enthalpy change by evaporation in [BTU-lb 1 . The change

*
in free energy can be represented(z' p.69 ) by the term %4[&*?. @yélé,

k&

where(Pv ) is the vapor pressure at critical conditions, and b the ratio
of the pressure difference across the embryo interface to the vapor

pressure, With reference to Fig, 3.2,

£ 3
P, 7+ P, - P
p =(r équ; £ (3.1)
v

where ?f and Pg are the liquid and gas pressure respectively, and in
units of [1br-ft72] .
The energy losses by way of dissociation of water due to radiation

can be approximated(z’ p'12L")by the expression

QAE G(H.) |0°
N

. fws""””““~m“1//// where Q = 90,3 (Keal)(mole H2)-1

- F} - - ) (”mmhzumh o AE = Energy available from radiation

G(Hy) = yield = 1,8 (molecules)(100ev-1)
N= Avogadro's number

If we now neglect the energy of

expansion losses from the hot cylinder

by way of heat conduction and viscous

(19

flow ), equation (1,1) may be written

Fig, 3.2 Equilibrium of a
critical embryo
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as
Auy*dp* *3 QAE G(Hz) 10°©
3 _ZL"“’%T" /I);%fj t V% ) = AE
(3.2)
Now, from Fig, 3.1,
sp =5y tL=sg + a(r*) (3.3)
also E = E(sp) - E(s1) (3.4)
Combining equations (3.2), (3.3) and (3.4),
b
4 [ B2 4P h ] = [Euarr) - ] t- QGTff“Lw‘J
A (3.5)

Now apart from the endothermic production of hydrogen gas, the
presence of the hydrogen gas also reduces the vapor pressure (and there-
fore superheat) requirements in the critical embryo, Thus from Fig, 3.2

the equilibrium condition for a eritical embryo is
* *\2 *
((r, ) +P, - PI)TL'(r ¥ =v2n(r)

or (P,") + P, - F, = 2% (3.6)

(**)

Here, ¥ is the surface tension in [1bf-ft-1] .

Using equations (3.1) and (3.6), equation (3.5) becomes
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6
45t [ Yy + Gy ] = Ecatart) - a)][ L- Q/G‘ﬂﬁ)lo ]
(3.7)

This is the basic Energy Balance Criterion to be applied to radiation

induced nucleation,

3.2 Energy Deposition Rate in Water

It is next required to find the energy deposition rate of the
radiation in water, The average energy deposition rate over the energy
range E(sl) to E(sp) is

| E(4.)

d€y _ !

(%), = ——— £) Je
Et4.) -E(a)) d4
E(4)

= E()-E@)  _ E(4)-E(4)
Ay~ A, ar¥

) L_ £ - E(A')]z _ E(4)

. ar* (j’ZE)C/E C38)
Etay

For radiation partieles such as fission fragments, primary knock-on
oxygen atoms, and alpha particles, and over the energy range considered
in this work, it is justifiable to apply the usual classical theory of
heavy charged particle interaction with matter, The following expressior

(18)

is modified from Segre
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 dE 4ret 2 2 ’ 1123 m,\/3
=== ——(Z) Y 2
2 . ' .
N d Mov ?ff A 24 1’1 (IAldt)et(zl):f{
£=H,0
we*, ., 2 U a*).
+ &Vz“ (Z1)yg E V: 2 g | MM V€, (3.9)
M; (Mu"'Ma{) Z,Z;e‘
4cH,0

where e charge on an electron

m0 = electron mass

V = veloeity of the incident particle

(Zl) ¢¢ = offective charge on the incident particle = (Z )1/ 3 ('.r.l.‘.’.)
e 1 el
21 = atomic number of the incident particle
Z:.L = atomic number of the i'h atom in the stopping medium

(zH=1; Zo=8)

Y; = number of 1™ atom per molecule Vg=2; Yg=1)
I; = mean ionization potential of the jth component,

(IH =15.5; I, =100, from Evans( 6 ))

mass of incident particle in am

>
"

Mj = mass of 1B atom (Mg =1 amu; My = 16 am)
¢i§’ = impact parameter = @p/ [ (2, 23 4 (Zi)Z/B ] 1/2

Ap = radius of first Bohr orbit for hydrogen atom = 0,5291x10 Cem

i = Planek’s constant divided by 2® (ke = 1.9732x10-11Mev-cm)

number of molecules of stopping medium per unit volume

(NP 1)/M, M = molecular weight of water
= 0.3%7x1023 0, [ #-om3 ]
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Equation (3.9) will be evaluated for particular cases and inserted

into equation (3.8),

3,3 Fission Fragments in Water at Low Pressure Range

For fission fragments in water, equation (3,9) becomes, to a good

approximation,

dE - M
dE = (0, 3.620 x 10" 1n(0.0549 E) (3.10)

118)and has

where the light fragment only need be considered (2, p.
characteristics of 21 = 38, A = 97, and initial energy of 95 Mev have
been used, The energy deposition to water through nuclear elastic
collisions has also been neglected.(z’ p.117)

The corresponding equation (3.8) after integrating and inserting

the appropriate unit conversion factors, is

2
[E(Az) - 95 Me\rJ

= _a% G (z440x10%)

. - 2, 1) - B 2 *+P"P
61.75 - EC) £n E(4:) - 3900E(42) PI+P-F 11)

Note that in equation (3,11), use is made of equation (3,6), and that

o is in [ 1bf-£t ] , (31 in [10-tt73], and pressures in [ wr-rt™2] .
Bell has developed a computer program to calculate the superheat

threshold in the pressure range of atmospheric to 100 psia, the details

of which are found in his work.(z’ P.122) Basically it is an iterative

process to find a system temperature that satisfies equation (3.10) and

(3,6). The final results involve three variable, viz,, the system

pressure P7, the system temperature T; and the parameter a, with a and
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P, considered independent variables, The theoretical results are plotted
and compared with experimental data in Chapter 5,

It is noteworthy that the above iterative process requires the
physical properties.(vapor pressure, liquid and vapor densities, surface
tension, and enthalpy change by evaporation) of water to be known over
the pressure (and hence temperature) range considered, These have been
obtained conveniently through empirical relations as given in Appendix C,

A typical computer program for the above calculations is included
in Appendix F, The program is for fission neutrons in water at PWR

conditions, but the fission fragment programs are very similar to it,

3.4 Fast Neutrons in Water at Low Pressure Range

In the case of the Pu-Be neutrons in water, the main mechanism of
energy loss to the water is by way of primary knock-on oxygen atom (PKOA)
in water, The energy of a PKOA, J y can be expressed by the usual

(7)

elastic scattering theory as

I =4m1- GEPP]( - coso) (3.12)

where En is the neutron energy, A the atomic weight of oxygen, and
the angle the neutron is scattered in the Center of Mass frame of

reference, For a maximum J ’

J max = 0.22En (3.13)

The energy loss in this case is, from equation (3,9) with Zy = 8,

M, = 16,
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dE _
<= ()l 1,282 x 10* In 0.5591E (3.14)

Equation (3.8) reduces to

2
Az, -
[E)-T] = ELL(I-M!GXIO’*)
Tl - BV Ech) - 15010 J -E¢)]  B'+P R
(3.15)

where B(sy) has been retained as J . The primary knock-on energy of
protons in water has been shown by Bell(z’ P.252) to be of less importance
because of the relatively low energy deposition rate, Calculations
leading to equations (3,14) and (3.15) are given in Appendix E,

It might be thought that J in equation (3.15) is simply J . of
equation (3,13), with E being the maximum energy of the Pu-Be neutron
spectrum, But, because of the low number of neutrons at the high energy
tail, whether the highest energy neutrons are effective in causing nuclea-
tion would depend on the experimental conditions, The production rate of
highest energy PKOA depends on the intensity of the neutron source as
well as on the temperature ramp of the system,

For the present experimental conditions, Bell has developed a theore-
tical relationship between the minimm participating primary knock-on
energy (that primary knock-on energy at and above which will contribute
to nucleation) and the temperature ramp of the system, For a temperature
ramp of 4°F/min, as is aimed for in the experimental work, this minimum
participating primary knock-on energy is 2,12 Mev, Thus J =2,12 Mev
in equation (3,14),
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As in the fission fragment case, Bell has calculated the superheat
threshold over the range of atmospheric pressure to 100 psia, for various
values of a, The same empirical formulae for physical properties of
water are used, The theoretical results are plotted and compared with
experimental data in Chapter 5,

3.5 Application of Theory to Rediation Induced Nucleation in PWR's

3.5.1 Fission Neutrons in Water under PWR Conditions, In an
attempt to study radiation induced nucleation in the FWR, radiation
induced by the fission neutrons is first considered, The same energy
depostion rate expression and energy balance equation as used in sectlion
3.4 is spplicable here, However, two of the empirical formulae for
physical properties of water (enthalpy change by evaporation and surface
tension) must be altered to accommodate pressure in the region of 2235
psia, This is done in Appendix d.

The fission spectrum, as given in Glasstone and Sesonske(7 ) or
Kaplan(io) has an energy distribution between 0,025 Mev and 17 Mev with
a maxirum in number at around 1 Mev, This distribution is assumed to
prevail in the coolant in contact with the fuel elements in the PWR by
neglecting any effects the thin cladding material msy have on the fission
spectrum,

An immediate difficulty in applying the theory developed so far to
predict radiation induced nucleation is to decide what value of J to
use in equation (3,15), The minimm primary knock-on energy cannot be
determined as mentioned in section 3,4 because there is essentially zero
temperature ramp in the steady-state PWR, and the theory would argue
nucleation at the saturation temperature in all cases, This difficulty



Table 3.1 Theoretical Results for Fission Neutrons in Water

a=6,07
17 Mev neutrons

a = 6,07
9,55 Mev neutrons

a = 3,70

17 Mev neutrons

System Sressure g;t. Temp, AOT

1bf-ft~ F
302400,0 642,920 1,080
309600,0 646,330 0.890
316800,0 649,640 0,750
324000,0 652,900 0,610
331200,0 656,090 0,500
338400,0 659,230 0,390
5600,0 662,310 0,300
302400, 0 642,920 3,260

309600,0 646,330 2,870
316800,0 649,640 2,540
324000,0 652.900 2,200
331200.0 656,090 1,900
338400, 0 659.230 1.610
345600,0 662,310 1.350
302400,0 642,920 1,750
309600,0 646,330 1,480
316800.0 649,640 1.270
324000,0 652,900 1.070
331200,0 656,090 0,900
338400,0 659.230 0.730
345600,0 662,310 0,590

Superheat
Temp, °F

644,000
647,220
650,390
653,510
656,590
659,620
662,610

646,180
649,200
652,180
655,100
657,990
660,840
663,660

644,670
647,810
650,910
653,970
656,990
659.960
662,900

42
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has not been resolved in the present work,

Nonetheless, to have some idea of how the energy of the neutrons
would affect nucleation in the FWR, Bell's program is again used, A
typical program run is given on Appendix ¥, Table 3,1 tabulates results
for three cases-~threshold superheat for 17 Mev neutrons with a = 3,70
and a = 6,07, and for 9,55 Mev neutrons with a = 6,07, These results
will be plotted and discussed in Chapter 5,

3.5.2 Neu P es _in Water under PWR Conditions
Another possible source of radiation which induces nucleation in the PWR

coolant is the (n,o ) reaction on Boren, the latter bei.ng added in the
form of boric acid for chemical shim control in the PWR, The reaction
is exothermiec,

B0 4 nl o [ 1) s S1a” 4 He* + 2,793 Mev

The energy deposition to water is here considered to be due to the
alpha particles emitting from the (n,® ) reaction, Hence equation (3.9)
is again applicable, and is calculated (with Zy =2, 4 = 4) to be

:7’% = Pl 5,090 x 10° 1n 3,5495E (3.16)
where again the energy deposition to protons has been neglected, Eguation
(3.7) becomes

2
[ Etey- £ca)] —  aq (O (491107
B0 du (1) - EC4) bu Eets) + 0-267[ Eca) - £(4)] R¥+P;- Fy

(3.17)




With equation (3,16) and (3.17), a computer program very similar
to that used in section 3,5,1 and given in Appendix F may be used to
find the threshold superheats, provided suitable values for E(sq) are
taken, Here one is confronted with exactly the same difficulty as
mentioned in section 3,5.1.

From Ews'ans(6 ) the kinetic energy of the alphe particle, E3, may

be expressed as

vi

[E = YMMSE o5 6 + \/M-MLE. cos® 4+ MsQ + E(Me-M)
3 My + M, M3+ Mo)? (M + Ma)

(3.18)

where My, E; = rest mass and kinetic energy of incident neutron
M3 = rest mass of alpha particle
M = rest mass of 3Li7
Q = "Q" value of the reaction = 42,793 Mev
6 = exit angle made by alpha pa.fticle with direction of

incident neutron measured in the Laboratory frame

of reference,

1
the two extremes of © = T/2 and © = 0, corresponding to minimm and

The relationship between E3 and E, is plotted on Fig, 3.3, showing

maximm energy transfers respectively, To have some idea of how this
(n,« ) phenomenon could affect nucleation in the PWR, three specific
cases are considered--nucleation due to the action of 17 Mev, 1 Mev, and
0,025 Mev neutrons, From Fig, 3,3, the alpha particles energies corres-

ponding to the maximum energy transfer of € = 0 are 17,3 Mev, 2,95 Mev
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Fig. 3.3 Relationship between incident neutron energy and emitting alpha
particle energy,



Table 3,2 Theoretical results for neutron induced

a=6,07
17 Mev neutrons

a=6,07

1 Mev neutrons

a=6,07
0,025 Mev neutrons

alpha particles in water

System Pressure g;t.Tbmp.

1bf-ft=2
302400, 0
309600,0
316800, 0
324000, 0
331200,0
338400, 0
345600,0

302400, 0
309600, 0
316800,0
324000, 0
331200,0
338400,0
345600,0

302400,0
309600,0
316800,0
324:000,0
331200,0
338400,0
345600, 0

642,920
646,330
649,640
652,900
656,090
659,230
662,310

642,920
646,330
649,640
652,900
656,090
659,230
662,310

642,920
646,330
649,640
652,900
656,090
659,230
662,310

AT
Op

0.380
0,280
0.210
0,150
0,100
0.050

0.010

0,830
0,670
0,560
0,450
0,360
0,270
0,190

k.390
3.970
3.610
34260
2,940
2,630
2,340

Superheat
temp, ©F

643,300
646,610
649,850
653,050
656,190
659,280
662,320

643,750
647,000
650,200
653,350
656 450
659,500
662,500

647,310
650,300
653,250
656,160
659,030
661,860
664,650
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and 1,87 Mev respectively, Hence E(sq) is put equal to these values in
the program, The results are tabulated in Table 3,2, 'a' has been taken
as 6,07 throughout, These results will be plotted and discussed in
Chapter 5.,
It is noteworthy that for values of a > 6,07, the corresponding
superheat would be decreased, And conversely a higher superheat for

a < 6,07,

3.6 Mongnergetic Neutrons in Bengzene at Low Pressure Range,

In the course of a literature survey, it was found that other
investigators had worked on radiation induced nucleation in some organiec
liquids, Becker( 1) worked on diethyl ether, and El-Nagdy( 5) considered
neutron-induced nucleation for 2,45 and 14,1 Mev in acetone and in
benzene, It was decided then to apply Bell's theory to such liquids and
compare the results with these investigators, However, within the limited
time for the present thesis work, only the physical properties of benzene
were completely obtained for use in calculating threshold superheats,

This section will consider neutron induced nucleation in pure
benzene in the pressure region of 0 to 100 psia, The bengene ring
structure, being composed of covalently bonded Cgllgy may for the present
purpose considered free carbon and hydrogen atoms, The bond energy of
each member atom is of the order below an ev,

The main mechanism of energy loss by neutrons in benzene is by
primary knock-on carbon atoms (PKCA) in benzene, The energy of a PKCA
Je, can be evaluated with equation (3,12) to be JC = 0,142En(1-cos ©)

Maximised with respect to 6 ,

Jc = 0,284En (3.19)
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En is again the neutron energy used,
The energy loss of the PKCA in benzene can again be found by

equation (3.9) by taking Z, = 6, 4 =12, and suming over i = 6C and
6H, The final result is

E - O (1.025x 16" 1n 0,9508) + 13 10 12308

Again to a good approximation, the energy loss to protons may be neglected

(.. 1 = 6C only), Then,

dE  _ b
i (] 1.025 x 10" 1n 0,9450E (3.20)
Equation (3,8) becomes
[E@.)- T, Jz — ag(?, (1oooxic*)

T B T, - EC) IuE(ay) - l-0565[ T, - EC4)]  RX+Py-Fy
(3.21)

Mononergetic neutrons of energies 2,45 Mev and 14,1 Mev are
separately considered here (as per Becker( 1 )) so that J ¢ from equation
(3.19) are simply 0,695 Mev and 4,00 Mev respectively,

Using a modified Bell's program, the threshold superheats for
benzene for the above two neutrons energies were obtained, as a function
of the 'a', A typical program run is found in Appendix F, Physical
properties of benzene over the required pressure range is given in
Appendix D, Fig, 3.4 and Fig. 3.5 show the results,

The spread in the curves for 2,45 Mev neutrons as in Fig, 3.4 seems

to be very narrow, with respect to values of a, In contrast, in Fig, 3.5,
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the results for 14,1 Mev neutrons has a fairly good spread, like the
results for water considered in this chapter, However, in Fig, 3.5
there is an upper limit of a in the vicinity of a = 4,62, Higher values
of a did not yield any result from the computer program, These behaviors

are not understood at present and further investigation is necessary,
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Chapter 4
Thermocouple Correction

An attempt will be made here to assess the temperature error present
when the bottom thermocouple sheath is of aluminum and of stainless steel
material, The analysis is based on an article by Rizika and Rohsenow(ié)
The assumption made are that the system is in steady state, the thermal
conductivity k and the film coefficient of heat transfer h of the sheath
are uniform and constant, and the end effects of the sheath are negligible,
and the oil in the chamber has uniform temperature (see Fig. 4.3). These
are valid since a more uniform thermal field is created in the oil by the

addition of the top circumferential heater,

4,1 Analysis of Problem
Fig. 4,1 shows the thermocouple sheath of length 1, submerged in

supporting oil in length 1j. Considering the heat balance on an elementa-

ry length dx with outside surface area dA,
q(da) = q(x + ax) - q(x) (&,1)

Now, q(x) = -kS %%, Fourier conduction law with S being the cross-
sectional area of the sheath, Therefore, q(x + dx) = -kS %k(T + %%dx).
And in air, q(dA) = hy(T,-T)Pdx, while in oil, q(dA) = hy(T-T)Pdx,
where h, is the film coefficient of heat transfer between the air and the
sheath, h; the total coefficient of heat transfer between the oil and the
sheath, P is the perimeter of the sheath, and T,, T, are the temperatures

f
of the ambient air and oil respectively. These equations may be
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Fig, 4,1 Thermocouple notations

substituted into equation (4,1) to yield the following two linear

equations,
& (p.1) - (P)T-1,) =
In o & (r- 1) - BE)r-1p) =
oil, G2 T - Tp) = (BT - Tg) = 0

The solutions of equations (4,2) and (4.3) are
(T - T,) = Cq exp(Byx) + Cp exp(-Byx)

(T - Tp) = Cq exp(Byx) + € exp(-B;x)

(4.2)

(%.3)

(u.u)

*.5)
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Fig, 4,2 Parameters plot in thermocouple error analysis
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with = [hoP/(kS)}%

ow
I

o
]

i
= [nsP/Ge) ]2
Applying the boundary conditions,
d
x =0, d—;(T-Tf)=0

x=1, LA(1-1,)=

|
o

;o T =T for equations (4,4) and (4.5)

_%;(T - Tf) = E%(T bl Ta),

L1}
(e

and then substituting x (whence T = Tj, the thermocouple junction

temperature) and 1+ 0, the following final expression is obtained,

Tp = T B, -

Tf_TPJ = [ E—:E sinh(B41l5) + cosh(Bsls) - 1] 1 ».6)
o

A plot of equation (4.6) is given on Fig, 4,2 with the dimensionless

variables [ (T¢ - T3)/(T5 - Ta) ], Bjly, and (hi/ho).

4,2 Heat Transfer Coefficients

Before the temperature difference (T - T j) or A T can be evaluated,
the various heat transfer coefficients must be determined, The
evaluation of these coefficients involves property values of the oil
which are functions of temperature, as well as A T, so that a trial and

error method is imperative,
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Two levels of temperature will be considered, namely 300°F and 400°F
corresponding respectively to the temperature ranges of the fission

fragment and the fast neutron cases considered in Chapter 2,

(1) he. The film coefficient of heat transfer between the o0il and the

sheath,
According to p.172 equation (7-4b) of MeAdan(12) the expression for

free convection over vertical cylinderw in laminar regime is given by
Nu = 0,59(crPr)* ®.7)

where Nu is the Nusselt number, Gr the Grashof number and Pr the Prandtl

number, Equation (4,7) may be written as

3p2 Y4
he = 0'59& 1‘@ 14 AT Pr (.8)
s Lepery)

where 1, is again the length of sheath in o0il, k the thermal conductivity
of oil, f; the o0il density, g the acceleration due to gravity, /% the
coefficient of volumetric expansion and‘/g the oil viscosity, Table

4,1 tabulates these values for oil€15)

In the 300°F region, equation (4.8) reduces to

h, = 11.,2(A T)% %.9)

[+
and in the 400°F region,

L
h, = 13.8(AT)* (4,10)



Table 4,1 Quantities for equation 4.8)

Quantity Units 300°F 100°F

ke BTU-hr-1-rt-1.0F-1 0.073 0.0725

Ps 1b-£t > 52,8 49,5

OR"i 0 ’-l' '3 % '3

(3 £ M5 x 10 046 x 10
Mt 1b-hr~1-rt-1 3.0 1.2

Pr dimensionless 22 9

1, £t 0.271

g ft-hr~? 4,17 x 108

(i1) hr' The radiation coefficient of heat transfer between the oil and
the sheath,

This may be approximated by the relation

(T o T-L") 2 2
h, =T -_f.—__J— =T (T, + T, NTg + T3) (4.11)
(Te TJ)

vhere T = 0,1723 x 1078 [ Bru-£t2-nr-°R" | , the stefan constant,

(iii) ho' The film coefficient of heat transfer between air and the
sheath,

A procedure given in McAdams, pp.173-174 is used to find ho. First,
the film temperature Thr', as indicated in Fig, 4.3, is calculated to be
126°F and 151°F, based on T, = 68°F and T3 = 300°F and 400°F respectively.

Then from p,i74, Fig, 7-8 of McAdam, the values for the quantity

[ @IZ(K; CP]
A kf
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Fig, 4,3 Thermocouple temperature profile—idealized,

6 6. -3 one
are found to be 1 x 10  and 0.9 x 10 [£t3-°F1] , Next, (GrPr) is
4 9
evaluated for both cases and found to lie within the range of 10 -10 ,
so that equation (7-5b) from the samereference is used for ho. Namely,

At
hy = 0.29(7 - (&.12)

with T, as 68%F, hy is found to be 1,32 and 1.4 [BTU-hr  -£tZ-%F! ]

for T; = 300 F and 400 F respectively.



4,3 Evaluation of error,
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An assumed value for AT is taken as 1, 5, 10 and 20°F for each of

the two temperature regions, hg is thus evaluated with results shown in

Table 4,2, using equations (4,9) and (4,10), In calculating h, from

equation (¥,11), equal intervals of temperatures are taken above and

below 300°F (or 400°F) for Ty and T3, From Table 4.2, it is seen that

h, is a weak function of AT,

hy, the total coefficient of heat transfer between the oil and the

sheath, equals the sum of h, and h,. Bjlj, as defined in equation (b.4)

and (4,5) is also tabulated under separate columns for aluminum (Al) and

stainless steel (S.S), The last column give the AT as predicted by

equation (4.6), T, has been taken as 68°F,

As-

sumed

AT Tg Ts he hy h; N, (ﬁ) (Ei) B.l']—.-L Pze;d%;ted
% %% %8 [pru-hrloget2.%11 "B’ B’ 5795, m s.s.
Region of 300°F

1 3008 299% 11,2 3,04 14,2 1,32 10,8 3,28 1,69 5,8 22,4 0,31
5 302% 297% 16,7 3.04 19,7 1.32 15,0 3,87 1,99 6,90 14,0 0,10
10 305 295 19,9 3.03 21.9 1,32 17,4 4,17 2,14 7,45 11,0 0,05
20 310 290 23,8 3,02 26,8 1,32 20,4 4,51 2,32 8,04 8,7 0,03
Region of 400°F

1 3008 2995 13.8 4.4 18,2 1,44 12,6 3.55 1.91 6.62 21,6 0,20
5 3024 297% 20,6 4,4 25,0 1,44 17,4 4,17 2,24 7,77 144 0,05
10 305 295 24,4 44 28,8 1,44 20,0 4,47 2,41 8,31 11,3 0,03
20 310 290 29,3 44 33,7 1.4 234 4,8 2,60 9,02 8,7 0,014

Table 4,2 Tabulation

for equation (4,6) solution,
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Fig, 4.4 and Fig, 4,5 show plots of the assumed AT against the
predicted A T, The intersections of these curves with the 45° 1ines
indicate that for the aluminum sheath, there is an inherent error of about
11°F to be added to the experimental thermocouple readings, Based on the
above model, the error seems to be fairly insensitive to the system temper-
ature over the temperature region considered, For the stainless steel

case, the errors are well below 1°F and hence are not of any concern,
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions

5.1.1 Fission Fragments in Water, Fig, 5J) shows a comparison of
theoretical and experimental superheat thresholds for fission fragments
in water, with data taken from Tables 2,1 and 2,4, Data from present
work indicate a value of a = 3,5 to 4,5, This data from the present
work is most reliable since
a) All the known errorsin the experimental set up were corrected, and
b) There were no special difficulties in performing this experiment
(see section 2,4) so that sufficient data were collected at each system
pressure,

Therefore, if "a" were to be accepted as constant, a value of a = 3,7
seems appropriate,

In considering the atmospheric pressure run, the closeness of
present work data, @ , and Bell raw, A, may be an indication that the
A T-corrections(i) and (ii) (isothermal and thermocouple sheath) cancel
off each other very nearly. This supports the thermocouple error analysis
result of plus & 11°F and Bell's isothermal correction of minus = 7,5°F,
However, in the other three runs where a pressure gauge was used, the
A T-correction(iii) (gauge) do not seem to support the above, Perhaps
the basis of the 5 psia gauge correction to Bell's raw data is question-

able,
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Fig, 5,2 Comparison of Theoretical and Experimental Superheat Thresholds
for Fast Neutrons in Water—I
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5.1.2 Fast Neutrons in Water, As there are many uncertainties in
the fast neutron data of Bell, and there is insufficient good data
from the present work, an attempt is made to correct for each forementioned
error in Bell's data, Fig, 5.2 and Fig, 5.3 show all the corrections made
on data with status ** and *** (see table 2,3), They are plotted on

(2, p.168) which shows (based on his theory) the

Fig, VI,6 of Bell's thesis
variation of AT against TR for various a, The conclusion in this thesis
is that no combinations of logical corrections on TR selections gives
consistent value of "a,"

Fig. 5.4 shows only the data with *** status and for the assumption
that only the correction of minus 4,4°F (A, gauge correction) is necessary,
The data as shown have a spread of “a" between a = 8 to 14, If we were
to refer to Fig, 2,3, it would seem that the data shown on Fig,5.4 are
higher than the "true" data in the order of 10°F (attributable to AT-
corrections(i) and (ii)), With this approximate subtraction of 10°F,

"a" has a spread between 12 and 20,

Based on the above evidence it appears that "a” is not a constant
for fast neutrons of one energy spectrum, Also "a" seems to have
different values for fission fragments and for fast neutrons,

5.1,3 PWR Applications, Fig. 5.5 to 5.8 show the plotting of
various cases considered in this work. The line labeled "Bergles-Rohsenow
Criteria for Incipient Boiling” is based on equation (B.1) and the criteria
explained in Appendix B, This line marks the appearance of the first
bubble on the cladding surface of the PWR and boiling progressively
becomes vigorous in the region above this line, In the event of a
temperature excursion in the PWR, the superheat temperature increases,

and if the line denoting RIN (radiation induced nucleation) lies below
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the Bergles-Rohsenow line for that particular system pressure, then RIN
may well be the dominant phenomenon in initiating nucleateboiling,

With reference to Fig, 5.5 to 5,8 again, the maximun cladding temperature
of 657°F and the marked pressure of 2235 psia are values from WASH-1082(2%)

Consider the case of fission neutrons, Fig, 5.5 shows the effects
of 9,55 Mev and 17 Mev neutrons in water with a = 6,07 as per Bell
prediction, It is seen that a RIN 1line is closer to the saturation line
as the energy increases, RIN and incipient boiling are equally likely
at about 655°F for 9.55 Mev neutrons with a = 6,07, Fig.5.6 shows that
for a fixed neutron energy of 17 Mev, a RIN line is closer to the
saturation line as "a" increases,

For neutrons induced alpha particles, exactly the same qualitative
features are present, as displayed on Fig, 5.7 and 5,8 show ing effects
of energy and "a" respectively,

Fig. 5.9 shows a plot of the fission neutron spectmmsio) It is
seen that there 1s an abundance of fission neutrons with sufficient
energy to mske RIN important, However, the justification of interpreting
the effects of the fission spectrum in the manner we have done is still
open to discussion, Furthermore, the "a” value uncertainty for fission

neutrons and alphas should be borne in mind,

5.2 Recommendations,
Experimentally the following further work could be considered,
(1) Fast neutron data,
(a) Obtaining better fast neutron data by taking the following
experimental precautions with the existing set up,

1) Holding the temperature ramp rates constant above the
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particular temperature threshold (with reference to plots of
tiveshold superheat versus temperature ramp),
2) Keeping the upper and lower thermocouples at the same
temperature thereby assuring that the bubble is at constant
temperature,
3) Recalibrating the pressure gauge over the experimental
period,
(b) Modifications of the existing set up to ease experiment and
to enable higher temperature range data to be taken, Three suggest-
ions are noteworthy here,
1) Two separate temperature recorders may be used to register
the upper and lower thermocouple temperatures,
2) Some form of thermostatic arrangement may be incorporated
into the present heating system to ease the heater control,
3) A more reliable way to hold the bubble in place should be
serliously considered., One way may be to increase the convection
generating power in the chamber,
(¢) Testing of temperature ramp effect based on Bell's theory may
be done by balancing various ramp rates with varying radiation
intensity, No new radiation source is needed as intensity can be
conveniently varied by varying the distance of the source from the
bubble,
(i1) The present experimental set up may be used for work on some organic
liguids in exactly the same manner, Suitable experimental parameters
(source energy, source intensity, bubble size) must be decided beforehand
so that a suitable spread with "a" exists in a plot of superheat threshold

versus system pressure, Suitable supporting and covering oil have to be
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found to suspend the organic ligquid bubble,

In the area of theory, the following are noteworthy,

(1) The other Bell's data on fast neutrons in water for 55 psia and 95
psia may, together with any future data, be compared to Bell's theory
by similar plots as in Fig, 5.2 to Fig, 5.4,

(i1) The experimental and theoretical results for neutron-induced
nucleation by El-Nagdy(S) may be compared to the theoretical results of
section 3,6 based on Bell's Energy Balance Method, Theoretical results for
acetone can be obtained in the same manner as benzene, The properties
of organic liquids can be found from suitable references.(zo)(13 )(14)
(The enthalpy change of evaporation of acetone could not be found in the
present survey).

(4i1) Based on the present results, the constant"a" theory seems to be
unacceptable and the theory needs to be reformmlated, Indeed, the basic
Energy Balance Method should be re-examined, especially in light of the
work of Becker(i) which the author consulted only at the end of his
thesis work, A few words on Becker's theory is in place,

Becker worked on neutron induced nucleation in di-ethyl ether and
compared his experimental -results with theoretical results which were
obtained separately by an "Electrostatic Theory" and a "Thermal Thoery,"
According to Becker, neither theory agreed with his experimental results,
His Thermal Theory corresponds to Bell's Energy Balance Method, In
comparing with Bell's equation (3,2) of section 3,1, Becker has

2 3 _
YT (1%)® R*by, + AT T - 47c<r*)1T3_.0r' + m(rt) ﬁ,fﬁﬁ = AE

(5.1)
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Becker has neglected dissociation effects in the bubble, but has two
extra energy terms—the second and third term, [ 4T (r* )20‘ ] arises
(together with the first term) from a consideration of the difference in
thermodynamic potentials between the states at r = 0 and r = r¥,

[ 4T (r*)zTg%—] is an entropy term associated with the heat which must
be supplied in the production of the surface of the bubble which is non-
recoverable,

Becker also questioned the validity of some of the basic properties
used in the analysis, He suspected that hfg' the enthsalpy change by
evaporation, may not be used for metastable gquilibrium states (superheat),
since he, is defined for stable equilibrium only.

(iv) In the application of Bell's theory to the PWR, further investigation
on the effects of the fission spectrum on causing radiation induced

nucleation in water under PWR conditions is necessary,
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Appendix A
Nomenclature

Parameters

Kinetic energy

Kinetic energy of a neutron

Fnergy of formation of a nucleus in water

Energy available from radiation for formation of nucleus
Additional energy term in Statistical Theory

Grashof number

Yield of hydrogen gas molecules in radiolysis

Mean ionization potential of the .’:.t'h component in the
stopping medium

Effective length of the radiation track involved in the
formation of a single embryo

Molecular weight

Mass of the energetic particle

Mass of the 1th atom species

Molecule density

Nusselt number

Avogadro's number

Perimeter

Pressure

Prandlt number

Heat of reaction

Cross-section area
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T Temperature

Ty Temperature of ambient air

Tem Film temperature

Tj Temperature at thermocouple junction

J Energy of the primary knock-on oxygen atom

Je Energy of the primary knock-on carbon atom

TR Experimental temperature ramp

AT Temperature difference

AT Superheat

v Volume

\'f Velocity of the energetic particle passing through the
stopping medium

Zq Atomic number of the energetic particle

Z4 Atomic number of the 1B atom species in the stopping
medium

(z )eff Effective mean charge of the energetic particle

a Dimensionless effective track length = 1/r"

ay Redius of the first Bohr electron orbit for the hydrogen
atom

a::r Maximum impact parameter for the ith gtom species in the
stopping medium

b Ratio of the pressure difference across the embryo interface
to the vapor pressure

c Velocity of light

e Magnitude of the charge on an electron

g Acceleration due to gravity

h Film coefficient of heat transfer
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Film coefficient of heat transfer between air and sheath

Total coefficient of heat transfer between oil and sheath
Film coefficlient of heat transfer between oil and sheath
Radlation coefficient of heat transfer between oil and
sheath

Plank's constant divided by 27

Enthalpy change by vaporization per unit mass

Thermal conductivity

Length

Mass

Mass of an electron

Rate of heat transfer

Radius of a spherical cylinder

Distance along the radiation track from the starting point
of the track

Time

Temperature difference

Distance

Coefficient of volumetric expansion

Scattering angle in the Center of Mass frame of reference
0il viscosity

Number of atoms of the ith species per molecule

Density

Surface tension

Stefan constant

Standard deviation
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Subscripts

1 Liquid

v Vapor

g Gas

f Fluid/Liquid

AV Average

Superscripts

* Critical conditions, i,e, nucleation conditions
air In air

oil In o1l



Appendix B

Criterion for Incipient Boiling

(3) have developed a criterion semi-empirically

Bergles and Rohsenow
for incipient boiling of water over a pressure range of 15 to 2000 psia

which is

2-30

1-156 Po-ozm

(‘K/A)‘- = /5.¢0 P ('tw"tsd‘) (B.1)

where (q/A)i is the heat flux required for incipient boiling in
L BTU-hr'i-ft'z] , P is the system pressure in psia, and the wall and
saturation temperatures are in °F.

The qualification for this criterion is that the water is in contact
with a heating surface (wall) which has a full range of cavities present
for bubble growth, This forced-convection surface boiling condition is
assumed to be met in the flow of water over the cladding surface of fuel
elements in the Pressurised Water Reactor, So also is it assumed that
the criterion is valid in the region of 2235 psia, as is Jjustified by
the small variation of the criterion curves with high pressure shown on
p.207, Figure 27 of Todreas and Rohsenow(ZB).

For the purpose of the PWR condition caleculation, the heat flux was
taken as 5.50:105 BTU-hr~1-ft~2 , & value for the maximum heat flux in
a PWR as typified in WASH-1082(2H') . Table B,1 tabulates pressure and
superheat temperatures obtained through equation (B.1) over the range of

interest here,



psia

2000
2100
2200
2235
2300
200

2500

Table B,1 Bergles-Rohsenow criterion in PWR conditions.

sat
oF

636,00
642 , R
649,64
651,92
656,09
662,31
668,31

(Tw°Tsat)

OF

2,40
2.33
2,27
2,24
2,22
2,15
2,11

Of

638.40
645.25
651,91
654,16
658.31
664 46
67042
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Appendix C

Related Properties of Water

C.1 Vapor Pressure Relationship

The following equation is from Keenan and Keyes(n) and is valid

for 50°C € T < #7°C,

| + dx

P = P exl,[_zjt,;_{ a,+bx+cx3+ex4}]

where Pv = vapor pressure in atmospheres
Pe =  critical pressure = 218,167 atmospheres
T = temperature [ °K ]
x = Te - T
Te =  critical temperature = 647,27°K
a = 3.,3463130
b o= 4,813 x 107
¢ = 7518 x10
4 = 18 x 10"

o =  6.56u x 10711
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C.2 Liguid Density Relationship
From Keenan and Keyes and valid for 32°F < T < 680°F,

[,) = t+dx"®+ex
{

1
V. +ax®+ bx + cx*

where 0; =  liquid density [1b-£t73 ]
x = Te -T
Te =  critical temperature 374,11°C
T = temperature [ °c ]
ve = 3195 [ew -ent ]
a = -0,3151548
b= -120337% x 107
¢ = 7,48908 x 10 13
d = 0.1342489
e =  -3046263 x 1073

C.3 Vapor Density Relationship

From Keenan and Keyes

v

_[ 4555047 "o (3)P 4+t -Bq (4)P"
2 =[£22] 4B Bl gE v 8l e - B hE ]

where PV =  vapor density [gm - em™ ]

T =  temperature [°k ]
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P = pressure in atmospheres

zsu% 62 1080870/T2

Bo = 1.89 -
(l): 82-5“’6 _ 1.62’4‘6 X 105
& T T T
5
1o _ 1,2697 x 10
gz(T 0.21828 TZ

64
1. 4 6,768 x 10
g3(T e 30635 X 10

C.4 Surface Tension Relationship

These relationships are obtained by a least square fit of a
straight line through data given in handbooks.

(21)

Data from Tipton gives the surface tension of water as

o [ 1f - ft-l] - -8.198 x 10°C T(°F) + 0,005738

and valid 200'F < T < 450°F, The fit is plotted in Bell's work,

(17)

Data from Schmidt for the temperature range of 640°F < T <

670°F yields
- -6
o [wf - £t 1] = 7,275 x 10~ T(°F) + 0,005081
The fit is plotted in Fig, (C,1),

C.5 Enthalpy Change by Evaporation Relationship

These relationships are obtained by fitting a curve through

(g)

data from Keenan and Keyes, A polynomial regression computer program

is used in which powers of an independent variables are generated to
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calculate polynomials of successively increasing degrees. (See
Appendix D),

For 200°F € T € 500°F,
h, [BW- 15' ] = 10646 - 0,270 - 8,15 x 10712,
For 640°F S T < 670°F,

he [ BTU - ' ] =2505.67 - 0,32053T,

The fit of the first equation is plotted in Bell's work, and that of

the second equation in Fig, (C.2),
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Fig, C,1 Surface tension of water vs, temperature,
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Fig. C,2 Enthalpy change of water vs, temperature,
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Appendix D
Related Properties of Benzene

The five physical properties of benzene over the relevant temperature
range are described by empirical relationships as shown on Fig, D.1 to
D.5. they are obtained by using the polynomial regression computer
program(8 ) to genérate polynomial series that fit tabulated data given
in references, The enthalpy change by evaporation, liquid density, vapor

(13)

density, and vapor pressure data are from Organick and Studhalter .

The surface tension data are from Timmermans(ZO).
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Fig, D,1 Enthalpy change by evaporation of benzene vs, temperature,




d0dVA

34n5S3dd

d

[z-u?";q’ J

LEGEND
©  ORGANICK AND STUDHALTER
—— EMPIRICAL

150 {— P, = 85:143-0-9599 T + 0.003178 T 9
100
50
10
o | | | l

/50 200 250 300 250

TEMPERATURE T [°F1I
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LEGEND
001260 1— O QRGANICK AND STUDHALTER
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Fig, D,5 Specific volume of liquid benzene vs, temperature,



Appendix E

Sample Calculations for Energy Deposition Rate

Consider the case of section 3.4, that of fast neutrons in water
at low pressure range, equations (3.14) and (3.15) will be derived here,

For oxygen, Z4 =8, My = 16, The impact parameters are (from

section 3.2),

0-52917x10°%

-9

Ay = — = 2.3665X/0 ocm
(4+1)" |

a, = [-8709x/0° om

From equation (3,9)

| dE _ 4m19732%x4x 10" Z A 0-5488K/0 ‘amu  2.244E ]
N dd T 0-511 . o 16 amu T 2
4=H,0 A
+ 4n 2-8!81(10%x o-suzx 64 ﬂv. z*/l” M. . X 2E a; ]
ZE ; ¢t Mi M 8x Z; 2818x 10" x0-s11
«=H,0

-5 -5
20 3-85/89x10 £ 3.85199x 107 E
= 3. Ix2
3.8304. X 10 { /n[ e ] + th,&[,oo“o,s J

-9
-24 E x3:520x 10 2 e
8.3395 X 10 f * 4. [ ______.] ‘excxeﬁ.[._.__x
+ ____E___._ { _,§x2x1 et 1X5760%103 tig 16+16

E x 2-30726 X to"]
gx §.76é0x (0™'3



. | AE B . -2

NG 33,3040\(;0”,{3,,(0-559%6) + ME&LA(Z%ME)
dE _ + 2. ,
€ - p { 128203 10" b (055906 € ) + .éll_:‘lsiﬁt(zsz-ME)

Ignoring energy loss from PKOA to protons, the above equation is

precisely equation (3.14), i,e

i.E = /0 1.zgleo4/&: 0-5591 £
da 4

where g—E— is in E [Mev-cm-l] , plin [gm—cm-3] and E in [ Mev].
s

Putting equation (3,14) into equation (3,8) with E(sq) =J,
[E(d;)-:]]l _ jE(A‘)

@ 1-282x 10 0 06591 E AE

x
Y
a J

= el.zezx/o“ {—1-581 [E(4z)‘j]+ E(t) An EL) - T J}

. [E4)-7]° — ay*(ﬂ J-282 X104
TAn T - E() b £(4) - 1581 [ T -El4)] /
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Using equation (3.6), the right hand side of the above equation is

20 a by x 1-282 x 107
P*+ Py"- P

ag
Or @ x |-2516x10"

PV** P? - P,(

where U is now in [1bf-ft"1] , Pl [lb-ft'B] , and pressures in

-2
[ 1br-rt°] . This is equation (3.15).
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Computer Programs



FORTRAN IV G LEVEL.1, 0D 3 MAIN DATE = 70117 177046040

F.1 Sample Polynomial Regression Program

0001

MO MONO A0AROAONONANONONOOONNNNNNNOONONNOADNANONN

0080000000000 0000E0LLRE00000000000000000000RRR CRCCCORRRROOOCOIORTSTS

SAMPLE MAIN PROGRAM FOR POLYNOMIAL REGRESSIUN - POLRG
PURPOSE

(1) _READ_TME PROBLEM PARAMETER CARD FIR A PULYNIMIAL REGRES-
SICNe €20 CALL SURROUTINES TQ PERFIRM THE ANALYSIS. (3)
PRINT THE REGRESSION CNSFFICIENTS AND ANALYSIS IF VARIANCE
TABLE FOR POLYNOMIALS OF SUCCESSIVELY INCREASING JEGREES,
AND (4) OPTEGNALLY PRINT THE TABLE JF RESINUALS ANO A 9 )T
OF ¥ VALUES AND Y ESTIMATES.

" REMARKS

THE NUMBER OF OBSERVATIONS, N, WUST AE GRFATER THAN Vel,
WHERE M IS THE HIGHESY DEGREE PILYNIMIAL SPLCIFTED.

IF THERE 1S NO REDUCTION IN THE RESIDUAL Suv OF SQuawes
BETHEEN TWO SUCCESSIVE NEGREES JF THE PILYNUMEALS, THF

PROGRAM TERMINATES THE PROBLEM AEFNRE CMPLETING ThHe ANALV-.

SIS FOR THE MIGHEST DEGREE PILYNCMIAL SPECIFI+).

SUBROUTINES AND FUNCTION SHBPROGRAMS REQUIRED

GODATA

ORDER

NINV

MULTR

PLOT (A SPECIAL PLOY SURRIJUTINE PRIVINDED FLR THF SANOLE
PROGRAN, )

ME THOD

REFER TD A, JISTLE,y C*STATISTICS IN RESEARCH®, THE TUdL STATL
COLLEGE PRESS®s 1954, CHAPTFR &,

$00000000000000000000000000006000000000000000000000000000000RBRIIS

THE FOLLOWING DIMENSION MUST 3F GREATER THAN W tuAL T THF
PRODUCT OF Ne(Mel)y JHERE N IS THE NUMRER UF JRSFRVATI NS AND ™
IS THE HIGHEST DEGREE POLYNOMIAL SPECIFlEN..

DEMENSION X11100)

THE FOLLOWING DIMFNSION MUST BE GPEATER THAN IR FyuAl T) TWE
PRODUCT OF My,

OIMENSION DIC100)

THE FOLLOWMING OIMENSTON MUST AE GREATER THAW W EguAL T
(Ne2)e(Ne1) /2.0

(8)

FORTRAN IV G LEVEL 1y MOD 3 WAIN DATS = 70117 L7/06/40

0003

0004

ocos

0006

oco?

0009
0009
Q010
oot
ool2
00l3
014
0018

0014

[2X2XaXakalzXaKeFa X2 XaXaXaa X2l AN 00N [aXaXal [aNaXal

NIMEASION D(68)

THE FOLLOMING DIMENSIONS MUST BF GREATER THAN 0R EQUAL TO ..
DIMENSTION RLL0)4EC10)4SALL0I,TE10)

THE FOLLOWING DIMENSIONS MUST RF GREATER THAN OR cQUAL T3 (Meld..
DUMENSTON XRARCL1DoSTRII1DHCOECLL boSUMSQULLLD L ISAVELLL)

THE FOLLOWING DIMENSIOIN MUST RE GREATER THAN UR EQUAL T 10..
DIMERSTON ANS(10)

THE FOILLOWING DIMENSION WILL RE USED IF THE OLAT JF DASERVED DATA
AND ESTIMATEY IS DESIRED, THE SIZE OF THE DIVENSION, N THIS
CASEs MUST RE GREATER THAN OR CQUAL T Ne3, ITHERWISE, THE SI2E
OF DIMENSLION MAY RE SET TJ L.

DJIMENSION PLIC)

0000000 0000000000000000000000008000000008000000c0000000C0RCOERIOROOTS

IF A DIIALE PRFECISION VERSIUN NF THIS ROUTINE 1S UESIRED, THE
C IN CHUMN 1 SHOULD AE REMOVED FRM ldE NIYALE PRECISION
STATEMENT WHICH FOLLOWS,

DJURLF PRFCISTON XeXBARGSTDeNeSUMSQeNT o by 49539 ToANSNDET,HCIE

THE C WUST ALSU AE REMIVEN FR )W NINJRLE PRECISIUN STATEMENTS
APPEARING TN OTHER RAMTINES USED IN CINJUNCTYION WITH THIS
RUUTINE,

8000 000000008810 0000000000000000000000000CRVERERRCOOCORIRIORRIGCTS

FORMAT (AGeA2,15,12,111)

FORMAT(2€10,0)

FURMAT (2THL PULYNJIMIAL REGQES%I\N-....-A‘.A?I)

FORMAT (23IHONUMRER OF DARSERVAT LIUNS,677)

FIRMAT (I2HOPOL YN IMITAL REGRESSEIN F DEGREF,13)

EURMAT(12HD  INTERCEPT,E20,7)

FIRMAT(2640 REGRESSION CUEFFICIFNTS/ZL6E2ITI) i .
FIRMAT [ 1HO/ 24X 5 P4HANALYSTS OF VARTANCE FORs 14,190 DEGREE POLYNIM]
1AL/
9 FORMATLLINOSXe 1 34S VIRCE OF VARIATIONG7XQHDEGREE UF ¢ TX96HSUN OF 49X
LoAHME AN OX o LHF o X 20HEMPROVEMENT IN TERMS/ 33Xy THFREEOJIMy ANy THSQUA |
2RESe TRy OHSQUARE ¢ TX o SHVALUE o AKX L THUF SUM OF SQUARES)

TIPS

001



FORTRAN IV G LEVEL 1, MOD 3

MAIN DATE = 70117

.—--AQ_FORMAT(20M0 OUE 1O REGRESSIONL2Xs160F1745:F14459F1345,F20.5)

17706/« FORTRAN

o018 11 FORMAT(324 DEVIATION ABOUT REGRESSION  ,16,F17.5,F14.5)
0019, 12 FORMAT(BXSHTOTAL 19X 16,F17.5/7/) 0037
0020 13 FORMATU17HO NO IMPROVEMENT)
o021 16 FORMAT(IHO/ /27X 18HTABLE OF RESIDUALS//Z1A4 DBSERVATIUN Niley5X, THX
LVALUE ¢ TX o THY VALUE s TXoL0HY ESTIMATE s TX4BHRESIDUALYZ)
.Q022, __ 15 FURMAT(IHO 93X, 169F18,5,F16,5)F1705,F15,5) 0033
3
P [+ 11
c
: c READ PROBLEM PARAMETER CARD
0023 END=1000
.6 . L , 0040
0024 100 READ (5,1) PR,PRL,N,MNPLOT 0041
c 0042
¢ PR..e o PROBLEM NUMBER (MAY AE ALPHAMERIC) 0043
c PR1...PROBLEM NUMBER [CONTINUED) 0044
[ NeooosNUMBER OF NBSERVATIONS - 0045
[4 Mesos s HIGHEST ODEGREE POLYNOMIAL SPECIFIED 0066
[4 NPLOT.OPTION CONE FOR PLOTTING 0067
c 0 [IF PLOT IS NOV DESIRED. 0048
c L IF PLOT IS DESIRED. 0049
c 0050
[ PRINT PROBLEM NUMBER AND N, 0051
¢ 0052
002% WRITE (643) PRyPR1 0053
0026 WRITE (644) N 0054
[
c READ INPUT DATA
4
0027 L=NeN 0055
0028 00 110 I=1,N 0056
0029 JuLel 0057
c 0058
C X{1) IS THE INDEPENDENT VARIABLE, AND X{J) IS THE DEPENDENT
c VARIABLE. 0059
c
0030 c 110 READ (5,20 X{I)extJ}
oo CALL GOATA (NeMyXyXBAR,STDyDySUMSQ) 0060
4
0032 MM=Me]
. 0033 SUM=0 .0
0034 NT=N-1 0061
c 0062
0038 00 200 I=1,m 0063
0036 ISAVE( )=l 0064
c 0065

IV G LEVEL 1, MUD 3

OO0 O 000 00

[aK2Xal

[aNalNal [aXaXs] (al

210

220

MAIN DATE = 70117

FORM SUBSET OF CNORRELATION COEFFICIENT maTRIX

CALL ORDER {(MMoDoMMy I, ISAVE DT 4E)

INVEKT THE SURMATRIX OF CORRELATIIN CIEFFICIENTS

CALL MINV (Dlol,0ET,B8,T)

CALL MULTR (N'I.IHARESTDqSU"SQ'OI.EvISAVE.B.SH.T.ANSD
PRINT THE RESULT JF CALCULATINN

WRITE (6,5) 1

TFUANSIT)) 148,130,130
SUMIP=ANS(4) =SUM

IFISUNMIP) 140s 140, 150

wWRITE (6413)

GJ TD 210

WRITE (645) ANSI(1}

WRITE (647} (BUIYI=1.1)
WRITE (643) 1

WP ITE (649)

SUM=ANS{ &)

WRITE (6410) ToANSU4)ANSL6) 4 INSI1D)SUMLP
NI =ANS(R)

WRITE (6411) NIJANS(T),ANS(S)
WRITE (6¢12) NT,SUMSQIMM)

SAVE COEFFICIENTS FOR CALCULATION OF ¥ ESTIMATES

COEll)=ANSt )

D) 160 J=1,1

CUE(Jel) =30y}

LA=]

CONTINUE )

TEST WHETHER PLUT 1S DESIRED

IFINPLOT) 100, 100, 220
CALCULATE ESTIWATES

NP3I=NeN

N0 230 I=14N

NP3=NP3e]

PINP3}=CCE(])
t=1

17706740

107



FORTRAN IV G LEVEL 1, MUD 3 MAIN DATE = 70117
2066 00 230 J=1,LA
n067 P(NP3)=P(NP3)+X (L) *COE(J+1)
0068 230 L=L+N
C
C CCPY OBSERVEN DATA
C
0C69 N2 =N
0070 L=N*M
0071 DO 240 [=1,4N
0072 P(IY=X(I)
0073 N2=N2+1
0074 L=L+1
0075 240 P(N2)=x(L)}
C
C PRINT TABLE 0OF RESINUALS
C
0076 WRITE (643) PR,PR]
0077 ARITE (645) LA
0078 WRITE (6414)
0079 NP2 =N
0080 NP 3=N+N
0081 DU 25C I=1,N
0082 NP2=NP2+1
0083 NP 3=NP3+1
0084 RESIC=P(NP2)-P(NP})
0085 250 WRITE (6415) [4P(1),PINP2),PINP3),RESID
C
0086 CALL PLOT (LAPyNy3,0,1)
C
0087 STOP
0088 1000 CONTINUE
0089 CALL EXIT
0090 END

102
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F.2 Sample Superheat Threshold Program, for PKOA in Water at PWR Conditions. (2=6. 07)

26 PYPSFaPYA®14,69592144,0
27 SIGMA-7,275E-6+TFeS, 081E-3
28 TR=TF+459,69
38 TCa=TR-273.16
39 V2=TCRC-TC
66 RONL =((1.00B4%Y2%%0,33333330852Y2) /(VCoRL=Y2uan, 33033220829 Y2403
18V2en4 ) )*62,428
57 BO=1.89-2€41.62/TK*10, 0**(B808TCo 0/{TKTK))
51 Gl=82.546/TK~1.6280E5/1TK2TX )
%2 G230, 21 828-1,269TES /L TReTK) .
83 G2 3,635F=4=6, T680F-8/( TKe10,0%s(~3) )x*24
54 - 2080¢ B0* RORGL *PVA/ TKeANTRDSRO*ANIG24PY ASPYASPVA/ [ TR & TR & TX }=BNe=13s
1G3*PVA*S12/ TKen]2 :
55 ROWV=(4.555048TK/PVASZ) 2 a{=-1) 262,428
56 WFGu2505,67-3,205¢TF
S7 BA(PVPSF-PLIQIL)) /PVPSF
S8 E=1,79
ROWL sCCNST*RCHL
0158 COEF=1,2516E"4%RONL*A=SIGHA/(BASPVPSF)
€250 CCC=EPRA*EPKA-COEFSEPKAS{ALNGI0 559246 PKA)-1,0)
32%0 00P=1, 5820*COEF+2, O*EPKA
0358 BAM=DOD-COEF*ALOGIE)
€458 EC=E-(E*E-BRA*E4CCC)/(2.0%E-RBA)
€558 IF(ABS(E-EC)=."NN1)9R58,065%,7658
0658 E=(E*FC)*0,5
IF(EeLTal ME=L N
. 10 2?1%8 | .
§858 IFIEC~1.79196,0058,08%8
€858 IF(EC-EPKA)CS58,93,93
0058 CEOS={ EPKA~E)SAA®PVPSF/ (60,96 ARSIGMA)
RCRI T=2,7¢SIGMA/ (BASPVPSF)
62 GATE=®3,7C0221F-19%A* TREDEDS/SIGHA®*2
ART= (2,0*GATER (PVPSF=PL IQIL 1) -1,00%42-4,N*CATES« 2 {PYPSF-PLICIL) ) *
1*2 :
IFIART,LT.7.7160 TO 93
63 PGPSF=(1,C~?.N*GATE*(PVPS F=PL IQIL ) }=SQRTIART))/1 2, "OGATF)
64 B=(PVPSFePGPSF-PLIQILY) /PVPSF
0164 IF(B-RA=.000C11464,3264,0264
C264 BA=H
0M4 GD TOD 0158
466 GO TC 103
103 EQAS3=0. A010E~12% A= PEDS=RCRITRRCRITERONV*HFG*TT8.26-RCRITSS ICMA
104 IF(EQAS3I-0,00196,106,93
93 TFaTF-DELTF
94 DELTF=0,1*DELTF
95 IF(DELTF=N0 0" 1106496096
96 TFaTFeDELTF
97 GO 10 23
106 DELT3=TF-TSAT(L)
PRO2RT=C, 0
. .K1=Qe0 .
DELT 1200
ALPHA=N, O
J=0
ANI=0 0

107 MRITE(6: 508)APKO2RToDEL T1sALPHA +PLIOQIL) ¢ TSATIL) o€ 4DEDS s Jo XN
11X 1 oPGPSF, PVPSFoDELT 3, TF

_CONTIMUE
6C TO 1500

AP AN~

o0Bd~0

1¢

1

12

$JOR JOBLKP=20,TIMEs] ,PAGES=140,LINES=SS sRUN=FREE
IMPLICTIT RFAL=] (a-H,0=7)
EXPIX)=DEYPIX)
ALOGUX) =0LAGE X)
SQRY (X )=DSART (X )
ARS{X) aPARS( )
d SUPERMEAT L IMIT FIR WATER FXPUSED TD FISSION NEUTRCAS IN PuR
CIMEASICN PLIQIA)IITSAT( )
SO0 FORMAT(FLI4) .
SC1 FRRMAT (1221 10R42F1N,2))
S5C2 FORMAT(1HE 915X y 7TBHTHE SUPERHEAT LIMIT FOR WATER EXPOSED TC FISSION
1 NFUTRONS UNDER PWR CONNITIONS)
&C6 FCRMAT(IHO,1194 A o GV EPKA CELTIL

ALPHA  PRESS SAY ENER &

IVG ENFR J NI REL SIZ2E GAS VAPCR  DEL ¥ DEL T SuP
1)

&hR FFRMAT(IH ,119H KATF TIMF LIQUID TEMP  LFWL D
1EP RATE INIT EMRR  PRESS PRESS EQAAS EoReM, TENP
1

SPe FORMATILIHY 11°H N SEC SEC LRF/FT2 DEG F MEY ™
1Ev/C™ LAF/FT2 LRF/FT? DG F DEG F  DFG F

1
SC8 FORMATIIH gF 10090103 gDR 1 oF6aVgFRGL1GFRGGFO.IoNIN I IR,FS1oFIN, 8
1o FTal9F B, 1oBNyFRty 3,FRL YY)
&N FCRMAT (1KY 4 29HTHE VM UL NF THF CONSTANT IS (F10.477)
EPKAxI, T4
16 TCRK=&47,27
17 PCRA=21R, 14T
198 AA=3,726¢3]3
19 ARz4,14111E=2
20 (C=V,515484F=0
21 CD=1, 17644 8E-2
2P FExb.50664E-11
A7 TCRC=774.11
&Y VO3, 1378
41 Bl=-N 2151848
©2 AP=-1,203304F-3
62 R1=T LPOME~12
44 R&3Ny13424R9
45 BS=-2,046262€~-2
1 REACUISoSCIIAL IPLIQU Yo TSAT(L Dol =1oN)
1607 READESSTIICONSTY
A WRITE(E, S07)
“ WPLITEL&,5N6)
E WRITELA,SNS)
& WRITE(6,506)
WRY TE (6 oA YN ICONST

c THTS LOCP ALLOWS THE LTQUID PRESSURF TN TAKF DIFFERENT VALUES

8 CC 109 L=14N,1
A=t C?
10 CELTF=17.0
15 TFaTSAT(L)eDELTF
23 TRES A {TF=12,2079.0¢273, 16
26 Y=TCRK=-TK
25 PVA=PCRA
m

FEXPL 42,3V {AACDREY ¢ CCVEYS Y OFE W =YV RY } /{TR?{ | ,O0¢DD=Y)

€0t



9858 IF{EC-2.00) 96.,0858,CAa58

‘OBRSA [FIEC~EPKA) 0958.93.93

0958 DEDS=(EPKA-E)*BARPYPSF/160.96%A%SIGMA)
RCRIT=2,0%STGMAZ{BASPVPSF)
62 GATE=3,T00221E~1 AR TF+459,69)1*DENS/S IGMA*®2
ART= (2, 0%GATE*(PVPSF=PL 1QIL } ) -1, 0) *¥2~4, OFGATE®*¥ 2% (PVPSF-PLIQIL) )*
1%2
IF{ART.LT.0.0) GO TO 62
63 PGPSE =(1,0-2,0%GATE*{PVPSF —PLIO(L))-SORT{ART})/(2,0%GATE}
64 B=(PVPSF +PGPSF -PLICIL))I/PVPSF

-A 0164 IFIB-RA-.00001)464,0264,0264

0764 BA=B
0364 GO TO 0158
46% GO TO 103
103 FOA5320.8010E~12%ARDENS-RCRIT*RCR ITRROWVEHFG*TT8, 26=RCRIT#STGMA
104 TFIFOA53-0.0) 56,106,93
‘93 IF=TF-NFI TF
9% DELTF=0.1¢DELTF
95 JFIDELTF-004009) 106.26.96
96 TE=TF+NFLTF .
© 97 GO YO 23 )
106 DELT3=TF~TSAT(L)
PKO2RT=0e0
XI=0.0
DELY =040
AL PHA=0.0
J=C
XN1=0.0
107 WRITE(6e508)APKC2RT (DELTI,ALPHAPLIOIL ) oTSATIL),E
11.XT+PGPSF JPVBSF DFLT3,TF
109 CONTINUE
G0 TN 1000
FNC

+DEDRS o+ JoXN

DB NN -

Do~

11

12

L)

o

F.3 Sample Superheat Threshold Program, for 14.1 Mev Neutrons in Benzene. (é,=2. 00)

J08 JOR] (KP=29, T:IME=1, PAGES=140+LINES=55 RUN=FREE

IMPLICIT ‘REAL*R (A-H,N-2)

EXPIX)=DEXPLX)

AL GGAXY=DLOGIX )Y

SORTYX)=DSORT (X}

ARSTX )=NARSIX)

SUPERHEAT .LIMIT FOR BENTENE EXPOSED YO FASY NEUTRONS LP RANGE

DIMENSION PLYO(30%.TSAT{30)

500 FORMAT(E1Qa.%) .

501 FORMATLIZ/(10X,2F10.2))

503 FORMAYA1H1, 30X¢54HTHE SUPERHEAT LIMIT FOR BENZE EXPOSED TO FAST NE
TUTRONS)

504 FORMAT(1HO.119H & PKO GT EPKA DELYT ALPHA PRESS  SAT ENER A
IV6G FNFR_ 3 XNT RFL SIZE  GAS VAPOR DEL T DEL ¥ sup
| B

505 FORMATUIH 119+ RATE TIME ‘LIQUID TEMP LEVEL D
1FP RATF INIT EMAR PRESS  PRESS EQA48  FoBCM. TEMP
1

506 FORMAT{IHOW11SH NO/SEC SEC - LBF/FT2 NEG F MEV M
1EV/CM LBF/FT2 LBF/FT2 DEG F DEG F  DEG F
1

508 FARMATILH ¢F3,0e01003NR.1¢F6e3¢FAs1oFBa3.F6e3+010e3:15:.F5.1+F10.8
Lo F7010FBs148X4FReIFBL3)
600 FNRPUATIIHOL?9HTHF VALUF ‘OF THE CONSTANT IS +F10e47/)

No(PLIQIL)TSATIL)4L=14N)
1000 READUS.500)1CONST
3. WRITE(6.5N3)
4 WRITF(6.504)
& WRITE(6.505)
6 WRITF(6,506) -
WRITEL6.600)CONST
THIS LODP ALLOWS THE LIOUID PRESSURE TO TAKE DIFFERENT VALUES
A DO 109, L=1eN,1
4=2,00 :
10 DELTF=1040
15 TF=TSATIL)4DELTF
23 CONFINUE-
25 PVA=854143-0,05008TF 40 0031 TARTF=TF
26 PVPSF=PVAR] 44,32
27 SIGMAx~4,610F-6%TF+2 ,268F=-3
46 ROWL=L/10.01R31¢0.15524E~5%TF4043444E-T*TF&TF)
55 ROWV=140/(2648282-0,1414%TF+0,24RTRE-IXTF*TF)
5h HFG=1964119-0412169%TF=0Q, 17 24E~1%TF*TF
57 RA={PVPSF-PLIQ(L))/PVOSF
A8 F=2,00 .
ROWL =CONS T*ROWL
0158 COFF=1,CNC0E04*RNONL*AXSIGMA/{RAXPVPSF)
0258 CCC=EPKAREPKA-CNEF*EPKA*{ALOGIC.9450%EPKA)=1,C)
?75“ NDN=1, D565%CNEF+2, 0PEPKA
0358 RRP=NNC-COFFXALOGILE)
NV6SR EC=F~(F*E-RARTE4+CCCI/{2.0%E-RBB)
QS8R TF{ARS{E~EC)-400011G858,C658,065R
DASR F=tF+FC)*0,5
3758 GO T 0359

01
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