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ABSTRACT

Irradiations of the terphenyl mixtures, Santowax OM
and WR, were made in the M.I.T. In-pile Loop Facility at
temperatures ranging from 300 0C (5720F) to 4270C (8000F).
These potential coolants for nuclear reactors were irradi-
ated while flowing through a stainless steel in-pile loop
installed in a special fuel element in central position
(Fuel Position 1) of the MITR. Steady-state operating con-
ditions were maintained by continually removing coolant
samples from the loop and feeding processed coolant to the
loop. The coolant samples were processed using a High
Boiler (HB) distillation procedure to remove HB. The dis-
tilled terphenyls and Low and Intermediate Boilers (LIB)
were returned to the loop along with fresh makeup.

The dose rates to the terphenyl coolant due to fast
neutrons and gamma-rays were measured using adiabatic
calorimeters. Resonance and threshold foils were used
as a check on the calorimetric measurements of the fast
neutron fraction of the total dose rate. This fraction
was 0.36 for the Santowax OM irradiations and 0.38 for
the Santowax WR irradiations. The MITR was operated at
5 MW thermal power except for three of the Santowax OM
irradiations when the power was 2 MW. The average dose
rate to the total coolant was 0.057 and 0.067 watts/gram at
5 MW (0.023 watts/gram at 2 MW) and the in-core dose rate
to the coolant was 1.2 and 1.3 watts/gram at 5 MW (0.47
watts/gram at 2 MW).

Three steady-state low temperature (3000C) irradia-
tions of Santowax OM were made at different terphenyl
concentrations to determine the apparent reaction order
for radiolysis and the rate constants for degradation
by radiolysis. The results indicated an apparent reaction
order of radiolysis of 1.7 + 0.1, which is the same
value reported by M.I.T. earlier for meta-rich ter-
phenyls. The fast neutron effect ratio, GN/Gy, of 3.3
was estimated for the total terphenyl in Santowax OM.
Using these values to allow for the effects of coolant
composition and fast neutron fraction, the radiolytic
rate constants were found to be in good agreement with
the results of low temperature irradiations of Santowax
OM made at various fast neutron fractions by the other
laboratories.
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Of the nine high temperature (above 3500C) irradia-
tions, three were made at 2 MW reactor thermal power with
Santowax OM, three at 5 MW with santowax OM, and three
at 5 MW with Santowax WR. The results of these high tem-
perature irradiations were correlated ustng a degradation
model which assumes that the rate of total degradation
represents the linear sum of radiolysis and radiopyrolysis
(i.e., pyrolysis of irradiated coolant). No significant
differences were found in the first-order radiopyrolysis
rates for Santowax OM and WR. No significant difference
was observed in the rate of radiopyrolysis for Santowax
OM due to a change in the dose rate. Combining the
recent results with results of earlier irradiations at
M.I.T., the best estimate of the first-order radiopyrolysis
rate constants for irradiated Santowax OM and WR is

kP,omp,1(T) = exp (a - AE /RT)

where

a = 34 + 7, AEP = 54 + 9kcal/mole

Six autoclave pyrolysis experiments were made, three
with unirradiated Santowax WR and three with irradiated
Santowax WR. Thermal decomposition rates of the unirradi-
ated coolant are significantly lower than those of the
irradiated coolant. The latter are not significantly
different from those determined during steady-state in-
pile irradiation.

Procedures for estimating coolant makeup rates in
organic-cooled reactors are presented and discussed.

Physical property measurements included density,
viscosity and number average molecular weight. Heat
transfer measurements made on Santowax WR showed that the
experimental data can be correlated within 10% by the
generally applicable McAdam's equation of

Nu = 0.023 Re.8 Pro.4
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CHAPTER 1

SUMMARY

1.1 Introduction

This study of the effect of reactor irradiation on

Santowax OM and WR is a continuing effort of the Organic

Coolant Project at M.I.T. to provide information concerning

the performance of organic coolants in nuclear reactors.

These mixed terphenyl coolants have been circulated through

an in-pile loop in the M.I.T. Reactor under conditions of

temperature, pressure, dose, and coolant composition simil-

ar to those of an organic-cooled reactor in order to deter-

mine the effects of fast neutron and gamma ray radiolysis

and of pyrolysis on the rate and nature of coolant degrada-

tion. Such information is required in the design and opti-

mization of organic-cooled reactors as a basis for (1) the

selection of the type of organic coolants, (2) the selec-

tion of coolant operating conditions and coolant composition,

(3) the thermal and hydraulic design of the reactor system,

and (4) the prediction of long term operating characteris-

tics of the coolant system.

Most concepts for organic-cooled reactors have been

based on the use of various mixtures of isomers of terphenyl,

due to their combination of good stability (to radiation

and heat) and low vapor pressure (1.1). Table 1.1 shows

typical compositions and melting points of some of the

common terphenyl mixtures considered to be most suitable

as reactor coolants. The principal mode of degradation

of the (unirradiated) coolants listed in Table 1.1 is that

of polymerization of the terphenyls to higher molecular

weight products, referred to as High Boilers (HB). A small



Table 1.1

Typical Compositions and Melting Points of Common Organic Coolants

Biphenyl, w/o

0-terphenyl, w/o

M-terphenyl, w/o

P-terphenyl, w/o

Hydro-terphenyls,

High Boiler (HB),

Santowaxb OM

3

65

30

w/o,

w/o

Melting Pointa
(unirradiated material), OF

2

0

0

178

Santowaxb OMP

2

10

60

28

0

0

350

Santowaxb WR

<2

15-20

75

5

0

0

185

(a )Final liquidus point

OM-2c HB-40

<1

20

76

0

18

<0.5

4 <0.5

0

0

82

0

185 Liquid at
normal room
temperatures

(b)Santowax is a trade-mark of the

(C)Produced by Progil of France

Monsanto Chemical Company

I
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fraction of the terphenyls is also converted into hydrocarbon

gases and compounds of low and intermediate molecular weight.

The totality of reaction products is referred to as Degrada-

tion Products (DP). The presence of Degradation Products

alters not only the physical and heat transfer properties

of the coolant but also its response to radiation and heat.

Earlier(1961-1966) in-pile loop irradiations (1.2,1.3,

1.4,1.5) conducted by the M.I.T. Organic Coolant Project have

studied the behavior of the commercially available terphenyl

mixtures Santowax OMP and Santowax WR, both of which are

rich in meta terphenyl (see Table 1.1). The results of the

M.I.T. irradiations were correlated by means of rate constants

for the degradation of terphenyls by radiolysis and radio-

pyrolysis (pyrolysis of irradiated coolant). Rate constants

were obtained for the degradation of the individual isomers

in the coolant mixture as well as for the disappearance of

total terphenyl. Based on these studies, it was concluded

that the total degradation of meta-rich terphenyl coolants

under reactor irradiation (fast neutrons and gamma rays)

can be estimated by linearly adding the effects of degrada-

tion by radiation and heat.

However, the results of Canadian irradiations (1.6,

1.7, 1.14) of encapsulated samples of pure ortho and pure

meta terphenyls, reported in 1965 and 1966, indicated that

the radiolytic degradation of ortho terphenyl increased con-

siderably more rapidly with increasing temperature than for

the case of pure meta terphenyl. Furthermore, these rates

of degradation obtained from the radiolysis of pure ortho

terphenyl were considerably greater than the rates of degrada-

tion due to both radiolysis and radiopyrolysis of either

ortho or meta terphenyl observed in the irradiations of

meta-rich coolants by M.I.T. (1.4). The rates of degrada-

tion of pure meta terphenyl obtained during the AECL ex-



periments (1.14) were, however, in close agreement with the

results obtained by M.I.T. for meta terphenyl in mixed ter-

phenyls (1.4). These comparisons suggested that terphenyl

isomers (particularly ortho terphenyl) might behave different-

ly when irradiated alone and in mixed isomer form.

In 1966, the Heavy Water Organic Cooled Reactor (HWOCR)

program of the United States Atomic Energy Commission was

considering both ortho-rich Santowax OM and meta-rich Santo-

wax WR as reactor coolants. To provide additional informa-

tion required in order to make a coolant selection, a series

of nine irradiations of Santowax OM was begun employing

steady-state conditions in the M.I.T. Organic Loop. Three

irradiations on Santowax- WR were also included to provide

additional information on meta-rich coolants for comparison.

The following information was sought:

(1) the effects of radiolysis and pyrolysis on the

degradation rates of the total terphenyl mixture,
(2) the relative rates of degradation of both ortho

and meta terphenyls in the ortho-rich coolant,

(3) the effect of dose rate on terphenyl degradation

in the range of dose rates likely to be experienced

in organic-cooled reactors,

(4) the relative distribution of the degradation pro-

ducts (DP), the Low and Intermediate Boilers (LIB)

and the High Boilers (HB) and,

(5) the steady-state physical and heat transfer pro-

perties of the irradiated coolant mixture.

During the period from July 1, 1966 to July 30, 1967,

a series of nine constant temperature irradiations (Runs 19A-

25) of ortho-rich Santowax OM were conducted in the M.I.T.

in-pile loop over a range of temperatures from 300 0 C to

427 0C and a range of terphenyl concentrations from 63% to
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86% of the total coolant. Two different dose rates were em-

ployed (corresponding to nominal reactor thermal power levels

of 2 and 5 MW); in both cases the fractions of the total

(gamma and fast neutron) dose rates due to fast neutron atten-

uations was 0.36. From these irradiations, the terphenyl

degradation rates, both radiolytic and radiopyrolytic, were de-

termined. From August 1, 1967 to March 10, 1968, meta-rich

Santowax WR was irradiated at 5 MW of reactor power under

conditions duplicating as nearly as possible three of the

high temperature irradiations of Santowax OM. The results

of these duplicated runs permitted direct comparison of

the ortho-rich coolant with the meta-rich coolant with

respect to the degradation rates of the total coolant, the

relative degradation rates of ortho and meta terphenyls and

the effects of radiolysis and radiopyrolysis.

Furthermore, pyrolysis experiments in an out-of-pile

autoclave were also conducted during the period from Janu-

ary 8, 1968 to April 3, 1968, to measure the rates of

thermal decomposition of irradiated and unirradiated Santo-

wax WR.

In addition to determining degradation rates, measure-

ments were also made of the physical properties of Santowax

OM (such as density, viscosity and number average molecular

weight) as well as of heat transfer characteristics.

1.2 In-pile Loop Irradiation - Equipment and Procedure

1.2.1 Loop Equipment

A detailed description of the M.I.T. organic coolant

loop has been given by Morgan and Mason (1.2). Modifica-

tions of the loop equipment up to- June 30, 1966 have been

described by other M.I.T. reports (1.3, 1.4, 1.5). Fur-

ther modifications made since then are described in Chapter
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2 of this report.

Nine irradiations (Runs 19A-25) of Santowax OM were con-

ducted using In-pile Section No. 4; three irradiations (Runs

26-28) of Santowax WR utilized In-pile Section No. 5. Dia-

grams showing the design of these two in-pile sections are

presented in Figures 1.1 and 1.2; the portions in the re-

actor core were identical and had a volume of 280 cc. Fig-

ure 1.3 shows the orientation of an in-pile section in a

fuel element; all.twelve irradiations reported in detail

here (Runs 19A-28) were irradiated in the central fuel posi-

tion (No. 1) of the M.I.T. Reactor. A schematic flow dia-

gram of the entire M.I.T. Organic Loop System (as utilized

for Runs 19A-28) is presented in Figure 1.4. A summary of

the important operating conditions for the twelve irradia-

tions carried out between November 1, 1966 and February 26,
1968, is presented in Table 1.2.

1.2.2 Loop Operations

At the beginning of each irradiation run, the coolant

composition was adjusted to the desired total terphenyl

concentration and temperature during a period of unsteady

state. The rates of fresh coolant addition and irradiated

coolant removal for processing were adjusted until the de-

sired steady composition was observed for a period of about

one week. This marked the beginning of the steady-state

irradiation run during which irradiated coolant was removed

(either continuously or in small intermittent batches)

for processing, and replaced by makeup coolant. The irradi-

ated coolant was processed using a High Boiler distillation

procedure to remove high molecular weight degradation pro-

ducts. The temperature of the distillation pot was ad-

justed so that the terphenyls were distilled over leaving
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Table 1.2

Summary of Irradiation Schedule

November 1966 - February 1968

Total Capsule Irradiation Temperature

Concentration 5720F 7000F 750OF 8000F
C (w/o ) 3000C 3710C 3990C 427 0C

86 Run 19A-OM
5MW, fN = 0.36

78-82 Run 20B-OM Run 23-OM Run 21-OM
5MW, fN = 0.36 2MW, fN = 0.36 2MW, fN = 0.36

Run 23A-OM Run 24-oM
94W, fN = 0.36 5MW, fN = 0.36

Run 26-WR Run 27-WR
5MW, fN = 0.38 5MW, fN = 0.38

76-78 Run 22-OM
2MW, fN = 0.36

Run 25-OM
5MW, fN = 0.36

Run 28-WR
5MW, fN = 0.38

63 Run 19A-OM
5MW, fN = 0.36

MW = reactor thermal power, MW OM = Santowax OM
fN = fraction of total dose due to fast neutron attenuation WR = Santowax WR
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only a trace (<0.2%) of para terphenyl in the distilled

bottom. The distillate was then mixed with an amount of

fresh unirradiated coolant equal to the amount of High Boiler

removed from distillation. The mixture formed the makeup

coolant which was returned to the loop to replace the irradi-

ated coolant removed for processing. Samples of the irradi-

ated and makeup coolant were retained for analysis.

1.2.3 Measurement and Calculation of Dose Rates

In order to relate changes in coolant composition and

properties to the radiation dose, measurements of the dose

rates were made along the axis of fuel element No. 1 immedi-

ately before installation of the in-pile section and

immediately after its withdrawal. The small changes in dose

rates occurring during an irradiation due to fuel burnup

were monitored by means of neutron detectors placed in the

two monitor tubes which formed part of the in-pile sections.

The dose rates to terphenyl in the in-pile section

due to fast neutrons and gamma radiation were measured

using adiabatic calorimeters at various positions along

the irradiation capsule. These dose rates (watts/grams)

are directly related to the reactor power level by an in-

pile dose rate factor, FSW (watt-cc/MW-gram). The latter

was determined by an axial integration of the dose rates

measured along the irradiation capsule. Measurements of

the neutron spectrum by means of resonance and threshold foils

were also made along the axial position of the in-pile irradi-

ation capsule to determine the neutron spectrum. The re-

sults of these measurements were used in evaluating the

calorimeter measurements; the rate of energy deposition from

fast neutrons in terphenyl due to elastic scattering was also cal-
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culated from the neutron spectrum as a check on the calorimeter

measurements.

Table 1.3 summarizes the results of dose rate measure-

ments in Fuel Position 1 for In-pile Sections No. 4 and No.

5. The differences in FSW between pre-irradiation and post-

irradiation are due to fuel burnup in the central fuel assem-

bly which contains the in-pile irradiation capsule.

1.3 Coolant Degradation - Theory

1.3.1 Kinetics

Two major effects are responsible for the degradation

of terphenyl coolants in nuclear reactors, namely radiolysis

and pyrolysis (heat). Radiolysis is degradation due to

nuclear radiation such as fast neutrons and gamma radiation.

Pyrolysis occurs only at higher temperatures (>3500 C) where

thermal decomposition of the terphenyl becomes progressively

more important with increasing temperature. However, it has

been found (1.4, 1.5, 1.9, 1.10) that the rate of thermal

decomposition is greater for irradiated coolants than for

unirradiated coolants. Therefore, to differentiate, thermal

decomposition of unirradiated coolant is designated pyrolysis

while thermal decomposition of irradiated coolant is desig-

nated radiopyrolysis.

The terphenyl balance on any coolant system can be ex-

pressed as shown in the following figure and Equation (1.1):

MC = total coolant mass

C = total terphenyl (omp) Womp dterpheny
omp(derd)

concentration
wiC >w I Comw ,Comp r = average dose rate Dw9, omp

Inlet (feed) Outlet (bleed)

Coolant System



Table 1.3

Summary of Dose Rate Measurements in

Fuel Position 1 of MITR

jp~pile Section No. 5(a)

Total in- ile dose rate
factor F , watt-cc/Mw-gm
Gamma-ra in-pile dose rate
factor FT , watt-cc/MW-gm

Fast neutron in-pile dose rate
factor FSW, watt-cc/Mw-gmT
Fast neutron fraction, fN
Average Dose rate to coolant, (d)
r, watts/gram

Maximum dose rate to
coolant, watts/gram

Total energy deposition(d)
rate, watts

(a)Error limits are 2a

Pre-
irradiation

81.6 + 2.0

51.4 + 1.4

30.2 + 1.4
0.37
0.026 (b)

or 0.066 (c)

o.68 (b
or 1.71 c

130 b
or 320 e

Post-
irradiation

69.6 + 1.4

44.5 + 1.0

25.1 + 1.2
0.36

0.023 (b)
or 0.057 (c)

0.56 (b)
or 1 .41 (c)

1 1 0 (b)
or 270(c)

Pre-
irradiation

89.1 + 1.0

55.6 + 0.8

33.5 + 0.8
0.38

0. 0 7 3 (c)

1.80 (c)

350 (c

Post-
irradiation

80.5 + 1.6

49.7 + 1.0

30.8 + 1.2

0.38

0.065(c)

1.60 (c )

(b)At reactor power of 1.94 MW

(c)At reactor power of 4.88 MW

(d)Results based on 6000 cc total coolant volume in the loop at 0.8 gm/cc

I-i

I-J

In-pile Section No. 4(a) In-pile Section No. 5 (a)
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Wmp=WCo -w Cd(MCCComp
omp -owComp dt

dC dM
=W C C M- dcamp Camp dF C (1.1)

= omp omp MC dt omp dt

where

w= inlet coolant feed rate, gms/hr

w = outlet coolant bleed rate, gms/hr

Cf= total terphenyl concentration in the feed,
omp

weight fraction

C = total terphenyl concentration in the coolant,
amp

weight fraction

W = time rate of total terphenyl degradation rate

gms/hr

An empirical model describing the degradation rate of

terphenyl has been developed at M.I.T. in which it is assumed

that the rate of degradation depends only on the concentra-

tion of the terphenyls and that radiolysis and radiopyroly-

sis are independent and linearly additive. The degrada-

tion rate equation expressing this model is shown as Equa-

tion (1.2) (see Appendix A3.1 for details).

W =k n M + k C M
omp R,omp,n amp Cdt ?k mpm ompC (1.2)

or in terms of a G value (which represents the energy rate

of degradation),

W
omp - G(-omp) (gms/watt-hr) (1.3)

rMC

where

G(-omp) = molecules of terphenyl degraded/100 ev

11.65 = conversion factor, (molecules)(watt-hr)/

(gram)(100 ev)



r

T

MC

rMC

k
R,omp,n

P Iompsm

= dt/dt = average specific dose rate in MC,

watts/gm

= specific dose, watt-hr/gm
= coolant mass in the system, grams

= average rate of energy deposition in the

total coolant, watts

= radiolysis rate constant for total ter-

phenyl with apparent radiolysis kinetics

order n, (watt-hr/gram) 1

= radiopyrolysis rate constant for total

terphenyl with apparent radiopyrolysis

kinetics order m, (hr) 1

Combining Equations (1.1), (1.2) and (1.3)

w

rM ompC

-CC
- C om - Comp= kRC n

ompJ dT R,omp,n omp

G(-omp)
11.65

k
+ P,omp,m Cm

omp

rl~

For steady-state runs, dComp/dT is zero. For the individual

terphenyl isomers (ortho, meta and para terphenyls), Equa-

tion (1.4) is modified to describe the disappearance rate

as

w dCb

-24C[ - Ci] - = kR,,a+b Cimp
MCr

+ kiCCCd _ G(-i)
P,1,c+d i omp 11.65

(1.5)

where

Cf = concentration of ith terphenyl isomer in

the feed, weight fraction
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C = concentration of ith terphenyl isomer in
the coolant system, weight fraction

k thkR,1i,a+b = radiolysis rate constant for i isomer with

apparent reaction order a+b (watt-hr/gram)~i

kPic+d = radiopyrolysis rate constant for ith isomer
with apparent reaction order c+d (hr)~

Both Equations (1.14) and (1.5) had been used extensive-
ly and successfully in describing the degradation rate of meta-
rich terphenyl coolant such as Santowax WR and OM-2 (1.4, 1.5).
One of the primary objectives of this report will be to test
the adequacy of this empirical model in describing the degrada-
tion rate of ortho-rich terphenyl coolant such as Santowax OM.

1.3.2 Method of Calculating Degradation Rates for
Steady-State Irradiation

The G values for the disappearance of total terphenyl,
terphenyl isomers, or for the formation of high boiler (HB)
during a period of steady-state irradiation in the organic
coolant loop are obtained using Equation (1.6)

G(-i) = 11.65Wi molecules of ith isomer degraded (or formed)
FSWp[MWH] 100 ev absorbed in total coolant

(1.6)
and

G*(-i) = G(-i)
C i

molecules of ith terphenyl isomer degraded (or formed)

100 ev absorbed in the ith isomer

(1.7)
where

G(-i) = G value for the disappearance of total terphenyl,
terphenyl isomer, or for the formation of HB

W total mass of terphenyl or terphenyl isomer de-

graded or HB formed, gms
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F SW = total in-pile dose rate factor, watt-cc/MW-gm

p = density of coolant at irradiation temperature,

gms/cc

[MWH] = length of steady-state irradiation, reactor

megawatt-hours

C = average concentration of total terphenyl or

terphenyl isomer, or HB, weight fraction

In Equation (1.6), the mass of terphenyl degraded or

HB produced, W., is determined by making a terphenyl balance

around the system using Equation (1.1). The flow rates of

coolant makeup, w , and coolant removed for processing, w0

were measured by carefully weighing all coolant added to, or

removed from, the loop over the measured time of the radia-

tion run. The concentration of terphenyl in the coolant

was analyzed by vapor phase chromatography from which the

weight fractions of the ortho, meta and para terphenyls

(hence the total terphenyl)were determined. The High

Boiler concentration of the coolant was determined by the

distillation processing of coolant in batches of about 3000

grams. By definition, the concentration of the Degradation

Products (DP) is (100 - w/o of total terphenyl). The

difference between DP and HB concentrations is referred to

as the concentration of the Low and Intermediate Boilers

(LIB). The circulating mass of coolant, MC, was measured

using a tritium dilution technique (tritiated terphenyl was

added to the coolant system and samples of coolant analyzed

for tritium content).

To calculate G values from Equation (1.6) the length

of steady-state irradiation is expressed in terms of MWH of

reactor operation. The megawatts (MW) reactor power was cal-

culated from the measured known flow rate of the reactor

coolant (heavy water) and temperature rise of the heavy

water through the core of M.I.T. Reactor (MITR).
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The density, p, of samples of irradiated coolant was

determined at several different temperatures using glass

pycnometers immersed in a fused-salt bath. The temperature

of coolant in the irradiation zone (and other parts of the

system) was measured by means of immersion thermocouples.

1.3.3 Low Temperature Irradiation - Radiolytic

Degradation

At irradiation temperature below about 35000, the radio-

pyrolysis effect on the terphenyl coolant is negligible as

compared with the radiolysis effect. Degradation of terphenyl

can be considered as due to radiation alone. With k- -' 0,

Equations (1.2) and (1.3) can be written as

GR(-omp) = 11.65 kR,omp,nComp (1.8)

where

Gp(-omp) is the G value for the degradiation of total

terphenyls due to radiolysis.

Both GR(-omp) and kR,omp,n are treated as temperature

and fast neutron fraction dependent. The degradation of

organic coolants in nuclear reactors is caused primarily by

fast neutrons and gamma radiation. We assume that the G

value due to radiolysis may be-written as the sum of the G

values due to neutrons and gamma radiation each weighted

respectively by the faction of its dose rate contribution,

fN and fY,

GR = GN N + G f7 (1.9)

and
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fN + fy = 1 (1.10)

Combining Equations (1.8), (1.9) and (1.10),

GR(-omp) n
11.65 = R,omp,ncomp

llI65 G( + 1 Cn1.11)

where

G 0= is the initial degradation rate due to gamma
Y C n

omp radiation

GN/G is called the fast neutron effect ratio

Equation (1.8) was used to determine the radiolytic re-

action order, n and the radiolytic reaction rate constant,

k Romp,n. Equation (1.11) was used to correlate terphenyl

irradiation results of M.I.T. and those of other laboratories.

1.3.4 High Temperature Irradiation - Radiopyrolytic

Degradation

The thermal decomposition of terphenyl coolant becomes

00progressively more important at temperatures above 350 C

(662*F). For temperatures above 7500 F, the degradation rate

due to radiopyrolysis becomes the predominant component of

the total degradation rate in the case of organic-coolant re-

actors where the mass of the coolant holdup at high tempera-

tures is generally quite large.

Any attempt to separate the total rate of degradation

observed under irradiation at high temperature into these

two components involves assumptions regarding the effect of

temperature on each process and regarding the effect of each
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process on the other . In the model employed here, it

has been assumed that the effects of the two processes add

independently and that the temperature dependence of radioly-

sis over the entire range of interest can be obtained by

extrapolating from the dependence at low temperatures (where

radiopyrolysis effects are negligible). The empirical Equation

(1.4) is used to calculate the radiopyrolytic reaction rate

by subtracting the radiolytic degradation rate from the

total rate measured. Rearranging Equation (1.4), we have

k - G(-omp) - k Cn-m1 (1.12)
P,omp,m 1.65Cm R,omp,n

0 0omp

Since kR.ompn determined in low temperature irradiations is

a function of temperature, an Arrhenius relation is used to

estimate the magnitude of kR ompn at higher temperature. The

activation energy of radiolysis is generally small. 1 kcal/

mole appears to be the best choice based on results from other

laboratories.

1.4 Terphenyl Coolant Degradation - Results

1.4.1 Low Temperature Trradiation of Santowax OM

The operating conditions for the low temperature (3000C

or 5720F) irradiations of Santowax OM are summarized in Table

1.4 along with the degradation rate G values obtained.

The values of GR from Table 1.4 are plotted versus Comp
using logarithmic coordinates in Figure 1.5. Early results

for Santowax WR and OM-2 from an earlier report (1.5) are

also included. For the three cases where three data points

are available, a straight line correlation results; straight

lines are therefore drawn through the two data points

available for each of the other two cases.

From Equation (1.11), the kinetic order of radiolysis,

n, is seen to be the slope of the linear correlation of log G



Table 1.4

Operating Conditions and Results

of Santowax OM Irradiations at M.I.T.
30000 (572 0F)

Run
No.

Average
Dose
Rate
(W/g)

19A o.o6o

20A 0.065

20B 0.061

(a)Fast Neutron

Reactor
Power
(MW)

Concentration, w/o

0 m omp

5 41.5 20.1 1.5 63.1 26.4

5 57.7 26.6 1.8 86.1 6.1

5 53.1 25.6 1.8 80.5 8.5

Fraction, fN = 0.36,

0.178
+0.012

0.307
+0.024

0.270
+0.020

GR (HB)

0.160
+0.014

0.232
+0.016

0.205
+0. 018

G*(-omp)(b)

0
+0

.282

.038

0.357
+0.028

0.336
+0.025

in Fuel Position 1

(b)Error limits are 2a

I,

HB GR(-omp)(b)



Symbol Lob. Run no. n

0.30 -11 v Euratom C-42-320 0.28 1.6
IV 0 Euratom C3-40-320 0.126 1.8
III Euratom C6 - 41-320 0.20 1.3
V A MIT 14,16,17 0.07 1.7

|e MIT 19A,20A,20B 0.36 1.7 1

Error Limits are 2cr

0.25 -~

IV

ni/

0.00

v/

V

sw-o
O

OM-2

0.15-

OM-2

OM-2

SW-WR

0.10 - E
0.5 0.6 0.7 OB 0.9 1.7

TERPHENYL CONCENTRATION , Comp, weight fraction

FIGURE 1.5 CORRELATION OF EURATOM AND M.I.T. STEADY- STATE IRRADIATIONS
AT LOW TEMPERATURE
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versus log Comp. Curve I represents a least-square fit of

the three experimental data points of Santowax OM. The

value of n is 1.7 + 0.1(2u) which is the same value as re-

ported earlier for meta-rich OM-2 and Santowax WR.

The relative stabilities of ortho and meta terphenyls

in Santowax OM in these low temperature irradiations are

presented in Table 1.5. Within the accuracy of the experi-

ments, no significant difference in the stability of ortho

and meta terphenyls is found for these radiations, carried

out at a fast neutron dose fraction, f = 0.36. The same

has been reported earlier by Mason and Timmins (1.5) on

Santowax WR. The relative stabilities of the individual

terphenyl isomers also do not change significantly with

variation in the isomer concentration or the total terphenyl

concentration. This result implies that the constants a and

b of Equation (1.5) are approximately a = 1 and b = 0.7 (for
n = 1.7).

Equation (1.11) indicates that the values of the radiol-

ysis rate constants, kR, depend on the magnitude of fN, accord-

ing to the model employed here. This is the reason for the

spread between the lines shown in Figure 1.5. However, all

irradiations of Santowax OM at M.I.T. were made at a fixed

fast neutron dose fraction fN = 0.36. As a result, the values

of the two quantities,'GN/G and Go, which indicate the rela-

tive degradation effects of fast neutrons and gamma rays,

could not be obtained from Santowax OM. Mason and Timmins

(l.) have reported the following values of GN/G and G which
N Y Y

were based on correlation of low temperature irradiations

of meta-rich terphenyls at various values of fN by M.I.T. and

Euratom.



Table 1.5

Relative Stabilities of Ortho- and Meta-Terphenyl

Isomers in Santowax OM Irradiated at 30000 (a)

Relative Degradation R tes

G*R(-1)/G*R(omp)(b

Ortho
1.o4 + 0.05

1.o8 + 0.06

1.01 + 0.06

Meta
0.95 + 0.05

0.87 + 0.05

0.99 + 0.06

(a)Steady-state irradiation at Fuel Position 1 (fN = 0.36); 5 MW, nominal reactor power

(b)Error limits are 2a

Run
No.

19A

20B

20A

H

U,
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Table 1.6

Relative Effects of Fast Neutrons and Gamma-Rays

on Irradiations of Meta-Rich Terphenyls (1.5)

Total Terphenyl Ortho Terphenyl Meta Terphenyl

S/GY (320*) 3.9 2.7 4.5

G (320*) 0.19 0.25 0.18
Y

To obtain an estimate of GN/G and G for total ter-
N, Y Y

phenyl in irradiated Santowax OM the values presented in

Table 1.6 for the isomers were weighted by the relative

amounts of the isomers present (in the M.I.T. irradiations

of Santowax OM, o:m weight ratio was about 2:1). The

resulting values for Santowax OM were

GN/GY (3200C) = 3.3

G0 (3200C) = 0.22
Y

Substitution of these values, and the corresponding val-

ues for meta-rich terphenyls, into Equation (1.11) gives

Meta-rich terphenyl

kRomp.l.7( 3200 C) = 1.6 x 10-2[2.9fN + 1] watt-hr-1

(1.13)

Santowax OM

kRomp,1.7(3200 C) = 1.9 x 10-2[2.3fN + 1] watt-hr~1

gm

(1.14)

Radiolysis rate constants of Santowax OM predicted from

Equation (1.14) agree quite well with values obtained at a

number of different fast neutron fractions; see Table 1.7.



Table 1.7

Summary of Low Temperature Irradiations of

Santowax OM(a)

Reference

AECL (1.8)

AE ,L (i.15)

AECL (1.6)

AI (1.16)

AECL (1.17)

Dose Rate
watts/gm

73

0.1

1.2

0.1-0.15

k Romp7(3200),

Experimental

0

0.3

0.51

0.28

0.55-0.62

0.019

0.028

0.046-0.059

(wh/g) 1

Calculated(b)

0.019

0.032

0.041

0.031

0.043-0.046

M.I.T.
Runs 19A,
and 20B

o.06
20A

(a)All results
as noted

normalized to 320 0C using AER = 1 kcal/mole and n = 1.7

(b)Based on Equation (1.14)

(C)Based on initial decomposition rate

(d)Based on second-order kinetics

0.36 0.035

I-i

0.035

except

I
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1.4.2 Autoclave Pyrolysis Experiments

The rates of thermal decomposition of unirradiated and

previously irradiated Santowax WR were measured using an out-

of-pile autoclave apparatus. The purpose was to confirm the

pyrolysis rate constants of several earlier runs completed

at M.I.T. (1.5) which, though checking quite well with those

of AECL results (1.8), differed appreciably from Euratom

measurements (1.9, 1.10).

Table 1.8 summarizes the results of six pyrolysis ex-

periments, three of which were made with unirradiated San-

towax WR and the rest with irradiated Santowax WR.

Figure 1.6 shows the first-order pyrolysis rate con-

stant from the autoclave pyrolysis experiments in an

Arrhenius plot. In addition the AECL values and the Eur-

atom values for fresh (unirradiated) meta terphenyl and

meta-rich terphenyl mixtures are included for comparison.

The present results obtained with fresh Santowax WR check

very well with the AECL values as well as with results

from previous autoclave experiments at M.I.T. (1.5). The

Euratom measurements are lower by a factor of about three.

1.4.3 High Temperature Irradiation of Santowax OM

and Santowax WR

Table 1.9 summarizes the results of the high tempera-

ture (3710C - 4270C) irradiations of Santowax OM and San-

towax WR for the period covered by this report. Figure

1.7 is an Arrhenius plot of the radiopyrolysis rate con-

stants (for first-order kinetics) obtained from the

results of the high temperature irradiations using Equa-

tion (1.12) (with n = 1.7; m = 1); these results are shown

as closed data points. Curve IV is a least-square fit

of the M.I.T. radiopyrolysis data from Runs 21 through 28.



Table 1.8

Summary of M.I.T. Autoclave

Pyrolysis Results of Santowax WR

Coolant

fresh
SW-WR

fresh
SW-WR

fresh
SW-WR

irradiated
SW-WR

irradiated
SW-WR

irradiated
SW-WR

Temperature
OF OC

796

832

769

772

828

798

425

445

409

411

442

426

Concentration. w/o
OMP DP

91-70

91-57

91-69

80-56

79-40

80-49

9-30

9-43

9-31

20-44

21-60

20-51

First Order(a)
Rate Constant

kp,omp,1 (hr)-
1

1.68 + o.11x1o

5.27 + 0.11x10-3

5.07 + 0.13x10~4

1.21 + 0.03x10-3

7.97 + 0.08x10-3

3.00 + 0.05x10-3

(a)Error limits are 2a

Run
No.

1F

2F

3F

4F

5F

6F

I-

I
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V o AE, = 68 mole
Euratom
Curve I

Curve II{
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0
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OM-2, ampoules, Soclay (5.8)
OM- 2, autoclove, IFP ( 58)
OM-2,BLO3 loop (5.8)
OM-2,SR-2 loop (5.8)

V pure meta, furnace (5.19)

A Sontowax WR, autoclave, MIT(5.3 1
0 Meta in Santowax WR, MIT(5.3)
o Meta in Santowax OM, ampoules -

in furnace, AECL (5.7)
* Meto,ampoules in furnace

AECL (5.7)

o Santowax WR, unirradioted,
autociave, M.I.T.(5.20,this report)

v Santowax WR, irradiated,
autoclave, M.I.T. runs IF, 2F, 3F
(5.20,this report)

aE= 59 k-cl
P mole

A0

0 0 0 0 * 0 .

In Iq M cu 0 I0

1.40 1.45 1.50
PYROLYSIS TEMPERATURE, I/T (*K)~'x10 3

FIGURE 1.6 PYROLYSIS AND RADIOPYROLYSIS RATES OF META TERPHENYL AND
META - RICH TERPHENYL MIXTURES
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Table 1.9

Results of Santowax OM and WR Irradiations

at High Temperatures in the M.I.T. Loop in Fuel Position 1

March 9, 1967 - February 16, 1968

Temperature, OF
Run Irradiation Loop
No. Coolant Capsule Effective

21 SW-0M(b)

22 SW- OM

23 SW-OM

23A SW-OM

24 SW-oM

25 SW-OM

26 SW-WR

27 SW-WR

28 SW-WR

(a)Error limits
(b)SW = Santowax

750

300

roo

700

750

300

700

750

300

734

781

684

685

730

781

685

739

790

Average
Dose Rate
(watt/gm)

0.024

0.023

0.022

0.057

0.057

0.056

o.068

0.065

0.065

Concentration
w/o

OM DP HB

78.0 22.0 9

78.5 21.5 8.9

80.6 19.4 7.7

81.8 18.2 6.5

80.6 19.4 7.1

76.0 24.0 7.7

82.5 17.5 9.1

79.3 20.7 8.2

76.3 23.7 10.6

Degradation Rates(a)

G (- omp)

+0.05

1.15
+0.09
0.36

+0.05

0.33
+0.03

0.38
+0.03

0.68
+0.05

0.33
+0.02

0.39
+0.03

0.64
+0.04

G* (- omp)

0.61
+o.o6

1.47
+0.11
0.44

0.40
+0.04

0.47
+0.04

0.89
+o.06

0.40
+0.03

0.49
+0.04
0.83

+0.05

are 2a

H

UJ
H

0.41
+0.03

0.67
+0.08

0.35
+0.08

0.30
+0.02

0.35
+0.02

0.55
+0.03

0.29
+0.02

0.32
+0.02

0.58
+0.04

0.36

0.36

0.36

0.36

0.36

0.36

0.38

0.38

0.38
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The activation energy for radiopyrolysis indicated by this

line is AE = 48 + 7 (2a) kcal/mole. Also included in

this figure are open data points representing all the pre-

vious M.I.T. high temperature irradiations of Santowax OMP

and WR plus three other curves as follows:

Curve I Radiopyrolysis rate constants from M.I.T.

post-irradiaion pyrolysis of irradiated

Santowax WR (from Curve III Figure 1.6),

AEP 59 + 2 (2a) kcal/mole

Curve II Pyrolysis rate constants of unirradiated

meta terphenyl and Santowax WR (from Curve

II Figure 1.6), AE1 1 = 68 t 4 (2a) kcal/

mole

Curve III Radiopyrolysis rate constants - least-square

fit of all M.I.T. data points for Santowax

OM and WR, AE = 54 + 9 (2a) kcal/mole.

Except for the three open data points at an effective loop

temperature of 1.45 x 10- 3 (OK)- which represent irradi-

ations made at a fast neutron dose fraction, fN = 0.07, the

irradiations were made with f between 0.36 and 0.40.

For the irradiation conditions employed, the following

conclusions can be drawn:

(1) There is no significant difference in the radio-

pyrolysis rates for Santowax OM and Santowax WR

(Curve IV correlates the nine recent irradiations

of these two coolants)

(2) There is no significant difference in radiopyrol-

ysis rates of Santowax OM with a change in dose

rate of irradiation by a factor of about 2.5

(compare Runs 21,22, 23 with 23A, 24, 25).

(3) Thermal decomposition (radiopyrolysis) rates of

irradiated coolant are significantly higher

than those of the unirradiated coolant.
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(4) Within the statistical limits of measurements,

radiopyrolysis rates measured by post-irradia-

tion autoclave pyrolysis experiments agree with

those determined by steady-state in-pile irrad-

iation.

(5) Comparison of the results of Runs 26, 27 and 28

and earlier M.I.T. irradiations of Santowax WR

does not reveal a significant correlation be-

tween radiopyrolysis and coolant composition.

The standard errors on the radiopyrolysis rate constants,

kp, for the M.I.T. in-pile irradiation are about + 90% at

3700C, + 25% at 4000C and + 10% at 4300C. The large uncer-

tainty limits at lower temperatures are due to the extremely

small effect of radiopyrolysis ii the presence of the pre-

dominating effect of radiolysis.

Based on the results of the M.I.T. high temperature irrad-

iations, the best estimate of first-order radiopyrolysis rate

constants for irradiated Santowax OM or WR is

kPIompi(T) = exp(a - AEP/RT) (hr) 1  (1.15)

where

a = 34 + 7 (2a)

AEP = 54 + 9 (2a), kcal/mole

T is the temperature, K

R is the gas constant, 1.987 x l0- kcal/mole-0K

Capsule irradiations of pure ortho terphenyl and pure

meta terphenyl by AECL (1.14) at dose rates from 0.1 to 5

watts/gram have indicated that at high temperatures (>3500C),

the radiolytic decomposition rate of these pure isomers is

(1) dose-rate dependent, (2) significantly higher for pure

ortho terphenyl than that for pure meta terphenyl and (3) in-

dependent of the type of radiation (e.g., fast neutron and
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gamma radiations). Comparisons of these experimental results

with the results of high temperature irradiations of Santowax

OM by AECL (1.6, 1 at dose rates of 0.1 and 0.3 watts/gram

and with the results of the present series of steady-state

irradiations of Santowax 0M at M.I.T. at in-pile dose rates of

0.5 and 1.3 watts/gram (average dose rates to total coolant of

0.02 and 0.06 watts/gram) lead to the following conclusions:

(1) The high temperature radiation stability of ortho

terphenyl in mixed terphenyl coolants is greater

than for the pure ortho isomer.

(2) The dose rate effects indicated by the pure iso-

mers (especially ortho terphenyl) do not have a

significant effect on the degradation of Santo-

wax OM in the temperature range of 6000F and 800OF

(3000C and 4250 C), which is of interest for

organic-cooled nuclear reactors.

(3) An activation energy of radiolysis, AER, Of 1

kcal/mole is reasonable for use in predicting the

total rate of degradation (radiolysis and radio-

pyrolysis) for Santowax 0M at temperatures up to

about 8000F.

The above conclusions are also applicable to meta-rich

terphenyl as indicated by Mason and Timmins (1. ).
Further, comparison between Santowax OM (ortho-rich)

and Santowax WR (meta-rich) both irradiated at approximately

the same conditions shows that the stabilities of the ortho

and meta terphenyl isomers in an ortho-rich mixture of ter-

phenyl are about equal to those in a meta-rich mixture of

terphenyl. The greater degradation rate reported for pure

ortho terphenyl (1.14) suggests that the presence of other

terphenyl isomers retards the radiolytic degradation rate of

ortho terphenyl as compared to the radiolytic degrada-
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tion rate in pure ortho terphenyl.

1.5 Physical Properties and Heat Transfer

Densities of samples taken during steady-state irradi-

ations of Santowax OM were measured by means of calibrated

pycnometers over the temperature range from 400*F to 8000F.

The pyconometers were pressurized with nitrogen and immersed

in a high temperature fused-salt bath. Viscosities of the

same samples were measured by means of semi-micro capillary

viscometers of the Oswald type. Table (1.10) summarizes the

results of these measurements.

Table 1.10

Summary Of Density And Viscosity

Measurements of Santowax OM

400 0F 600"F 800'F
%HB

P(c ) p(cp) p ( )P yp) p( m) p(cp)cccc cc

0 0.951 0.79 0.855 0,32 0.759 0.18
10 0.965 0.93 0.871 0.41 0.778 0.24
20 0.979 1.15 0.888 0.48 0.797 0.28

30 0.993 1.40 0.904 0.58 0.815 0.34

The values shown in Table 1.10 represent smoothed val-

ues obtained from measurements of coolant samples taken

during Runs 19A through Run 25 of the steady-state irradi-

ation of Santowax OM. These values are in good agreement

with measurements of density and viscosities of Santowax

OM as reported by other laboratories (1.11, 1.12).

For each sample measured, the density was found to be

linearly dependent on temperature. Among samples of various
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High Boiler (HB) concentration, the density increases with

increasing HB concentration. Based on the M.I.T. density

measurements, an empirical correlation of the effect of both

temperature and HB concentration on the density of Santo-

wax OM is given as. follows:

p = 1.143 + 0.91 x 10- 3 HB)

4.8 x 10~ - 1.2 x 10-6 HB)] [T]

(1.16)

where

p is the sample density, gm/cc

HB is the High Boiler concentration, w/o
0

T is the sample temperature, F

This correlation correlates the densities of all the

irradiated Santowax OM samples measured at M.I.T. within 1%.

Both the viscosity and density of Santowax OM were

found to be slightly lower (about 5%) than those of Santo-

wax WR (1.5).

The viscosities of all irradiated samples were found

to follow the relation

= hi exp (-AE/RT) (1.17)

where

u is the sample viscosity, centipoise

Po is a constant for given sample

AE is an "activation energy," kcal/mole

The activation energy, AE, for Santowax OM ranges from 4.2

to 4.6 kcal/mole and that for Santowax WR ranges from 4.3

to 4.8 kcal/mole (1.5). The difference in AE, p, and M

between Santowax OM and Santowax WR may be related to the



-1.38-

ratio of LIB/HB. At the same temperature and same ter-

phenyl concentration during the irradiation, the IB/HB

ratio of Santowax OM has been found to be higher than that

of Santowax WR. The viscosity was found to increase with

increasing HB concentration. However, at the same HB

concentration, the viscosity of either Santowax OM or

Santowax WR is smaller for samples irradiated at higher

temperatures (>350*C). Again, this may be due to LIB/HB a

ratio, which increases with increasing temperature of irradi-

ation.

The number average molecular weight (MWN) of irradiated

Santowax OM was found to increase from about 230 + 5% at

7% HB to about 270 + 5% at 26% HB. These values are about

5-10% lower than the corresponding values for Santowax

WR (1.5). The number average molecular weight of the

High Boiler fraction of the coolant was found to depend on

the irradiation temperature. It varied between 510 to 570

for low temperature irradiations (<350 C) and was about

470 for high temperature irradiations (>350*C). These

values are about 5-10% smaller than the corresponding values

for Santowax WR. Thermal cracking of the heavy molecules

at higher temperatures (>350*0) of irradiation may be the

reason for the lower MWN in the HB fraction, and the larger

ratio of LIB/HB in Santowax OM may account for the smaller

value of MWN compared to that of Santowax WR.

Heat transfer measurements were made by means of a

tubular test heater installed in the out-of-pile section

of the loop. Two test heaters (TH7 and TH8) of similar

design (stainless steel tubing. 1/4-inch OD x 0.020-inch

wall) were used. They were heated by electric current and

could produce up to 400,000 Btu/ft -hr heat flux from the

wall to the coolant. The heat transfer coefficients of the

coolant were based on the equation
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U T Q/A T Btu/hr-ft 2_oF (1.18)
w,i B

where

Q/A is the heat flux into the coolant, Btu/hr-ft2

T is the average inside wall surface temperature,
* F

TB is the average bulk temperature of coolant, OF.

Test Heater TH7 was used during the irradiation of

Santowax OM. Heat transfer measurements made in April, 1967

showed a decrease of heat transfer coefficient to about 70%

of that calculated using McAdam's correlation (1.13). A

scaling heat transfer coefficient of about 2600 Btu/hr-ft2_oF

was indicated. Previous heat transfer measurements made up

to April, 1966 on this same test heater had shown no evi-

dence of fouling (1.5). No heat transfer measurements

were made during the one year period from April, 1966 to

April, 1967 due to modification of the loop irradiation facil-

ity. The most likely cause of scale formation on the test

heat wall is the introduction of impurities to the loop sys-

tem during this period when modifications of the system were

being performed.

TH7 was replaced by TH8 during the remaining Santowax

WR irradiations. Extensive heat transfer measurements were

made over a temperature range from 630OF to 800 0F,High Boiler

concentrations from 8% to 20.5%, Reynolds Numbers from 3 x 10

to 1.3 x 105 and Prandtl Numbers from 5.2 to 8.2. The heat

transfer data can be correlated to within + 10% by the forced

convection equation of McAdam's as expressed by Equatiorn (1.19)

Nu = 0.023 Re0' 8 Pro.4 (1.19)

Figure 1.8 shows the experimental data and correlation using

Equation (1.19). The dashed lines indicate the 10% deviation
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limits.

1.6 Application to Organic Cooled Nuclear Reactors

The information concerning the rates of degradation

due to radiolysis and radiopyrolysis can be used to predict

the rates of coolant degradation, and required makeup, in

nuclear reactors. If the coolant reprocessing system of an

organic-cooled reactor is operated using High Boiler dis-

tillation, the ultimate formation rate (and therefore removal

rate) of HB will be equal to the terphenyl degradation rate -

any low and intermediate boilers (LIB) will remain in the

system (until converted either back to terphenyl or to HB).

The total terphenyl makeup rate for an organic-cooled

reactor in steady-state can be calculated from the following

relationships

Womp R + WP (1.20)

GR(-omp) _ 1 _-
R 11-65 rMC = kR,omp,l.7Cor' rMC (1.21)

p( = T -CT T2 kPp,1(T) dT (1.22)

where

W is the time rate of total terphenyl degrada-

tion, gms/hr

WR is the time rate of radiolytic degradation,

gms/hr

W, Pis the time rate of radiopyrolytic degrada-

tion, gms/hr

Wp(N) is the time rate of radiopyrolytic degrada-

tion in the Nth zone of the reactor coolant

system, gms/hr
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is the rate of radiation energy deposition

in the coolant, watts

Comp is the total terphenyl concentration of the

coolant, weight fraction

M C is the coolant mass contained in the reac-

tor coolant system, grams

MN is the mass of coolant in a zone, N, of the

coolant system having an inlet coolant

temperature T and an outlet temperature

T 2
AT is a small increment of temperature with aver-

age temperature Ti, K
kRomp2l(Tj) is the radiopyrolysis rate constant for

irradiated coolant evaluated at tempera-

ture Ti, (hr)-1

kR,omp,l.7 is the radiolysis rate constant evaluated

at the mean temperature of the coolant in

the reactor core, (watt-hr/gm)~

As an example, a design of a heavy water moderated,or-

ganic-cooled nuclear reactor designed to produce 750 MWe

(1.18) will be used. A simplified flow diagram of the coolant

system is presented in Figure 1.9; coolant temperature in the

various parts of the system are shown. The results of cal-

culations of the coolant makeup rate for reactor outlet

temperatures of 750*F and 800*F for coolant with a total

terphenyl concentration of 90% are presented in Table 1.11.

At a reactor outlet temperature of 7500F, radiolysis accounts

for about 2/3 of the total degradation, while for 800OF

radiolysis accounts for only about 1/4. Radiopyrolysis in

the outlet header is the predominate source of coolant

degradation at 8000F.
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Table 1.11

Calculated Coolant Makeup Rates for 750 MWe HWOCR Demonstration Plant

(Comp = 0.90)

750OF Core Outlet
Coolant temperature

Coolant Total Terphenyl
Mass Tgmp. Degradation Rate
(lbs) ( F) (lbs/hr)

Radiopyrolysis

I Cold leg, inlet header 536,000 575
II Decay heat loop 43,000 650

III Reactor core 64,000 575-750

IV Outlet header, hot leg 690,000 750

V Superheater

VI Evaporator

VII Reheater

73,000 750-717
49,000 700-574

52,000 750-662

6
517

38
1

14

8000 F Core Outlet
Coolant Temperature

625

700
625-800

800
800-767

750-624
800-712

Total Terphenyl
Degradation Rate

(lbs/hr)

4
6

33
2648

189
8

75
Sub-total

(radiopyrolysis) 577
Radiolysis (radiolysis) 902

Total
Makeup Rate 1479

Coolant Makeup
Cost (mills/kwhe) 0.27

($0.12/lb coolant cost)

Zone Description

I

2963
930

3893

0.62

Temp.
(OF)
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Figure 1.10 shows the effect of terphenyl content in the

coolant for two reactor outlet temperatures, 750*F and 800*F.

Degradation rises rapidly with increasing terphenyl content.

However, the coolant viscosity increases as terphenyl content

decreases (due to increased HB content). Optimization between

the effects of coolant composition on makeup expense versus

expenses related to pumping and heat transfer is required

to arrive at an economic design.
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CHAPTER 2

EQUIPMENT AND OPERATION

2.1 Loop Equipment

2.1.1 Introduction

Loop Equipment refers to the equipment enclosing the cir-

culating volume (e.g. in-pile section and irradiation capsule,

test heater, trim heater, flow meters, pumps, cooler, and Surge

Tank) and supporting instrumentation and control equipment

(e.g. temperature recorders, temperature controller, flow rate

instrumentation, alarm circuitry, etc.). Most of this equip-

ment has been described in previous M.I.T. reports (2.1, 2.2,

2.3, 2.4), and some is discussed in other chapters of this re-

port. Section 2.1.2 is a directory for finding loop equip-

ment descriptions in-this and previous reports.

2.1.2 Summary of References for Descriptions of Loop

Equipment

Equipment Period of Use Reference
Name

Surge Tank Oct. 1958 - March 1968 (2.1)

Trim Heater Oct. 1958 - March 1968 (2.1)

Filter Oct. 1958 - March 1968 (2.1)

Circulating Pumps

No. 1 Oct. 1958 - March 1968 (2.1)

No. 2 Oct. 1958 - Oct. 1966 (2.1)
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2.1.2 Summary of References for Descriptions of Loop

Equipment, continued

Equipment Period of Use Reference
Name

Test Heater

1 - 7 Oct. 1958 - March 1968 (2.1, 2.2,
2.3, 2.5)

8 July 1967 - March 1968 Present Report,
See (2.6) and
3.6.2

Cooler

1 Oct. 1958 - March 1968 (2.1)

2 Oct. 1958 - Oct. 1966 (2.1)

In-pile Assembly

1 - 3 Oct. 1958 - June 1967 (2.1, 2.2, 2.4)

4 Present Report
See 2.1.3

5 Present Report
See 2.1.3

2.1.3 In-pile Sections and Irradiation Capsules

Morgan and Mason (2.1) have given a complete description

of the M.I.T. In-pile Loop Facility. Further modifications

of the facility up to June, 1966, have been reported in M.I.T.

reports (2.2, 2.3, 2._4).

For the period covered in this report, two in-pile sec-

tions, No. 4 and No. 5 were used. They were similar in de-

sign except for details of the shield plug construction.

Figure 2.1 shows the simplified diagram of the assembly of

the two in-pile sections. The two in-pile sections were made

to fit down the axis of central fuel element (Fuel Position 1)

of the MITR, as shown in Figure 2.2. The portions in the
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IN PILE SECTION NO. 4 IN PILE SECTION NO. 5

High Density Concrete -

Spiral Offset
Bend Offset-

Lead

3/8"OD x 0.028" Wall-
Monitor Tube

1.25 "OD XO.035" Wall
Aluminum Thimble -

l{OD X 0.035 Wll -
Irradiation Capsule

5/8"ODxO.010" Wall-
Baffle Tube (inlet)

-3/8"ODxO.028" Wall -

Monitor Tube

FIGURE 2.1 SIMPLIFIED DRAWING OF IN- PILE SECTION NO.4 AND NO. 5

qFuel-

TReactor

- Fuel



1/8 "OD 0.015" Wall
Aluminum Leak
Detector Tube

1 /2 " Wide
Hold Down Straps

3/8" 0.028" Wall
Aluminum Monitor Tube

I 1/16"ODx 0035" Wall
304 Stainless Steel
Irradiation Capsule (Outlet)

Fuel Plates
(outside plates
contain no fuel)

5/8 "OD x 0.010" Wall
321 Stainless Steel
Baffle Tube (inlet)

3 /8 " OD x 0.028" Wall
316 Stainless Steel
Monitor Tube

3" 1.25" ODxO.035" Wall
6061 Aluminum Thimble

FIGURE 2.2 DRAWING OF FUEL ELEMENT CROSS SECTION WITH
POSITION OF IN-PILE SECTION SHOWN
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irradiation field consisted of a 1 1/4 inch-OD x 0.035 inch-

wall of 6061 aluminum thimble containing a stainless steel

irradiation capsule (1 1/16 inch-OD x 0.035 inch-wall). The

aluminum thimble was used to separate the reactor coolant

(D2 0) from contact with the hot irradiation capsule. The

irradiation capsule assembly, as shown in Figure 2.3, had

two annular stainless tubes; a 5/8 inch-CD x 0.010 inch-wall

321 stainless steel baffle tube -and a 3/8 inch-OD x 0.028

inch-wall central monitor tube. All these dimensions were

identical to the in-pile Section No. 3 as described in an

earlier M.I.T. report (2.4), except that the irradiation cap-

sule of In-pile Section No. 3 was installed inside a cadmium-

lined sample assembly whereas those in In-pile Sections

No. 4 and No. 5 were installed in a partial-plate fuel ele-

ment as described in M.I.T. reports (2.2, 2.3) and shown in

Figure 2.3. The aluminum monitor tube located adjacent to

the capsule had a dimension of 3/8 inch-OD x 0.028 inch-wall

which was slightly larger than that of In-pile Section No. 3
(5/16 inch-CD x 0.035 inch-wall).

The inlet to the capsule for the organic coolant flowed

between the entral tube and the baffle tube and the outlet

between the 1-1/16 inch-CD capsule wall. From the bottom of

the capsule Lo 26.75 inches above, the volume per unit length

of the capsule was calculated to be 10.57 cc/inch. From

26.75 inches up, the corresponding value was reduced to 5.85

cc/inch due to a reduction of the outer 1 1/16 inch-OD stain-

less steel capsule to 7/8 inch-OD x 0.035 inch-wall stainless

steel tube. Beyond 25 inches above the core center-line, the

dose to the organic coolant could be considered as negligible.

The total active volume of coolant in the in-pile irradiation

zone of both In-pile Sections No. 4 and No. 5 was 280 cc.

Table 2.1 shows the design and operating speficication of the

M.I.T. In-pile Loop for both In-pile Sections No. 4 and No. 5.
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Core
Axial
Centerline

I'/i1" OD x 0.035 " Wall
304 Stainless Steel .
Irradiation Capsule
(Outlet)

5s/ " OD x 0.010" Wall
321 Stainless Steel
Boffle Tube (Inlet)

Direction of
Coolant Flow

3/9 "OD x 0.028 " Wall
316 Stainless Steel
Monitor Tube

1'/4 1
6061

OD x 0.035" Wall_
Aluminum Thimble

1311/32" In-pile Section No. 5

131/16" In-pile Section No. 4

14
1/2

2
Note: Aluminum-
monitor tube and
leak detector tube
not shown.

21/2

Fuel Element
Assembly Nozzle

FIGURE 2.3 SIMPLIFIED ELEVATION CUT-AWAY VIEW OF LOWER
END OF IRRADIATION CAPSULE OF IN-PILE SECTIONS
No. 4 and No. 5 INSTALLED IN MITR FUEL ELEMENT
ASSEMBLY
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Table 2.1

Design and Operating Specifications of the

M.I.T. In-Pile Loop

In-Pile Section
No. 14N o.5

Bulk Temperature to 8000 F to 8000 F

Loop Pressure to 600 psig to 600 psig

Material of Construction Types 304 and 316 Types 304 and 316
Stainless Steel Stainless Steel

Volume of In-Core Capsule 280 cc 280 cc

Circulating Volume (0" Level 5300 cc 5100 cc
in Surge Tank)

In-Pile to Out-of-Pile 0.05 0.05
Volume Ratio

Maximum Circulating Flow 2.3 gallons/min. 2.3 gallons/min.
Rate

Maximum Test Heater Heat 400,000 Btu/ft2-hr 400,000 Btu/ft 2-hr
Flux

Test Heater Wall Temperature to 10000 F to 10000 F

Velocity in Test Heater to 23 ft/sec to 23 ft/sec

Specific Dose Rate to Ter- 0.32 watts/gm/MW 0.35 watts/gm/MW
phenyl Coolant at Axial of reactor power of reactor power
!Center of Reactor in Fuel
Position 1

(a)(bAverage Dose Rate to all Cir- 0.023 watts/gm 0.067 watts/gm(b)
culating Terphenyl Coolant in (b)
Fuel Position 1 0.057 watts/gm

Total Energy Deposition Rate 115 watts(a) 335 watts(b)
from Neutrons and Gamma (b)
Interactions 285 watts b)

Fast Neutron Fraction of 0.36 0.38
Total Dose Rate

(a)At Reactor Power Level of
(b)At Reactor Power Level of

1.94 MW

4.85 MW
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2.2 Processing Equipment

2.2.1 Definition

Process systems, as defined here, are those systems used

to remove organic coolant from the circulating volume, reprocess

it, and feed the reprocessed organic to the circulating volume

in order to maintain the circulating volume composition at

steady-state against degradation. As shown in the following,

this includes (a) a device for feeding and bleeding the cir-

culating volume and (b) reprocessing apparatus, in this case

a vacuum still, though other processes such as hydrocracking

could be tested.

Loop ----- NrFeed and ---- >Reprocessing
circulating Bleed Apparatus

volume C---- Device E----(Distillation)

Flow Diagram of Processing System

Two feed and bleed devices have been used at this pro-

ject: (1) Single Capsule System, described in Section 2.2.2,

used for Run 19A currently reported and all previous degra-

dation runs reported by M.I.T., limited to low degradation

rate runs; and (2) The Continuous Sampling and Makeup Systems

(S & M I, II) described in Section 2.2.3, used for degradation
0

rate runs (reactor power 5 MW, coolant temperature, 800 F).

The reprocessing method used was high boiler (HB) dis-

tillation, The capacity of the apparatus was increased during

the period of this report to make possible 5000 gm batch dis-

tillations in conjunction with the S & M system processing for

high degradation rate runs.

2.2.2 Single Capsule Processing System

In Run 19A (currently reported) and all previous degra-

dation runs (2.1, 2.2, 23), feeding and bleeding was accom-

plished by single capsule method. The capsules had capacities



ranging from 20 to 300 gms.

A capsule processing cycle is described below. The cap-

sule was filled first with processed coolant, and then connected

to the sampling position between valves 14 and 16 (refer to

Figure 2.4). After the capsule had been warmed with heating

tape, the valves connecting the capsule to the loop were opened

and the capsule became an integral part of the circulating

coolant in the loop. Subsequently the valves were closed off

and cooled to freeze the coolant at the valves with dry ice.

The capsule was then removed and the coolant in the capsule

was emptied out to the distillation flask, flushed and recharged

with processed coolant. This cycle was repeated throughout the

run. The cycling time and the size of the capsule controlled

the coolant concentration. The procedures involved in the

cycle were quite tedious and time consuming (about three hours

turn-around time). Following the increase in reactor power in

November of 1965 from 2 MW to 5 MW, it was evident that the

capsule operation would no longer be adequate.

2.2.3 Continuous Sampling and Makeup Systems - (S & M I

and S & M II)

The processing rate in the single capsule method was limited

by requirements of good mixing and by the maximum tolerable

perturbation of loop composition accompanying an instantaneous

batch dilution. For degradation runs at high temperature and

reactor power of 5 MW, the single capsule method was not adequate.

The S & M systems were designed to make these high de-

gradation rate runs possible. Figure 2.4 shows S & M I, con-

nected to the loop (circulating volume) at values 8 and 6,

and Figure 2.5 shows S & M II, connected to the loop at valves

16 and 14. Though differing in some details, both systems

have the following essential features:

(1) two positive displacement pumps (one each for

sampling and makeup) driven by a common motor;

(2) a timer mechanism actuating the motor for some
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See Figure 2.4

FIGURE 2.5
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SCHEMATIC FLOW DIAGRAM OF SAMPLING AND MAKEUP
SYSTEM II, MIT ORGANIC COOLANT LOOP
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preset percentage of a time period;

(3) individually adjustable stroke for each pump's

plunger;

(4) a "Sample Tank" of approximately 5000 cc to receive

organic coolant from the loop;

(5) a "Make-up Tank" of approximately 5000 cc capacity

containing reprocessed organic coolant;

(6) a portable "Transfer Tank", not shown in Figures

2c4 and 2.5, to transfer coolant from the Sampling

Tank to distillation apparatus and from the dis-

tillation apparatus to the Makeup Tank under nitro-

gen blanket (see Appendix A5 for operation proce-

dures of these transfers).

S & M I was used for degradation Runs 20A to 25, but was

supplanted by S & M II for the remaining Runs (26 to 28) be-

cause it was thought that pump performance could be improved

by increasing the net positive static suction head. S & M I

pumps were mounted on an elevation approximately the same as

the bottom of the Sampling and Makeup Tanks, while S & M II

pumps were installed on the reactor building floor, approxi-

mately 1? feet below the bottom of the Sampling and Makeup

Tanks.

Neither S & M system operated satisfactorily. It was

necessary to correct for pump mismatch (or failure) by so-

called F' and K' (manually operated) transfers (see Appendix

A5 for operating procedures). These were manual transfers

(without use of pumps) of organic coolant into and out of the

circulating volume, via the S & M system plumbing. For the

last two runs (27 and 28), in fact, the pumps were abandoned

altogether and processing was accomplished entirely by F'

and K' transfers.

Table 2.2 lists specifications, manufacturers, etc. for

S & M system equipment.
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Table 2.2

Equipment Specifications for Sampling and Makeup System

S & M I S & M II

Pump

(1) Manufacturer American Meter Controls Same as
100 Series, Model S & M I
No. 110362 Motor Driven
Proportioning Pumps

(2) Maximum Capacity 0.32 gallon/hour Same as
S & M I

Sampling and Makeup
Tanks

(1) Capacity and 6000 cc Stainless Steel Same as
Material S & M I

(2) Calibration 230 cc/in Same as
S & M I

(3) Pressure Relief Rupture Disc, Stainless Same as
Device Steel, rated 860 psig at S & M I

720 F, 550 psig at 8000 F

(4) Gage Glass 0-25 inches graduated to Same as
1/8 inch, 330 cc holdup S & M I
below 0" level

Transfer Tank

(1) Capacity and ~6000 cc Stainless Steel Same as
Material S & M I

Piping

(1) Material Stainless Steel Same as
S & M I

(2) Size 1/8 to 3/8 inch O.D. 1/4 to
3/8 O.D.

Valves

(1) Material Stainless Steel Same as
S & M I

(2) Manufacturer (a) Hoke Inc. 440 Series Same as
and Type Bellows Seal Valve S & M I

(b) Autoclave Engineers,
Inc., Speed Valve

Degasifier

(1) Material Stainless Steel None

(2) Capacity 200 cc



2.3 Loop Operation

2.3.1 General

Except for the period between February 27, 1967 through

June 4, 1967 when the M.I.T. reactor operating power was lowered

to 2 MW level, the nominal power level was 5 MW throughout the

period covered by this report. The reactor was operated approxi-

mately 100 hours each week from Monday morning to Friday after-

noon. The organic loop operation had to match closely the

schedule of the reactor operation at full power. The loop

temperature reached the desired irradiation temperature each

Monday at about the same time the reactor power reached the

operating full power level, and the loop temperature was lowered

to about 4000 F over the weekend as soon as the reactor was

shut down on Friday.

All the irradiation runs during the period from Novem-

ber 1, 1966 to February 16, 1968 were made at Fuel Position 1,

located at the center of the M.I.T. reactor core. No attempt

was made to carry out transient operation. The high degrada-

tion rate at Fuel Position 1 with reactor operated at 5 MW

would shorten the transient period such that only limited

number of coolant sampling could be carried out during this

period. As a result, the statistical error would be so large

that the results of measurement of the degradation rate would

be of little significance.

Prior to the steady-state operation, a dilution of the

loop coolant was generally required with fresh (unirradiated)

terphenyl to bring the terphenyl concentration to within

+ 3% of the desired steady-state level. The processing sys-

tem was adjusted by means of the pump stroke and a mechanical

timer which turned the pump motor on and off at preset values.

The coolant then underwent a transient period to allow the

terphenyl and the high boiler-concentrations to approach the

desired steady-state values. As soon as the concentrations

had leveled-off, the processing rate was fixed and the steady-

state condition was established. During the steady-state

period, the concentrations were found to-be constant within +2%.
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2.3.2 High Boiler (HB) Distillation

The high boiler (HB) distillation was similar in principle

to that reported by Sawyer and Mason (2.2) except that the

volume of coolant to be distilled per batch was increased to

approximately 3000 grams. The apparatus was set up to distill

up to 5000 grams per batch at a pressure of 10 mm Hg of nitro-

gen. The coolant to be distilled was transferred from the

Transfer Tank under nitrogen blanket into a cylindrical round

bottom Pyrex flask of 5000 cc capacity. The flask was heated

in a cylindrical electric heater of 1 KW. The distillate was

collected in a 5000 cc round flask which was connected to the

vacuum system and the nitrogen system of the distillation unit

through a cold trap cooled with liquid nitrogen. For each

steady-state run, the cutoff temperatures of the distillation

bottom and of the vapor were determined by.vapor phase chromo-

tography of the distillation bottom for both para and meta

terphenyl contents. The cut-off temperatures were adjusted

so that less than 0.2 w/o of the para terphenyl remained in the

still bottom after the distillation was completed. This cor-

responded to cut-off temperatures of approximately 2600 C in

the vapor entering the condensing arm and 3200 C in the dis-

tillate bottom for the Santowax OM runs (Runs 19A to 25) and

2900 C and 4000 C for the Santowax WR runs (Runs 26 to 28) for

a coolant batch of around 3000 grams. Total time of dis-

tillation was approximately 90 minutes for 3000 grams coolant.

2.3.3 Chronology of Organic Loop Operations - July 1,

1966 to March 31, 1968

A summary of the loop operations is shown in Table 2.3.

A brief description of the loop operations and calorimetry

and dosimetry measurements is given in Appendix A8 for the

period of July 1, 1966 to March 31, 1968.
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Table 2.3

Summary of Loop Operation During Period

of July 1, 1966 to March 7, 1968

Operation
Calorimetry Series
XXII

Installation & Test-
ing of S & M I

Calorimetry Series
XXIII

In-pile Section
No. 4 Installed

Run 19

Date
8/17/66

9/1/67-
1/3/67
10/8/66

10/29/66

11/1/66-
12/8/66

12/9/66-
12/30/66

12/15/66

Reactor
'powenZWw)

5

5

Foil Dosimetry
No. 43C

1/3/67 S & M I in operation

1/3/67-
1/10/67

1/10/67-
1/24/67

1/24/67-
1/30/67

1/30/67-
2/21/67

2/27/67-
6/4/67

3/9/67-
3/13/67

3/13/67-
3/2 4/67

Run 20

Run 20A

Run 20B

Run 20B

5

5

5

5

Reactor Power at 2MW

Run 21

Run 21

3/17/67 Foil Dosimetry
No. 44C

4/3/67-
4/5/67
4/5/67-
4/18/67

Run 22

Run 22

2

2

2

2

2

Reactor

Stainless Steel Thimble,
Fuel Position #1

Stainless Steel Thimble,
Fuel Position #1

Fuel Position #1

Approach to Steady-State,
5720 F, Santowax OM

Steady-State, 5720 F,
Santowax OM. C = 63%

Aluminum Monitoring Tube,
Fuel Position #1

Approach to Steady-State,
5720 F, Santowax OM

Steady-State, 5720 F,
Santowax OM, C = 86%

Approach to Steady-State,
5720 F, Santowax OM

Steady-State, 5720 F,
Santowax OM, C = 81%

Approach to Steady-State,
7500 F, Santowax OM

Steady-State, 7500 F,
Santowax OM, C = 80%omp

Aluminum Monitoring Tube,
Fuel Position #1

Approach to Steady-State,
800oF, Santowax OM

Steady-State, 8000 F,
Santowax OM, C = 79%

Run 19A
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Table 2.3 (continued)

Date

4/25/67
5/15/67
5/15/67-
6/4/67

Operation

Run 23

Run 23

Reactor
Power(MW)

2

2

6/4/67 Reactor power at 5MW

6/4/67-
6/18/67

6/18/67-
7/7/67
6/21/67

Run 23A

Run 24

5

5

Foil Dosimetry
No. 45C

6/22/67 Calorimetry Series
XXIV

7/12/67-
7/17/67
7/17/67-
7/28/67

Run 25

Run 25

5

5

Remarks

Approach to Steady-State,
700 0F, Santowax OM

Steady-State, 7000 F,
Santowax OM, C = 80%

Steady-State, 700 0F,
Santowax OM, C = 82%.omp-82

Steady-State, 750 0F,
Santowax OM, Comp = 80%

Aluminum Thimble, Fuel
Position #13

Aluminum Thimble, Fuel
Position #13

Approach to Steady-State
8000F, Santowax OM

Steady-State, 8000F,
Santowax OM, C = 76%

7/28/67 In-pile Section
No. 4 Removed

8/2/67 Foil Dosimetry No. 47

8/3/67- Calorimetry Series
8/4/67 XXV

8/31/67

9/7/67-
9/8/67

Foil Dosimetry
No. 48

Calorimetry Series
XXVI

10/8/67 In-pile Section
No . 5 Installed

11/1/67 Foil Dosimetry
No. 49C

11/6/67 S & M II in operation

11/6/67-
11/16/67

Run 26A 5

511/16/67-Rune 26
12/6/67

Stainless Steel Thimble,
Fuel Position #1

Stainless Steel Thimble,
Fuel Position #1

Stainless Steel Thimble,
Fuel Position #1

Stainless Steel Thimble,
Fuel Position #1

Fuel Position #1

Aluminum Monitoring Tube,
Fuel Position #1

Approach to Steady-State
7000F, Santowax WR

Steady-State, 7000F,
Santowax WR, Comp
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Tables 2.3 (continued)

Date Operation
12/18/67-Run 27
12/27/67

12/27/67
1/15/68

Reactor
Power(MW)

5

Run 27 5

Remarks

Approaching to Steady-
State, 7500 F, Santowax WR

Steady-State, 7500 F
Santowax WR, C = 80%

1/5/68 Foil Dosimetry
No. 50C

1/22/68

2/6/68-
2/16/68

2/16/68-
2/22/68

2/22/68-
2/23/68

2/24/68

2/28/68

2/26/68

3/6/68-
3/7/68

Run 28

Run 28

5

5

Calorimetry Series
XXVII

Foil Dosimetry
No. 51C

In-pile Section
No. 5 Removed

Foil Dosimetry
No. 52C

Calorimetry Series
XXVIII

Calorimetry Series
XXIX, XXX

Aluminum Monitoring
Tube, Fuel Position #1

Approach to Steady-State,
800 0 F, Santowax WR

Steady-State, 800 0 F,
Santowax WR, C = 76%

Aluminum Monitoring
Tube, Fuel Position #1

Aluminum Monitoring
Tube, Fuel Position #1

Stainless Steel Thimble,
Fuel Position #1

Stainless Steel Thimble,
Fuel Position #1

Stainless Steel Thimble,
Fuel Position #1
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2.4 Autoclave Pyrolysis Experiment

2.4.1 Introduction

Earlier M.I.T. reports (2.3, 2.4) showed discrepancy be-

tween M.I.T. experimental data and Euratom data for the auto-

clave pyrolysis of unirradiated meta-rich terphenyls (e.g.

Santowax WR and OM-2). Although M.I.T. data agreed quite

well with those of AECL, they were higher than Euratom data

by at least a factor of three. Furthermore, very few auto-

clave pyrolysis experiments with irradiated coolant had been

conducted. Consequently, additional autoclave pyrolysis ex-

periments of meta-rich terphenyls (e.g. Santowax WR) were

performed to establish more clearly the pyrolysis rates of

unirradiated and irradiated coolants.

2.4.2 Equipment

The autoclave pyrolysis apparatus was built at M.I.T. to

measure the pyrolysis rate of the unirradiated terphenyl mix-

tures and the radiopyrolysis rate of the irradiated ter-

phenyl mixture. Mason, Timmins, et. al. (2.4) have described

in details the apparatus and its operation. Therefore only

brief description will be given here except where modifications

have since been made.

The autoclave reactor vessel was the bolted closure type

(Model BC-300, Autoclave Engineers, Erie, Penn.) provided with

two openings which permitted charging and sampling of the

liquid and gaseous samples. No provision was made for stir-

ring the sample in the autoclave. But mixing, if required,

could be achieved by bubbling nitrogen into the vessel through

the liquid sampling line. The schematic-diagram of the pyro-

lysis apparatus is shown in Figure 2.6. All parts and fittings

of the system were made of stainless steel and leak-checked

at 600 psi. The autoclave rested inside a salt bath contain-

ing a eutectic mixture of 7% NaNO3, 140% NaNO2 and 53% KNO 3 '
Five Chromolox heaters (1 KW each) were mounted around the

tank containing the salt bath and an additional heater (0.27 KW)
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was placed on top of the autoclave (see Figure 2.6). All these

heaters were connected to Variacs in order to have the best uni-

form temperature in the autoclave.

Temperature was controlled by a Pyr-O-Volt controller

(Honeywell Model No. 105R212-PS-26) connected to heater No. 3

and monitored by an Iron-Constantan at position 5 in the salt

bath. Temperatures at six different places in the salt bath

and the autoclave were recorded by a Bristol's recorder (Model

64A-24P4570-21) which had a range of 500-10000 F and a sensi-

tivity of 20 microvolt (approximately 10 F).

A temperature safety cut-off was provided by the same re-

corder which could turn off heater No. 3 by means of a relay.

The cut-off temperature was normally set at 200 F above the

nominal temperature of the pyrolysis experiment.

2.4.3 Operation

Before charging the autoclave with terphenyl mixture,

all parts of the system were evacuated and purged several

times with prepurified nitrogen. The organic sample was then

charged into the autoclave by means of a charging cylinder

connected to valve No. 2. After charging, the system was

pressurized with prepurified nitrogen to about 100 psi.

Owing to the holdup in the line from the autoclave to

the liquid sampler (approximately 1 cc), two samples of

approximately 3 cc each were taken successively and only the

second one was representative of the organic liquid in the

autoclave.

The liquid samples were analyzed by vapor phase chro-

matography. At least four analyses were made on two aliquots

prepared from each sample.

2.4.4 Chronology of the Autoclave Pyrolysis Experiments

A total of six runs were made using the autoclave pyro-

lysis apparatus described in the previous section. For all

these runs, Santowax WR was used. Three of the runs were made

with unirradiated coolant and the rest with irradiated cool-

ant using the coolant samples taken during-Run 26 and Run 27.
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(See Section 2,3.)

Run 1F began on January 15, 1968 using unirradiated Santo-

wax WR at an average temperature of 796 + 30 F. Before charg-

ing the autoclave system, the coolant was degassed by several

thermal cycles under nitrogen pressure of about 2 mm Hg. In

each cycle, the coolant was heated slowly until it was com-

pletely melted and then cooled gradually to room temperature.

This run lasted about 160 hours and the total terphenyl con-

centration was -reduced to 70% from an initial value of 91%.

A total of eight samples were taken during the run.

Run 2F was made at an average temperature of 833 + 20 F

using the same unirradiated Santowax WR as Run lF. The run

began on January 24, 1968 and lasted about 85 hours.. Eight

samples were taken and the terphenyl concentration was re-

duced from 91% to 57%.

Run 3F was made at an average temperature of 769 + 20 F

using the same unirradiated Santowax WR as the two previous

runs. The run lasted 547 hours starting from February 8, 1968.

Twelve samples were taken and the terphenyl concentration

changed from 91% to 69%. Run 3F concluded the series on un-

irradiated Santowax WR.

Run 4F was the first of the three runs made on irradiated

Santowax WR. The coolant used was obtained from coolant sam-

ples of Run 26 and Run 27 which had a terphenyl concentra-

tion of 80% and a high boiler concentration of 9%. No de-

gassing procedure was done on the coolant prior to charging in

order to retain the same quality as that used in the loop.

The run was started on March 7, 1968 and lasted about 303 hours.

The average temperature was 772 + 20 F except for four hours

following the first sample where a temperature drop of 100 F

was observed due to a failue of the fuse- on the control heater.

No significant change was noted in decomposition rate because

of the relatively lower temperature of the run. The terphenyl

concentration changed from 80% to 56% during this run4

Run 5F was made at an average temperature of 828 + 30 F.
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It was started on March 26, 1968 and lasted about 83 hours.

An increase in temperature of 80 F which lasted five hours

occurred between sample 5F-4B and 5F-5A owing to a failure of

the fuse on heater No. 4. Again no appreciable chaige in de-

composition rate was noted. During this run, the terphenyl

was degraded from an initial concentration of 79% to a final

of 40%.

Run 6F began on April 3, 1968 and lasted about 160 hours

at an average temperature of 798 + 30 F. Eight samples were

taken during the run and the terphenyl concentration changed

from 80% to 49%. This concluded the series on irradiated

Santowax WR.
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CHAPTER 3

PHYSICAL PROPERTIES AND HEAT TRANSFER

3.1 Introduction

The physical property measurements on irradiated and

unirradiated ortho-rich terphenyl at M.I.T. include den-

sity, viscosity, number average molecular weight of cool-

ant and highboiler samples. Thermal conductivity, speci-

fic heat, vapor pressure or gas solubility measurements have

not been made due to lack of equipment and manpower. Melt-

ing point of the irradiated coolant has-not been measured

since all of the coolant removed from the loop-was in the

form of viscous dark liquid at room- temperature.

Heat transfer measurements were- made with Santowax OM

at bulk temperatures varying from 5600 F to 7850 F and at

flow velocities from 9 ft/sec to 20 ft/sec. Scale buildup

on the Test Heater (TH7) was indicated by correlating the

results of measurement with Wilson method prior to Run 23.

Subsequent heat transfer measurements were made between

Run 23 and Run 25 covering a period of about a month at cool-

ant temperatures ranging from 7000 F to 7900 F. No signi-

ficant further buildup of scale on Test Heater-wall was found.

A new Test Heater (TH8) was installed prior to the

irradiation of Santowax WR (Runs 26, 27 and 28). Intensive

heat transfer measurements were carried out throughout the

period of these runs at bulk temperature varying from 5000 F

to 8000 F and at flow velocities from 8 ft/sec to 21 ft/sec.

Comparison of physical property measurements of Santo-

wax OM at M.I.T. with published data (3.5, 3.7) and compari-

son of heat transfer measurements of Santowax WR with those

reported earlier by M.I.T. (3.9) are presented in this chapter.
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3.2 Density

The density measurements of the-ortho-rich terphenyl,

both irradiated and unirradiated, were made by means of a

calibrated pycnometer in which the volume of a known mass

of organic coolant was determined by measuring the liquid

height in two capillary tubes connected to a small reser-

voir of organic coolant. The pycnometer was calibrated at

different capillary heights by mercury at 250 C with known

volume. The volume change of the pycnometer due to thermal

expansion at elevated temperatures was calculated and found

to be negligible. A detailed description of the equipment

and procedure used in density measurement was given by Mor-

gan and Mason (3.1) as well as by Mason, Timmins et. al.

(3.2).

A linear least-square fit of the density data for each

sample in the form of Equation (3.1) has been made.

p = a + bT (3.1)

where

p is the sample density, gm/cc

a, b are constants for a given sample

T is the temperature of measurement, 0F

The variation of the density of irradiated and unir-

radiated Santowax OM with temperature and high boiler (HB)

concentration is shown in Figure 3.1. Data from Runs 21,

22, 23, (2MW reactor power), all of which fall within the

lines bracketing 0 - 10% HB, have not been included.

Table 3.1 shows the calculated values of the constants a and

b of Equation (3.1) for each run.
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FIGURE 3.1 EFFECT OF TEMPERATURE ON THE DENSITY OF SANTOWAX OM
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Table 3.1

Results of Density Measurements on Santowax OM

p = a + bT
Run %HB Equation (3.1)

19A 26.4 1.164 - 4.41 x 10~ T

20A 6.1 1.146 - 4.69 x 10~4 T

20B 8.5 1.150 - 4.67 x 10~4 T

21 9.0 1.150 - 4.53 x 10~4 T

22 8.9 1.153 - 4.63 x 10~4 T

23 7.8 1.145 - 4.68 x 10~4 T

23A 6.5 1.149 - 4.75 x 10~ T

24 7.1 1.155 - 4.78 x 10~4 T

25 7.7 1.136 - 4.62 x 10~4 T

unirradiated 0 1.143 - 4.80 x 10~4 T

The effect of temperature and HB concentration on the

density of Santowax OM is correlated empirically in Equation

(3.2)

p = 1.143 + 0.91 x 10- 3(HB) - [4.8 x 10 - 1.2 x 10- 6(HB)](T)

(3.2)

where

p is the sample density, gm/cc

HB is the percent high boiler, w/o

T is the sample temperature, OF

This correlation predicts within 1% of the densities of all

the irradiated Santowax OM samples measured at M.I.T.

Table 3.2 compares the density data of Santowax OM as

obtained from Equation (3.2) with those reported by Mandel

(35, 3.10), Atomics International, and by Hatcher and



Table 3.2

Comparison of Densities of Santowax OM

Reported in Literature

Density, gm/cc

400o0 F 6000 F
I 

1nO '
HB MIT(a)

0 0.951

10 0.965

20 0.979

30 0.993

0.950

0.963

0.980

0.999

MIT (a)

0.936

0.952

0.967

0.983

MIT(a)

0.855

0.871

0.888

0.904

AI-CE(b)

0.859

0.873

0.889

0.907

AECL(c)

0.846

0.861

0.877

0.892

MIT (a)

0.759

0.778

0.797

0.815

8000 F

AI-CE(b)

0.765

0.779

0.796

0.815

________________________ ________________________ 1 ______________________ ________________________ .1 _______________________ _____________________ - ________________________

Calculated from Equation(3.2)for Santowax OM

) Reported by Mandel (3.5, 3.10), Atomics International-Combustion Engineering,

for Santowax OM

(c) Calculated from correlation presented by Hatcher and Tomlinson (3.7), AECL,

for Santowax OM

(a)

AECL(c)

0.755

0.771

0.786

0.802

LA-)

I
.I-CE (b
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Tomlinson (3.7), AECL. The densities obtained by M.I.T. agree

within 1% of those reported by AI-CE. The AECL density values

are generally 1% to 1-1/2% lower than the M.I.T. or the AI-CE

values.

Empirical correlations of the temperature and HB effect

on the density of Santowax WR and Santowax OMP (both rich in

meta terphenyl) were reported earlier by Mason and Timmins

(3.2) as

p = 1.153 + 0.43 x 10 -3 (HB) - [4.75 x 10 - 1.23 x 10-6 (HB)]T

(3.3)
and also by Sawyer and Mason (3.3) as

p = 1.152 + 0.60 x 10- 3 (B) - [4.87 x 10 - 1.77 x 10-6 (B)]T

(3.4)

where B is the percent bottoms using the procedure of bottoms

distillation which provides a deeper cut (i.e. more high boil-

ing components in the distillate) than a HB distillation.

A comparison of Equations (3.2) and (3.3) shows that the

density of Santowax OM is about 1% less than that of Santo-

wax WR and Santowax OMP at low HB concentrations but becomes

nearly equal for HB = 30%.

3c3 Viscosity

Semi-micro capillary viscometer of the Oswald type was

used for the determination of the kinematic viscosities of

samples of both irradiated and unirradiated Santowax OM.

Sawyer and Mason (3.3) have described the details of the ex-

perimental procedures and setup. Water at 270 C was used as a
calibration liquid and the viscometer constant was determined

as a function of the liquid volume by means of least-square

fitting. Thermal expansion of the viscometer glass at eleva-

ted temperatures was calculated and found to be negligible.

The viscosity of the samples was calculated from the efflux

time through an appropriate equation of calibration.

Nitrogen was ised to pressurize both the viscometer and

the pycnometer at 70 psi to prevent boiling of the samples
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at high temperatures.

Least-square methods were applied to the viscosity data

for each sample to obtain the relation

y1 = 0 exp[AE/RT] (3.5)
where

y is the viscosity of the sample, centipoise

yO is a constant, centipoise
AE is an "activation energy", k-cal/g-mole

R is the gas constant, k-cal/g-mole-0 K

T is the sample temperature, 0K

Figure 3.2 shows the viscosity of Santowax OM as a func-

tion of sample temperature and concentration. At the same

temperature, viscosity of the coolant sample increases with

increasing HB. The viscosities of Santowax OM are generally

5% to 10% lower than the previously reported values for San-

towax WR and OM-2 (3.1, 3.2, 3.4, 3.5, 3.6).

The activation energy for the viscosity, AE, of Equa-

tion (3.5) is shown in Figure 3.3 for Santowax OM. The

values of AE for Santowax OM ranging from 4.2 to 4.6 k-cal/

mole appear to be 5% to 10% lower than those calculated for

Santowax WR (3.4). It also appears that, at approximately

the same HB concentration, AE decreases with increasing tem-

perature of irradiation. This decrease in AE of Santowax OM

as compared to that of Santowax WR and OM-2 could be related

to the ratio of Low and Intermediate Boilers (LIB) to High

Boiler (HB). At same-temperature and same terphenyl concen-

tration, the LIB/HB ratio of Santowax OM has been found to

be higher than that of Santowax WR (see Appendix A3 and (3.2,

3.3, 3.4)). Note also that the LIB/HB ratio increases

with increasing temperature of irradiation for both Santowax

OM and Santowax WR.

Figure 3.4 shows the effect of HB concentration on the

viscosity at 4000 F. The solid line is drawn through the

open points obtained from samples irradiated at temperature

equal to or less than 7 00o F. It shows that the viscosity

of the coolant increases with increasing HB concentration.
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The closed points represent the viscosities, also at 4000 F,

of the samples irradiated at higher temperatures (>7000 F).
It appears that the viscosity decreases with increasing ir-

radiation temperature. Earlier M.I.T. report (3.2) on San-

towax WR also indicated a decrease of viscosity with increas-

ing irradiation temperature as shown in the same figure.

Table 3.3 compares the viscosity data of Santowax OM

as measured by M.I.T. with those reported by Mandel (3.5,

3.10), Atomics International, and by Hatcher and Tomlinson

(3), AECL. The M.I.T. values tabulated were obtained by

interpolations from Figures 3.2 and 3.3. Except for those

values at 4000 F, the viscosity values agree within 2%. At

4000F, the viscosity data of AECL are 20-30% lower than the

AI-CE data and 10-20% lower than the M.I.T. data. The AECL

viscosity data are calculated from an empirical correlation

which was established primarily for temperatures ranging

from 3000 C to 4000 C.

3.4 Number Average Molecular Weight

A Mechrolab Model 310A osmometer was used for the deter-

minations of the number average molecular weight of the ir-

radiated Santowax OM and the high boiler samples obtained

during the steady-state runs.

The measured molecular weight of the coolant samples

was used to indicate if a steady-state was reached of the

total terphenyl concentration of the coolant during the ir-

radiation. It will also serve to investigate the dis-

tribution of the molecular species as a function of irradia-

tion temperature and HB concentration.

The osmometer compares the lowering of the vapor pressure

of a pure solvent (e.g. tetrahydrofuran) by a standard (e.g.

biphenyl and ortho terphenyl) and by the sample with unknown

molecular weight. Bley and Mason (3.8) described in detail

the procedure of measurement.

The average number molecular weight (MWN) is defined as



Table 3.3

Comparison of Viscosities of Santowax OM

Reported in Literatures

Interpolated from Figures 3.2 and 3.3.

Reported by Mandel (3.5, 3.10), Atomics International-Combustion Engineering,

for Santowax OM.

Calculated from correlation presented by Hatcher and Tomlinson (3.7), AECL,

for Santowax OM.

Viscosity, Centipoise

400 0 F 6000 F 8000 F

HB MIT(a) AI-CE(b) AECL(c) MIT(a) AI-CE(b) AECL(c) MIT(a) AI-CE(b) AECL(c)

0 0.79 0.85 0.61 0.32 0.31 0.31 0.18 0.17 0.16

10 0.93 1.04 0.75 0.41 0.39 0.39 0.24 0.23 0.2Q

20 1.15 1.23 0.92 0.48 0.48 0.48 0.28 0.28 0.24

30 1.40 1.42 1.14 0.58 0.56 0.59 0.32 0.34 0.30

(a)

(b)

(c)

LA)

'-a
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MW N - (3.6)
C i/Ai

where

C is the weight fraction of species i in the mixture

A is the molecular weight of species i

The values of MWN of the total coolant and the HB frac-

tion of the coolant for samples removed during the steady-

state irradiations of Santowax OM are tabulated in Table 3.4.

In most cases, every other sample removed from the loop dur-

ing a steady-state run was analyzed for MWN. Table 3.4 shows

that from the samples analyzed for each steady-state run, the

MWN values are constant within the reproducibility of the

measurement (4 5%). This indicates that the coolant compo-

sition during the irradiations of Santowax OM at M.I.T. were

at steady-state.

The relationship between the number average molecular

weight and the concentration of degradation products of San-

towax OM is shown in Figure 3.5. The average value of the

measured MWN is used for each steady-state run. Both the

MWN of the total coolant and that of the HB fraction are

shown. The open points represent those runs with irradiation

temperatures less than or equal to 7000 F and the closed

points are for runs at temperatures over 7000 F. For the

coolant,the number average molecular weight appears to in-

crease with increasing concentration of the degradation pro-

ducts. On the other hand, the number average molecular weights

of the HB fraction appear to form two groups, namely one

group as indicated by openpoints with irradiation temperature

of 7000 F or less and the other by closed points with ir-

radiation temperatures above 7000 F. The MWN of the open

points(low temperature irradiations)are at least 10% higher

than those of the high-temperature irradiations. Earlier

M.I.T. reports, (3.2, 3.3), and (3.8) found this same be-

havior with Santowax WR. Thermal cracking at irradiation
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Table 3.4

Number Average Molecular Weights of

Steady-State Runs Santowax OM Samples

Irradiation
Tempgrature

F

19A-L5*

19A-LlO

19A-L15

20A-S5*

20A-Sl0

20B-S4*

20B-S6

20B-S8

21-Ll

21-L2*

21-L3

21-L4

21-L5

21-L6

21-L7

21-S2*

21-S4

% HB

27.2
26.0

26.7

6.7
5.8

9.7
8.2

8.3

MWN

Coolant

271

272
266

235
234

235
241

242

243
239
238
239
238
240

229

572
572
572

572
572

572
572
572

750
750
750
750
750

750
750

750
750

800
800

700

700
700

238
237

250
243
247

Sample
HB

9.0
7.3

l0.4

8.4

8.6

8.5
10.6

548

592
586

497
516

518
530
517

22-S2*

22-S4

23-S2

23-S4

23-S6

458

443

478
458

482

511

532



-3.15-

Table 3.4

Irradiation
Temp8rature

F

(continued)

% HB MWN
Coolant

23-S8*

23-S9

23-S10

23A-S2*

23A-S3
23A-S4

23A-S5

24-Sl

24-S3*

24-S5

24-S8

25-S2*

25-S4

25-S5

25-S6

25-S8

25-39

25-S10

25-S12

700

700

700

700

700

700
700

750
750
750
750

800

800

800

800

800

800

800

Unirradiated

*Beginning of Steady-State

Sample
HB

6.9

7.3
8.1

7.1
6.1
5.8
6.6

503

497

525

249

247

241

237
244

226

252

252

252

258

247
241

233

253

247
241

256

6.8
7.7
7.0

8.3
7.8
8.0
7.6
7.5
7.1

7.6
7.8

552
504
443
453

484

475
462

456
447

447
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temperatures of above 7000 F of the heavy molecules was

thought to play the role in lowering the MWN of the HB frac-

tion. By comparing the results of MW N of Santowax OM with

those of Santowax WR in the above-mentioned earlier M.I.T.

reports, the MWN of Santowax OM is approximately 10% lower

on the average than that of Santowax WR at the same DP con-

centration. The MW N of Santowax WR and OMP is also shown

in Figure 3.5 as reported by Mason and Timmins (3.2).

This again could be related to the larger LIB/HB ratio

of Santowax OM as compared to that of Santowax WR at the

same temperature and terphenyl concentration (or DP concen-

tration) as mentioned earlier in Section 3.3. No signifi-

cant difference in the values of MWN of the HB fraction can

be found between Santowax OM and Santowax WR.

3.5 Melting Range

All of the coolant samples removed from the loop during

any of the irradiation runs of Santowax OM are viscous dark

liquids at room temperature. The HB concentrations of these

samples vary from 6% to 27% and the DP concentrations from

18% to 37%. Thus the melting points of these samples have

not been determined since they remain as sub-cooled liquids

at room temperature. The liquid characteristics of irradiated

Santowax OM would be an advantage for use of this coolant in

power reactors relative to Santowax WR or Santowax OMP which

are solid at room temperature up to about 20% DP concentration.

3.6 Heat Transfer

Earlier M.I.T. reports (3.2, 3.9) have shown that heat

transfer data of Santowax WR using Test Heaters TH6 and TH7

at Reynold's Number from 16,000 to 130,000 can be fitted with-

in + 10% to a Dittus-Boelter type of equation as

Nu = 0.023 Re .8 Pr ' (3.7)

where the subscript "B" refers to the bulk properties of the

coolant. Hatcher, Finlay and Smee (3.10) reported correlation
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of the measured heat transfer coefficient of Santowax OM

(30% HB) by the equation

Nu = 0.00835 Re '9 Pr.14 (3.8)B B B

which is also in close agreement with the earlier M.I.T.

correlations (3.3, 3.9) on Santowax OMP and Santowax WR,

and recent M.I.T. correlation (3.13) on Santowax WR.

3.6.1 Fouling Measurements on Test Heat TH7

3.6.1.1 Introduction - Test heater TH7 was in-

stalled on October 28, 1964 and replaced by TH8 in July 1967.

During the period from April 1, 1966 to April 18, 1967, no

heat transfer run was made because the major work force was

involved in the installations of the In-pile Section No. 4

and the new processing system. The first heat transfer run

(22HT1) was made on April 18, 1967 during the steady-state

irradiation of Santowax (Run 22) at 8000 F and 2MW nominal

reactor power. Results of 22HT1 indicated possible fouling

of the Test Heater section TH7. Run 22 was therefore ter-

minated and seven heat transfer runs were made during the

period from April 20, 1967 to June 16, 1967 at a bulk coolant

temperature from 5620 F to 7000 F to determine whether any

scale had been formed on the interior wall of the Test Heater.

Detailed description and operation of the heat transfer

measurement and the procedures used for reduction of heat

transfer data can be found from earlier M.I.T. reports (3.1,

3.9).

3.6.lo2 Results of Heat Transfer Measurements - TH7

Table 3.5 summarizes the operating conditions and measured

heat transfer coefficients for these runs.

The heat transfer coefficient of the coolant can gener-

ally be expressed by

hku= k b cb b
h = BNu aRe Pr = A[k(P-)bPrcJ1b (3.9)

where



Table 3-5

Heat Transfer Data From Test Heater TH7

April 20, 1967 to June 16, 1967

Run Coolant
No. Velocity, V

(ft/sec)

Heat Flux
Q/A 2

(Btu/hr-ft

wall Tbulk

0F)

Re B Pr Heat Transfer
B Coeff., U

(Btu/hr-ft2 _oF)

64,290 7.92

35,330 7.85

30,450 7.92

52,770 7.90

97,130 5.89

99,180 5.86

23A-5 18.8 108,800

23-3

23-5

23-7

23-9

23-11

23-13

18.8

10.2

8.9

19.7

20.0

Tblbulk

55,540

52,670

129,900

135,000

114,400

120,800

61.4

84.6

220.1

170.7

101.3

905

623

591

791

1,174

1,193

562

566

562

565

687

699

L',

95.0 92,220 1,146 688
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h is the heat transfer coefficient

a, b and c are constants

A is a constant depending on the geometry of the

coolant flow

The quantity k(a) b Prc is a function of the physical proper-

ties of the coolant and the temperature. For same physical

properties and temperature, the heat transfer coefficient

is then proportional to Vb only. However, if there is scale

buildup on the heated wall, the combined or measured heat

transfer, U, is related to the scale heat transfer coeffi-

cient, h , by

1= 1+ 1 (3.10)U Hh

where U, the measured or experimental heat transfer coefficient,
is calcualted by

U =T Q/AT (3.11)
wall bulk

Rewriting Equation (3.9) assuming constant physical proper-

ties and temperature,

h = yb/B (3.12)

with 1/B = A(P)bPrck, and substituting Equation (3.12) into

Equation (3.10), we have

1 = 1+ B 
(3.13)U h3 S b

Wilson's method (3.12) consists of plotting the recipro-

cal of the experimental heat transfer coefficient, 1/U,

against 1/Vb0 The intercept of such a plot would therefore

yield the scaling heat transfer coefficient, hs.
For the seven heat transfer runs made to determine

whether Test Heater TH7 had scale buildup, the first four

runs were made at an average coolant bulk temperature of

5640 F, whereas the rest were made at 6910 F. The quantity

k(}p)bPrc was nearly constant (within 0.5%) within each group.
Pi
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Two values of b were chosen, namely 0.8 and 0.9, correspond-

ing to those of Equations (3.7) and (3.8). Figure 3.6 shows

the Wilson plot for these runs. The values U and V were taken

directly from Table 3.5. The three data points from Runs 23-9,

23-11 and 23A-5 (at average bulk temperature of 6910 F) had

nearly the same flow velocity. Therefore no significant con-

clusion can be drawn from them on the Wilson plot. The solid

lines were linear correlation using least-square fit of the

data points at 564 F. Both lines intercept the ordinate at

approximately the same value of 3.9 x 10~ ft -hr- 0F/Btu.

This indicates ascale heat transfer coefficient, hS, of 2590
Btu/ft2-hr-OF.

An alternative method to study scale formation is to com-

pare the experimentally determined heat transfer coefficient,

U, with the value h, calculated from the McAdams equation such

as Equation (3.7) or from empirically correlated equation on

Santowax OM such as Equation (3.8).

Table 3.6 shows the Nusselt numbers and the heat trans-

fer coefficients, h, for these runs using both Equations (3.7)

and (3.8). The ratio h to experimental values of heat trans-

fer coefficients are also tabulated for comparison. This

ratio varies between 1.3 and 1.6 using Equation (3.7) and 1.4

and 1.7 using Equation (3.8).

If it is assumed this lowering of experimental heat trans-

fer coefficient from the coefficient as calculated from

Equation (3-7) or (3.8) is due to a layer of scale, the excess

temperature drop due to scale formation and the scale thick-

ness can be calculated. The temperature drop across the scale

can be expressed as

ATSC = ATWB(1 - U/h) (3.14)

where

ATSC is the temperature drop across the scale

ATWB = Twall - Tbulk) is the temperature drop
between the inside wall temperature and the

average bulk temperature of the coolant
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Table 3.6

Summary of Heat Transfer Runs

on Test Heater TH7

April 20, 1967 - June 16, 1967

NuB

(a) (b)

370

228

203

315

457

464

443

4o6

236

207

340

523

532

504

h,(Btu/ft2 -hr-OF)
(a) (b)

1,435

885

788

1, 222,

1,680

1,670

1,625

1,574

915

803

1,317

1,920

1,950

1,855

U

(Btu/ft -hr- F)

905

623

591

791

1, 174

1,192

1,145

h/U

(a) (b)

1.58

1.42

1.33

1.55

1.43

1.40

1.42

1.74

1.47

1.36

1.67

1.64

1.64

1.62

ATSC(OF)

(a) (b)

23

25

55

62

33

34

32

26

27

59

67

42

43

40

At SC(mils)

(a) (b)

15 17

17 19

15 16

17 19

11 13

10 13

11 13

(a) Calculated from Equation (3.7)

(b) Calculated from Equation (3.8)

Run
No.

23-3

23-5

23-7

23-9

23-11

23-13

23A-5

LJJ

LAJ
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U is the experimentally determined heat transfer

coefficient

h is the heat transfer coefficient calculated

from Equation (3.7) or (3.8).

The scale thickness can be expressed as

k SCATSC
AtSc Q/A (3.15)

Where

AtSC is the scale thickness, feet

kSC is the thermal conductivity of the scale,

Btu/ft-hr-0 F

Q/A is the heat flux, Btu/ft -hr-OF

A value of kSC of 3 Btu/ft-hr-0F (3.11), similar to that

for petroleum coke was assumed. The calculated values of

ATSC and AtSC are also tabulated in Table 3.6. An average

thickness of 15 mils of scale has been found through cal-

culation.

While the irradiation runs were being continued at

7500 F (Run 24) and 8000 F (Run 25), heat transfer measure-

ments were continued to monitor further scale buildup.

Five such measurements were made each during Run 24 and dur-

ing Run 25. For these measurements, no flow variation was

attempted. The results of these measurements are tabulated

in Table 3.7.

Comparing the h/U values of Tables 3.5, 3.6 and 3.7,
a small increase of around 7% is noted between Run 23 and

Run 25. However in view of the experimental error involved

in heat transfer measurement of around 10% (3.9), this in-

crease in h/U is not significant to draw conclusion of fur-

ther scale buildup since Run 23. It should be noted that

the decrease of Pr and the increase of Re between Runs 24

and 25 in Table 3.7 at same coolant velocity were essentially

due to lowering of density and viscosity from Run 24 at

7500 F to Run 25 at 8000 F.



Table 3.7

Summary of Heat Transfer Run

on Test Heater TH7

June 19, 1967 - July 21, 1967

Coolant
Velocity, V
(ft/sec)

17.9

18.0

18.7

18.8

20.1

18.9

19.0

19.2

18.9

18.9

Re B

98,470

99,370

105,100

105,1400

113,300

117,900

120,700

122,100

117,700

121,900

Pr B

5.40

5.39

5.30

5.31

5.28

4.87

4.79

4.77

4.89

4.73

N B

511

515

538

537

575

577

585

590

576

587

Heat Transfer
Coefficient
(Btu/ft2-hr-OF)

h(a) U

1,852 1,040

1,864 1,0149

1,943 1,098

1,940 1,1142

2,075 1,174

2,050 1,115

2,074 1,112

2,089 1,1142

2,0149 1,137

2,076 1,1147

(a) Calculated from Equation (3.8)

Run
No.

24-1

24-4

24-5

24-7

24-9

25-1

25-2

25-4

25-7

25-8

h/U

1.78

1.77

1.76

1.70

1.78

1.84

1.86

1.83

1.80

1.81

TblTbulk

(OF)

733

735

737

733

735

784

785

784

781

785
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3.6.1.3 Conclusion and Discussion on Heat Transfer

Measurements on TH7 - A decrease- of meas-

ured heat transfer coefficient of Test Heat TH7 to nearly

70% of that calculated using McAdams or Dittus-Boelter types

of equation confirms that there was scale formation on the

test heater wall. This is substantiated by the results of

the Wilson's plot. The scale formation calculated was

approximately 15 mils in thickness with a scale heat transfer

coefficient of about 2600 Btu/ft2 -hr-OF.

Upon disassembling Test Heat TH7, the interior wall

showed, by visual examination, a dull but smooth surface

after several rinsings of acetone. The wall of a new test

heater (e.g. TH8) has a shiny appearance. No chemical or

physical measurements were made on the scale due to the

lack of facilities to carry out such measurements.

Three types of solid formation on heat transfer

surfaces were recognized through the use of organic coolant

as reported by Hatch, et al. (3.11), namely

(1) fouling or scale formation on the heat transfer

surface at normal operating temperature (below

500 0C)
(2) coke-out which is a rapid formation and deposition

of degradation products on high temperature

surface (above 620 0 C)

(3) coke formation by radiolysis of stagnant or

nearly stagnant coolant resulting in buildup

of solid polymerized coolant.

Since the test heater used at M.I.T. Loop is located

out-of-pile, coke formation is not possible. The wall tem-

perature of the test heater is constantly monitored at sev-

eral localities. High temperature alarms were set at 950OF

(50900) and were tested every Monday morning prior to the

startup of loop irradiation. Therefore, coke-out type of
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scale formation is not likely.

The fouling or scale formation on the heat transfer sur-

face at normal operating temperature is strongly dependent

on impurities in the coolant (3.11). The presence of chlorine

and oxygen in the coolant will promote fouling. Chlorine con-

tamination of the coolant is not likely in the M.I.T. loop.

However the possibility of oxygenation of loop coolant can-

not be ruled out.

A review of loop operation records between April, 1966

and April, 1967, in which period no heat transfer measure-

ment had been made on Test Heater TH7, showed no abnormality

in loop operation. Between this period, several major items

of work had been performed, namely (1) the removal of In-

pile Section No. 3 from Fuel Position 20, (2) the draining

of Santowax WR from the loop at the end of Run 18A, (3) the

installation of In-pile Section No. 4 at Fuel Position 1,
(4) the charging of loop with Santowax OM and (5) the in-

stallation of the Makeup and Sampling System (S & MI). Since

the heat transfer measurement made during irradiation run

in April, 1966 did not indicate any scale formation in TH7

as reported by Mason and Timmins (3.2), the most likely cause

of fouling could be the introduction of impurities to the

loop system (including possible oxygenation of loop coolant)

during the period when one or more of the above-mentioned

major items of work were being performed.

3.6.2 Heat Transfer Measurement on Santowax WR using

Test Heater TH8

3.6.2.1 Introduction - Test Teater TH8 as shown

in Figure 3.7 is almost of the same design as Test Heaters

TH7, TH6 and TH5 which were described in earlier M.I.T. re-

ports (3.1, 3.3, 3.9). Detailed description of Test Heat

TH8 has been reported by Spierling (3.13). However TH8

differs from TH7 in some respects as follows.

In TH7, the wall thermocouples were clamped on to a

thin sheet of mica which interposed between the wall and the
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thermocouple bead. This arrangement was made so as to eli-

minate errors in wall temperature measurements that might

arise due to electric and magnetic effects and possibly in

the small differences as how the individual thermocouples

were attached to the -wall. An electric oven was built around

the insulated-test heater to eliminate any differencein-tem-

perature between the thermocouple bead and the wall due to

mica insulation. However, experience with TH7 showed that

it was not easy to fulfill all conditions necessary to make

the oven temperature profile similar or nearly equal to the

temperature profile of the test heater wall. Furthermore,

it was found that the oven had, at several localities, a direct

effect on the temperature reading of the wall thermocouple

possibly due to proximity of the oven heating wire to the

affected thermocouples.

The mica insulation was discontinued in TH8, and em-

phasis was placed on an optimum procedure of spot welding

the thermocouples to the heater wall. Inspection of the

workmanship on spot welding the thermocouples showed that

the individual weldings were nearly identical. The elec-

tric oven around the insulated test heater was also dis-

continued. Instead, the heat losses from the test heater

were carefully measured as a function of test heater wall

temperature and the ambient temperature surrounding the test

heater. Detailed description of TH8 and the results of ex-

perimental measurements of the heat loss from the test heater

had recently been reported by Spierling-(3.13). It was con-

cluded that the rate of heat lost through conduction and

natural convection across the insulation surrounding TH8

with constant heat flux at test heater wall could be ex-

pressed by the equation

Qloss= 0.045(Tw-TA) 1 '2  (3.16)

where

Qloss is the rate of heat loss through the

insulated test heater, watts.
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T is the average wall temperature of the test heater, 0F.

TA is the ambient temperature, 0F.

The rate of total heat produced, Qtot, by the test heater

by means of electric heating was known from the voltage mea-

surement and the test heater resistance. The rate of heat, Q,
transferred to the coolant flowing through the test heater is

therefore equal to Qtot ~ Qloss. The heat transfer coefficient

of the coolant can then be expressed as

=tot Qloss (317)A(Twi Tb(

where

Twi is the average inside wall temperature of the test

heater, 0F

Tb is the average bulk temperature of the coolant

in the test heater section

A is the heat transfer area

3.6.2,2 - Results of Heat Transfer Measurements - TH8

Irradiation of Santowax OM was completed before TH8 was in-

stalled. After TH8 was in operation, only Santowax WR was

scheduled for in-pile irradiation. Therefore all of the

results of heat transfer measurements with Test Heater Th8

were obtained using Santowax WR as coolant.

A total of 141 heat transfer measurements were made dur-

ing the steady-state runs 26, 27 and 28 in Fuel Position 1.

The test heater consists of the upstream and the downstream

sections sharing the common central electrode (see Figure 3.7).

Heat transfer measurement can be carried out using either or

both section. However, only Test Series 26 used both sections.

The rest of the measurements used only the upstream section

because one of the wall thermocouples on the downstream sec-

tion malfunctioned after the completion of Test Series 26.

Detailed descriptions of heat transfer measurements and data

for TH8 have been reported by Spierling (3.13). Figure 3.8
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shows all of the heat transfer data from TH8. The well-known

McAdams correlation (3.12)

Nu = 0.023Re0"8Pr.4 (3.18)

is also shown; the dashed lines represent 10% error limits.

It is noted that the majority of the data points fall within

the 10% error limits of Equation (3.18).

The computer program MNHTR developed by Sawyer and

Mason (3.3) was used to correlate the heat transfer data us-

ing both the Dittus-Boelter type of relation

Nu = aRe bPrc (3.19)

and the Sieder-Tate type of relation

Nu = aRe bPrc (u/i'd (3.20)

The program evaluates the constant a, b, c and d using a

least-squares procedure by allowing all these constants to

vary or by fixing some of the constants in order to find the

best values for the remaining. Results of such correlation

are discussed in Section 3.6.2.4.

3.6.2.3 Wilson's Method to Determine Scale Buildup

on Test Heater TH8 - The Wilson method (3.12)

similar to that described in Section 3.6.1 is used here to

determine scale buildup on Test Heater TH8. Figure 3.8 shows

such a plot for Test Series 26a, 26c and 29. The constant b

of Equations (3.18), (3.19) and (3.20) is chosen to be 0.8

(i.e., 1/V0 8 is used as abscissa in Figure 3.9). The data

points of each series fit quite well on a straight line. The

intercepts of the three lines in Figure 3.9 on the ordinate

are nearly zero (1/U"0). This indicates that no significant

fouling or scale had formed up to the time that Test Series

29 was conducted.

When the test heater is indeed free of scale, the value

of 1/h in Equation (3-10) is zero and U = h. Thus a plot
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of experimental data in the form U versus 1/Vb should pass

through the origin if b has the proper value. The "best"

value of b can thus be obtained by a least-square fit of

the data according to Equation (3.13), with h = 0, for each

test series. Table 3.8 shows the results of such calculations.

3.6.2.4 Conclusion and Discussion on the Results

of Heat Transfer Measurements on TH8

Figure 3.8 shows that the McAdam's equation

Nu = 0.023Re00 8 Pr o'4 (3.18)

correlates the heat transfer data quite well (within + 10%).

The same conclusion was reached by Swan and Mason (3.9) based

on both heat transfer and pressure drop (friction factor) data.

The computer correlations of the heat transfer data

according to Equations (3.19) and (3.20) indicate Reynolds

Number exponents, b, from 0.8 to 0.9 and Prandtl Number ex-

ponents, c, from 0.33 to 0.40 with nearly the same RMS de-

viation (6.2% to 7.2%). (See Appendix A7 for details.) The

additional term p/yw appearing in the Sieder-Tate relation

does not improve the correlation. Through the application

of Wilson's method as shown in Figure 3.9 and Table 3.8, the

Reynolds Number exponents range from 0.77 to 0.86. When the

constants b and c were fixed at 0.8 and 0.4, respectively,

the least-square value of the constant a of Equation (3.19)

was found to be 0.0223 (very nearly the same as 0.023 in

Equation (3.18), and the data had a RMS deviation of 7.1%.

A Reynolds Number exponent of 0.9 has been suggested

by several investigators (3.11, 3.14, 3.15). However as

pointed out in the preceding paragraph, there does not appear

to be any statistically significant basis for choosing

b = 0.9 over 0.8 (see Appendix A7). Therefore it is a matter

of choice by each individual of the type of heat transfer

correlation to be used. From the heat transfer measurements

based on this report and earlier M.I.T. reports (3.3, 3.13)



Table 3.8

Intercepts on Wilson Plot and Reynolds

Number Exponents for Heat Transfer Measurements

with Test Heater TH8

Date Group

26a upstream

26a downstream

26b upstream

26b downstream

26c upstream

26c downstream

27b

29

Nominal
Coolant

Temperature
OF

700

700

700

700

700

700

750

630

HB
w/o

8.0

8.0

9.6

9.6

18.0

18.0

10.5

20.5

Intercepts
for b = 0.8

2 o -
(Btu/hr ft 2F)~

- 1.50 x 10-5

- 6.55 x 10- 5

2.83 x 10-5

1.34 x 10~5

- 5.80 x 10-5

- 9.32 x 10-5

- 4.32 x 10-5

2.12 x 10-6

Calculated
Values of

b for 1/U = 0

0.82

0.86

0.77

0.78

0.86

0.88

0.84

0.80

~AJ
U,

I
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and a consideration of the uncertainties in the physical

properties of the coolant and in the heat transfer measure-

ments, the heat transfer coefficient of terphenyl coolants

can be predicted by the generally applicable McAdam's

equation.

- :;;a -



CHAPTER 4

LOW TEMPERATURE TERPHENYL DEGRADATION

4.1 Introduction

During the period from November 1, 1966 to July 27, 1967,

nine steady-state irradiations were made on the ortho-rich

terphenyl, the Santowax OM, in Fuel Position 1 of the M.I.T.

reactor at 36% fast neutron fraction, fN. Table 4.1 shows a

summary of the steady-state irradiations made during this per-

iod. The three Santowax WR irradiations (Runs, 26, 27 and 28)

made during the remaining period covered by this report are

also included in this table. The first three Runs (19A, 20A

and 20B) were made at 3000 C (5720 F) with a reactor power of

approximately 5 MW. These runs were scheduled for the purpose

of investigating the radiolysis effect. Thermal decomposition

(pyrolysis effect) is negligible at this low temperature or ir-

radiation. The major objective of these low temperature ir-

radiations of Santowax OM were

(1) to determine the kinetic order of radiolysis

(2) to determine the radiolysis rate constant

(3) to determine the relative radiolytic stability of

the individual isomers.

The experimental results are compared with the results of the

earlier irradiations of Santowax WR as reported by M.I.T.

(4.1, 4.2) in order to investigate any differences in the be-

havior of the ortho-rich terphenyl and meta-rich terphenyl

coolants exposed to the neutron and gamma dose rates of the

M.I.T. reactor.

4.2 Low Temperature Degradation - Theory

At low temperatures (<3200 C), thermal degradation is

negligible as compared to the radiolytic degradation. By



Table 4.1

Summary of Irradiation Conditions and Experimental Results

Run No. Irrad. Average
Temp. Dose.Rate

(Cool- r
(watts/gm) Co

0.060 41.5

0.065 57.7

0.061 53.1

0.024 50.6

0.023 50.3

0.022 51.4

0.057 52.0

0.057 50.6

0.056 46.5

0.068 14.0

o.o65 12.4

Concentration - w/o

Cm Cp Comp HB

20.1 1.5 63.1 26.4

26.6 1.8 86.1 6.1

25.6 1.8 80.5 8.5

25.5 1.9 76.0 9.0

26.2 2.0 78.5 8.9

26.9 2.3 80.6 7.7

27.3 2.5* 81.8 6.5

27.5 2.6 80.6 7.1

26.8 2.7 76.0 7.7

61.9 6.6 82.5 9.1

60.4 6.5 79.3 8.2

of Steady-State Run at Fuel Position 1

Dec. 19, 1966 to Feb. 16, 1968

G(-i) or G(+HB) molecuLes/looev

G(-o) G(-m) G(-p) G(-omp) G(HB) G*(-o)

0.122 0.054 0.003 0.178 0.160 0.293

0.207 0.094 0.005 0.307 0.232 0.359

0.193 0.074 0.003 0.270 0.205 0.363

0.351 0.124 0.001 0.476 0.405 0.694

o.846 0.287 0.020 1.153 o.674 1.683

0.271 0.083 0.003 0.357 0.348 0.524

0.230 0.093 0.003 0.326 0.298 o.440

0.255 0.115 0.005 0.376 0.349 0.508

0.470 0.195 0.013 0.678 0.553 1.013

0.065 0.245 0.018 0.328 0.289 o.463

0.076 0.294 0.02D 0.389 0.324 0.608

G*(-i) = G(-I)/Ci LIB/HB

G*(-m) G*(-P) G*(-omp)

0.266

0.354

0.290

0.487

1.094

0.311

0.342

0.420

0.728

0.396

0.487

0.183

0.297

0.180

0.046

0.990

0.149

0.112

0.213

0.479

0.266

0.302

'ant)

572
0F

(SW- ors)

572OF
(Sw-oN)

5T2'0P
(Sw- OM)

(SW-OM)

80OF
(sw-oM)

700OF
(sw-OM)

700OF
(SW-O01)

750OF
(SW-ON)

8000 F
(' W-o0qM)

700
0

F
(sW-d)

T50OF
(SW-WR)

1.28

1.29

1.44

1.42

1.52

1.77

1.78

2.12

0.282

0.357

0.336

0.611

1.469

0.443

0.398

0.468

0.893

0.397

0.491

o.o65 11.1 59.2 6.1 76.3 10.6 0.121 0.484 0.031 0.63628 800-F

19A

20A

20B

21

22

23

23A

24

25

26

27

0.92 0.38

1.52 0.38

0.40 0.36

o.36

0.36

o.36

0.36

0.36

0.36

0.36

0.36

f N

I

0.534 1 .094 0.818 o.-515 0.834 1.24 3.38



assuming that the rate of degradation of total terphenyl is a

function of the terphenyl concentration only, the degradation

rate equation can be expressed as (See Appendix A3).

w if dC =n GR(-omp)

M omp - Comp d = kRomp,n omp = 11.65
c

where

w= feed rate of organic coolant to the loop, gms/hr

S=dt = average dose rate to the total coolant, watts/gm

M = mass of organic coolant, gm

Cf = weight fraction of total terphenyl feeding theomp
loop,

C = weight fraction of total terphenyl removed from

the loop,

T = specific dose, watt-hr/gm

kRomp,n = radiolysis rate constant of total terphenyl

for the nth kinetics order of radiolysis, (watt-hr/

gm)~ 1

GR (-omp) = G value of total terphenyl degradation, mole-

cules degraded/100 ev absorbed

11.65 = conversion factor, (molecules)(watt-hr)/(100 ev)

(gm)

For steady-state operations with constant concentration

(or weight fraction) of the total terphenyl in the coolant,

Equation (4.1) becomes

GR= k , n) Cn _ i C f - Cl (4.2)
11.65 kR,omp,n omp =:rM L omp ompJ

In reactor irradiation, both neutron and gamma radiations

contribute to the degradation of organic coolant. We assume

that the G value of radiolytic degradation is the sum of G value
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due to neutron radiation (GN) and the G value due to gamma

radiation (G ), each of which is weighted by a fraction

(fN or f ) corresponding to the dose rate fraction contributed

by each type of radiation. The G value of radiolysis of Equa-

tion (4.2) can then be expressed as

GR = GN fN + G f (4.3)

Since fN + f = 1 in reactor irradiation, Equation (4.3) be-

comes

GR N N + [1-fN G (4.4)

Substituting Equation (4.4) into Equation (4.2),

G R(-omp) Go N n k
R Y - 1= Y + o mp = k Cn (45)
11.65 11.65 G R,omp,n omp

where

G is equal to G /Cn
Y Y amp

GN/GY is called the "fast neutron effect ratio"

In expressing the degradation rates of the individual

isomers in a mixture of terphenyl isomers, some modification

of Equation (4.1) is necessary. Here we assume that the de-

gradation rate of an individual isomer is a function of not

only its concentration but also the concentration of the total

terphenyl in the coolant. This assumption postulates that

interactions between both like and unlike isomers can occur

in a mixture of isomers. Equation (4.1) is modified to ex-
th

press the degradation rate of an individual i isomer at

low irradiation temperature as follows:

11.65 = kR,i,a+bcaCp (4.6)RTi,,aT  a mp

4.3 Results of Low Temperature Irradiations

As mentioned earlier in Section 4.1, three runs, namely 19A
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20A and 20B, have been completed at 3000 C (5720 F) for the

measurement of the apparent reaction order of radiolysis, n,

and the radiolytic reaction rate constant, kR,omp,n. Table

4.2 presents a summary of results of these runs. Detailed

descriptions of these irradiations and the degradation calcul-

ations are given in Appendix A3.

4.3.1 Apparent Kinetics Order of Radiolysis

Using the G values obtained from the low temperature runs

where the thermal decomposition is negligible, the values of n

in Equation (4.2) can be evaluated. Figure 4.1 shows a log-

log plot of G against C om. The three data points represent-

ing Runs 19A, 20A and 20B are shown on this figure by closed

circles. Figure 4.1 also includes similar data for Santowax

WR and OM-2 (Curves II through V) as reported earlier by Mason

and Timmins (4.1). The fast neutron fractions, fN, for each

run are also shown in this figure. Equation (4.2) shows the

kinetic order of radiolysis, n, is just the slope of the straight

lines shown in Figure 4.1. Curve I in Figure 4.1 is obtained

by a linear least-square fit of the three experimental points.

The slope thus calculated is

n = 1.7 + 0.1 (2a)

No significant difference can be found between the radio-

lytic reaction order of Santowax OM and that of Santowax WR or

OM-2, that is, n = 1.7 applies equally well to ortho-rich ter-

phenyl mixture such as Santowax OM and to meta-rich terphenyl

mixture such as Santowax WR and OM-2.

Note in Equation (4.5) that the values of the intercepts

of Figure 4.1 at Comp = 1 are related to the fast neutron

fraction, fN, i.e., the larger the fN, the larger the G(-omp).

The values of the intercepts are also related to G and GN/G ,
which will be discussed in the following section.



Summary of Results

Table 4.2

of Low Temperature Steady-State Runs(a)

of Santowax OM

Coolant Composition,

total

wt%

ortho meta para omp HB G(-o)

G(-i),molecules/l00ev(b)

G(-m) G(-p) G(-omp)

19A 41.5 20.1 1.53 63.1 26.4 0.122 0.054
t0.008 +0.004

20B 53.1 25.6 1.83 80.5 8.48 0.193 0.074
+0.014 +0.006

20A 57.7 26.6 1.77 86.1 6.07 0.207 0.094
+0.016 +0.008

0.003
+0.001

0.003
+0.001

0.005
+0.001

0.178
+0.011

0.270
+0.020

0.307
+0.024

0.160
+0.014

0.205
+0.018

0.232
+o.o6

(a)Irradiation temperature, 3
5 MW nominal reactor power

(b)Error limits are 2a

O0 C(572 0 F); Fuel Position 1 (fN = 0.36);

Run
No.

G(-HB) I~
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0.30 -I v Euratom CI-42-320 0.28 1.6
IV 0 Euratom C3-40-320 0.126 1.8
III O Euratom C6-41-320 0.20 1.3
V A MIT 14,16,17 0.07 1.7
I * MIT 19A,20A,20B 0.36 1.7

Error Limits are 2ar
0.25 -

11 /

0/

0.20 -I
* ~IV /

0

V

06 sw-om

OM-2

0.15

OM-2

OM-2

SW-WR

0.10
0.5 0.6 0.7 0B 0.9 1.0

TERPHENYL CONCENTRATION, Comp, weight fraction

FIGURE 4.1 CORRELATION OF EURATOM AND M.I.T. STEADY- STATE IRRADIATIONS
AT LOW TEMPERATURE



4.3.2 Radiolysis Rate Constants and Fast Neutron Effect

Ratio

The experimental results given in Table 4.1 and the appar-

ent kinetic order of radiolysis as determined in the last sec-

tion are now used to determine the radiolysis rate constants,

k by means of Equation (4.2) for the three steady-state
R,omp,n,
irradiations of Santowax OM at 3000 C. The results are tabu-

lated in Table 4.3.

Table 4.3

Summary of Radiolysis Rate Constants

of Low Temperature Steady-State Irradiations(a)

of Santowax OM

Run C G(b)
No. omp R

19A 0.631 0.178 + 0.011

20B 0.805 0.270 + 0.020

20A 0.861 0.307 + 0.024

(a) Irradiation temperature,

fN = 0.36

kR~omp,l.
7

(3000 C) -
(watt-hr/gm)

0.0334 + 0.0020

0.0335 + 0.0025

0.0340 + 0.0027

3000 C (5720 F);

kR,omp,l.7

(3200 C)
(watt-hr/gm)~

0.0344 + 0.0021

0.0345 + 0.0026

0.0350 + 0.0028

Fuel Position 1,

(b)Error limits are 2a

(c)Normalized to 3200 C by AER = 1 kcal/g-mole and n = 1.7

Values of kR,omp,1.7 at 3200C are shown in Table 4.3 because they

will be compared to the values obtained for meta-rich ter-

phenyls normalized to 3200 C as reported by Mason, Timmins,
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et al. (4.1).

Mason, Timmins, et al. (4.1) reported radiolysis rate con-

stants of meta-rich terphenyl mixtures of Santowax WR, Santo-

wax OMP and OM-2 irradiated at M.I.T., EURATOM and AECL at dif-

ferent fast neutron fractions. Using Equation (4.5), they

correlated the values of kR,omp,1.7 (normalized to 3200 C and

n = 1.7) at various fN and obtained

Go = 0.19 + 0.02 (2a) and
Y
GN/GY = 3.9 + 0.4 (2a)

Rearranging Equation (4.5),

G4 GN
11. 65 U_(4.5)

kR,omp.,1.7 = T1 .5 IY 1 N + 1 (.

and substituting the above values of G and GN/G

kR,omp,1.7( 320' C) = 1.61xl0-2 L2.9fN + 1] (wh/g)~-

(4.7)

The radiolysis rate constants of Santowax OM normalized

to 3200 C and n = 1.7 are shown in the last column of Table
4.3. In normalizing the data from the irradiation tempera-

ture of 3000 C to 3200 C, the temperature effect on the radio-

lysis rate constant was. expressed by the following Arrhenius

relation
(-AER T T

kR,omp,n(T) = kRompn(T )exp R T0T (4.8)

where

AER is an activation energy of radiolysis, kcal /g-mole

T and T are irradiation temperature, OK

R is the gas constant, kcal /g-mole, 0 K

An activation energy of radiolysis of AER = 1 kcal /g-mole

was used. This assumed value of AER will be discussed in

detail in Section 5.3 of Chapter 5. Since the present series

of irradiation of Santowax OM were made at one value of



fN N = 0.36, Fuel Position 1), a determlination of G and

GN/GY is not possible. However, Mason and Timmins (4.1) re-

ported the following G0 and GN/G values for ortho and meta
Y N y0

terphenyls in a mixture of meta-rich terphenyl at 3200 C.

Ortho Terphenyl Meta Terphenyl

G0 = 0.25 G0 = 0.18
Y Y

GN/G = 2.7 G N/G = 4.5

An estimate of Go and GN/G values for Santowax OM can be

made from these values using the isomer concentration as a

weighting factor. For the three steady-state low temperature

irradiations of Santowax OM, the ratio of concentration of

ortho terphenyl to meta terphenyl is very nearly 2:1 (See

Table 4.2). Neglecting the small concentration of para

terphenyl in Santowax OM,

-= [4.5] + [2.7] = 3.3 (4.9)
Y

G0 (320 0C) = .181 + 2 [0.25] = 0.23 (4.10)

Substituting these values of GN/G and Go into Equation (4.7),
we have for Santowax OM at 3200 C

kRomp,l.7(3200C)= 1.97x10-2 [2.3fN + 1] (wh/g)~

(4.11)

Using fN = 0.36 (Runs 19A, 20A and 20B) in Equation (4.11),

the value of kRompl7(3200 C) = 0.0360 (watt-hr/gm)~. The

average experimental value of kRomp.l.7(320 0 C) as shown in

Table 4.3 is 0.0346 (watt-hr/gm, 1.

Alternatively, we can use GN/G = 3.3 of Equation (4.9) and

the measured value of kR,omp,l.7 (32 00) = 0.0346(watt-hr/gm)~
in Equation (4.7) to calculate G . The value of G0 thus cal-

culated is 0.22 which results in

k,omp.7 .89x-2[2.3fN + 1] (wh/g)~ (4.12)



4.3.3 Results from Other Laboratories

Irradiation results of ortho-rich terphenyl are scarce.

The few that are available from other laboratories were mea-

sured by transient irradiation in closed capsules and second-

order radiolytic kinetics was generally used in reported re-

sults. The experimental data of the irradiations to be des-

cribed below are presented in Appendix A6. The method of

calculating kR,ompn using 1.7 order kinetics is also given

In that appendix.

4.3.3.1 Electron Irradiation of Santowax OM - Mackintosh

(4_3) reported the results of a series of electron irradiation

of Santowax OM at dose rate of 73 watts/gram. One series of

samples was irradiated at 3750 C with total dose ranging from

4.4 to 105.8 watt-hr/gram. Another series involved samples

irradiated at constant dose of 8.8 watt-hr/gram at temperatures

ranging from 3500 C to 4500 C. An earlier M.I.T. report (4._4)

has also discussed the results of these irradiations.

The value of kRomp,1.7 of the 3750 C irradiation series

calculated by least-square correlation (see Appendix A6) is

0.020(wh/g)~ . Using AER = 1 kcal /mole, kR,omp.l.7 at 320 C

is calculated to be 0.019 (wh/g)~ from Equation (4.12).

The experimental data from the irradiation series at

fixed dose and variable temperature show the combined concen-

tration of terphenyl and biphenyl rather than terphenyl alone.

Therefore only the combined radiolytic rate constant of ter-

phenyl and biphenyl can be calculated. In such cases, the

value calculated is 0.026 (wh/g)~1 at 3500 C and 0.029 at

3750 C.

4.3.3.2 Mixed Irradiation of Santowax OM

(1) AECL (4.5) reported irradiations of Santowax WR

using NRX X-Rod Facility at a dose rate of 0.33 +

0.03 watts/gram and fN = 0.3. Samples were ir-

radiated. from 2300 C to 3700 C with one sample

-4.11-
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per given temperature. The kRomp,1.7 value cal-

culated between the temperature ranges of 3050 C

and 3300 C is about 0.028 (wh/g)~ (see Appendix A6).

(2) Tomlinson et al. (4.6) reported sealed capsule ir-

radiations of Santowax OM at 3000 - 4000 C up to 14

watt-hr/gram dose in the fast neutron enhanced

facility of the NRX reactor. The reported dose rate

was approximately 0.1 watt/gram with fast neutron

fraction fN = 0.51. The experimental data appeared

to be quite scattered between 2980 C and 3250 C.

kR,omp,l.7 calculated for these irradiations shows

a low of 0.0463 (wh/g)~ at 3210 C to a high of

0.0587 at 2980 C (See Appendix A6).

(3) Terrien and Mason (4.4) estimated the initial G

value from the irradiation of Santowax OM by Gercke

and Trilling (4.7) to be 0.27 at 6000 F with f ~
0.28 and a dose rate of 1.2 watts/grams based on

zero-order kinetics of HB formation. Using 1.7

order kinetics, the initial G calue is estimated to

be 0.32 which corresponds to kR,omp,1.7 of 0.028

(wh/g)~

(4) Tomlinson, et al. (4.8) reported in 1966 the ir-

radiation result of Santowax OM using an enriched

uranium neutron converter placed outside the calan-

dria tank of the NRX reactor. The averaged dose

rate was 0.1 to 0.15 watts/gram at fN = 0.55 to
0.62. The reported initial decomposition rate was

0.035 gram/watt-hr at 3500 C based on second-order

kinetics. This corresponded to a G value of 0.43

and a kRomp2 of 0.040 at 3500 C or 0.037 (wh/g)~

at 3200 C.

Table 4.4 summarizes the results of these irradiations.

The value of kR,ompl.7(3200 C) for each irradiation based

on Equation (4.12) is also shown for comparison. The



Table 4.4

Summary of Low Temperature Irradiation of

Santowax OM(a)

kR,omp,1.7(3200), (wh/g)~1

Dose Rate
Reference watts/gm fN Experimental Calculated(b)

(4.3) 73 0 0.019 0.019 -

(4.5) 0.33 0.3 0.028 0.032

(4.6) 0.1 0.51 0.46-0.059 0.041

(4.4)(4.7) 1.2 0.28 0.028(c) 0.031

(4.8) 0.1-0.15 0.55-0.62 0.037() 0.043-o.046

M.I.T. 0.06 0.36 0.035 0.035
Runs 19A,
20A and
20B

(a)All results normalized to 32000 using AER =1 kcal/mole and n = 1.7 except as noted
(b)Based on Equation (4.12)

(c)Based on initial decomposition rate
(d)Based on second-order kinetice.



agreement between the experimentally determined and the cal-

culated values of kRomp.l.7(3200 C) is quite good.

4.3.4 Comparison of Radiolytic Degradation of Santowax

OM and Santowax WR

Results of irradiation of Santowax OM at low tempera-

tures (3000 C and fN = 0.36) show that-within the measure-
ment accuracy of the experiments,

(1) the apparent reaction order of radiolysis, n =

1.7 applies equally to Santowax OM and Santowax WR,

(2) the fast neutron effect ratio, GN/GY, and the

initial G value, G 0,of the individual terphenyl
Y

isomers in a mixture of terphenyl remains essen-

tially constant such that the GN/GY and Go of
N Y Y

total terphenyl in a terphenyl mixture, either

ortho- or meta-rich, can be estimated by weight-

ing the corresponding value with the isomer con-

centration.

4.4 Relative Stabilities of Ortho and Meta Terphenyl

Isomers at Low Temperatures

The degradation rate of individual isomers in a mixture

of terphenyl isomers-has been calculated in Appendix A3. The

G* values for each isomer as well as for the total mixture

have been shown in-Table 4.1. Physically, G*(-i) represents

the number of molecules of the ith isomer degraded per 100 ev

energy absorbed in the ith isomer. For the purpose of com-

paring the relative stability of the individual isomers, the

ratio of the degradation rate of each isomer to that of the

total mixture, G*(-i)/G*(-omp), is used. Para terphenyl will

not be included in this study since it represents only a small

percentage (<2 w/o) of the total coolant and the irradiation

time for each run was generally not long enough to yield re-

sults of significance for para terphenyl degradation.

Table 4.5 compares the relative degradation rates of the



Table 4.5

Relative Stabilities of Ortho and Meta Terphenyl

Isomers in Santowax OM Irradiated at 30o C(a)

Terphenyl Conc. w/o
Ortho Meta Para omp

Relative Degradation Rates

GR(-i)/GR(omp) (b)
Ortho Meta

1.04 + 0.05

1.08 + 0.06

1.01 + .o6

0.95 + 0.05

0.87 + 0.05

0.99 + o.06

(a)Steady-state irradiation at Fuel
nominal reactor power

(b)Error limits are 2a

Position 1 (fN = 0.36);

Run No.

19A

20B

20A

41.5

53.1

57.7

20.1

25.6

26.6

1.53

1.83

1.77

63.1

80.5

86.1

I

5 MW,



ortho and meta terphenyl isomers in Santowax OM for steady-

state low temperature (3000 C) runs at Fuel Position 1.

Returning to Equations (4.2) and (4.6), we can express

the G* values for the total terphenyl as

G*(-omp) n-1
= k C (4.13)11.65 R.,omp,n omp

and for the terphenyl isomer as

G*(-i)
_R = k C a-10Cb (14.114)
11.65 R,i,a+b i omp

Dividing Equation (4.14) by Equation (4.13)

G*(-i) k Ca-1Cb
R = R,i,a+b i omp (4.15)

GR(-omp) kR ompCR R,omp,, amp

We note from Table 4.5 that the relative degradation rates,

G*(-i)/G*(-omp), of the ortho and meta terphenyl do not vary

significantly with changes in individual isomer concentration.

Mason and Timmins-(4.1) reported the same observation from low

temperature irradiations of Santowax WR. This suggests that

in Equation (4.15), a = 1 and b = n-l = 0.7 (with n = 1.7 from

Section 4.3.1). We therefore have

G*(-1)
R = k Co. 7  (4.16)
11.65 R,i11.7 omp

Using the proposed calculation model of a = 1 and b = 0.7,

Equation (4.15) thus states simply that the ratio of radio-

lytic rate constants of the individual isomer to the total

terphenyl equals the ratio of the values of G* for the two.R
We can then estimate the radiolytic rate constant of the iso-

mers using thevalues of GR(-i)/GR(-omp) from Table 4.5 and
the value of kRsomp,1. 7 from Table 4.3. Table 4.6 summarizes
the calculation ofkRil 7 *
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Table 4.6

Radiolysis Rate Constants

for the Individual Terphenyl Isomers

in Santowax OM(a

k /k (b) k (c) kkRi1,.7/R,omp,1.7  R,omp,l.7 ~ R,1,l.7 -
(watt-hr/gm)~ (watt-hr/gm)~

Ortho Meta Ortho Meta

1.04 0.94 0.0346 0.0360 0.0326

(a)Fuel Position 1, fN = 0.36, normalized to 320 C
(b)Average value from Table 4.5

(C)Average value from Table 4.3

The above results indicate that the ortho terphenyl

may be slightly less stable than the meta terphenyl for

low temperature irradiation of Santowax OM at fN = 0.36.

However, the significance of any difference in stability

is quite low.

Figure 4.2 shows the effect of the fast neutron

fraction, fN, on the radiolysis rate constant, kR,i,1.7'
normalized to 3200C according to Equation (4.5). The

values of G and GN/G , as well as their sources, are
YN

shown in the figure. The line for ortho in Santowax WR

intersects the line for meta in Santowax WR at an f

value of approximately 0.40. For fN < 0.40, kR,o 1.7

kR,m,l.7 and for fN > 0.40, kR,o,1.7 < kR,m,.7. This is

a result of the relatively higher value of G and lower

value of GN/GY for ortho terphenyl relative to meta ter-

phenyl.

Mason and Timmins (4.1) reported the relative stabil-

ities of the terphenyl isomers for Santowax WR at 3200C and

at two values of fN as follows:



-4 .18-

8 -'uru nne I u V--v w-; %r--, I.-w I

0
Pure Ortho Pure Meta

~ 7 /Meta in SW-WR

/ SW-WR
SW- OM

.- 6OrthoinSW-WR

/- 3 -
o /
z/

z 2 --0
I- /

0 0.2 o.4 0.6 0.8 1.0

FA ST NEUTRON FR ACTION ,fN
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kR,1.7/kR,omp,l.7
N (Santowax WR)

Ortho Meta

0.07 1.19 0.94

0.40 1.00 1.00

The values of kR,1,l.7/kR,omp,l.7 for the radiolysis of

Santowax OM at fN= 0.36 given in Table 4.6 are in agreement

with these values for Santowax WR in indicating that the

stability of ortho terphenyl decreases relativ. to meta

terphenyl, as fN decreases.
AECL (4.9,4.10) reported Go and GN/G values from low

temperature (3000C) irradiations of pure terphenyl isomers

as follows:

Ortho Terphenyl Meta Terphenyl

GO = 0.42 GO = 0.20
GN/G = 3 GN/G7 = 4.5

Except for the value of GO for ortho terphenyl, these valuesY
of GO and GN/G for pure terphenyl isomers and the values

obtained by Mason and Timmins (4) from irradiations of

mixed terphenyls (see Section 4.3.2 or Figure 4.2) agree

within 10%. Due to this higher value of GO for pure orthoY
terphenyl, the line for pure ortho in Figure 4.2 indicates

substantially higher degradation rate constants (kR,o,1 .7)
for pure ortho as compared to the rate constants for

ortho in mixed terphenyls and for meta terphenyl either

pure or in mixed terphenyl coolants. Further discussions

on this point will be presented in Chapter 5.
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CHAPTER 5

HIGH TEMPERATURE TERPHENYL DEGRADATION

5.1 Introduction

The principal objective of this study was to investi-

gate the degradation rates of ortho-rich terphenyl (e.g.

Santowax OM) and meta-rich terphenyl (e.g. Santowax WR)

in the temperature range of 3000C (572oF) to 4270 C (8000F),

which covers the operating temperature range for large

organic-cooled power reactors.

Figure 5.1 shows the terphenyl degradation rates

measured in several irradiation facilities plotted in the

form of an Arrhenius diagram. It includes irradiation of

pure terphenyl isomers as well as ortho-rich- and meta-rich

terphenyl mixtures. The degradation rates are expressed

in terms of initial G values, designated by G*(-i) or

GO(-i), which represent the terphenyl degradation at 100%

terphenyl concentration. In most cases, the data shown in

Figure 5.1 were obtained from transient irradiations. In

such cases, the original authors used correlation by first-

and second-order kinetics (as well as by smooth curve

fitting by eye) to obtain these values. The purpose of pre-

senting this figure is to illustrate the effect of tempera-

ture on terphenyl degradation rates measured under a wide

variety of experimental conditions and interpreted by the

original authors wi-th different techniques.

The interpretation of the high temperature terphenyl

irradiation data, such as that shown in Figure 5.1, is

complicated by the following facts:

(1) Radiopyrolysis (thermal decomposition) becomes

important Pt temperatures above 3500 C expecially

for those experiments with low average dose rates.



2.00

2.00 A MIT,002w/g,fp=037-040,SW-WR,SW-OMP

0 BL02,0.04w/g,fy=0.18, OM-2
A BL03,0015-0.l8w/g,f,=0.16,OM-2

I Tn CRC, 0.008 -0.04 w/g , f = 0, meta
* CRC,0.013 -0.019 w/g,f ,=0.95, meta

E 0 AECL ,0.1 and 0.3 w/g fN=050-0.60,meto
o I.50 * AECL , I w/g , fN = 0.50, meta

% 4 AECL, 0.2 w/g , fl =0 , meta
0 AECL ,0.4 wig ,electron irrodiotion , meto

o % AECL, 5 w/g , electron irradiation , meto

x v AECL, 0.1-0.3 w/g, fN 0 .5 0 -0.57, ortho

E 0 <% AE CL, 1.0 w/g , fN 0.50, or tho
o 1.00 0 AECL, 0.1 w/g , fN 051 , SW - OM

SMIT , 0.057 w/g, f. = 0.36, SW -OM
A A MIT, 0.065 w/g , f 0. 3 8 , SW - WR

0 N

<*

0.50U

Cma) v 0- om0
o 0 o o10C'j 0 r.- NL I

1.30 1.40 1.50 1.60 1.70 1.80 1.90

TEMPERATURE, I/T (OK)~ X10 3

FIGURE 5.1 EFFECT OF TEMPERATURE ON TERPHENYL INITIAL DEGRADATION RATES
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Determination of the relative contributions of

radiation and heat to the total degradation rates

is difficult.

(2) Based on the irradiation of pure ortho and meta

terphenyl, AECL (5.1) recently reported ortho ter-

phenyl to be less stable at high temperatures

than meta terphenyl. Therefore the total terphenyl

degradation rate for mixed terphenyl coolants may

vary with the relative concentration of the iso-

mers.

(3) AECL (5.1) also reported dose rate effects on

pure terphenyl isomers which become significant

at temperatures above 35000.

Available data on ortho-rich terphenyl coolants are

scarce, and there have been no steady-state irradiation

data available except those presented in this chapter.

The overall objective of this Chapter is to investi-

gate and compare the temperature and dose rate effects on

the degradation rates of ortho-rich Santowax OM and meta-

rich Santowax WR, at high temperatures (>3500C) and to

develop an empirical model which can be used to predict

the- coolant degradation rates in organic-cooled power re-

actors.

To show how this model can be applied, the coolant

degradation rate of a conceptual Heavy Water Moderated

and Organic Cooled power reactor (HWOCR) will be calculated

as an example. Table 5.1 shows a comparison of the M.I.T.

in-pile loop irradiation conditions with those of a con-

ceptual 1000 MWe HWOCR.

5.2 Theory

5.2.1 Steady-State Irradiations

If the effects of radiation and heat are assumed to be

linearly additive, a general rate equation for the total ter-



Table 5.1

Comparison of M.I.T. In-Pile Loop and Conceptual 1000 Mwe HWOCR

M.I.T. Loop

Santowax OM
(10% HB)

Inlet temperature 575 F - 80
Outlet temperature 575 0F - 8000

AT around coolant loop --200F

Total coolant mass, lbs -v12

Coolant mass in-core, lbs 0.6

Io in-core coolant mass
Ratio,9 total coolant mass 0.05

Coolant velocity, ft/sec 14 - 22

In-core residence time, sec 2.4

Out-cf-core residence time, sec 48

Average dose rate in-core, watts/gm 0.51 - 1.45

Average dose rate (total coolant), watts/gm 0.023 - 0.06

Fast neutron fraction, fN 0.36

(a)Reference (5.9)

(b)Estimated from preliminary HWOCR core calculations (5.9).

F

F

6

Conceptual Design(a)
HWOCR

Santowax OM
(10% HB)

5750 F

7500 F

1750F

- 2,400,000

23,000

- 0.01

30 max

0.72

77
1.3

0.012

0.66 (b)

Coolant Type

Fl
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phenyl degradation can be written as (See Appendix A3 for

details):

(-omp) = k Crn
11.65 R,omp,n omp

k C
+ P,omp,m omp

-r

R,omp ,n

Pomp ,r

G(-omp)

r

11.65

= radiolysis rate constant of the total
th

terphenyl for the n kinetics order of

radiolysis, (watt-hr/gm)~ -

= radiopyrolysis rate constant of the to-
th

tal terphenyl for the m kinetics order

of radiolysis,(hr) 1

= G value of total terphenyl degradation,

molecules degraded/100 ev absorbed

= average dose rate to the total coolant,

watts/gm

= conversion factor, (molecules)(watt-hr)/

(100 ev)(gram)

In accordance with earlier M.I.T. reports (5.2, 5.3) the

term radiopyrolysis is applied to the thermal decomposition of

the irradiated terphtiyls whereas pyrolysis is applied to that

of unirradiated terphenyls. In Chapter 4 radiolytic degrad-

ation rates have been obtained through the irradiation of

terphenyl mixtures at low temperatures, where the effect of

thermal decomposition is negligible. The method used in

this report for the calculation of radiopyrolytic decomposi-

tion at higher temperatures is to employ Equation (5.1) by

subtracting the radiolytic portion of degradation from the

measured total degradation. Equation (5.1) can be rear-

ranged to express the radiopyrolysis contribution as

where

(5.1)
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Pomp%m omp 111.65 -kRomp,n n.1ipkCm [G( o) - kR op onmrp.2

At low temperatures (<3200 C), it has been shown in

Chapter 4 that the apparent reaction order for radiolysis, n,

was equal to 1.7. This value of n is assumed to be applic-

able at higher temperatures also. At irradiation tempera-

tures above 400*C where radiopyrolysis effects predominate,

the values of radiopyrolysis reaction rate constant , kP

as calculated from Equation (5.2), are not significantly

effected by the assumed value of n (see Section 5.8).

The value of m in Equation (5.2) is determined by

correlation of the experimental data. Generally first-

order kinetics (m = 1) are assumed for thermal decomposition

of terphenyls by workers in this field.

The effect of temperature on the radiolysis rate con-

stant can be expressed by the Arrhenius relation as

kR,omp,n (T) = kRompn (T0 ) exp (R [ 0  TI (5.3)

where AER is an activation energy of radiolysis, T is the

irradidiation temperatures and R is the gas constant.

kR,omp,n T ) is the radiolysis reaction rate constant deter-

mined at a reference temperature T0 .

5.2.2 Transient Irradiations

Although transient operation was not employed in any of

the M.I.T. irradiations covered in this report, the irradi-

ations made by other laboratories and discussed in this re-

port consisted of transient runs with terphenyl coolant

irradiated in capsules. In transient operation, the total

terphenyl concentration and the G value (i.e., degradation

rate) both decrease with time and dose. For transient oper-

ation with no fresh terphenyl feed (w = 0 in Equation (A3.4)
of Appendix A3), we have



_dComp G(-omp (5.4)
dT 11.65

For the nth order kinetics, we can write

d= K (-omp) Cn (5.5)
dT n n omp

where K n(-omp) is the overall degradation rate constant for

nth order kinetics. Thus for zero-, first- and second-order

kinetics, integration of Equation (5.5) yields

n =0:

Co =C -KT (5.6)
omp 0 0

n = 1:

ln C = ln C - K T 5.7)
omp o 1

n = 2:

1 = + K2T (5.8)
omp a

where C0 is the initial (T = 0) total terphenyl concentra-

tion. The total degradation rate constant Kn is determined

by a least-square fit of the concentration, (C ),versus

dose,(T),data obtained from the transient run.

Mason and Timmins (5.3) have chosen to define a con-

Qentration C of the transient run at which the value of

(dComp/dt)1 by first-order kinetics is equal to (dComp/dT)2

by second-order kinetics, or simply

K 1 (-omp) (5.9)
C mp K2(-omp)

Using this procedure to define the total degradation rate

at the selected concentration 0 omp in Equation (5.2), the

expression for the radiopyrolysis rate constant (e.g., for

n = 1.7) becomes
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m =1:

k P,omp,l K1 (-omp) - kRomp,1.7 [omp10o7

(5.10)

m = 0:

kP,omp,0 = P,omp,l omp (5.11)

5.3 Activation Energy of Radiolysis

Since the analysis of the effect of radiopyrolysis on

terphenyl coolant at high temperatures depends on the re-

sults and extrapolation of the radiolytic degradation at low

temperatures as shown by Equations (5.2) and (5.3), the

activation energy of radiolysis will be investigated here

before we proceed to analyse the experimental data ob-

tained from irradiations at higher temperatures.

Only limited information is available on the radio-

lytic degradation of ortho-rich terphenyl coolant at

different temperatures of irradiation. AECL (5.4) re-

ported a series of electron irradiation (fn = 0) on Santo-
wax OM at temperature range of 350 0 C to 450 0 C. Another

series of irradiation at AECL using the NRX - X Rod Facil-

ity (5.5) also provided irradiation results on Santowax OM

at temperature range of 230 0 C to370 0 C with fn = 0.33. The

experimental data and calculated results of kR,omp,n (using

n = 1.7) for these two series of irradiation are presented
in Appendix A6. Figures 5.2 and 5.3 are Arrhenius plots

for these two series. The experimental values of the NRX

irradiation fit quite well to the dashed line drawn with

AER = 1 kcal/mole within the temperature range of 230 0 C

to about 3700C. For the electron irradiation data of AECL,
the experimental points appear to follow AER = 1 kcal/mole

up to about 410 0C.

Both these two irradiations used transient operation

with the coolant contained in a capsule. Due to the high

radiation dose rate and small volume of irradiation, the
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effect of radiopyrolysis on degradation was very small

compared to radiolytic degradation for this type of irradi-

ation. The points in Figures 5.2 and 5.3 have not been

adjusted for radiopyrolysis effects.

The best estimate of AER, based on these two series

of irradiation by AECL, appears to be about 1 kcal/mole

for temperatures up to about 4000C. Earlier M.I.T. work

(5,2, 5.3) also indicated a value of AER = 1 kcal/mole for

meta-rich terphenyls for temperatures up to about 4100C.

It is difficult to establish whether AER maintains this con-

stant value above 4000C. In Section 5.8 it will be shown

that, at an irradiation temperature above 400 C, the radio-

pyrolysis effect predominates (with a radiopyrolytic activa-

tion energy, AEP, of about 50 kcal/mole), and that an in-

crease of AER by a factor of two or three would not appre-

ciably affect the calculated results of radiopyrolysis re-

action rates. Thus in the following section, the value of

AER will be assumed to be 1 kcal/mole for the purpose of

calculating the radiopyrolytic degradation rates.

5.4 M.I.T. Autoclave Pyrolysis Results For Santowax WR

The equipment and procedure of the autoclave pyro-

lysis experiments at M.I.T. have been described in Chap-

ter 2. Table 5.2 shows a summary of results of the six

transient autoclave pyrolysis experiments completed during

the period covered by this report. A detailed description

of these experiments is reported by Rigamonti (5.20).

Zero-, first- and second-order correlations of the disap-

pearance rates for the individual isomers as well as for

the total terphenyls are given in Appendix A4.,

Figure 5.4 shows an Arrhenius plot of the first-order

pyrolysis rate constants for unirradiated meta terphenyl

and meta-rich terphenyl mixtures taken from several

sources. Curve I correlates the Euratom data points

(5.8, 5.19) and Curve II correlates both AECL (5.7) and



Table 5.2

Summary of MIT Autoclave Pyrolysis Results for Santowax WR

Run
No.

Coolant

1F Fresh

Santowax WR

2F Fresh

Santowax WR

3F Fresh

Santowax WR

4F Irradiated(a)

Santowax WR

5F Irradiated (a)

Santowax WR

6F Irradiated (a)

Santowax WR

Temperature
OF_ oc_

796

833

769

772

828

798

425

445

410

411

443

426

Range of Con-
centration-w/o

Total
DP OMP

9-30 91-70

9-43 91-57

9-31 91-69

20-44 80-56

21-60 79-40

20-51 80-49

Total Terphenyl Disappearanc
Rate Constant, k1 omptn(hr)~

Zero-Order

1.33 + 0.13
x 10-3

3.77 + 0.11
x 10-3

4.01 + 0.17

x 10-4

8.32 + 0.50
x 10-4

4.65 + 0.16
x 10-3

1.85 + 0.13

x 10-3

First-Order

1.6P + 0.11
x 10-3

5.27 + 0.11
x 10-3

5.07 + 0.13
x 10-4

1.21 + 0.03
x 10-3

7.q7 + 0.08
x 10-3

3.00 + 0.05
x 10-3

(a)Mixture of irradiated coolant samples from steady-state Runs 26 and 27 which
contained initially 9% HB

(b)Error limits are 2a

U,

I
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previously reported M.I.T. (5.3) data points. The three

data points of the present autoclave runs for unirradiated

Santowax WR (Runs 1F, 2F and 3F) are also shown by the

flagged points. These points fit quite well on Curve II.

Note that the pyrolysis rate constants represented by

Curve II are about a factor of three higher than those ob-

tained by Euratom data (Curve I). One hypothesis for the

difference between the results represented by Curves I and

II had been the possible presence of oxygen in the AECL and

earlier M.I.T. samples. In an attempt to eliminate this

possibility, the fresh coolant used for the autoclave ex-

periments in the latest runs at M.I.T. was degassed re-

-peatedly in several freezing and melting cycles under a

blanket of 2 mm Hg nitrogen before charging to the auto-

clave system under a blanket of nitrogen. Some of the Eur-

atom pyrolysis experiments were carried out in metallic

loop systems and some in glass or silica ampoules; the AECL

results were obtained in silica ampoules while the M.I.T.

results were obtained by pyrolysis in a metallic autoclave.

At the present time it is not possible to explain the

difference in pyrolysis rates of unirradiated terphenyls

suggested by Curves I and II on the basis of either opera-

ting procedures or materials of construction (which might

have had a catalytic effect). The only known difference is

that the Euratom terphenyls were produced in France by

Progil and the AECL and M.I.T. terphenyls were produced

by the Monsanto Chemical Company in the U.S.A.

The first-order radiopyrolysis rate constants of

the irradiated Santowax WR determined from the autoclave

experiments (Runs 4F, 5F and 6F) are plotted in Figure

5.5. Curve III represents a least-square fit of these

three data points; AER = 59 + 2 (2a) kcal/mole. The

Euratom results (Curve I) and AECL and M.I.T. results

(Curve II) of unirradiated meta-rich terphenyls are also

shown in the figure. Included in the figure are radio-
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pyrolysis measurements by Euratom workers (5.8) using irrad-

iated OM-2 terphenyl coolant in the BLO-3 loop of the Mel-

Usine reactor during week-end operation after the reactor

was shut down. Also, results from irradiated OM-2 coolant

from Melusine pyrolyzed in autoclaves by the Institute of

Petroleum Francais (IFP) (5.8) are presented in the

figure. It is noted that the M.I.T. radiopyrolysis rate

constants (Curve III) of irradiated Santowax WR sho3 an

increase by a factor of two over the pyrolysis rate con-

stant (Curve II) of the unirradiated coolant. The Eur-

atom rate constants for the irradiated OM-2 are only

slightly higher than Curve TI but significantly higher

(by a factor of- four) than for unirradiated OM-2 (Curve I).

It should also be mentioned that the initial concentra-

tion of the irradiated coolant used in BLO-3 loop experi-

ments covered a wide range of HB concentration from 14%

to 37%. Mason and Timmins (5.3) have suggested that the

increased rate of radiopyrolysis may be due to the forma-

tion of free radical species through thermal decomposition

of the degradation products that are present in the irradi-

ated coolant. These "active species" react with terphenyls

to cause the increased rate of radiopyrolysis. A study

of free radical concentrations by such means as electron

spin resonance using irradiated and unirradiated ter-

phenyls at high temperatures may verify the above explan-

ations.

5.5 Pyrolysis of Santowax OM - AECL Results

Tomlinson, et.al. (5.6) and Mackintosh, et al.(5.7)

have reported the pyrolysis of unirradiated Santowax OM

using a pyrolysis furnace with silica sample ampoules accom-

odated in a massive brass block heated with heating coil.

Results of these experiments are shown in Figure 5.6 using

first-order kinetics.
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Curve I is a least-square fit of the data points by

Mackintosh, which show little scatter; there is consider-

able scatter in the Tomlinson data. Curve III is a least-

square fit of all the Mackintosh and Tomlinson data for

Santowax OM. The pyrolysis results of Santowax WR from

AECL and M.I.T. as presented in the last section are also

given for comparison (Curve II, dashed line). Comparison

of Curves I, II and III indicates that the rates of pyro-

lysis of unirradiated Santowax OM and WR are essentially

the same.

5.6 M.I.T. Loop Irradiation Results - High Temperature Runs

A description of the irradiation conditions for those

runs made during the period covered by this report has

been presented-in Chapter 2. The experimental results are

given in Appendix A3. A total of six high temperature

(>350 0C) steady-state runs (Runs 21, 22, 23, 23A, 24 and

25) were made with Santowax OM as coolant and three (Runs

26, 27 and 28) with Santowax WR. Table 5.3 shows a sum-

mary of results for these runs. The first-order radio-

pyrolysis rate constant.kP.omp, 1 is also shown for each run.

The value of k Pomp l for Santowax OM runs was calculated

according to Equation (5.2) using a value for kR,omp,1.7
(320 0 C) of 0.0346 (wh/g)~ , which was obtained from the

low temperature irradiations (Runs 19A, 20A and 20B, see

Chapter 4). For Santowax WR runs, the kR,omp,1.7 (3 200 C)

value was calculated from Equation (4.5) using GN /GY value

of 3.9 and G 0 value of 0.19 as reported earlier by Mason

and Timmins (5.3) for meta-rich terphenyls. AER = 1 kcal/mole

was assumed to apply over the entire temperature range for

all runs. The LIB/HB ratios for these runs are also shown

in Table 5.3. The ratios for the Santowax OM runs are

appreciably higher than those for Santowax WR for a given

temperature and total terphenyl concentration.



Table 5.3

Summary of Steady-State Irradiation Results

for High Temperature Runs in the M.I.T. Loop(a)

Coolant

Santowax

Santowax

Santowax

Santowax

Santowax

Santowax

Santowax

Santowax

- OM

- OM

- OM

- OM

- OM

- OM

- WR

- WR

Run
No.

21

22

23

23A

24

25

26

27

28

o Average(b)
Temperature, F Dose Rate

Irradiation Loop
Capsule Effective twatts/gm)

750 734 0.024

800 781 0.023

700 684 0.022

700 685 0.057

750 730 0.057

800 781 0.056

700 685 0.068

750 739 0.065

800 790 0.065

March 3, 1967 to
Concentration w/o

OMP DP HB

78.0

78.5

80.6

81.8

80.6

76.0

82.5

79.3

76.3

22.0

21.5

19.4

18.2

19.4

24.0

17.5

20.7

13.7

9.0

8.9

7.7

6.5

7.1

7.7

9.1

8.2

10.6

February 16, 1968

Degradation Rates(c)

G(-omp) G*(-omp)

0.48 0.61
+ 0.05 + 0.06

1.15 1.47
+ 0.09 + 0.11

0.36 0.44
+ 0.05 + 0.06

0.33 0.40
* 0.03 + 0.04

0.38 0.47
f 0.03 + 0.04

0.68 0.89
+ 0.05 + 0.06

0.33 0.40
+ 0.02 + 0.03

0.39 0.49
+ 0.03 + 0.04

0.64 0.89
+ 0.04 + 0.05

Radiopyrolysis(c)(d)
Rate Constants

k (hr--I) x 10 o
p,omp,1(

4.8 + 1.3

21.3 + 1.6

1.4 + 1.3

1.1 + 2.3

4.3 + 2.3

24.5 + 2.4

1.4 + 2.8

6.4 + 2.7

25.6 + 2.8

(a)Fuel Position

(b)Reactor Power

1, In-pile Section No. 4, fN = 0.36, for Santowax OM; In-pile Section No. 5, fN = 0.38, for Santowax WR

was 2 MW for Runs 21, 22 and 23, 5 MW for Runs 23A, 24, 25, 26, 27 and 28

(c)Error limits are 2a

(d)Assume AE = 1 kcal/mole, k R,omp,.7(3200
C) = 0.0346(wh/g)~ for Santowax OM and kR,omp,1.7 (320

0
C) = 0.0343 kcal/mole for Santowax WR

Santowax - WR

LIB/HB

1.44

1.42

1.52

1.77

1.78

2.12

0.92

1.52

1.24

I-.
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5.6.1 Radiopyrolysis Effect of Santowax OM

Figures 5.7 and 5.8 show the first-order and zero-

order radiopyrolysis calculated from the high temperature

irradiations of Santowax OM. The error limits on irradia-

tion Runs 23 and 23A, conducted at 700 0F (371 0 C) (effective

loop temperature of 362 0 C), are large. This is because of

the extremely small radiopyrolysis effect at this tempera-

ture as compared to the radiolysis effect so that the

radiopyrolysis rate constant as calculated from Equation

(5.2) is the difference of two large and nearly equal quan-

tities.

Zero-and first-order kinetics appear to correlate

radiopyrolysis rate constants for Santowax OM equally well.

A similar conclusion was reached by Mason and Timmins (5.3)

regarding the radiopyrolysis of Santowax WR. First-order

kinetics (m = 1) has generally been adopted for the correl-

ation of pyrolysis rate constants for unirradiated coolants

(5.3, 5.5, .5.6, 5.8, 5.19). Mason and Timmins therefore

used first-order rate kinetics to report radiopyrolysis re-

sults for irradiated Santowax WR; to be consistent, first-

order kinetics will also be employed here for both irradiated

Santowax OM and WR.

The six data points as shown in Figures 5.7 and 5.8

belong to two groups irradiated at different dose rates.

The data points of Runs 21, 22, 23 were obtained from

irradiation at 1.95 MW reactor power (average dose rate =

0.023 watt/gm; in-core dose rate = 0.51 watt/gm), whereas

those of Runs 23A, 24 and 25 were obtained at 4.88 MW

reactor power (average dose rate = 0.057 watt/gm; in-core

dose rate = 1.25 watt/gm). No significant difference was

found in the calculated radiopyrolysis rate constants with

a change in dose rate of irradiation by a factor of about

2.5 over the temperature range of 3600 to 420'C.

The effect of temperature on the pyrolysis rate con-

stants for the unirradiated Santowax OM as obtained from
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the AECL measurements (see Section 5.5, Figure 5.6, Curve

III) is also shown (dashed line) in Figure 5.7. The rate

constants for radiopyrolysis of the irradiated coolant are

significantly greater than the pyrolysis rate constants for

the unirradiated coolant.

Weighting the points inversely to their variances,

the results of Figure 5.7 were correlated by a least-square

fit. The equation obtained for first-order kinetics is

kPomp, (T) = exp a - b 1 (hr) 1  (5.12)

or

kPmp,1(T) = exp a - AE (hr)~1  (5.13)

where

a = 33.7 + 3.6 (2o)

b = 271100 + 2400 (2u)

AE F= 54.2 + 4.8 (2a)

T is the temperature, 0K

R is the gas constant, 1.987 x 10-3 kcal/mole-0 K

The above equations (represented by the solid line in Fig-

ure 5.7) are considered to be the best estimate of- the first-

order radiopyrolytic reaction rate constant for Santowax

OM based on steady-state irradiations at M.I.T. The activ-

ation energy of radiopyrolysis, AEp, is 54 + 5 (2a) kcal/mole

for Santowax OM.

5.6.2 Radiopyrolysis Effect of Santowax WR

The radiopyrolysis rate constants obtained from the

current nine irradiations of Santowax WR and OM at tempera-

tures greater than about 700*F (371 0 C) are shown in Fig-
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ure 5.9. Also included in Figure 5.9 are three curves

showing the results of autoclave pyrolysis experiments as

presented in Figures 5.4, 5.5 and 5.6.

The first-order radiopyrolysis rate constants calcu-

lated from the Santowax WR irradiations (Runs 26, 27 and

28) are shown in Figure 5.9 by closed points. These runs

were made at approximately the same conditions as Santowax

OM Runs 23A, 24 and 25 in order to make direct comparison

in degradation rates between the meta-rich terphenyl and

the ortho-rich terphenyl. The error limits for Run 26

(700*C) again were large, due to the extremely small

effect of radiopyrolysis in the presence of large radio-

lysis effects.

Although correlation of the radiopyrolysis rate con-

stants shown on Figure 5.9 for Santowax WR alone (closed

points) results in a slightly lower value of AEp , the

rate constants for all nine irradiations of both Santowax

OM and WR are correlated within the experimental limits by

a single line with an activation energy, E3 1 = 48 + 7 (2a)

kcal/mole.

5.6.3 Comparison of Radiopyrolysis Effect of Santowax

OM and Santowax WR

The following general conclusions are suggested, based

on the results from the nine high temperature irradiations

made in the M.I.T. loop and from the autoclave pyrolysis

experiments (see Figure 5.9):

(1) Within the experimental accuracy, there appears

to be no significant- difference between the

radiopyrolysis rate constants for Santowax OM and

Santowax WR.

(2) Within the experimental accuracy, an activation

energy for radiopyrolysis of 48 + 7 (2a) kcal/mole

can be used for mixed terphenyl constants (either

meta- or ortho-rich) containing about 80 w/o
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Run Comp(%) HB (%) T (watts/gm)

102  < 21 78.0 9.0 0.024
A 22 78.5 89 0.023

SW-OM V 23 80.6 7.7 0.022
f,=0.36 D 23A 81.8 6.5 Q 057

o 24 80.6 7.1 0.057
o 25 76.0 77 0.056

SW-WR r- 26 82B 9.1 0.068

Nt0.38 27 793 8.2 0.065
T - 28 76.3 10.6 0.065

z

z
0
0

w
I.-

-,Curve IV

jCurve I

- C Curve I
o 10 -Curve I

Curve I - MIT Autoclave
Irradiated Santowax WR

Curve Il - AECL and MIT Autoclave
Unirradiated Santowax WR

Curve III - AECL Autoclave
Unirradiated Santowax OM

Curve IV - Least-square Correlation
of Runs 21 to 28

Error limits are 2a

440 420 400 *C 380 360

10-5J I I I I I
1.40 1.45 1.50 1.55

1/ T (*K) x 103

FIGURE 5.9 COMPARISON OF FIRST-ORDER RADIOPYROLYSIS RATE CONSTANTS OF SANTOWAX
OM AND SANTOWAX WR
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terphenyl and about 6 to 11 w/o High Boilers. This

value for E is the same as that suggested by

Mason and Timmins (5.3) for meta-rich coolants of

similar total terphenyl composition on the basis

of earlier irradiations.

(3) The radiopyrolysis rate constants of the irradiated

coolant are significantly higher at all tempera-

tures than the pyrolysis rate constants of unirradi-

ated coolant for both Santowax OM and Santowax WR

(4) The activation energy for pyrolysis of unirradiated

terphenyl (64 + 7 kcal/mole) appears to be higher

than that for radiopyrolysis of the irradiated ter-

phenyl (48 + 7 kcal/mole).

(5) The activation energy of radiopyrolysis from auto-

clave (post-irradiation) experiments (59 + 2

kcal/mole) appears to be higher than that from

in-pile loop irradiation (48 + 7 kcal/mole).
(6) There is no evidence of a dose rate effect on de-

gradation of mixed terphenyl coolants over the

range of coolant compositions, temperatures, and

dose rates in the range of interest for organic-

cooled nuclear reactors.

5.7 Correlation of First-Order Radiopyrolysis Rate

Constants - M.I.T. Loop Irradiation

Figure 5.10 shows an Arrhenius plot of first-order

radiopyrolysis constants of all the high temperature (>3500 C)

measurements made at M.I.T. In-pile Loop Facility since it

was established. The most recent nine irradiations, which

are described in detail in this report, are shown by

closed points. Three different mixed terphenyl coolants

are represented in this figure, namely Santowax OMP, Santo-

wax WR and Santowax OM. Also shown are four lines represent-

ing:
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Curve I

Curve II

Curve III

Curve IV

Radiopyrolysis from post-irradiation pyrolysis

of irradiated Santowax WR (from Curve III

Figure 5.5), AEp,1 = 59 + 2 (2a) kcal/mole

Pyrolysis of unirradiated meta terphenyl

and Santowax WR (from Curve II Figure 5.4),

AE, 68 + 4 (2a) kcal/mole

Radiopyrolysis - least-square fit of all

data points Santowax OM and WR (using

weighting inversely proportional to vari-

ance), AE, 1 = 54+ 9 (2a) kcal/mole

Radiopyrolysis from M.I.T. Runs 21-28,

Santowax OM and WR (from Curve IV Figure

5.9), AE 1 = 48 + 7 (2a) kcal/mole.

Curves III and IV are only slightly different, but the

location of Curve IV above Curve III indicates that the re-

cent high temperature irradiations of Santowax WR (meta-

rich) resulted in greater radiopyrolysis rate constants than

the earlier meta-rich irradiations at M.I.T. The differences

in radiopyrolysis rate constants indicated by Curves III and

IV may be due, at least in part, to differences in the pro-

cessing methods used to remove the high boiling degradation

products during the steady-state runs. The recent steady-

state irradiations at M.I.T. utilized a "High Boiler Dis-

tillation" which cut off the distillation after para ter-

phenyl (and before High Boilers) had distilled over. All

but one (Run 2) of the earlier steady-state high temperature

irradiations had utilized a "Bottoms Distillation" which

permitted about 75 w/o of the quarterphenyls (considered a

High Boiler fraction) to distill over for recycle to the

loop makeup. The majority of the earlier M.I.T. irradia-

tions were made with coolant containing less than 70%
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terphenyl and about 30% Bottoms.

On the basis of the results obtained from the few

earlier irradiations which had relatively low Bottoms

Content (Run 7 had 74% omp and 12% Bottoms; Run 6, 69%

omp, 15% Bottoms; Run 10, 65% omp, 17% Bottoms), Mason and

Timmins (5.3) tentatively suggested that radiopyrolysis

constants for irradiated mixed terphenyl coolants, at any

given temperature, increased with increasing Bottoms content

(and decreasing terphenyl content). One of the objectives

of the present series of irradiations (Runs 21-28) was to

investigate this proposal, and the irradiations were oper-

ated at low High Boiler (7-llw/o HB) and high terphenyl

(76-83w/a omp) contents. As shown in Figure 5.10 the radio-

pyrolysis constants were equal to or greater than those ob-

tained earlier with 50-60w/o omp. In view of these additional

recent results, rate constants for any given temperature do

not appear to increase (or decrease) simply with High Boiler

or Bottoms Content alone. The mechanism of the radiopyrolysis

reaction is not understood at this time. Consequently, in the

absence of further information regarding the effect of cool-

ant composition, a single correlating line is now recommended

for predicting the effect of radiopyrolysis degradation on

either Santowax WR or OM. The recommended equation,

(Curve III) derived from all the data can be expressed as

ln k (T) = a - b/T (5.14)

or

kPlomp,1(T) = exp (a - AE p/RT) (5.15)

where

a = 33.7 + 7.0 (2u)

b = 27600 + 4800 (2a), K

AFp = 54.4 + 9.4 (2aj, kcal/mole
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Note that the radiopyrolysis constants represented by

Curve I, for the post-irradiation pyrolysis of Santowax WR,

irradiated during Runs 26 and 27, lie below the radiopyroly-

sis rate constants obtained during the actual irradiation

periods of Runs 26 and 27. This suggests that the (unknown)

components in the coolant causing the increased radiopyroly-

sis degradation rates either disappear somewhat (but not

completely) during the period of time between irradiation

and the autoclave pyrolysis, and/or are consumed during

the autoclave pyrolysis.

The magnitude of activation energies determined from

the curves on Figure 5.10 are quite sensitive to the loca-

tion of a few points, especially the high temperature

values. There does not appear to be a signifi-cant differ-

ence in the activation energies for the three curves repre-

senting radiopyrolysis (Curves I, III and IV).

5.8 Radiopyrolysis Effect on Individual Isomers

Determination of the relative stabilities of the pure

terphenyl isomers, especially in ortho-rich coolants , in
high temperature irradiations, was one of the primary ob-

jectives of the latest series of irradiations at M.I.T.

Before discussing the results obtained in these M.I.T.

irradiations, a review of earlier studies of the stabil-

ity of the pure isomer will be presented.

AECL has made capsule irradiations of ortho and meta

terphenyls in the NRX reactor at fN = 0.01 and fN = 0.50-
0.60 with dose rates ranging from 0.1 to 1 watts/gram at

temperatures from 1000 to 450 0C (5.11, 5.12, 5.13). AECL

has also made electron (Van de Graaf) irradiations of ortho

and meta terphenyls as well as Santowax OM (5.4). Earlier

M.I.T. reports (5.2, 5.10) have reviewed the results of

these irradiations as well as the results of electron

irradiations at Atomics International (5.14, 5.15) of ortho

terphenyl from 752*F to 898F at an average dose rate of
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about 0.8 watts/gram. Figures 5.11 and 5.12 have been re-

produced from an earlier M.I.T. report by Mason and Timmins

(5-3), which summarizes the results of the AECL and AI

radiolysis experiments with pure meta and meta-rich ter-

phenyl and with pure ortho terphenyl. The ordinates of

Figures 5.11 and 5.12 represent the values of kTotal,i,2
(second-order total rate constant) normalized by

kRomp,7 calculated using Equation (4.7) in order to

account for wide variation in fast neutron fraction in these

experiments. Table 5.4 presents a review of the AECL
irradiations on pure ortho and pure meta terphenyls as sum-

marized by Tomlinson, et al. (5.1).

Thebe results are reported again here since the neces-

sity to confirm them under conditions of steady-state in-

pile loop irradiation was one of the principal motivations

for the recent series of irradiations of Santowax OM and

WR at M.I.T.

The general conclusions reached from these AECL irradi-

ations (5.1) in terms of radiolytic mechanism are summarized

as follows:

At temperatures below 3500C, the radiolytie decomposi-

tion rates of pure terphenyl isomers:

(1) were independent of radiation intensity (or dose

rate)

(2) increased slightly with temperature

(3) were several times greater for recoil proton radi-

ation (or fast neutrons) than for fast electrons

(or gamma radiation)

Above 3500C, the decomposition rates during irradia-

tion:

(1) were greater at low intensity than at high in-

tensity

(2) increased more rapidly with temperature

(3) were independent of the type of radiation
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Mixed Reactor Radiation
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Table 5.4

Initial Radiolytic Decomposition

Rates of Ortho- and Meta-Terphenyl(a)

Temperature
OC

Initial G, molecules/lQO ev(b)
Mixed Irradiation

Y rays Fast Neutron and y-Rays(c)
(Gyr) (GT*)

Ortho 250

350

400

450

Meta 182

250

360

385

397

420

455-458

0.2 watt/gm

0.23

0.72

1.5

5

0,1-0.3 watt/gm.

0.5

0.78

1.5

4

1 watt/gm

0.5

0.75

0.9

1.3

0.15

0.3

0.4

0.6

0.7

0.80.9

0.95

1.7

0.4

0.44

0.51

1.7

(a )Reported

Limited,

(b )Assuming

by Tomlinson, et al.,
(5.1)

Atomic Energy of Canada

second-order kinetics and corrected for thermal
decomposition.

(c)fN = 0.50 - 0.57
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(4) increased with increasing radiation pulse fre-

quency.

In order to compare the effects of irradiating various

ortho-rich coolants at different temperatures under mixed fast

neutron and gamma radiation, the total degradation rate con-

stants (grams degraded per watt-hour energy absorbed) from

AECL and M.I.T. irradiations having fast neutron fractions

of 0.3 to 0.57 and average dose rates from 0.06 to 1 watt/g

were normalized to a temperature of 320 0C and plotted in

Figure 5.13. Second-order kinetics has been used because

the AECL results (5.1) were presented as initial G values

based on second-order kinetics, and information concerning

concentration versus dose was not reported. No corrections

for the effects of radiopyrolysis have been made. Except

for the irradiations at M.I.T., all data points were ob-

tained with capsule irradiation where the radiopyrolysis

effect is generally small (since the effects of radiopyroly-

sis in the low dose rate irradiation Runs 21, 22, 23 are

relatively more important, these runs are not shown in

Figure 5.13).

Several interesting observations are noted from Figure

5.13.

(1) At temperatures abovc 320"C, all the normalized

second-order total reaction rate constants of

Santowax OM are less than those for pure ortho

terphenyl at 0.1-0.3 watts/gm dose rates.

(2) None of the AECL Santowax OM measurements show

as rapid an increase in radiolysis rate with in-

creasing temperature as do the AECL measurements

with pure ortho terphenyl at dose rates of 0.1-

0.3 watt/gm.

These conclusions suggest pure ortho terpheny. is more sen-

sitive to radiation than are ortho-rich mixed terphenyls.

Section 4.4 has considered the relative stabilities of

ortho and meta terphenyls under low temperature irradiations.
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The stabilities of these isomers will now be considered

for high temperature radiations. From the. general rate rel-

ation assumed in Equation (5.2), the radiopyrolysis rate of

the terphenyl isomers may-be written as

k c cd = [G(-i) k Ca Cb l
P,i,c+d i omp 11.65 Ria+b i omp

(5.16)

It has been shown in Chapter 4 that the best values for

the constants a and b are a = 1.0 and b = 0.7. For lack of

better information (see Section 5.3), we asssume at present

that radiopyrolysis of Santowax OM follows a first-order

mechanism depending only on the concentration of the com-

ponent i which is being thermally decomposed. We therefore

take c = 1 and d = 0 in Equation (5.16) and at steady state,

we have

kg____ C - kR, 1 .7 C (hr)-l (5.17)

Table 5.5 shows the calculated values of the radiopyroly-

sis rate constants for ortho and meta terphenyls in Santowax

OM from the M.I.T. Runs 21-25 (see Table 5.3 for radiopyroly-

sis constants for total terphenyl). The values of KR,1,1.7
at 3200C used in Equation (5.17) to obtain the radiopyroly-

sis rate constants for-ortho and meta terphenyls are the

values obtained from the M.I.T. irradiations of Santowax OM

(see Section 4.4). The activation energy of radiolysis, AER,
is assumed to be 1 kcal/mole for the calculation of radio-

pyrolysis rate constants at higher temperatures. Calcula-

tions have also been made for AER = 1 kcal/mole up to

3500C and AER = 2 kcal/mole for temperatures above 3500C,
but the values of k changed insignificantly.

The first-order radiopyrolysis rate constants for ortho

terphenyl in Santowax OM, k ,ishown in Table 5.5, are

based on two different assumptions regarding radiolysis.



Table 5.5

Summary of Calculations of Radiopyrolysis Rate Constants

of Meta and Ortho Terphenyls in Santowax OM

Fir ronta art r 1sis

Run Temp.
No. OF 0C

23 700 371

23A 700 371

21 750 399.

24 750 399

22 800 421

25 800 421

Concentration,%
Ortho Meta

51.7

52.3

50.6

50.3

50.3

46.4

G*(-1)
Ortho Meta

26.6 0.524 0.311

27.3 0.440 0.342

25.5 0.694 0.487

27.5 0.508 0.420

26.2 1.683 1.094

26.8 1.013 0.728

watt/gm.

0.022

0.057

0.024

0.057

0.023

0.056

(a)Use kR,m,1.7 (320 0C) = 0.0326 (wh/g)~ , (Table 4.3,

(b)Use kR,o,1. 7 (320 0C) = 0.0360 (wh/g)~1 , (Table 4.3,

(C)Use Curve I of Figure 5.12

Metaka)

-0.71x10- 4

-0. 50x10- 4

2.76x10-4

2.98x10-4

1.43x10-3

1.77x10- 3

Ort
Case I(b)

2.63x10- 4

2.41x10-4

6.24x10-4

5.42x10-4

2.52x10-3

2.95x10-3

Case II(c)
-1.64x10- 3

-1.20x10- 3

-1.35x10-4

-2.38x10-3

4.51x10- 4

-i.94x10-3

Chapter 4), AER = 1 kcal/mole

Chapter 4), AER = 1 kcal/mole
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Case I assumes kRo,1.7 (3204C) = 0.0360 (as reported in

Section 4.4). Case II uses the AECL radiolysis rate con-

stants for pure ortho terphenyl according to Curve I (dose

rate = 0.1-0.3 w/g) of Figure 5.12. Many of the calculated

values of k are negative for Case II assumptions. Sim-

ilar results are obtained using Curve II (dose rate =

1 watt/gm) of Figure 5.12. This unrealistic result occurs

because, in such cases, the total degradation rates of

ortho terphenyl in Santowax OM measured in the M.I.T.

steady-state runs are less than the radiolysis degradation

rates of ortho terphenyl measured by AECL from pure ortho

irradiation experiments. This suggests the possibility that

the presence of other terphenyl isomers retards the radioly-

tic degradation rate of ortho terphenyl in terphenyl mix-

tures as compared to its radiolytic degradation rate in

pure ortho terphenyl. It has been mentioned in Section

5.8 that the AECL results show a dose rate effect with pure

isomer irradiated at higher temperatures (>3500 C), but

the M.I.T. irradiation of mixed terphenyl isomers, which

was conducted at about the same in-core dose rates, do

not show such a dose rate effect. Although the average

dose rate to all the terphenyl coolant in the M.I.T. loop

was 0.057 watts/gm at SMW reactor power (0.023 watts/gm
at 2MW), the in-core dose rate at the M.I.T. loop was 1.25

watts/gm at 5MW (0.51 watts/gm at 2MW) which is comparable

to the dose rates in the AECL capsule.

Table 5.6 presents first-order radiopyrolysis rate con-

stants, ki for total terphenyl, meta terphenyl and ortho

terphenyl in Santowax WR for Runs 26, 27 and 28, calculated

using Equation (5.17). Included in this table are values

from earlier M.I.T. steady-state Santowax WR runs as re-

ported by Mason and Timmins (5.3). The values of kg P. ,l
calculated for the present runs are consistent with those

of earlier runs. For ortho terphenyl, unrealistic neg-

ative values are again obtained by using AECL results



Table 5.6

Calculation of Radiopyrolysis Rate Constants for Total Terphenyl, Meta Terphenyi,
and Ortho Terphenyl in Santowax WR - M.I.T. Steady-State Runs

Run Temperature

No. OF

9 800
10 800

4 780

3 750
6 750

7 750
2 750

5 700
18B 8oo
26 700
27 750
28 800

(a)AER = 1

OC

427
427
416

399
399
399
399
371
427

371
399
427

G*(-1)

total

omp

1.76
1.62

0.87
0.63
o.45

0.55
0.53

0.37
1.03

0.397

0.491
0.834

= G(-1)/01 First-Order Radiopyrolysis Rate Constant,kpg (hr)-

meta

1.65
1.42

0.81

0.59
0.45

0.53
0.52

0.35
1.00

0.396
0.487
0.818

kcal /mole, Equation

ortho

2.38
2.18

1.10

1.00

0.54

0.58
0.79
0.39
1.48

0.463
0.608

1.094

Total

Case I(a)

2.56xio-3
2.ioxio-3

8.60xio-4

6.50xio-4

1. 51x10- 4

2.82xio- 4

4.20x10-4

1.48xio- 4

1.23xio- 3

1. 38x10-4

6.42xio-4

2.56xio- 3

(4.5) for radiolysis

OMP

Case II~)

2.16xio-3

1.63xio-3

6.25x10-4

5.45x10- 4

1.22x10-4

2.48x10- 4

3.70x10-4

1.0 xio-4

1.01x10-3

1.16xio- 4

5.37x10-4
1.46xio- 3

Meta

Curve I(b)

1.97x10 3

1.30xio-3

5.30xio-4

4.78xio- 4

1.22xio-4

2.22xio- 4

3.52xio-4

0.65xio- 4

0.97xio- 3

1.llxlo-4

5.15xio- 4

1.41xio-3

Ortho

Curve I(c)
1.84xio-3

1.06xio- 3

-3.9 x10-4

1.0 xi0-4

-9.3 x10-4

-9.3 xio- 4

-2.2 xio- 4

-3.9 xlO-4

1.02xio-3

-1.22xio- 3

-2.26xio-3

-2.ioxio- 3

rate constant, with GN/G = 3.9 and
GO = 0.19

(b)Radiolysis contribution based on Curve

(c)Radiolysis contribution based on Curve

I, Figure 5.11

I, Figure 5.12

L~)
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from pure ortho irradiations for the radiolytic rate con-

stants.

5.9 Conclusion

The following conclusions can be made from the review

of the results of terphenyl irradiation at high temperatures

(above 350 0 C). These conclusions apply only to reactor

irradiation of terphenyl mixtures. Conclusions reached

earlier by Mason and Timmins (5.3) for meta-rich terphenyl

coolants are also included.

(1) An activation energy of radiolysis, AER, of 1 kcal/

mole appears to be applicable to either ortho-

rich or meta-rich terphenyl coolants. Although

AECL results suggest an increase in AER for

temperatures above about 4000C, an increase by

a factor of two or three in AER will have a neg-

ligible effect on the total estimated degradation

since radiopyrolysis becomes the dominant mode of

degradation above 400 0C.

(2) Dose rate-effects do not appear to be important

for either ortho-rich or meta-rich mixed ter-

phenyl coolants for the temperature range (575-
800 0 F) and in-pile dose rates ( 1 watt/gm) that

would be expected in organic-cooled reactors,

(3) The magnitudes of radiopyrolysis rate constants

for ortho-rich terphenyl are not significantly

different from those for-meta-rich terphenyl.

The radiopyrolysis constants for mixed terphenyl

coolants (such as Santowax WR, OM and OMP) can

be estimated from Equation (5.15), which fits

all the M.I.T. in-pile irradiations to within

+ 20%.

(4) Based on AECL irradiations, the radiolytic stabil-

ity of pure ortho terphenyl is significantly less

than that of pure meta terphenyl at temperatures
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above 330 0C and is strongly dose rate dependent

above 350 0C. However, the difference between

the stabilities of these two isomers in a ter-

phenyl isomer mixture (either ortho-rich or

meta-rich) appears to be much less than the

differences indicated for the pure isomers. The

stability of the individual isomers in ortho-

rich terphenyl appears to be about the same as

that in meta-rich terphenyl (Tables 5.5 and

5.6).

5.10 Recommendation For Future Work

Additional research and experiment in the following

areas should improve the accuracy of predicting the rate of

degradation of ortho-rich terphenyl coolant of organic-

cooled reactors.

5.10.1 Activation Energy of Radiolysis, AER

It would be desirable to know more accurately the

value of AER for ortho-rich terphenyl coolant in the range

of temperature between 6000- 700 *F where radiolytic degrada-

tion rate is the predominating mode of degradation. Two or

three steady-state irradiations covering a range of temper-

atures from 60 0*F to 7 00*F and preferably at a reduced value

of fN (such as fN = 0.07 at Fuel Position 20 similar to that

reported by Mason and Timmins (5.3) for the irradiation of

Santowax WR) are recommended. The results of such irradi-

ations could be combined with those presently completed on

Santowax OM at fN = 0.36 to determine the values of

GN/G and Go for total terphenyl and-terphenyl isomers in an

ortho-rich terphenyl mixture as well as to determine AER'
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5.10.2 Radiopyrolysis Rates

The effect of HB (or DP) concentration on radiopyroly-

sis rates has yet to be defined. A series of carefully con-

trolled irradiations at different temperatures will confirm

whether such an effect is present. A small increase in loop

temperature (20-300 F) and a longer irradiation time will

greatly enhance the radiopyrolytic rate and therefore im-

prove the uncertainty limits. A few irradiations at 750*F,

780OF and 800"F of Santowax OM with two or possibly three

steady-state concentrations (preferably around 60%, 80%

and/or 90%) is recommended to better define the effects

of coolant composition on radiopyrolysis.

5.11 Prediction of Coolant Degradation Rates For Organic-

Cooled Reactors

5.11.1 Introduction

The ultimate use of the experimental results of the

terphenyl irradiations rests in the use of these data to

predict coolant degradation rates in organic-cooled reactors

under a variety of-operating conditions. For reactors oper-

ating under steady-state coolant conditions,both the coolant

processing rate (for removal of HB) and the make-up rate

of fresh coolant depend on the degradation rate in the

irradiated coolant. Since the degradation rate depends on

coolant composition,radiation field, and the temperatuare dis-

tribution around the coolant loop, the equipment and operating

characteristics of the coolant system can be optimized to

minimize coolant-related costs. This section presents a

method for predicting the coolant makeup rates for an or-

ganic-cooled reactor and investigates the effects of such

parameters as coolant composition, temperature and coolant

mass distribution around the coolant system. The coolant

used in the calculation will be ortho-rich terphenyl such as

Santowax OM. The experimental data-used for such coolant
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have been presented early in this chapter and also in

Chapter 4.

5.11.2 Characterization of the Coolant

The circulating coolant in an organic-cooled reactor

will be a complex mixture of terphenyl isomers, low and in-

termediate boilers (LIB) and high boilers (HB). In the

course of steady-state operation, the irradiated coolant

must be continuously bled from the system and replaced by

fresh or processed coolant. HB is then removed from the

discharged coolant by means of distillation or other pro-

cesses; fresh coolant is added to make up for the HB. In

the M.I.T. loop, G(-+HB) has always been less than G(-omp)

as shown in the calculations in Appendix A3 as well as

reported in earlier M.I.T. reports (5.2,5.3). The differ-

ence is due to the removal of LIB (plus small amount of gases)

from the coolant (retained in the cold trap of the distill-

ation apparatus or in the samples collected for coolant

analysis). During steady-state operation, the LIB and HB

concentrations in the coolant system reach constant val-

ues. Experimental results (5.4, 5.9) have showed the

G(+HB) values for ortho and meta terphenyl isomers are

about equal. Mackintosh (5.4) showed that the ortho

isomer tends to form biphenyl and triphenylene which are

generally less stable than the terphenyls and are themselves

degraded to HB while meta isomer tends to produce para

terphenyl or polymer (HB). The final- product of the ter-

phenyls is therefore HB, with LIB as the intermediate

product. Mackintosh's report on the tendency of ortho

terpehnyl to produce LIB under irradiation is substan-

tiated by the present series of Santowax OM irradiation

(see Table 5.3).
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5.11.3 Method of Calculating Coolant Degradatioi Rates

The degradation rates of terphenyl coolant can be

calculated by making a terphenyl balance around the coolant

system (refer to Equation A3.1, Appendix A3).

Assuming that the radiolytic and radiopyrolytic de-

gradations are independent and additive

W omp = WR + WP (5.18)

where

W omp is the total terphenyl degradation rate, gms/hr

WR is the radiolytic degradation rate, gis/hr

R is the radiopyrolytic degradation rate, gms/hr

Considering radiolytic degration rate first,, WR can then

be written as

GR (-omp) MC k n m (519)R = 11.65 r = R,omp,n omp rMC

where

C is the concentration of total terphenyl in

the well mixed coolant system, w/o

r is the dose rate to the coolant averaged

over all the coolant, watts/gm

MC is the mass of circulating coolant in

coolant system, gm

In the case of organic-cooled reactors, rMC represents a

fraction of the total thermal power of the reactor, depend-

ing on the design of the fuel element and the coolant channel.

The best value of n is given as 1.7 + 0.1 as shown in Chapter
4 and k R,omp,n is calculated according to Equation (4.12).

The activation energy of radiolysis, AER is assumed to be

1 kcal/mole.

The rate of degradation due to radiopyrolysis W,, de-

pends on the temperature and mass distribution around the

coolant system. For calculation purposes, a simplified cool-
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ant flow diagram as shown in Figure 5.14 for an organic-cooled

reactor similar to that of a 750MWe HWOCR (5.9) will be used

as an example. Mason and Timmins (5.3) have shown the pro-

cedures to calculate the radiopyrolytic degradation rate, W,,
for such a system. Only a brief summary will be presented in

this report.

The coolant system as shown in Figure 5.14 is divided

into N zones each of which is characterized by a coolant mass,
MN, an inlet temperature to that zone, Tl, and outlet tempera-

ture, T2 Steady-state operation is assumed with constant

terphenyl concentration, Co. The radiopyrolytic degrada-omp
tion rate of zone N, W (N), can be expressed as (assuming

first-order radiopyrolysis rate constant)

M C2
WpN) N omp k (T) dT (5.20)
P' T 2 T 1 JT jmj

1

where kP omp, 1 (T) can be expressed by Equation (5.15). Equa-

tion (5.20) can be integrated stepwise over small tempera-

ture increments, AT,

M C T2
W,(N) = Nompk lT )AT (5.21)P T2 - TL PIomp3lj'

where

k, omp,1 is the first-order radiopyrolysis rate con-

stant for irradiated coolant evaluated at

temperature T

AT is a small temperature increment with aver-

age temperature T

5.11.4 Example of Coolant Degradation Calculations

The values used for the fast neutrons and gamma

radiation dose rates to the coolant for the example reac-



FIGURE 5.14 SIMPLIFIED ORGANIC COOLANT
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FLOW DIAGRAM-750 MWE HWOCR
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tor are. those of Combustion Engineering (5-3, 5_9, 5.18) and

are 5.9 MW for fast neutrons and 3.0 MW for gamma radia-

tion. The fast neutron fraction of the dose rate is there-

fore 0.66.

Table 5.7 shows the calculated radiolysis, radiopyroly-

sis and total rates for Santowax OM operating at core outlet

temperature of 750*F and 800 F in such a demonstration plant

at Comp = 0.9. The temperature profile around the coolant

loop for the 800 0F case was estimated simply by raising all

temperatures in the 750*F case by 50*F; no change in the

mass-of coolant in the various z-ones was made0 Table 5.7

shows that most of the radiopyrolytic degradation occurs

in the outlet header and hot leg where coolant heldup is

large at high temperatures. This is especially true for

the 800OF case. Substantial lowering in coolant makeup

cost would result if the coolant holdup in this zone can

be reduced. The rate and cost of coolant- degradation are

significantly greater for the reactor operating with 800*F

coolant temperature at the core outlet than for a tempera-

ture of 750 0 F. Bulk coolant temperature in organic-

cooled reactor designs is therefore normally limited to

temperatures of 750"F or less.

Figure 5.15 shows the effect of terphenyl concen-

tration on the degradation rate of the reactor plant used

as example. Two cases, namely 750*F and 800OF coolant

temperatures at core outlet, are shown. The total degrad-

ation rate of the coolant increases with increasing ter-

phenyl concentration. As far as coolant makeup cost is con-

cerned, lower terphenyl concentrations (higher DP content)

would be desirable. However in the design of organic-

cooled reactors, the selection of optimum coolant concentra-

tion and temperature depends on additional factors such as

pumping power, pressure drop and heat transfer characteris-

tics.. Lower terphenyl concentrations (higher HB) and lower

temperatures increase both the viscosity and density of the



Table 5.7

Calculated Coolant Makeup Rates for 750 Mwe HWOCR Demonstration Plant

(Comp = 0.90)

750OF Core Outlet
Coolant Temperature

Description
-Tem.
(OF)

Total Terphenyl.
Degradation Rate

(lbs/hr)

8000F Core Outlet
Coolant Temperature

Total Terphenyl
Temp. Degradation Rate
(OF). (lbs/hr)

Radiopyrolysis

I Cold leg, inlet header 536,000

II Decay heat loop

III Reactor core

575
43,000 650
64,,000 575-750

IV Outlet header, hot leg 690,000

V Superheater

VI Evaporator

VII Reheater

Radiolysis

750
73,000 750-717
49,000 700-574

52,000 750-662
Sub-total

(RadiJopyro1ys1s)

(Radiolysis)

Total
Makeup Rate

1

6

517
38
1

14

577
902

1479

Coolant Makeup
Cost (mills/kwhe) 0.27

(@$0.12/lb coolant cost)

Zone Coolant
Mass
(lbs)

625
700

625-800

800
800-767

750-624

800-712

4
6
33

2648

189
8
75

2963

930

3893

0.62

00I
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coolant (Chapter 3) and therefore increase pumping power and

reduce heat-transfer coefficient with raising pumping and

capital costs. An optimization between these various fac-

tors is required to arrive at coolant operating conditions

leading to minimum total cost for the energy produced by the

reactor system.
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APPENDIX Al

CALORIMETRY AND FOIL DOSIMETRY

A1.1 Introduction

In previous work (Al.1, Al.2) as well as in Section

4.3.2, it has been shown that fast neutrons are more effec-

tive than gamma rays in causing degradation in the terphenyl.

Therefore, the total energy deposition rate to the terphenyl

as well as its fractional dose rates due to fast neutrons

and gamma radiation must be known accurately.

At the Organic Loop Project at M.I.T., adiabatic calo-

rimetry was undertaken to determine the dose rates in the

in-pile section due to fast neutrons and gamma radiation.

Measurements of the neutron spectrums by means of foil dosi-

metry were also made to aid in defining the fast neutron con-

tribution and to monitor possible changes in dose rates dur-

ing an irradiation. Theory and procedures of both the adia-

batic calorimetry and the foil dosimetry have been well des-

cribed in earlier M.I.T. reports (Al.1, Al.2). Therefore,

only a brief description will be given here.

A1.2 Adiabatic Calorimetry

A total of five series of calorimetry were made in a

stainless steel thimble to mockup the in-pile assembly at

Fuel Position 1 between the period of September 1, 1966 and.

March 8, 1968 for the purpose of calculating the dose rate

factors. Three series were made on In-pile Section No. 4

which was used for the irradiations of Santowax OM and the

remaining two on In-pile Section No. 5, which was used for

the high temperature irradiations of Santowax WR. Table Al.1

shows a summary of the five series of calorimetry.
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Table Al.1

Summary of Calorimetry in

Fuel Position 1 for In-pile Sections

No. 4 and No. 5

Calorimetry

Series

XXII

XXIII

XXV

XXVI

XXVIIIXXIX,

XXX

Date

(mo/day/yr.)

August 17, 1966

October 8, 1966

August 3, 1967

September 7, 1967

February 26, 1968

to March 8, 1968

Calorimetry (a)

(Model)

SW(E-l),PE(E-l) ,PS(E-3)

C(E-1),Al(E-3).,Be(c-4)

SW(E-l),PE(E-l),PS(E-3)

C(E-1),Al(E-3)

SW(E-1) ,PE(E-2),PS(E-4),

C(E-1),Al(E-3)

SW(E-1),PE(E-2),PS(E-4),

C(E-1), Al(E-3)

SW(E-l),PE(E-2),PS(E-4)

C(E-1),Al(E-3)

(a) See reference (Al.j , A1.8) for specification on diff-

erent models of calorimeter; SW-Santowax, PE-Poly-

ethylene, PS-Polystyrene, C-Carbon, Al-Aluminum, Be-

Beryllium.

The use of beryllium as a calorimeter material was dis-

continued after Calorimetry Series XXII because of inconsis-

tent results.

Al.2.1 Theory of Measurement

The various calorimeters are made of materials of

widely varying energy absorption rates in a field of mixed

neutron and gamma radiation. Before one was lowered to the

desired axial position inside a stainless steel thimble lo-

cated along the axis of the special fuel element at the

Fuel Position 1 (See Figures 2.1 and 2.3, Chapter 2), it was

cooled in the cooling plug so that the temperature of the

aluminum jacket (or can) of the calorimeter was about 20*F
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lower than that of the sample. As soon as the calorimeter

is inserted into the reactor core region, both the jacket and

the sample begin to heat up due to energy deposition. Tem-

peratures of the calorimeter jacket and the sample are mea-

sured continuously by means of thermocouples connected to

recording potentiometers. The jacket temperature normally

rises faster than that of the sample due to its contact with

the D 20-cooled stainless steel thimble. In a few moments

the jacket temperature is equal to the sample temperature,

at which time the adiabatic condition is fulfilled. Follow-

ing each such measurement the calorimeter is pulled back to

the cooling plug position. The procedure is repeated at

each desired axial position.

At or near the adiabatic point, the dose rate to which

the sample has been exposed can be expressed as

RT$ = KC (Ta) [d]a (Al.1)

where

RT is the total dose rate in sample j, watts/gm

K is a conversion factor = 0.0387

(watt)(min)(lb)/(Btu)(gm)

C p(T ) is the specific heat capacity of the sample

j at the temperature Ta of the adiabatic

point, Btu/lb-*F

a is the rate of temperature rise of the

sample j at the adiabatic point, *F/min

In the reactor, the dose rate in the irradiated sample

as calculated by Equation (Al.1) results from the absorp-

tion of fast neutron and gamma ray energy in the sample.

BT4 = RYJ + RN watts/gm (Al.2)



With samples of low atomic number, Sawyer and Mason (Al.2)

reported that only the Compton effect is of significance in

gamma ray attenuation. Therefore, we will express the

dose rate due to gamma radiation in any sample in terms of

the gamma dose rate in carbon by the following relationship:

R = (Z/A)' R C watts/gm (Al.3)

where

(Z/A) is the ratio of atomic number to that of the

mass number of the sample j.

For compounds, (Z/A) is the weighted average of Z/A.

The dose rate due to fast neutrons in an absorber j
can be represented by

RNZ = N I watts/gm (Al.4)

where

N is the number of atoms/gm of ith nuclei of

the sample j

I is the neutron scattering integral for the

ith nuclei in the absorber J, watts/atom

If the neutrons scattering integrals are normalized

by the neutron scattering integral for hydrogen, IH, Equa-

tion (Al.4) can be written as:

RNd = N 1IH watts/gm (Al.5)

For absorbers consisting of elements of low Z num-

bers, we assume that the fast neutron dose rate is due to

elastic scattering by the absorber nuclei. An earlier M.I.T.

report (Al.2) has shown that the ratios of neutron scatter-

ing integral of light nuclei, such as C, to that of hydro-

-A1. 4-
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gen are essentially independent of the neutron spectra due

to the fact that the elastic scattering cross section of

the samples have the same general energy dependency. This

ratio can be calculated from

Sgif a (E)0(E)dE
i _ s (Al.5a)

H 0Sg f a (E)0(E)dE

where

gi is the average fraction of neutron energy

transferred to the ith nuclide, equal to

2A i/(Ai + 1)2

S is a conversion factor, 1.6 x 1043

(cm 2)(watt)(sec)/(barn)(ev)

as (E) is the elastic scattering cross section of

the ith nuclei at neutron energy E, barns

0(E) is the differential neutron flux, neutrons/
2

cm -sec-ev.

The differential flux, 0(E), is measured by foil dosimetry

(Section Al.4).

Combining Equations (Al.2) (Al.3) and (Al.5), we have

for the total dose rate

R = a R + b IH (Al.6)

where a and b are constants for any sample j, calculated

according to Equations (Al.3) and (Al.5). Thus, by mea-

suring the total dose R in at least two different mater-

ials, the value of R C and IH can be determined. From

these known values of R Yand IH, the total dose in the same

radiation field can be calculated for any desired material,
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(e.g. terphenyl coolant) using Equation (Al.6) with values

of a and b corresponding to the desired material. The val-

ues of a and b used for calorimetry measurements at M.I.T.

in Fuel Position 1 are shown in Table Al.2

Table Al.2

Constants a and b Used for Calorimetry Measurements

Sample a b x 10-22 atoms/gm

Polyethylene 1.142 9.374
Polystyrene 1.076 5.471
Carbon 1.000 0.913
Santowax OMP 1.060 4.520
Aluminum 0.963 0.248

Due to the comparatively larger thermal neutron cross

section of aluminum, a correction to Equation (Al.6) must be

made for the resulting $-decay heating. For an aluminum

calorimeter, we have

RTAl = a AlR + bAlH + R thAl (Al.7)

where

Rth Al is the dose rate in aluminum due to the induced

8-decay heating

R thAl is calculated with the following expression reported

by Sawyer and Mason (Al.2) according to a method described

by Morgan and Mason (Al.1)

RthAl 0 2200 1016 [3.2 + 9.31-e-0.3t watts/gm
(Al.8)

where

02200 is the thermal neutron flux, neutrons/(cm 2)(sec)

t is the length of time the calorimeter has been

exposed to the thermal flux, min.

Al.2.2 Results of Calorimetric Measurements

With known a and b of Equation (Al.6) for any par-

ticular calorimeter and with measured value of RTJ accord-

ing to Equation (Al.1), Equation (Al.6) can be plotted as

a straight line with R C and IH as coordinates. One such

line is thus developed for each of several different cal-
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orimeters. These lines should intercept at a common point

which determines the R C and IH values of the position at

which these calorimeters were irradiated. However, due

to uncertainties in measurements and physical and nuclear

properties of the calorimeter materials, a unique point of

intersection may not be obtained if more than 2 different

absorbers are employed. Instead, the intersections of

lines spread within a small area of the plot. For this

reason, a least-square error analysis is performed to ob-

tain the best values of R and IH. A computer program,

MNCAL, described by Sawyer and Mason (Al.2) is used for such

analysis. The output of the program gives the values of

R C IH and RTSW (and their variances) which result in min-

imum variance in the calculated total dose in the organic
SW

coolant, R . Figure Al.1 shows a graphical example of

the measured dose rates in Fuel Position 1 selected from

Calometry Series XXIII. Table Al.3 shows the results for

the various Calorimeter Series. Figures Al.2 and Al.3

show the neutron, gamma, and total dose rate to the or-

ganic coolant at various axial positions from the center

of reactor core normalized to 1MW of reactor power for

In-pile Sections No.4 and No.5 respectively. The results

shown in Table Al.3 and Figures Al.2 and Al.3, and used

in determining the dose rates for the coolant irradiations

reported here,are based on measurements from the five

calorimeter absorbers shown in Table Al.2. Calculations

were also carried out omitting the measurements made with

the aluminum absorber (due to the uncertainty introduced

by the absorption of the induced s-particles); the resulting

values of RTSW and fN were not significantly different from

the values shown for these variables in Figures Al.2 and

Al.3 (Agreement within *3%).

Knowing the total dose rate distribution, the speci-

fic dose rate to the organic coolant in the in-pile sec-

tion can be calculated by the following equation:
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0.4 at axial center of MITR core

*Value calculated by least square
analysis (MNCAL)

RC = 0.201 0.00 2 (l o)

1 = (2.99 0.05) x 10-(2 3 a
0.3

0 0.2--

w C0
0

a:

< 0.l

PE PS
0

0 I 2 3 4 5 6 7

HYDROGEN SCATTERING INTEGRAL

Watts ) x10 2 3

H atom MW

FIGURE AIl GRAPHICAL REPRESENTATION OF MEASURED DOSE RATE
IN FUEL POSITION I - CALORIMETRY SERIES XXIII
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Table A1.3

Results of Least-Square Analysis

Computer Program MNCAL

Calorimetry Series XXII, XXIII, XXV, XXVI, XXVIII, XXIX, XXX

Calorimetry
Series

XXII

XXIII

xxv

xxvi

XXVIII,
xxix,

xxx

Position
(Inch)
-14
-9
-4
0
4
9
14
19

-14
-9
0
9
14

-14
-6

0
6

14

-14
-9
-6

0
6
9

14
16

-14
-9
-4

0
4
9

14
19
25

R C (a)
7 I x 10- 4(a)

H
R SW (a)

(watts/gm-MW) (watts/atom-MW) (watts/gm-Mw)

0.071 +
0.161 T
0.200 T
0.211 T
0.200 T
0.152 T
0.067 T
0.030 T

0.063 +
0.168 T
0.201 T
0.135 7
0.060 T

0.079 +
o.161 "T
0.173 T
0.147 T
0.058 T

0.077 +
0.164 +
0.193 T
0.213 +
0.183 T
0.152 +
0.076 T
0.053 "T

0.076 +
0.152 +
0.188 +
0.194 +
0.183 +
o.14o T
0.059 T
0.033 T
0.023 +

o.001
0.002
0.001
0.002
0.002
0.002
0.001
0.003

0.002
0.005
0.002
0.006
0.001

0.001
0.003
0.003
0.004
0.001

0.003
0.002
0.002
0.002
0.002
o.oo4
0.004
0.001

0.002
0.003
0.005
0.004
.004
.o4

0.004
0.001
0.003

0.574 +
2.404 T
2.842 +
2.896 T:
2.687 T
2.066 T
0.347 T
0.123 T

0.704 +
2.438 +
2.989 +
2.051 T
0.360 +:

0.959 +
2.463 T
2.418 T
2.009 T
0.166 T

o.693 +
2.370 T
2.741 T
3.021 +
2.789 +
2.359 T
1.039 T
0.475 T

0.428 +
2.207 +
2.791 T
2.965 T
2.804 T
2.210 +
1.157 +
0.109 +
0.012 +

0.023
0.055
0.036
0.057
0.030
0.068
0.024
0.073

0.050
o.114
0.047
0.154
0.019

0.151
0.074
o.o61
o.o85
0.014

0.077
0.017
0.039
0.040
0.050
0 .086
0.088
0.027

0.009
0.081
0.150
0.121
0.092
0.103
0.116
0.028
0.101

0.101 +
0.279 T
0.341 T
0.354 T
0.333 T
0.255 T
0.087 T
0.037 T

0999 +
0.288 T
0.349 T
0.236 T
0.080 +

0.127 +
o,282 T
0.293 T
0.247 T-
0.069 +

0.113 +
0.281 T
0.329 +
0.362 +T
0.320 T
0.268 +
0.128 +
0.077 T

0.099 +
0.261 T
0.325 T
0.338 +
0.321 +
0.248 +
0.114 T
0.040 T
0.025 T

0.002
0.003
0.002
0.003
0.003
0.004
0.002
0.004

0.003
0.007
0.003
0.010
0.00)

o.oo8
0. 005
0.004
0.003
0.001

0.005
0.002
0.003
0.003
0.003
0.005
0.006
0.002

0.002
0.005
0.008
0.007
0.006
0.006
0.007
0.002
0.006

(a)Error limits are 1a

-
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fLT RSW

FSW = xdL (Al.9)T J P0
LL

where

FTSW is the total in-pile specific dose rate fac-

tor to the organic coolant, watt-cc/gm-MW

LL is the bottom of the in-pile capsule relative

to the center of reactor core, inches

LT is the top of the in-pile capsule relative to

the center of reactor core, inches

P is the operating power level of the reactor

at the time of calorimetry measurements,

mega-watts

x is the volume per unit length of the in-pile

capsule, cc/inch

For calorimetry series XXII, XXIII, XXV, XXVIII, XXIX and

XXX, (In-pile Sections No. 4 and No. 5), the x values used

in Equation (Al.9) are tabulated in Table Al.4.

Table Al.4

Volume per Unit Length of

In-pile Capsules No. 4 and No. 5

x (cc/in) Position of Capsule Relative to
Reactor Core Center (in)

In-pile Capsule In-pile Capsule
No. 4 No. 5

10.57 -13.06 to +13.69 -13.34 to +13.41

5.85 +13.69 to +25.00 +13.41 to +25.00
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A planimeter was used to measure the areas under the total

dose rate curves of Figures Al.2 and Al.3.

The specific dose rate factors due to fast neutrons and

gamma radiation (FNSW and F SW) are calculated in the same
SW WYSmanner using RN and R Y in place of RT in Equation

(Al.9).

The standard deviation of the dose rate factor is

determined from the standard deviation of the dose rates,

calculated from MNCAL, in the following manner.

a(F) a i (Al.10)
F Ri

i

Table Al.5 shows the in-pile dose rate factors to

Santowax OM before the installation and after the removal

of In-pile Section No. 4. Table Al6 shows the same for

Santowax WR in In-pile Section No. 5. The In-pile dose rate

factor at any time during the run is calculated by means

of linear interpolation of the measured dose rate factors

against accumulated megawatt-hours of reactor operation.

The dose rate factor for each run is listed in Appendix A3.
The percentage standard error of the total in-pile

dose rate factor, FT SW, as shown in Tables Al.5 and Al.6

is approximately one percent. In view of the uncertainties

in physical properties of the calorimeters (e.g. the spe-

cific heat, c p) and the nuclear properties (e.g. the

scattering cross-sections), the percentage standard error
SWon the calculated FT is taken to be 0.03 in the degrada-

tion calculation of Appendix A3. This error limit is con-

sistent with earlier M.I.T. reports (Al.2, Al.5).



Table Al.5

Results of Calorimetry Measurements in Fuel Position 1

Before Installation and After Removal of In-pile Section No. 4(a)

In-pile Dose Rate Factors, watt-cc/MW-gm

Calorimetry
Series

xxii

XXIII

XXV

Date

August 17, 1966

October 8, 1966

August 3, 1967

Total, FTSW

82.6 + 0.4

81.6 + 1.0

69.6 + 0.7

Gamma, F SW

52.7 + 0.3

51.4 + 0.7

44.5 + 0.5

Neutron, F N SW

29.9 + 0.3

30.2 + 0.7

25.1 + 0.6

Fast Neutron
Fraction

0.36

0.37

0.36

(a)In-pile Section No. 4 was installed on October 30, 1966 and removed on July 28, 1967

(b)Error limits are la

I-J

H



Table A!.6

Resuits of Calorimetry Measurerents in Fuel Position .

Before Installation and After Removal of In-pile Section No. 5(a)

In-pile Dose Rate Factors,

Calorimetry
Series

XXVI

XXVIII
XXIX and

XXX

Date

September 7, 1967

February 26, 1968
to March 8, 1968

Total, F TSW

89.1 + 0.5

80.5 + 0.8

Gamma, F SW
Y

55.6 + 0.4

49.7 + 0.5

watt-cc/MW-gm(b)

Neutron, FNSW

33.5 + o.4

30.8 + 0.6

Fast Neutron
Fraction

f N

0.38

0.38

(a)In-pile Section No. 5 was installed on October 8, 1967 and removed on February 24, 1968

(b)Error limits are la
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Al.3 Foil Dosimetry

Al.3.1 Introduction

The foil activation program for the measurement of

thermal neutron flux, differential resonance and fast neu-

tron fluxes, and the neutron elastic scattering integral

was initially developed by Sefchovich (Al.3). It has sub-

sequently been modified and described in other M.I.T. reports

(Al.1, Al1.2, Al.4, A.5). Therefore, only a brief outline

of the theory and method will be described in this report.

Al.3.2 Theory

In the thermal energy range, high purity cobalt-

aluminum wires (0.595 w/o Co) were irradiated at different

axial positions of the reactor. The 2200 m/sec flux was

calculated from the relationship.

0 1 (Act)B (Act)Cd 1 (Al.ll)L20 X t X t2200 2200 (1 - e-B) (1 - e-Cd) (

where

a22 00  is the 2200 m/sec cross-section for

Co59, barns

is the disintegration constant for

Co60, min.-1

tB is the irradiation time of the bare wire,

min.

tCd is the irradiation time of the cadmium

covered wire, min.

(Act) B is the bare absolute activity per atom,

disintegration/sec

(Act)Cd is the cadmium covered absolute activity

per atom, disintegration/sec.
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The activity of the activated sample was determined

by

Act = [C G b] Ae _ (Al.l2)
wN e A.2

where o

C is the measured counting rate of the Co-Al

wire, counts/sec

Cb is the background counting rate of the counting

equipment, counts/sec

A is the atomic weight of the Co59 sample,

w is the weight of the Co59 sample, grams,

N is the Avogadro's Number,

t is the waiting time between irradiation and

counting, min.

e is the overall counting efficiency of the Coun-

ter

The Co-Al wires were counted in a well-type NaI scintilla-

tion system.

The neutron flux in the resonance or epithermal region

was determined also by Co-Al measurements since Co59 has a

resonance at 120 ev. The flux between 120 ev and 1.51 Mev

was assumed to have 1 /Eq behavior, i.e.

0(E) = 00/Eq (Al.13)

where

2
00 is a constant, n/cm -sec

E is the neutron energy, ev

q is a joining function for the energy depen-

dence of the differential flux, 0(E), between

the Co59 resonance at 120 ev and the fast spec-

trums at 1.51 Mev as determined by threshhold

foils (See Equation Al.18).
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00 was determined by the following expression

2200 2200 (Al.14)
o (RCd - 1] [T.R.I)

where

RCd = (Act)B/(Act)Cd is the cadmium ratio

T.R.I. I res 1 /E (Al,15)

E

where

T.R.I. is the total resonance integral, barns

Ec is the cadmium cut-off energy, assumed

to be 0.5 ev

ares is the resonance cross-section, barns

a1/v is the 1/v cross-section, barns.

For the measurements of the fast neutron flux, thresh-
hold detectors were used (Al.6). The integral flux for

such a detector can be determined from

(Eeff) = Act (Al.16)
eff 1eXt]

where

0 (Eef f) is the integral flux for energy larger than

or equal to Eeff

Eff is the effective threshold energy of the

detector

a eis the effective cross section of the

detector

The differential flux was determined from a set of measure,



-A1.19 -

ments of the integral flux using different detectors having

different values of E eff* The technique applied was to use

first a fast fission spectrum of Watt (Al.7) to obtain a

first approximation to the flux shape and then to fit the

integral flux by means of the relation

ln 0(>-E) = a + bE (Al.17)

by the method of least squares. The fast differential flux

is then determined by differentiating Equation (A1.17).

0 (E) = b[ea + bE (Al.18)

Equation (Al.18) is used above 1.51 Mev and Equation (Al.13)

is used between 120 ev and 1.51 Mev.

The threshold detectors employed for this work were

nickel (E eff= 2.9 Mev), magnesium(E =eff 6.3 Mev) and

aluminum (Eeff = 8.1 Mev).

Sawyer and Mason (Al.2) have developed the computer

program, MNFOIL, to determine the differential flux 0(E)

from the foil activitation measurements. This program has

been used extensively in this report. The output of the

program gives. a 0(>E ), 0(E) for the threshold foils

and the constant a and b of Equation (A.18), the cadmium

ratio RCd and 00 for the resonance flux and the thermal

neutron flux, 02200'
With the differential flux spectrum determined, the

elastic scattering integral, I, can then be calculated

according to Equation (Al.5a) using published data for elas-

tic cross-sections. Sawyer and Mason (Al.2)have also devel-

oped the computer program MNDOS, for this purpose. The

output of this program gives the value of q of the joining

function between resonance and fast flux of Equation (Al.13),

the scattering integrals of hydrogen, IH, and other samples

of interest, Ii, as well as the ratio of Ii/IH'
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In the measurement of resonance flux using Co-Al

wire, Mason and Timmins (1.5) have reported a value of

resonance integral of Co59 of 52 barns at 0.595 weight per-

cent cobalt in Co-Al wire based on measurements reported

by Vidal (Al.8). This value has been used throughout the

foil dosimetry measurements covered in this report.

Al.3.3 Results of Foil Dosimetry

The chronology of foil measurements at Fuel Posi-

tion 1 for the period covered in this report has been shown

in Chapter 2.

The primary application of foil dosimetry results was

in the determination of the ratio of neutron scattering in-

tegral, I /IH, for use in the determination of the in-pile

neutron dose rate, RN , of Equation (Al.5).

The results of Foil Runs 47 and 52C will be discussed

to illustrate the procedures employed. It should be noted

that these two runs were made in two different central

fuel elements into which In-pile Sections No. 4 and No. 5

were fitted.

Table Al.7 shows, at various axial positions of Fuel

Position 1, the calculated values of

(1) thermal neutron flux, 02200
(2) 00and q of Equation (Al.13) for the differen-

tial resonance flux

(3) constant a and b of Equation (Al.18) for the

differential fast flux

(4) neutron elastic scattering integral, IH
(5) ratio of neutron elastic scattering integral

of carbon and aluminum to that of hydrogen

IC /H and IAl H
Figure Al.4 plots the axial variation of the thermal

neutron fluxes for both Foil Runs 47 and 52C. The thermal

fluxes are normalized to 1MW of reactor power.



Table A1.7

Summary of Results.of Foil Dosimetry

Foil Runs 47 and 52C

Foil Run 52c

Axial
Position

-16
-12
-8
-4
0
3
6
9
15
19
25

Foil Run 47

-12
-9
-6
-2

1
5
9

16

3/4
3/4
3/4
3/4
1/4
1/4
1/4
1/4

02200

n/cm2-S-MW
x10- 1 2

9.77
9.67
9.66

10.73
10.42
9.62
8.65
7.88
6.31
4.30
1.49

9.66
9.39
9.74
10.76
10.18
8.63
7.34
4.84

n/cm2 -s
xlo-12

0.490
0.880
1.42
1.60
1.62
1.54
1.27
0.993
0.335
0.090
0.022

0.768
1.06
1.38
1.52
1.52
1.26
0.885
0.237

q
(Eq .Al.13)

-1.093
-0.964
-0.959
-0.981
-0.960
-0.959
-0.952
-0.951
-1.117
1-131

-1.211

-1.016
-0.949
-o.965
-0.973
-0.975
-0.959
-0.959
-1.117

)
1.

a
18)

IH
watts/at m/MW

x10-21
b(Mev 1

(Eq.A

-0.611
-o.645
-0.658
-0.632
-0.658
-o.658
-o.657
-0.663
-0.600
-0.530
-0.436

-0.640
-0.663
-o.655
-0.653
-o.653
-o.654
-0.633
-o.609

0.1149
0.1193
o.1188
0.1192
0.1188
0.1189
0.1192
0.1189
0.1144
0.1181
0.1209

27.04
28.85
29.37
29.28
29.49
29.45
29.32
29.08
26.44
25.01
22.87

28.21
29.17
29.29
29.30
29.28
29.26
29.00
26.09

H

H

0.291
1.538
2.564
2.721
2.891
2.780
2.433
1.904
0.164
0.041
0.0055

0.856
2.064
2.368
2.427
2.376
2.288
1.624
0.115

0.1786
0.1838
0.1832
0.1837
0.1831
0.1832
0.1836
0.1833
0.1780
0.1824
0.1861

0.1812
0.1834
0.1830
0.1828
0.1827
0.1835
0.1849
0.1770

0.1171
0.1190
0.1187
0.1185
0.1184
0.1190
0.1202
0.1137

IC/ H IA1/ H
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Figure Al.5 shows the neutron energy spectrum near the

mid-plane of Fuel Position 1.

Figure A1.6 shows the neutron scattering ratio, IC H
and IAl 1 H at various positions of the Fuel Position 1.

Within the region from -14 inches to +14 inches of the

axial position in Fuel Position 1 where nearly 80% of the

active volume of the in-pile section lies, the maximum varia-

tion of I /I.H as shown in Table Al.7 or Figure A1.6, is less

than 2% betweeh two data points from either foil run. This

confirms the earlier assumption that the ratios of neutron

scattering integrals, I/IH, are essentially independent of

the neutron spectra and the axial position of the reactor

core (see Section Al.2.1). The b values tabulated in Table

A1.2 were calculated using the average value of IC/IH and

IAl 'H obtained from the foil runs.

A comparison of the IH values presented in Table A1.3,

which were determined by adiabatic dosimetry, and in Table

Al.7, which were determined by foil dosimetry, will be of

interest. Since Foil Run 47 was made at approximately the

same time as the Calorimetry Series XXV and Foil Run 52 as

Calorimetry Series XXVIII-XXX, comparison at each axial posi-

tion is shown in Table A1.8. Except for the end positions

where the neutron dose rate is only a very small fraction of

the total dose rate, the difference in IH between these two

different measurements is generally less than 5%.
The fast neutron dose rate factors to the organic

coolant, FNW, have also been calculated based on IH data
from Foil Runs 47 and 52C and are shown in Table A1.8 to-

gether with those calculated from the Calorimetry Series.

The fast neutron dose rate factors, FSW , calculated usingN'
foil dosimetry agree quite well with those using adiabatic

calorimetry.

Mason and Bley (A1.8) have made foil measurements of the

flux spectrum through the aluminum monitoring tube mounted out-

side the in-pile assembly (see Figure 2.1) during the per-
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Table A1.8

Comparison or Neutron Scattering Integral

of Hydrogen from Calorimetric

and Foil Dosimetric Measurements

I , (watts/atom - MW) x 10-'24

Axial Calorimetry Foil Axial Calorimetry Foil
Position Series XXV Run Position Series XXVIII-XXX Run

__ __ _ __ _ 47' _ _ _ _ 521r

-16 0,293

0.959

-12 3/4

-9 3/4

-6 3/4

0.856 -14

2.064 -12

2.368 -9

0.428

1.538

2.207

-8

-4

2.427

2.376

2.288

1.624

0

3

4

6

9

14

15

19

0.115 25

-14

-6 2.463

-2 3/4

0 2.418

1 1/4

5 1/4

2.791

2.965

2.804

2.564

2.721

2.891

2.780

6

9 1/4

14

2.009

0.166

2.210

1.157

16 1/4

2,433

1.904

0.164

.109

0.012

SW
FN watt-cc 25.1 24.5 30.0 29.2

MW - gm

0.006
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iod the in-pile section was installed at Fuel Position 1

(Foil Dosimetry Nos. 43C through 45C for In-pile Section

No. 4 and Nos. 49C through 51. for In-pile Section No. 5).
The neutron dose rate factors, FN S, obtained from these

measurements decreased with accumulated reactor exposure

so as to support the use of linear interpolation between

the measured calorimetric dose rate factors as functions

of accumulated reactor exposure (i.e., MWH of reactor

energy).
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APPENDIX A2

CIRCULATING COOLANT MASS AND

TEMPERATURE PROFILES AROUND LOOP

A2.1 Calculations of Mass of Circulating Coolant in the Loop

In the calculations of coolant degradation (see- Appendix

A3) and in the determination of average dose rate (watt/gm) to

the coolant in the loop, the circulating mass of the coolant

must be known. A tritium dilution method is used at M.I.T.

for the determination of circulating mass of the coolant in

the loop. Since the volumes and-temperatures of various sec-

tions of the loop are known, the mass of coolant in the loop

can also be calculated and compared to the circulating mass

of the loop as determined by the tritium dilution method.

A2.2 Tritium Dilution Method

The tritium dilution method consists of introducing a

sample of tritiated terphenyl of known tritium concentration

and known weight into the loop in which the circulating cool-

ant mass is to be determined. After sufficient time of mixing

in the loop, samples are taken from the loop and analyzed to

determine the tritium concentration. A tritium balance in the

loop yields the loop circulating mass as shown in Equation

(A2.1)

M0 [Co-C]
MC ~ C -C (A2.1)

L b

where

MC is the circulating mass of the organic coolant in

the loop before the tritiated terphenyl was added,

grams
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C0 is the tritium concentration of the tritiated ter-

phenyl sample added to the loop, microcurie &' c/gm)

CL is the tritium concentration of the coolant sample

removed from the loop after mixing, p c/gm

Cb is the background tritium concentration of the cool-

ant in the loop before tritiated terphenyl is added,

y4 c/gm

M is the weight of tritiated terphenyl added to the

loop, grams

At M.I.T., the tritium dilution was carried out either

at the beginning or at the end of a steady-state run. 100 to

200 millicuries of tritiated terphenyl prepared by the Tracer-

lab Inc. was mixed with approximately 200 grams of fresh ter-

phenyl. The concentration, CO, of Equation (A2.1) was deter-

mined from this mixture. The mixture was then used to fill a

150 gram makeup capsule. The net amount, M0, of the mixture

in the capsule was weighted and the capsule was connected to

the loop. After mixing of the tritiated terphenyl in the

loop, a sample was taken by means of the Sampling Capsule from

which the concentration, CL, was determined. The concentra-

tion, Cb, of Equation (A2.1) was determined from the coolant

sample taken immediately before the tritiated terphenyl was

added to the loop.

The tritium concentrations (CO, CL and Cb) of Equation

(A2.1) were determined by means of liquid scintillation count-

ings at two laboratories, namely The Tracerlab Inc. (Waltham,

Massachusetts) and The New England Nuclear Corporation (Boston,
Massachusetts). In order to minimize errors in sample pre-

parations prior to liquid scintillation counting, the count-

ing solution (sample dissolved-in scintillating solution) was

prepared at M.I.T. Between 0.2 to 2 grams of each sample,

depending on the color and estimated tritium concentration,

was weighed and dissolved in 200 ml to 600 ml scintillation

solution consisting of 77% toluene and 23% denatured ethyl

alcohol0 At least two preparations of each sample were made
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of different sample concentration. In each of the two labora-

tories, three aliquots from each preparation were counted both

with and without internal spiking-using a toluene solution con-

taining tritium standard. The volume of the spiking solution,

0.1 ml to 0.2 mlwas small as compared to the counting solution

so that its effect on the-counting geometry, coloration and

efficiency was negligbile. However the activity of the spike

was sufficiently large, relative to the activity of the count-

ing solution, so that the counting efficiency could be accu-

rately determined.

By collecting coolant samples successively from the loop

after the introduction-of the tritiated terphenyl, the effect

of mixing of tritiated terphenyl with the coolant was investi-

gated. We first assume that an approximately equal amount of

makeup terphenyl is added to-the loop preceding -the removal of

each sample. A tritium balance on the loop shows that the

circulating coolant mass can be calculated from the jth sample

as

D (CD,1 - CLIj - L j C L - CL,]
M = (A2.2)
C,j C - C

L,j b

where

MC j is the circulating coolant mass of the loop deter-
th

mined from the j sample, grams

D is the weight of the makeup coolant preceding the

ith sample taken from-the loop (D0 = the weight of

the tritiated-terphenyl), grams

L is the weight of the ith sample taken from the loop,

grams,

CD i is the tritium concentration of the makeup coolant
th

preceding the i sample taken from the loop, y c/gm

CLi is the tritium concentration of the ith sample taken

from the loop, y c/gm

Cb is the background tritium concentration of the cool-

ant in the loop before the tritiated terphenyl is

added, y c/gm
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Variation in MClj would be expected if complete mixing was slow.

For Run 23A, the tritium dilution method was carried

out at the end of the steady-state run so that no makeup ter-

phenyl was added. Equation (A2.2) can then be simplified with

D i(i > 0) = 0, and

i=j-l

M = DO cDO - CU] - i11 L CLi ~ CLj (A2.3)
C,j C - C

L,j b

The statistical error in the determination of coolant cir-

culating mass using the tritium dilution method can be calculated

as follows.

For the first sample taken after the dilution, we apply

the variance propagation rule to Equation (A2.1),

a 2(M C) =CO ~0 2 a2 (MO) + rMO0 2 a2 (C0)
C L ~ b- -CL - C -

S0 2L 2 1 - b 2+ 2_ C(M) b + 2 LM (C L) (A2.4)

L(CL - Cb) 2  b L - Cbj(A 0 )

Similarly, the variance of the circulating coolant mass

after the removal of the jth coolant sample is obtained from

Equation (A2.3) as

2 1=j-1 C - C Lj22 i=j-1 L 1 22(M Cj ) I LLc 2(L ) + I - ([CCLLiJ
i=0 _ CLAj - C 1LIi=0 CL

i=j-L L(C - C ) 2+ 1 , (Cb)
1=0 [(C L3j- C b)

~=J~1 L (C L 1 - Cb) 2 2+ I> a (C Lj) (A2.5)
i=0 _(CL j - C b)2

with CL,O = CDO and L0 = D0'
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The error in the weighing of coolant samples, ranging from

20 grams to 150 grams, is estimated to be 0.5 grams. As men-

tioned earlier in this section that at least four analyses were

made on tritium concentration for each sample added or removed

from the loop by means of liquid scintillation counting, the

variance in concentration, a2(C in Equation (A2.5) is cal-

culated as follows:

z

a2 (CU) = .Ij CLsjl (A2.6)
L j z[z- 1]

where

C Lj is the measured tritium concentration of the jth

sample

CLIj is the average tritium concentration of the jth
sample

Z is the number of tritium analyses performed on

the jth sample.

A2.2.1 Tritium Dilution-Run 23A

Table A2.1 shows the results of tritium counting from sam-

ples taken during tritium dilution of Run 23A.

Table A2.2 summarizes the circulating coolant mass of Run

23A at various times after dilution as calculated from the

counting data tabulated in Table A2.1. A total of nine sam-

ples were taken within 26 hours after the addition of tritiated

terphenyl. Both the Tracerlab and New England Nuclear results

were shown. Figure A2.1 plots the measured circulating cool-

ant mass as a function of time after tritium dilution. The

solid line is an empirical fit to the data points using two

exponential terms as expressed by

MC = 4940 - 4200e-3.0t - 740e-0. 1 5 4t grams (A2.7)

where t is time after tritium dilution in hours. Equation

(A2.7) appears to show that the coolant in the loop may be



Sample Weight of
No. Sample

Removed
From Loop

(gs)

23A-Li6A

23A-L16B

23A-L15A 21.4(L8)

23A-L15B 21.4(L8)

23A-L14A 21.4(L 7 )

23A-L14B 21.4(L 7 )

23A-L13A 22.7(L6 )

23A-L13B 22.7(LG)

23A-L12A 19.4(L 5 )

23A-L12B 19.4(L
5 )

Sample(b)
Conc.

(0m/m)
X103
0.8725

0.5820

0.5050

0.9915

0.6015

1.0815

0.9465

0.5635

0.9655

0.5090

Aliquot Actlvity(c)
No. par Unit

Volume

(nc/al)

Table A2.1

Summary of Tritium Counting

Tritium Dilution - Run 23A

Tracerlab Analysis

Specific
Activity

(uc/gn)

1 9.308 10.668
2 9.533 10.926
3 9.237 10.587

1 6.297 10.820
2 6.320 10.857
3 6.275 10.782

1 5.655 11.197
2 5.694 11.275
3 5.693 11.273

1 11.095 11.190
2 11.090 11.185
3 11.109 11.204

1 6.743 11.210
2 6.850 11.389
3 6.815 11.330

1 12.184 11.265
2 12.223 11.302
3 12.230 11.308

1 10.684 11.288
2 10.605 11.205
3 10.651 11.253

1 6.471 11.483
2 6.464 11.470
3 6.499 11.534

1 10.973 11.366
2 11.146 11.544
3 11.210 11.610

1 5.747 11.290
2 5.748 11.293
3 5.740 11.278

Avg.Sp.(d)
Activity

6 c/sm)

10.773
(CL,

9 )

11.221
( CL.8)

11 .30 C

(cL 7)

11.372
( CL, 6)

11.3 97
(CL, 5)

'J

Std.Error
Syp.Activity

(cu/ga)

New England Nuclear Analysis

Activity(c)
per Unit
Volume

(nc/ml)

12.372
12.089
12.062

0.051

8.130
7.837
8.122

7.287
7.406
7.203

0.017
14.091
14.575
14.343

8.842
8.712
8.803

0.025
15.510.
15.482
15.642

13.085
13.704
13.891

0.057
8.111
8.475
8.293

14.492
14.500
14.450

0.059
7.367
7.430
7.505

Specific
Activity

(Wz/gm)

14.180
13.856
13.825

13.968
13.466
13.955

14.431
14.665
14.263

14.211
14.700
14.466

14.700
14.484
14.635

14.340
14.315
14.473

13.825
14.479
14.676

14.394
15. 039
14.718

15.010
15.019
14.966

14.474
14.597
14.744

Avg.Sp. (d)
Activity

(WuC/go)

13.875
(C

1
L, 9)

14.56o

(L,8)

14.491
(L,7)

14.522

(CL,6)

14.802
CL,5)

Std.Error
Specific
Activity

(+ e/g)

0.096

0.082

0.063

0.167

0.095

I



Table A2.1 (Cont.)

Tracerlab Analysis New England Nuclear Analysis

Sample Weight of
No. Sample

Removed
Prom Loop

(go)

23A-LIlA 21.4(L
4 )

23A-L1IB 21.4(L4 )

23A-L1OA 22.1(L3)

23A-Li1 22.1(L
3 )

23A-L9A 16.4(L2)

23A-L9B 16.4(L2)

23A-L8A 131.4(Li)

23A-L8B 131.4(L 1 )

23A-L7A

23A-L73

23A-D1A 159.4(DO)

23A-D1B 159.4(Do)

Sample(b) Aliquot Activity(c)
Conc. No. per Unit

(go/al) Volume

x 103 (nc/al)

0.9440 1 11.10
2 11. 1
3 11.135

0.5110 1 6.061
2 6.092
3 5.978

1.0350 1 12.412
2 12.540
3 12.379

0.6115 1 7.280
2 7.349
3 7.363

0.5100 1 6.227
2 6.256
3 6.179

1.0870 1 12.992
2 13.005
3 13.062

1.4455 1 18.392
2 18.296
3 18.264

0.5125 1 6.
2 6. 19
3 6.531

9.1285 1 9.964
2 9.928
3 9.916

6.0320 1 6.638
2 6.618
3 6.573

0.2218 1 69.082
2 68.738
3 69.206

0.2670 1 84.954
2 83.954
3 84.152

Specific
Activity

(uc/ga)

11.768
11.678
11.795

11.860
11.921
11.699

11.992
12.116
11.960

11.905
12.017
12.041

12.210
12.267
12.116

11.952
11.964
12.016

12.724
12.657
12.635

12.421
12.525
12.743

1.092
1.088
1.086

1.101
1.097
1.090

311.1460
309.911
312.021

318.180
314.434
315. 175

Avg.Sp. (d)
Activity

(uc/ga)

11.787
(CL4)

12.011
(C L,3)

12.088
(CL,2)

12.618
(CL, 1)

1.092

131 3 .5 30
(C0 O

Std.Error
Sp.Activity

(± uc/ga)

0.038

0.030

0.054

0.050

0.002

1.222

Activity(c)
per Unit
volume

(nc/al)

14.275
14.150
14.448

7.660
7.864
7.801

16.183
15.813
15.978

9.365
9.491
9.251

8.070
7.953
8.134

17.219
16.602
16.822

23.321
23.548

8.223
8.310
8.075

12.1488
12.693
13.038

8.710
8.668
8.655

86.071
91.435
87.054

109.063
110.378
111.297

Specific Avg.Sp.(d)
Activity Activity

(ac/ga)

15.121
14.989
15.305

14.990
15.390
15.267

15.636
15.278
15.438

15.283
15.520
15.128

15.824
15.593
15.949

15.841
15.290
15.476

16.134
16.291

16.044
16.215
15.755

1.368
1.390
1.428

1.444
1.437
1.435

388.058
412.239
392.188

408.475
413.401
416.841

(ac/gs)

I 15.177
(CL )

15.380
(CL,3)

15.662
(CL,2)

16.088
(CL 1

1.417
(Cb)

405.250)

1 (CD,o)

(a) Symbols in brackets correspond to the notations used In Equation (A2.3)
(bI Weight of sample per unit volume of counting solution as prepared at .I.T. Organic Loop Project

c Tritium activity counted in sample per unit volume of counting solution

d Tritium activity counted per gram of sample. Symbols in brackets correspond to the notations used in Equation (A2.3)

Std. Error
Specific
Activity

(+ tc/g)

0.069

0.076

0.103
-4

0.093

0.013

4.894
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Run 23A, July 5 - 6, 1967

700* F, 80 % OM, 7 % HB

5000
E

Cn
(I)

4600 i
z

L Tracerlab Analysis

NEN Analysis

Limits shown are standard errors
cr-
O 4200 _ Solid line represents equation

0 4940 - 4200 e3.Ot - 740 -0.154t

3800

0 4 8 12 16 20 24 28
TIME AFTER DILUTION, HOURS

LOOP CIRCULATING MASS AFTER TRITIUM DILUTION - RUNFIGURE A2.1 23A
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described as consisting of two circulating components, one of

which, approximately 4200 grams in mass, circulates rapidly

with mixing time constant of 1/3 hour and the other, approxi-

mately 740 grams, is slowly mixing-with mixing time constant

of 6.5 hours. We also noted that the mixing was essentially

complete 26 hours after the dilution. The above results are

consistent with the earlier M.I.T. report (A2.1) in estimating

the volume of circulating coolant in the M.I.T. loop based on

the assumption that the coolant in some sections of the loop

in which dead-end spaces exist was not well mixed. The estima-

tion of circulating coolant volumes presented in Section A2.3

of this report is based on the original estimate of that report

(A2.1).

Time After
Tritium Dilutio

(hr)

1

2

2-3/4

3-1/2

5
6-1/2

8
9-1/2

26

Table A2.2

Summary of Tritium Dilution(a)

Run 23A

Circulating Coolant Ma

Tracerlab

4162 + 52

4364 + 72

4396 + 44

4486 + 50
4655 + 68

4666 + 68

4698 + 46

4735 + 44

4948 + 72

ss b)(gm)

NEN
4229 + 120

4356 + 128

4444 + 124

4509 + 124

4635 + 136

4733 + 174

4743 + 130
4756 + 136

4973 + 150

(a)Surge Tank gage-glass level at
(b)Error limits are 2a

dilution = 7 inches

n
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A2.2.2 Tritium Dilution - Run 20B

The tritium dilution made during Run 20B was somewhat

different from the rest. The first coolant sample was taken

two hours after the tritiated terphenyl was introduced and

the second sample two and one-half hours after the first.

Meanwhile, the process system (Makeup and Sampling System)

was turned off. Therefore, Equation (A2.2) is still appli-

cable to calculate the circulating loop mass from these first

two samples. However, after the second sample was taken, the

processing system was turned on in order to maintain steady-

state condition of the coolant concentration in the loop.

During this period, a portion of the loop coolant was pumped

into-the Sampling Tank and replaced by the processed ter-

phenyl pumped from the Makeup Tank. The processed terphenyl

pumped from the Makeup Tank into the circulating loop con-

tained no tritium except its background activity from loop

irradiation. A tritium balance around the loop after the

third sample was taken shows

MC,3Ub + D,1 + 2D,2 - L L,L1 - 2 L,2

+ [M 1 - M2]CM - [51 CSl - S2 CS, 2]

- H SICL,3 - C 1 ] [MC, 3 + D, + D2 -L - L2

+ [M 1 - M2] - [s 1 - 2 ]CL,3 (A2.8)

where

S and S2 are the initial and final masses of the coolant

in the Sampling Tank from the time-the processing sys-

tems are turned on to the time the third sample is

taken, grams

M and M2 are the initial and final masses of coolant in

the Makeup Tank, grams

C and CS,2 are the initial and final tritium concen-

trations of the coolant in the Sampling Tank, p c/gm
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CM is the background tritium concentration of the cool-

ant in the Makeup Tank, y c/gm

H5 is the mass of the coolant held-up in the line between

the loop and the 0" level of the Sampling Tank, grams

All other notations are similar to those used in Equation (A2.2)

Rearranging Equation (A2.8), the circulating coolant mass

in the loop can be calculated from the third sample taken with

processing systems running as

MC,3 (CL3- Cb1 DO[CD,O - CL 3 + D (CDl - CL,3

+, [c - C -L,3]-

+ D2ID, 2 - CL 3  - Ll[CL,1 CL,3 - L2LCL, 2 - L,3

+ LM1 - M2  [cM - L,3] + [S1 + HS]C5  - [Sl - S2]CL,3

- S2 CS,2 - H sCL3 (A2.9)

Tables A2.3 and A2.4 summarize the results of tritium dilution

made during Run 20B. The effect of incomplete mixing is again

noted.

Table A2.3

Summary of Tritium Dilution(a)

Run 20B
Coolnt ass(b)

Time After Circulating Coolant Mass
Tritium Dilution

(hr) Tracerlab NEN

2 4656 + 68 4474 + 286
4-1/2 4818 + 82 4417 + 384

25 5180 + 170 5111 + 394

(a)Surge Tank gage-glass level at dilution = 7-7/8 inches

(b)Error limits are 2a



Sample No. (a)

20B-D2 (CD,0)

20B-L5 (Cb)

20B-L6 (CL,1)

20B-L7 (CL,2)

20B-L8 (CL,3)

20B-D3 (CD,1)

20B-D4 (CD,2)

20B-M7 (CM)

20B-S7 (CS31)

20B-58 (CS,2)

(a)Symbols in

Table A2.4

Summary of Tritium Analysis
Tritium Dilution - Run 20B

Weight of Sample(a)

(gm)

158.6 (DO)

Tritium Concentra

Tracerlab

796.3

0.158

26.4

24.7

136.7 (L1 )

136.3 (L2 )

137.5 (L 3 ).

152.8 (D1 )

130.6 (D2 )

1828.8 (M1-M2 )

1310.0 (S )

3070.0 (S2)

320.0 (HS)

i+

+

+

+

0

0

0.111 +

0.147 +

9.92 +

5.1

0.001

0.1

0.1

0.10

995.3

0.273

34.3

33.6

21.0

NEN

+ 22.2

+

+

+

+

0

0

0.001

0.002

0.04

brackets correspond to notation used in Equations (A2.2)

0.163 +

0.513 + 0.015

11.95 +

and (A2.9)

(b)Error limits are la

0.001

0.7

1.1

0.2

'-I

R)

0.001

0.12

t ion (b) (yc/gm)



-A2.13-

A2.2.3 Tritium Dilution - Runs 26, 27 and 28

The tritium dilution for each of the steady-state ir-

radiation Runs 26, 27 and 28 consisted of only one sampling

taken about 60 hours after the addition of tritiated ter-

phenyl to the loop. The tritiated terphenyl was added prior

to the shutdown of reactor and the lowering of loop operating

temperature on Friday. The sample was taken on Monday morn-

ing prior to the startup of the reactor. The circulating

coolant mass was then calculated according to Equation (A2.1).

Tables A2.5 and A2.6 summarize the results of tritium

dilution for Runs 26, 27 and 28.

Table A2.5

Summary of Tritium Dilution

Runs 26, 27 and 28

Circulating Coolant Mass (a) (gm)
Surge Tank

Run No. Level, inches Tracerlab NEN

26 15 5144 + 56 5104 + 78

27 15-1/4 4859 + 80 4916 + 208

28 13-3/8 4776 + 50 4744 + 134

(a)Error Limits are 2a

A2.2.4 Summary

A total of five tritium dilutions were made from November 1,

1966 (beginning of Run 19) to February 16, 1968 (end of Run 28).

Two of the dilutions were made during the irradiation runs of

Santowax OM (Runs 20B and 23A) and the rest during the irradia-

tion runs of Santowax WR (Runs 26, 27 and 28). The circulating

coolant masses for these runs have been shown in Tables A2.2,



Sample No.(a)

26-Di (ce)

26-L10 (Cb)

26-Lll (CL)

27-Di (cO)

27-S12 (cb)

27-LlO (CL)

28-Dl (C0 )

28-s17 (c b)

28-Ll (CL)

Table A2.6

Summary of Tritium Analysis
Tritium Dilution - Runs 2b, 27 and 28

Weight of Sampie (a)

(gm)

142.5 (MO)

Tritium Concentration(b) (uIc/gm)

Tracerlab

174.3

0.345

5.04

157.3 (MO) 169.0

+

+

+

+

1.12 +

6.39

148.1 (MO) 235.1

+

+

0.995 +

8.03 +

0.4

0.001

0.02

1.0

0.001

0.03

0.4

0.004

0.02

209.3
NEN

+ 1.00

0.378 + 0.001

6.05 + 0.03

211.9 + 2.2

1.69 + 0.03

8.21 + 0.11

281.1 + 0.5

1.32 + 0.02

9.60 + 0.11

(a)Symbols in bracket correspond to the notations used in Equation (A2.1)

(b)Error limits are la

INj
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A2.3 and A2.5. There was no significant difference between the

Tracerlab and the NEN values. Only the values from Tracerlab

were used for the degradation caculation (see Appendix A3)

since these represented less statistical fluctuations in

tritium analyses.

For each dilution run, the coolant level in the Surge Tank

was taken from the gage-glass level readings. The gage-glass

temperature was also monitored and recorded. The Surge Tank

volume was measured and reported by Morgan and Mason (A2.1)

to be 61.1 cc/inch. To allow for the difference in coolant

temperature between the tank and the gage-glass, the coolant

mass in the Surge Tank based on the gage-glass level reading

can be calculated as

MST = 6 1.lyp (A2.10)

or

KST = 6 2.ll)

where

MST is the mass of coolant in the Surge Tank, grams

y is the coolant level on the gage-glass, inches

P is the density of the coolant at the gage-glass

temperature, grams/cc

kST is the Surge Tank calibration factor based on

gage-glass level reading, grams/inch

In the degradation calculation (Appendix A3), the cir-

culating coolant masses at the beginning and at the end of

a steady-state irradiation run must be known. Since at each

point the level of coolant in the gage-glass of the Surge Tank

was known, the circulating coolant mass at that point could be

calculated from the circulating mass determined from tritium

dilution adjusted by the mass change in the Surge Tank as cal-

culated from Equation (A2.10). Such a calculation can be ex-

pressed by the following equation

MC,1 = MC,a + 61.1 [YjPg,1 - YaPga] (A2.12)
CP C,a
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where

MC,1 is the circulating coolant mass at point "l"

of a steady-state run, grams

MCa is the circulating coolant mass at point "a"l of

a steady-state run determined from tritium dilution,

grams

pC,1 is the density of the coolant in the loop at point
"l"l?, grams/cc

PC,a is the density of the coolant in the loop during

tritium dilution, grams/cc

pg.1 is the density of the coolant at gage-glass tem-

perature at point "1", grams/cc

p a is the density of the coolant at gage-glass tem-

perature during tritium dilution, grams/cc

y, is the gage-glass reading at point "l",inches

ya is the gage-glass reading at tritium dilution,

inches

This is correct only if the volume occupied by the circu-

lating mass in the loop (excluding the Surge Tank) did not

change. In other words, the only change in the circulating

mass between two points during irradiation runs would appear

in the change of level of the Surge Tank. In order to verify

this, the volumes of the circulating mass calculated from the

tritium dilution measurements at 0" Surge Tank level can be

compared. The coolant mass in the Surge Tank during each run

is calculated from Equation (A2.10). This mass is then sub-

tracted from the circulating mass as determined in the last

section. The normalized volume of the circulating mass

(0" surge tank) is then calculated-with the average coolant

density in the loop Table A2.7 shows the comparison between

Runs 20B and 23 of the Santowax OM irradiations. Table A2.8

presents the results for Santowax WR irradiations. No signi-

ficant difference is noted in the measurements of normalized

volume of the circulating mass shown in Tables A2.7 and A2.8.

However, the volume calculated for the Santowax OM runs

(Table A2.7) is approximately 5% higher than that of Santowax WR



Table A2.7

Comparison of the Volume of Circulating Mass and Volume
Normalized to O" Surge Tank - Runs 20B and 23A

Temperature, 0F
Run Gage-glass
NO.

Gage-glass
level atLoop dilution,

Average (inch)

Coolant Density, gm/cc

Gage-glass Loop
Average

Circ.Mass(a)
at 0" Surge

Tank
(gm)

Normalized (a)
Volume of
Circ. Coolant,

(cc)

560

675

7-7/8

7

0.991

0.925

0.888 4704 + 174

0.830 4552 + 82

5299 + 197

5482 + 99

(a)Error limits are 2a

Table A2.8

Comparison of the
Normalized to

Volume of Circulating Mass and Volume
0" Surge Tank - Runs 26,27 and 28

Run
No.

Temperature, 0F

Gage-glass

26 475

27 515

28 550

Loop
Average

675

730

780

Gage-glass Coolant Density, gm/cc Circ.Mass(a)
level at at 0" Surge
dilution, Gage-glass Loop Tank
(inch) Average (gm)

15

15-1/4

13-3/8

0.937

0.917

0.903

0.844 4286 + 68

0.817 4005 + 89

0.797 4038 + 64

Normalized (a)

Volume of
Circ. Coolant,

(cc)

5079 + 81

4902 + 109

5064 + 80

(a)Error limits are 2a

20B

23A

340

475

r\-)

I-J
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(Table A2.8) reflecting changes in the flow system. Further

discussion on this point will be given in the following sec-

tion.

A2.3 Circulating Coolant Mass Based on Volume and Temperature

of Loop Sections

Several modifications of the M.I.T. Organic Coolant Loop

had taken place since it was reported earlier (A2.2, A2.3).

The modifications are listed as follows: (see Figures 2.4,
and 2.5, Chapter 2)

(1) Removal of one, of the coolers

(2) Addition of processing system connected to valves 6

and 8 (S & M I), valves 14 and 16 (S & M II).

(3) Removal of coolant circulating pump No. 2

(4) Removal of AECL Fouling Probe

(5) Relocation of DP Cell to the Surge Tank

Only the first three items of modification will directly

effect the volume of circulating coolant in the system.

In-pile Sections No. 4 and No. 5 have identical dimen-

sions as In-pile Section No. 3 (A2.2). The volume of the ir-

radiation capsule and the connecting line up to the reactor

top has been recalculated to be 765 cc after correcting for

thermocouples, spacers, and heaters. The volume of one cooler

plus connecting lines is 215 cc based on *he report by Morgan

and Mason (A2.1). The liquid sample capsule is not included

in this calculation but the coolant in the lead -lines up to

valves 14 and 16, (see Figure 2.4, Chapter 2), amounting to

173 grams, is included since the lead lines are permanent

parts of the circulating system. Volume above 0" Surge Tank

is excluded in order to compare with the results of tritium

dilution method using 0" Surge Tank as reference. Although

the AECL Fouling Probe and the associated flow meter have been

removed, the connecting lines between valve 12 and valve 27
remain in the system with valves 50 and 51 closed off. The
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line was not heated and therefore- no contribution-to the cir-

culating volume is assumed. The connection of the processing

system (S & M I) to valves 6 and 8 addsadditional volume from

valve M3 to valve 6 and valve S2 to valve 8. All these valves

are open during normal operation. The volume of the four

valves is 150 cc and the lines 60 cc (total 6 feet). It is

assumed that the volume beyond value M3 and S2 (see Figure 2.4,

Chapter 2) towards the pump is non-mixing. However, this

additional 210 cc does not apply to Runs 26, 27 and 28, in which

the processing system (S & M II) was relocated and the connec-

tions to the circulating loop.were made at valve 14 and valve 16

Figure 2.5, (See Chapter 2). During normal operation, these

valves are closed and therefore no additional circulating

volume is introduced to the loop.

Table A2.9 shows the circulating volumes and the average

temperature of each of the sections of the loop for various

runs. The circulating volumes are obtained from earlier M.I.T.

reports (A2.1, A2.2, A2.3). The average temperatures are ob-

tained using thermocouples attached to the various sections of

the loop. The total circulating volume of 5316 cc checks quite

well with the volume determined-by tritium dilution method of

Runs 20B.and 23A (Table A2.7). The.circulating volume of 5106

cc excluding the valves and leads to the processing system also

checks quite well with the volume determined by tritium dilu-

tion method of Runs 26, 27 and 28 (Table A2.8).

Table A2.10 shows the circulating masses of the various

runs calculated-section by section from the known volume, tem-

perature and density of each section. The density is calculated

using Equations (3.2) and (3.3). Again there are good agree-

ments with the mass determined by the tritium dilution method.

A2.4 Calculation of the Effective Loop Temperature

The M.I.T. loop for the irradiation of terphenyl coolant

has a temperature distribution-around the loop as indicated in

Table A2.9. Since the radiopyrolytic degradation rate has been



Table A2.9
Volume of Circulating Coolant and Temperatures in Various

Sections of the Loop

Circulating
Section Volume

(cc) Run 20B Run 23A Run 26 Run 27 Run 28

(1) In-pile Irradiation Capsule 765 572 702 700 750 800
(up to right-angle bend)

(2) Right-angle bend to Surge 446 558 672 673 730 780
Tank

(3) 0" Surge Tank to Pump 788 558 675 675 733 783
(excluding Trim Heater)

(4) Trim Heater 300 572 700 700 750 800

(5) Pump Impeller through 1320 560 680 68o 736 785
upstream half of Test Heater

(6) Pump Motor Section 370 300 380 370 410 440

(7) Downstream half of Test 444 578 702 704 762 812
Heater to Cooler

(8) Liquid Sampler leads 173 560 675 670 740 785

(9) Cooler 215 575 701 703 755 805
(l0)Cooler to right-angle bend 285 573 703 702 753 802

(ll)Processing System leads 210 500 600 --- --- ---

Total 5316 + 200

Total - (11) 5106 + 200
(a)Standard error according to Morgan and Mason (A2.1)
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Table A2.10

Calculated Circulating Coolant Mass in Various
Sections of the Loop Normalized to 0" Surge Tank

(Based on known volume and temperature)(a)

Coolant Mass,

Section(a)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Total(b)

20B

675

396

700

265

1172

374

390

154

189

251

192

4758

23A

626

370

654

246

1093

359

361

144

176

233

26

637

377

666

250

.114

365

367

146

178

237

grams

27

618

364

644

242

1076

357

356

141

173

230

28

603

356

628

236

1049

353

347

138

169

224

182

4444 4337 4203 4103

(a)See Table A2.9 for descriptions of each section and
volume and average temperature of each section.

(b)Error of approximately 200 gms has been estimated
by Morgan and Mason (A2.1)
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shown to be strongly dependent on temperature (see Chapter 5),

its contribution to the total degradation rate would be signi-

ficantly different for each section of the loop. An effective

loop temperature must be calculated which accounts for the

temperature variation between different sections of the loop

and the terphenyl mass holdup in each section.

Mason, Timmins et al. (A2.3) have described a method used

to determine the effective loop temperature for M.I.T. loop ir-

radiations at high temperature. This method is briefly des-

cribed in the following.

It is assumed that the radiopyrolysis rate constant,

kPim, for each approximately isothermal section j of the

loop fits an Arrhenius type relation as expressed in Equation

(A2.13).

k Pj (T j)/k pj (T) = e.xp - ' L o ) (A2.13)
P,, P1moR T 0T

where

j refers to a section of the loop

T is the average coolant temperature of the jth section,
0oK

T is an arbitrarily chosen temperature, K
AFpi is the pyrolytic activation energy of the ith

isomer of the irradiated terphenyl coolant, kcal/

mole

R is the gas constant, kcal/mole 0K

A mass-averaging procedure is then performed on the radiopyo-

lytic rate constant as

k (T )
[P i m( J)]avg - Mj k R~'(Tn)

k PTP, min (A2 .14 )

where
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M is the mass of terphenyl coolant in the jth section

of the loop, grams

Substituting Equation (A2.13) into Equation (A2.14),

AE, ~T0-T

[k (T )]avg M exp - R T T
Pim= L - (A2.15)

k (T ) M

The average temperature of each section, T, is known by

thermocouples attached along the section. T is an arbitrary

reference temperature generally chosen to be the temperature

of the coolant in the Surge Tank in this report. The mass of

coolant in each section is calculated with known circulating

volume (as shown in Table A2.9) and density (using Equations

(3.2) and (3.3) of Chapter 3). It is necessary to assume an

activation energy of radiopyrolysis, AEPi. However a small

error in the assumed value of AE does not significantly

affect the calculation of the effective loop temperature since

the chosen reference temperature, To, at the Surge Tank repre-

sent very closely the average coolant temperature. Once the

value of [kg (T )]avg/k (TO) has been calculated from

Equation (A2.15) for an irradiation run, it is used in Equa-

tion (A2.13) to calculate the temperature T which is desig-

nated as the "effective" loop temperature of that run. It is

possible to obtain the value of AE by means of an iteration

procedure using Equation (A2.15). In applying this technique,

values of k (T ) and AE pi (presumably applicable to all

runs at different temperatures but otherwise same conditions)

are assumed using known values of M and T in Equation

(A2.15). A value of the [k (T )]avg is calculated and

compared to the experimental value found in Chapter 5. Suc-

cessively better estimates of kPim (T ) and AEpi are em-

ployed by iteration until the calculated values of [kP,1,m
(T J)]avg equals the experimental value.
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The value of AEP, used in this report has been taken

as 50 kcal/mole for all runs. This assumed value is in close

agreement with the experimentally determined values of

AE P = 54 kcal/mole as presented in Chapter 5. Table A2.ll

shows the calculations using Equation (A2.15) at various

sections of the loop for all the high temperature irradia-

tions covered by this report. The effective loop tempera-

ture of each run is also shown.



Table A2.11

Calculations of the Effective Loop Temperature(a)
for the High Temperature Irradiations

Section (b) T

Run 21

M

(OF)

(Te

ci

= 6580K)
kg (Tj)
kp (To )M

Run 22 (To = 6830K)

T M kg (Tj)

(Fkg (T)M

Run 23 (To = 6390K)

T j M k (T )
kg (T) )M

750 612

730 360

726 1213

750 24o

726 1068

400 357

750 353

727 140

749 171

748 228

1592

428

1213

624

1132

0

469

157

359

452

797

770

594

351

770 1155

800 233

771 1033

450

798

770

797

796

348

343

137

166

221.

1311

351

1155

570

1033

0

819

137

366

643

700

675

627 1494

371 371

676 1304 1304

700 246 586

680 1093 1321

380

700

670

698

697

359

363

144

176

234

0

865

98

395

494

1

2

3(c)

4

5

6

7

8

9

10

kfl

11 650 178 8 700 173 18 600 182 9

Loop Total 4920 6434 4754 7777 5099 6937

Tj 7340F(3900C) 781OF(4160C) 6840F(3620C)



Run 23A (To = 6300K)

Table A2.11

Run 24 (To

(Cont.)

= 6570 K) Run 25 (To = 6840K)

Section (b)

702 626

672 370

675 1162

700 246

680 1093

380 359

702 361

675 144

701 176

700 233

1585

326

1162

586

1321

0

914

144

419

555

748

722

609

359

724 1124

750 239

722 1067

400

748

725

746

745

356

352

140

171

227

1354

338

1124

562

1006

0

783

148

360

451

798

773

593 1305

350 350

773 1127 1127

800 232

770 1037

450

799

775

797

795

347

342

136

166

221

538

982

0

753

151

347

439

M
kp(TI)

0' M m
T(

(OF)

kp(T )

k(T) 
T ( T (

1

2

3(c)

4

5

6

7

8

9

10

a'

11 600 182 8 650 177 14 700 172 18

Loop Total 4952 7020 4821 614o 4723 6010

6850F(3630C) 7300F(3880c) 7810F(4160c)

m kp (T )M

I



Run 26 (To = 6300 K)

Table A2.l1 (Cont.)

Run 27 (To = 662 0K) Run 28 (To = 6900K)

Section(b) MT-

70o 637

673 377

675 1282

700 250

680 1114

370 365

704 367

670 146

703 178

702 237

kp (To ) M
k? (TO)

1517

354

1282

596

1346

0

987

99

478

600

M. k (Tj )
3 kg (TO)M

T (

750

730

618

364

733 1296

750 242

736 1076

410

762

740

755

753

357

356

141

173

230

1088

344

1296

426

1207

0

874

177

360

453

T (

800

780

M kg (Tj )
kg( To )MJ

603 1015

356 338

783 1217 1217

800 236 397

785 1049 1106

440

812

785

805

802

353

347

138

169

224

0

793

145

315

397

11 - - - - - - - - -

Loop Total 4925 7259 4853 6225 4692 5723

T 6850F(3630C) 7390F(3930C) 7900F(4210C)

(a)Assuming AEp,1 = 50 kcal/mole

(b)See Table A2.9 for description

(c)Mass of coolant in Section 3 b
of section

ased on Surge Tank level averaged throughout the run

2

3(c)

4

5

6

7

8

9

10

R)

I
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APPENDIX A3

CALCULATION OF DEGRADATION RESULTS AND STATISTICS

A3.1 General Degradation Rate Equation

From a terphenyl material balance as illustrated in the

following diagram,

Wi C~ -fI

w , omp
Inlet (feed)

terphenyl)
omp degraded

)w Co' omp
Outlet (bleed)

Mason, Timmins, et. al. (A3.1) arrive at the following general

degradation rate equation,

d(MCC ) dC dMCC omp =M ( omp) + C C) (A3.1)
dt C dt omp dt

= w CSomp - w0 C omp Womp

w

w

C p
omp

= inlet coolant feed rate, gms/hr

= outlet coolant bleed rate, gms/hr

= total terphenyl concentration in the

weight fraction

Comp = total terphenyl concentration in the

system, weight fraction

Womp = terphenyl degradation rate, gms/hr
MC = total coolant mass, gms

According to the degradation model assumed here,

expressed as

feed,

coolant

Womp can be

Coolant System

MC, Compp r

where
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Womp = Rk RnC n () + k C ] MCLR,omp,n amp dt' p.%mp~m amp M

(A3.2)

or in terms of a G value

omp

rMC

G -o m) (gms/watt-hr) (A3.3)

where

G(-omp) = molecules of terphenyl degraded/100ev

11.65 = conversion factor, (molecules) (watt-hr)/

(gram)(100ev)

r

T

rM C

= = average specific dose rate in MC, watts/gm
dt

= specific dose, watt-hr/gm

= rate of energy deposition in the total

coolant, watts

Combining Equations (A3.1), (A3.2) and (A3.3) and neg-

lecting small amount of terphenyl converted into gases, the

general degradation rate-equation is obtained as Equation

(A3.4)

w i

rM C omp

dC
- C ) - d 9

ompr

kRomp,n mp

Sa-omp

11.65

For steady-state runs, we have therefore

w (C f
C amprMC

C ) = kRComp R~omp,n amp

kP2ompzm m
omp

r

- C(-omp)
11.65

For transient runs, we have therefore

dC
.( omp) =k CndT R,omp,n omp

G(-omp)
11.65

+ kP.9ompim C m-m omp
r

(A3.4)

(A3.5)

(A3.6)
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A3.2 Method of Calculating Degradation Rates for Steady-

State Runs

A3.2.1 Calculation of G and G* Values

For steady-state runs at M.I.T., the G and G* values

are determined as follows:

G(-i) 11.65W1 molecules of ith isomer degraded (A3.7)
Fp(MWH) 100ev absorbed in total coolant

G*(-i) = G(i) molecules of ith isomer degraded (A3.8)C 100ev absorbed in ith isomer

where

G(-i) = G value for the disappearance of total

terphenyl, terphenyl isomer or for the

production of HB

W i = total mass of terphenyl or terphenyl isomer

degraded, or HB produced, gms

F = total in-pile dose rate factor, watt-cc/MW-gm

p = density of coolant at irradiation temperature,

gms/cc

(MWH) = length of steady-state irradiation, reactor

megawatt-hours

Ci = average concentration of total terphenyl

or terphenyl isomer, or HB, weight fraction

A3.2.2 Calculation of Total Mass Degraded

A schematic flow diagram of the organic coolant loop

at M.I.T. during steady-state operation is shown in the

following:
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Makeup I Makeup Sampling
(M) a Tank Tank

-- pumps-- I

Sampling
(S)

Degradation
(Wi)

During steady-state operation, the circulating coolant

was continuously removed by pumping into the Sampling Tank and

was continuously replenished by processed terphenyl pumped

from the Makeup Tank. When the Sampling Tank was nearly full,

the contents were transferred in batches and distilled to re-

move the high boiler constituents. Fresh makeup terphenyl,

approximately equal to the weight of high boiler removed, was

added to the distillate and the distillate plus the fresh

makeup was returned to the Makeup Tank. The pumping or pro-

cessing rates of- the makeup system and the sampling system

were adjusted to obtain a desired terphenyl concentration and

were set constant to insure steady-state condition after ini-

tial transients. The makeup processing rate was set generally

at a slightly higher rate than the sampling processing rate by

the adjustment of the pump stroke so that the coolant mass

could be controlled by manual transfer from the loop to the

Sampling Tank. Sampling Capsule (L) was used to sample cool-

ant for the determination of coolant concentration at any

given instant. Makeup Capsule (D) was used primarily for tri-

tium dilution to determine the coolant mass. Miscellaneous

sampling (X) consisted of sampling from the pumping system

(e.g. degassing of the pump degasifiers) and losses or hold-ups
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in the process of transfer to and from the Makeup and

Sampling tanks. Each coolant sample removed from the loop

and each returned to the loop was analyzed by vapor phase

chromatography (VPC) for the biphenyl, ortho, meta, and para

terphenyl concentrations. The concentration of high boiler

(HB) in the sample removed was determined by distillation.

The LIB concentration was then defined as (100 - %omp - %HB).

The total mass of terphenyl (or any terphenyl isomer)

degraded, or HB produced, was the sum of the net terphenyl

mass added (net transfer across the dashed lines of the sche-

matic flow diagram), or HB removed, and the change in the mass

(net accumulation within- the system enclosed by the dashed

lines -of the schematic flow diagram) of terphenyl, or HB, in

the system during the steady-state run. Making a terphenyl

balance around the dashed lines of the schematic flow diagram
between two specified times of a steady-state run, we have

Total (eds ) = (Net Transfer)i + (Net Accumulation,Ai)

(A3.9)

The net transfer is expressed by the following equation:

(Net Transfer)i = M CM,1, + D CD,1,j (A3.10)

- S Cs - L CL,ij - XC

where M1 ,D, S, L and X denotesthe mass of the jth sample

returned to the Makeup Tank, returned to the Makeup Capsule,

removed from the Sampling Tang, removed from the Sampling

Capsule, and removed from the loop respectively; and CM,.1j'
CD,ij' CSi,j' CL,ij, and CI denotes concentration of

the ith component of M1 , Di, Si, L and X samples respec-

tively.

The change in mass in the system during the steady-

state -run (the net accumulation) is expressed by the follow-

ing equation:

Ai = M,i + A i+ AC,1 (A3.ll1)
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where

A = net accumulation

1 = (initial mass of component in the system)

- (final mass of ith component in the-system)

A = (initial mass of ith component in the MakeupM.9i 
th

Tank) - (final -mass of i component in the

Makeup Tank)

A = (initial mass of ith component in- the Sampling
s~i ofth

Tank) - (final mass-of i component in the

Sampling Tank)

AC i = (initial mass of ith component in the loop)
th- (final mass of i component in the loop)

The accumulations in the Makeup Tank, Sampling Tank

and the loop can be obtained by the following-equations:

AMi Mi1Ml - CM,i,2 M,2)kM + (CMil, CM,i,2)HM

(A3*12)

si = C siJ -s Csi,2Js,2)ks + (C s i CSi 2 )HS
(A3.13)

AC,i Cci 1 MC,1 CCi,2MC,2  (A3.14)

where

JM = Makeup Tank level, inches
J = Sampling Tank level, inches

kM = average Makeup Tank level calibration, gms/in
k = average Sampling Tank level calibration, gms/in
HM = mass of coolant holdup below 0" Makeup Tank level,

grams

H= mass of coolant holdup below 0" Sampling Tank

level, grams

CC1 = concentration of the ith component of the cool-

ant in the loop, weight fraction

MC = mass of the circulating coolant in the loop, gms

and the subscripts "1"? and "2" denote the initial and final

conditions of the steady-state run.
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Combining Equations (A3.l1), (A3.12), (A3.13) and

(A3.14), we obtain

i = (CM,il M,1 ~ M,12 iM, 2 )kM (A3.15)

+ (CMil - C M , 2)HM+(CS~iS.1 - Cs12 S,2)ks

+ (Csi - C S12)H+(CC,1,1MC1 - CC,i,2MC,2)

Combining Equations (A3.9), (A3.10), and (A3.15),

total mass of the i th component degraded is obtained in

Equation (A3.16)

W= M CM,,j + DiC,1, S,1,j (A3.16)

- L LiCLij - XC + (CM,,j M,1 ~ M1,2 M,2)kM

+ (CM,i,- CMi,2 )HM + (C siiJ s C S,,2JS,2)ks

+ (C, - CSi, )HO + (CC, i ,M , - CC,, 2MC,

Equation (A3.16) is applicable even if the degradation pro-

cess is not at steady-state.

Except for the concentration of the makeup, the concen-

trations of terphenyl used in Equation (A3.16) are calculated

by a least-square fit of all vapor phase chromatograph (VPC)

analyses for coolant samples removed from the loop during the

steady-state portion of the run by the following equation:

C = ai + b Y (A3.17)

where

C = calculated concentration of the ith component
'Oj th

of the j sample determined by the least-

square-error analysis

Y. = accumulated megawatt-hours at which the jth
sample was taken.

Computer program, MNDEG, developed by Sawyer and Mason (A3.2)

had been used for the least-square fit for all the coolant

samples removed from the loop during the steady-state run.
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Since both the makeup and sampling pumps pumped only inter-

mittently and since fresh makeups added to the distillates

varied to some extent, small variation in concentration existed

between sampling. The calculated concentrations from the

least-square fit using Equation (A3.17) represented the best

estimates of the sample concentrations at any time during the

steady-state run. The HB concentration was also calculated

with the same type of least-square fit using Equation (A3.17).

As mentioned earlier in this section, fresh makeup,

approximately equal to the weight of high boiler removed,

was added to the distillate and the distillate plus the fresh

makeup was returned to the Makeup Tank. The relative pro-

portions of distillate and the fresh makeup varied to some

extent. Therefore no attempt had been made to apply a least-

square fit to the makeup concentrations. The average value

of at least four VPC analyses from at least two aliquots of

each makeup sample was used for the makeup concentration in

Equation (A3.16).

The level readings JMand J5 represented gage-glass

readings on the Makeup and Sampling tanks. HMand HS repre-

sented total amount of holdup of coolant from 0"1 level of

the Makeup and Sampling tanks to the circulating loop.

The level calibrations kM and kS were determined from

the average of at least four transfers to the Makeup Tank

or from the Sampling Tank. At each transfer, the total amount

transferred was weighed and the change of gage-glass level

was recorded.

The loop circulating mass, MC, was determined by means

of tritium dilution (see Appendix A2).

A3.3 Statistical Errors in G Values for Steady-State Runs

The statistica] errors in the calculation of G values

according to Equation (A3.7) are due to uncertainties in the

mass of coolant degraded, W , the dose rate factor, F, the

density of the coolant, p and the length of steady-state
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Irradiation, (MWH). The variance of G can be written as

a2(G (Wi) a 2(F) a2 (p) a 2(MWH)

2 - 2 + 2 + 2 + 2
G iWF p (MWH)

However, the uncertainties in p and (MWH) are negligible

as compared to those of W and F. Therefore,

a (G ) a (W2) a (F) (A3.18)
G2 - 2 + 2
Gi W F

From Equation (A3.8), with uncertainties of con-

centrations to be much smaller than those of G, the variance

of G* is then

a2 (G*) a2 (G ) a2(C) a 2(Gi)i ~ + 2 2___ (A3.19)
G G C 2G
Gi Gi i i

From Equation (A3.9), the variance in W may be expressed as

a 2(W i) = a 2(Net Transfer)i + a 2(A ) (A3.20)

Applying variance propagational rule (A3.3) to Equa-

tion (A3.10), the variance of the net transfer terms is ex-

pressed as

a2(Net Transfer) = M a2 (CMj + (A3.21)

CMi,j 2(M) + D 2aCD, 1

+ C 2 a 2 (D ) + S aja2 (C
D4 , 41 .2

+ C 2 a2 (S) + L 2 a2 (CLj) + C a2 (L )

+ X 2a2 (CXj) + C a2

From Equations (A3.ll), (A3.12) and (A3.13) we have

a(Ai 2 (AM,1) + 2(As ) + 2 (ACi) (A3.22)
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2  M,1 ) = k [CM,1, 1 ) + J2 ,12(CM,1,1 (A3.23)

+ c 2  a 2 (1 +12a2 C+CM122 M,2 M 2
2 (CM,1,2)

+ (CM,1,1 M1 - CM1,2 M, 2 ) 2 a2 (kM)

+ H [a 2(CM,1 + a 2(M,i,2)] + (CM,1

2 2CMi,22 a (HM)

2(A ) = k 2C (2 ) + J2  a2 (C ) (A3.24)

+ CS,1,22 ,2 + 2a2(CS

+ (C siiJ CSi12 S,2 2 (k S)

+ H2 [ 2 (C + a2 (Cs ,1,2S +ji1 s $

+ (Cs ii - C, 1 ,2)a2 (HS)

The variance of the accumulation term of loop mass,

AC,i is treated in a different way. The loop circulating mass

was determined at one point during the steady-state run by

means of tritium dilution method. The initial and final loop

circulating mass, MC, and MC 2 , were then calculated by

means of a mass balance of the coolant in the system between

that point and the initial and the final points. In other

words, MC,1 and MC, 2 were not completely independent. For

this reason, the variance propagation rule cannot be applied

directly here. Let

MC,a = loop circulating mass determined by some
method (e.g. tritium dilution) at a cer-

tain time, a, during the steady-state run.

a(MC ,a) = standard deviation of loop circulating mass
As determined at time a.
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6a = net change of coolant in the loop between

the initial time and time a.
62,a = net change of coolant in the loop between

the final time and time a.

Therefore

MC,1 = MCa + 6 1,a (A3.25)

MC,2 = MC,a + 62,a (A3.26)

Substituting Equations (A3.25) and (A3.26) into (A3.14),

C,i = CC,i,l(MC,a + 61,a) - CC,i,2(MC,a + 62,a)
(A3.27)

Since CC,1,1, CC,1,2, MC,a' 61,a and 62,a are now all inde-

dendent of each other, the variance propagational rule (A3.3)

can be applied, to Equation (A3.27) to calculate the variance

of the net accumulation term, a2 (AC,i)

C,2 ( 1) = (MC,a + 61,a' 2a2(C,, 1 ) (A3.28)

+ (MC,a + 62,a) a 2(CCi,2)

+ (CCi,1 - CC,i,2 ) 2 a 2 (MCa

+ CC, 2(61,a) - C,, 2 a2 (62 6

The las t two terms involving a2 (6 l,a) and a (62 ,a) were found

to be negligible compared to the other terms, and Equation (A3.28)

becomes

02 (ACi) = MC, 1 2(CCi,1 ) + MC,20 (CCi,2 ) (A3.29)

+ (CCi,1 - CCi,2 )2 a2 (MC,a)

From Equations (A3.22), (A3.23), (A3.24) and (A3.29) the

variance of the accumulation term in Equation (A3.20) can now

be expressed as
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a2  ) = k [CM,1a 2(JM1) + 2al 2(CM , (A3.30)

+ CM,2 2( + , 2 a(CM, 2

+ (CMil M, - CMi2 M,2 ) 2 2(kM)

+ H [a 2(CM, 1 + a2(CM,1,2

+ (CM,Il ~ M,i1,22 2(HM

+ k [C2 a2 (J ) + J2 a2 (C )

+ C2 ,,2 2(JS 2 ) + J 2a2 (CS,1,2

+ (C J -3 CS12 S,2 2)
+ (Cs ~i Csis 2

2 a2 (ks

2 2 2+ H [a (C ) + a (CS,12

+ (CSil - CS,1,222(H)

+ M2 1 a 2 (CC ) + M2 2(C

+ (CC,11 - CCi12)2 2 (MCa)

According to Equation (A3.20), the variance in W is then the

sum of all the terms as expressed in Equation (A3.21) and

Equation (A3.30).

The methods for determining the variance of each of the

parameters of Equations (A3.21) and (A3.30) will now be dis-

cussed.

The variance of concentration of the jth sample re-

turned to the loop, a(CM ) was calculated as

N 2

2(CMi,j - Mi.j)2

a2 (CM,i,J N(N - 1) (A3.31)
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where N is the number of VPC chromatographic analyses made

on the jth sample.

In Section A3.2.2, it was noted that the bes values

of the coolant concentration, namely C and CC,1j (or

CLij) were determined by a least-square fit of the chro-

matographic analyses of the coolant samples. Earlier M.I.T.

reports (A3.1, A3.2) described a computer program, MNDEG,

which had been used for the least-square error analysis of

the coolant sample removed from the loop. The concentra-

tion variance, a2 (Cij ) for either the Sampling Tank or the

loop, was approximated by the expression

a2(C )= a2(a i) + Y (Y- 2Y)a 2(b i) (A3.32)

where

Ci, = calculated concentration of the ith component

of the jth sample determined by the least-

square fit, weight fraction.

a 2(ai) = variance of the intercept, ai, (refer to

Equation (A3.17)).

a2 (bi) = variance of the slope, bi, (refer to Equa-

tion (A3.17)).

Y = accumulated megawatt-hours at which the jth

sample was taken

Y = weighted mean of the Y values.

The weighted mean of the Y values was calculated as

1= '2 
(A3.33)

wi,j

where W 9 is the weighting factor for each data point taken

to be the reciprocal of the variance of the measured concen-

tration of the jth sample from the least-square calculated

concentration

W = (A3.34)
,j 2(c 1c,j)
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where

c = measured concentration of the ith component of
'O ththe j sample at Y

a (ci) is calculated as

j=N 2
2 ~ { (C~ - c 1 )

a2(c 1) = j$ (A3.35)
i.,N -2

where

N is the number of separate chromatographic analyses

of the jth sample.

The computer program, MNDEG, determined the constants a,$ b1 ,
a(a i), a(b i), Y and the 95% confidence limits on Cii calcu-

lated with the aid of Student's t for (N - 2) degrees of free-

dom (A3.4).

Both the Makeup Tank and the Sampling Tank had gage-

glasses graduated to the smallest division of one-eighth of

an inch. Therefore the standard deviations in gage-glass

reading, namely a(JM) and a(J5 ) in Equation (A3.30) were

assumed to be one-sixteenth of an inch. The standard devia-

tions in gage-glass calibration, namely a(kM) and a(k5 ) in

Equation (A3.30) were calculated as the standard deviation of

all the experimentally determined gage-glass calibrations from

the average value as shown by the following Equation

J(k - k)

a2 (k) = (A3.36)
Q(Q - 1)

where

k is the gage-glass level calibration of the jth
sample in gms/in (the weight of the jth sample

transferred divided by the change of levels on

the gage-glass)

k is the average of k
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Q is the number of batches transferred during the

steady-state run.

The loop circulating mass MC and the variance a 2(MC)

were determined by tritium dilution method as discussed in

Appendix A2.

For the uncertainty in weighing the amount of organic

coolant transferred, the following errors were estimated.

For large batches of transfer such as the transfer to the

Makeup Tank and from the Sampling Tank in the amount of

about 3000 gram per transfer, a balance graduated to the

smallest scale of 1 gram was used. A weighing error of + 3
grams was assumed for each weighing of the Transfer Tank.

An error of + 5 grams was assumed for the net amount of cool-

ant transferred which was obtained from the difference in

weights of the Transfer Tank before and after transferring.

For the capsules (D and L), an error of +0.5 grams was assumed

using a balance graduated to the smallest division of one-

tenth of a gram. For the miscellaneous sample (X), an error

of + 2 grams was assumed. For the coolant holdups (H M and

H5 ), an error of + 10 grams was assumed.

A3.4 Estimation of Statistical Error During a Steady-State

Irradiation

A knowledge of the statistical error of the amount of

total coolant degraded (WT) in a steady-state run is essen-

tial since this will determine the length of the run in order

to obtain data of significance.

The following calculations give a close estimation of

the standard deviation of Womp for the length of steady-state

run expressed in terms of tne number of batches of coolant

processed through the Makeup Tank or the Sampling Tank.

The values tabulated below are used in Equations (A3.21)

and (A3.30) for this calculation. These values are typical

for the Santowax OM irradiation between November 1966 and
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July 1967. Subscripts "i" will be left out since only total

terphenyl will be dealt with.

Makeup Tank (M): M = 3000 gm/batch, a(M ) = 5 gm

C M,j= 0.90

CM = 0.91, CM,2 = 0.89

J = 10 inches, a(JM) = 1/16 inch

kM =220 gm/inch, a(kM) = 1 gm/inch

HM = 550 gm, a(HM) = 10 gm.

Sampling Tank (S): S = 3000 gm/batch, a(S) = 5 gm

C = 0.80, a(C ) = 103

C = 0.81, CS, 2 = 0.79

J = 10 inches, a(J5 ) = 1/16 inch

k = 220 g/inch, a(ks) = 1 gm/inch
S

H = 550 gm, a(HS) = 10 gm

Loop: MC,1  5000 gm, MC,2 = 4900 gm

aY(M=C) 150 gm

CC 1  0.81, *C,2 = 0.79
a(CC) 1 0-3

Makeup Capsule (D): D = 20 gm/capsule, a(D) = 0.5 gm

CD 0.90, a(CD) = 10-3

Sampling Capsule (L): L = 20 gm/capsule, a(L) = 0.5 gm

CL =0.80, a(CL) = 10-3

Miscellaneous Sampling (X): X = 40 gm, a(X ) = 2 gm

CX 0.80, a(Cxj) = 10

Two values of a(M ) are used, namely 3 x 10-3 and 10~3

which bracket the standard deviation from at least four VPC

analyses of the concentration of the processed coolant that

is returned to the loop. Table A3,1 presents the variance of

the "net transfer" term of Equation (A3.21) per 3000 gram

batch of transfer of both the Makeup and Sampling tanks, and

Table A3.2 presents that of the "net accumulation" term of

Equation (A3.30).
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Table A3.1

Variance of Net Transfer per

3000 gm Batch Processed

Variance of Net Transfer
2 (Net Transfer), (grams)2

a(CM) = 3 x 10-3 a(CM) = 10-3

M2a 2(C M) 81 9

C 22(M) 20 20

S a2 (Cs) 9 9

C2a 2 (S) 16 16

D2 a2 (CD)

C 2a 2(D) 00D ~

L 2 a2(C L) 00

LCL 2(L) ~00

X2 a2 (CX)

C a2 3 3x

a2(Net Transfer)/Batch 129 57
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Table A3.2

Variance of Net Accumulation

Variance of Net Accumulation

a2 (A), (grams)2

k 2 C2  a 2(M M,12M

k J a2 (CM,)

k J a2 (CM 2

(CM2lM - CM,2 M)2a2 (kM)

H [a2 (CM,) + a2(C

(C M,1~ CM,2)2 2(HM)

k C 2(JS S2l (J3
k J a 2(Cs)

k C 2 (J )

k J a(C S,2)

(C Sis - C2S2 S 2(k )

H [a2(C s) + a2(C,2

(C - CS,2 ) 22 (H )

M 2  02(0 ) 2

C,1 C,2

(CC,1 - CC,22 2(M002) a(c)

x 10-3 a(CM) = 10-3

44

*w O

629

= 3

157

44

157

150

5

150

5 1

O" 0

124

AS.:

AC

5

124

118

5

5

118

5

~0

1

-'0

2525

24

9

24

9

a (CM)

a 2(A) 711



-A3.19-

For Santowax OM irradiations between 5720 F and 8000 F at

approximately 80% loop coolant concentration, the processed

coolant returned to the loop varied approximately between 87%

and 90%. Thus the average amount of degradation of the total

terphenyl was about 240 grams per 3000 gram batch of transfer.

For Q batches of transfer during a steady-state run, the total

degradation is then 240Q grams. The variance of the net trans-

fer term (Table A3.1) also increases with the number of batches

processed, whereas the variance of the net accumulation term

is independent of the number of batches. We have therefore:

for a(CM) = 3 x 10-3 (A3.37)

a2 (W omp) = 129Q + 711 gram2

for a(C) = 10-3 (A3.38)
a2  M2
S(W ) = 57Q + 629 gram

omp

Table A3.3 shows the percentage standard error of the total

terphenyl degraded for different lengths of irradiation period

expressed in terms of the number of 3000 gram batches processed.

It is noted that at least eight batches of 3000 gram coolant

must be processed in order to obtain a standard error of about

2%.
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Table A3.3

Percentage Standard Error of Total Terphenyl

Degraded Per Number of Batches Processed

Total Terphenyl
Degraded
(Womp)

240

480

720

960

1200

1440

1680

1920

2160

2400

Percentage Standard Error, %

a(CM) = 3x10-3

12.0

6.5

3.6

3.1

2.7

2.4

2.2

2.0

1.9

No. of
Batches

(Q)

1

2

3

4

5

6

7

8

9

a(CM) =

10.9

5.7

3.9

3.1

2.5

2.2

1.9

1.7

1.6

1.4
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A3.5 Degradation Rates Measured in Fuel Position 1

The terphenyl degradation rates of both Santowax OM and

Santowax WR during the period covered by this report are pre-

sented in this section using the calculation methods as des-

cribed in Sections A3.2 and Section A3.3. A summary of the

irradiation conditions and experimental results is shown in

Table A3.4.

Figures A3.1 through A3.12 show the terphenyl and HB con-

centration as a function of irradiation time (MWH) for the

steady-state period of each run.

Tables A3.5 through A3.16 show for each run:

(1) a summary of irradiation and pertinent chromato-

graphy results, and

(2) the values of G and G* and the statistics.



Table A3.4

Summary of Irradiation Conditions and Experimental Results
of Steady-state Run at Fuel Position 1

Dec. 19, 1966 to Feb. 16, 1968

Run No. Irrad.
Temp.

(Cool-
ant)

19A

20A

20B

21

22

23

23A

24

25

26

27

5720F
(sw- of-t)

572o?
(SW- OM)

5720?
(sw-OM)

79i0OF
(Sw- OM)

8000F
(sw-ofN)

7000?
(sw-oM)

7000?
(SW-014)

7500?
(SW- OM)

8000?
(m- OKh)

7000F
(sw-WR)

7500?
(SW-WFI)

Average
Dose-Rate

r
(watts/gm) Co

o.06o 41.5

0.065 57.7

0.061 53.1

0.024 50.6

0.023 50.3

0.022 51.4

0.057 52.0

0.057 50.6

0.056 46.5

0.068 14.0

0.065 12.4

Concentration - w/o

Cm Cp

20.1

26.6

25.6

25.5

26.2

26.9

27.3

27.5

26.8

61.9

60.4

1.5

1.8

1.8

1.9

2.0

2.3

2.5

2.6

2.7

6.6

6.5

Comp HB

63.1 26.4

86.1 6.1

80.5 8.5

78.0 9.0

78.5 8.9

80.6 7.7

81.8 6.5

80.6 7.1

76.0 7.7

82.5 9.1

79.3 8.2

G(-i) or G(+HB) molecules/looev G*(-i) = G(-1)/C

G(-o) G(-m) G(-p) G(-omp) G(HB) G*(-o) G(-m) G*(-P) G*(-omp)

0.122

0.207

0.193

0.351

0.846

0.271

0.230

0.255

0.470

0.065

0.076

0.054

0.094

0.074

0.124

0.287

0.083

0.093

0.115

0.195

0.245

0.294

0.003

0.005

0.003

0.001

0.020

0.003

0.003

0.005

0.013

0.018

0.020

0.178

0.337

0.270

0.476

1.153

0.357

o.326

o.376

0. 678

0.328

0.389

o.160

0.232

0.205

0.405

o.674

0.348

0.298

0.349

0.553

0.289

0.324

0.293

0.359

0.363

0.694

1.683

0.524

0.440

0.508

1.013

o.463

o.608

0.266

0.354

0.290

0.487

1.094

0.311

0.342

o.420

0.728

0.396

0.487

0.183

0.297

0.180

0.046

0.990

0.149

0.112

0.213

0.479

0.266

0.302

0.282

0.357

0.336

0.611

1.469

0.443

0.398

o.468

0.893

0.397

0.491

0.92 0.38

1.52 0.38

28 800wR 11.1 59.2 6.1 76.3 10.6 0.121 0.484 0.031 0.636

LIB/HB fN

o.4o

1.28

1.29

1-44

1.42

1.52

1.77

1.78

2.12

w

ru

0.36

0.36

o.36

o.36

0.36

o.36

0.36

0.36

0.36

o.065 0.584 1.094 0.818 0 .51 5 0.834 1.24 0.38
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Table A3.5a

Summary of Irradiation of Santowax OM - Run 19A

Sample Sample
No. Wt.

(gram)

L-1 305

L-2 301

L-3 314

L-4 301

L-5 307

L-6 307

L-7 311

L-8 303

L-9 313

L-10 308

L-11 311

L-12 305

L-13 309

L-14 311

L-15 308

Concentration Variance x1o0

02(o) 0
2
(M) a

2
(P) 02(OMP)

Accum.
Run

Time
(4WH)

0

92

175

258

342

428

508

594

682

761

855

928

1010

1093

1176

Terphenyl Concentration - w/o

0 M P OMP

42.4 20.2 1.5 64.1

41.5 20.5 1.6 63.6

41.2 20.0 1.6 62.8

40.8 20.0 1.7 62.5

41.4 20.4 1.7 63.5

41.6 20.3 1.5 63.4

41.3 19.8 1.5 62.6

41.6 20.0 1.7 63.2

41.2 19.8 1.6 62.6

41.6 20.2 1.5 63.3

41.9 20.4 1.5 63.8

41.7 20.4 1.4 63.5

41.4 20.3 1.6 63.3

41.4 20.3 1.5 63.2

41.3 20.0 1.6 62.9

60.2 29.3 2.1 91.6

63.8 29.7 2.0 95.5

62.0 29.1 1.9 93.0

63.8 29.7 2.0 95.5

61.3 28.3 1.9 91.5

62.0 29.1 1.8 92.9

61.6 28.4 1.9 91.9

61.1 28.5 2.0 91.7

61.9 29.4 2.1 93.4

61.2 29.0 2.2 92.4

61.2 29.0 2.2 92.4

60.6 28.7 2.2 91.5

60.3 28.9 2.2 91.3

59.5 28.4 2.2 90.1

59.5 28.3 2.2 90.0

158

125

101

82

67

57

52

52

57

66

83

99

123

151

184

396

171

218

171

393

381

157

84

155

805

805

364

284

554

375

86

69

56

45

37

31

28

28

30

35

43

52

64

79

96

12

10

8

6

5

4

4

4

4

4

5

7

8

10

12

3

4

11

4

1

2

4

12

14

3

3

8

6

4

11

Note: (1) Concentrations and Variances of L Sample were calculated from least-square analysis

31

160

61

160

144

78

175

48

248

78

78

140

100

123

38

HB
w/o

24.5

27.2

27.2

27.2

27.2

26.9

26.6

26.4

26.4

26.0

25.5

26.0

26.2

26.7

26.7

a2 (HB)xlO

1935

1528

1231

965

768

627

542

512

548

627

792

968

1231

1525

1891

256

204

165

133

109

93

84

83

91

105

131

158

195

240

293

430

335

289

335

438

460

336

144

417

885

885

512

391

682

424

12

117

228

261

345

507

520

597

742

826

826

938

1024

1140

1257

D-2

D-3

D-4

D-5

D-6

D-7

D-8

D-9

D-10

D-11

D-12

D-13

0-14

D-15

D-16

304

346

297

311

245

299

312

306

319

341

324

308

315

307

302

('

AS

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



-A3.25-

Table A3.5b

Degradation Rate Calculation

Run No. 19A

Santowax OM

Summary:

Date: From

Irradiation Temp.

12/9/66

572 F

Terphenyl Concentration 63.1 w/o

Terphenyl Degraded 1369 gms

Averaged Dose Rate, r ,0.o6o

To 12/30/66

Type of Distillation HB

HB Concentration o.4o w/o

LIB/HB o-4o

Watts/gm

Density, p 0.911 gms/cc Length of Run 1257 MWH

In Pile Dose Rate Factor, FSW 78.2 Watt-cc/MW-gmT

Reactor Power

G(-omp)

4.88

0.178

-MW Fast Neutron Fraction, f '3

a(G) o.oo6

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (k5 ) =
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Total 0- M-.
Coolant 0-03 M-0 3

1.000 0.415 0.201
4615 1914 925

P-0 3  omp HB

0.015 0.631 0.264
71 2914 1217

gm/in

0

0

1.000 0.613 0.289 0.021 0.923 0
4636 2844 1342 95 4281 0
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Degradation Rate Calculation, Cont'd.

Total 0-0 M-0 P-3 omp HBCoolant 03 3 3 _ _ _ _

5. Makeup Tank (M)
Tank Calib. (kM) =
(a) Avg. Conc.
(b) Grams Returned

6. Net Transferred
(5.+4.-3.-2.-1.)

7. Initial Cone.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-10.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

gm/in

0

21 930 413 24 1367 -1217

o.416 0.202 0.015 0.633 0.263

5748 2391 1159 87 3637 1512
0
0

5769
0
0

-21
0
0
-21

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

0.414 0.201 0.015 0.630 0.264

2387 1159 89 3635 1524

4

4

934

0

0

-2 2

-2 2

-12

-12

413 22 1369 -1229

0.122 0.054 0.003 0.178 0.160

0.293 0.266 0.183 0.282
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 = 0

a(F)/F =

, (MWH) 2 = 1257

0.03

15. Intercept, ai

16. Slope, bi x 105

17. a(a) x 102
.1.

18. a(b i) x 105

19. a2 (Cinitial) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank (Return)

20. a2(C final) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank (Return)

21. a2(A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
Cd) Total

22. a 2(Net Transfer)
(a) Loop (D,L and X)
(b) Sample Tank
(c) Makeup Tank
(d) Total

0-03 M-03  P-03

o.416 0.202 0.015

-0.200 -0.058 0.029

omp HB

0.634 0.263

-0.249 0.102

0.126 0.093 0.035 0.190 0.440

0.185 0.136 0.051 0.275 0.636

158 86 12 256 1935

396 31 3 430

184 96 12 293

375

114

114

4

4

1891

38 11 424

61 8

61 8

1

1

0

0

182

182

8

8

1268

1268

16

1-6

23. a(W)/W

24. a(G)/G

25. a(G)

0.012 0.020 0.133 0.011 0.020

0.032 0.036 0.137 0.032 0.042

0.004 0.002 0.001 0.006 0.007
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Table A3.6a

Summary of Irradiation

Sample Accum. Terphenyl ConcentrationSample
No.

S-5

s-6

S-7

S-8

S-9

S-10

S-11

M- 5A

M-6

M-7

M-8

M-9

M- 10

M-11

14-12

Run
Time
(MWH)

283

400

518

644

756

870

1042

175

269

408

548

663

780

891

1006

wt.
(gram)

3284

2962

3059

2684

2530

2433

3123

592

3764

3357
2860

3302

2548

2539

2508

P

1.8

1.8

1.8

1.8

1.8

1.7

1.7

1.8

1.8

1.9

1.9

1.9

1.8

2.0

2.0

58.1 26.9 1.8

56.6 26.2 1.8

- w/o

OMP

87.7

87.2

86.7

86.1

85.5

85.0

84.1

95.8

92.1

92.8

93.2

91.7

92.3

91.8

90.6

of Santowax OM - Run 20A

Concentration Variance x10
8

a2 (0)

184

118

78

64

77

115

217

297

119

1047

769

527

698

514

33

86.8 23

84.6 89

a2 (M)

71

45

31

27

34

52

97

51

249

101

75

226

24

21

127

11

225

X-1 556 670 57.7 26.6 1.8 86.1 72 4o

a2(P)

3

2

1

1

1

2

4

a2 (oMP)

310

199

131

108

130

193

366

0

58.8

58.5

58.1

57.7

57.3

57.0

56.4

64.5

61.1

61.8

62.3

61.1

62.1

61.1

60.0

2

1)

36

323

150 6.1

Note: (1) Concentrations and Variances of S Samples were calculated from least square analysis

(2) Makeup Tank Calibration = 216.9 f 0.7 gms/in; Sample Tank Calibration = 219.8 * 1.6 gms/in

M

27.1

26.9

26.8

26.6

26.4

26.3

26.0

29.5

29.2

29.1

29.0

28.7

28.4

28.7

28.6

1 348

3 370

5 1153

1o 854

17 769

3 727

1 535

2 162

HB
w/o

6.3

6.2

6.1

6.1

6.o

5.9

5.9

0

0

0

0

0

0

0

0

6.2

6.0

L-2

L-3

19

18

404

775

a2(HB)xlop

308

200

130

98

107

153

326

Uj

200

107

130
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Table A3.6b

Degradation Rate Calculation

Run No. 20A

Santowax OM

Summary:

Date: From 1/10/67 To 1/214/67

Irradiation Temp. 572 F Type of Distillation HB

Terphenyl Concentration 86.1 w/o

Terphenyl Degraded 1711 gms

HB Concentration

LIB/HB

6.1 w/o

1.28

Averaged Dose Rate, F

Density, p 0.878 gms/cc Length of Run 964 MWH

SWIn Pile Dose Rate Factor, FT 76.8 .Watt-cc/MW-gm

Reactor Power

G (-omp)

4.86

0.307

MW Fast Neutron Fraction, f N 0.36

o(G) 0.012

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (ks) =
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Colant 0-0 M-03  P-0 omp HB

1.000 0.574 0.265 0.018 0.858 0.061
37 21 10 1 32 2

219.8gm/in
1.000 0.577
20075 11587

0.266 0.018 0.861
5341 351 17279

0.061
1218

1.000 0.618 0.286 0.019 0.922 0
556 343 159 11 513 0

0

S0.065 Watts/gm

0.878
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Degradation Rate Calculation, Cont'd.

Total 0-0 M-0 P-0 omp HBCoolant -3... L 3......

5. Makeup Tank (M)
Tank Calib. (kM)
(a) Avg. Conc.
(b) Grams Returned

6. Net Transferred
(5.+4.-3.-2.-l.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-l0.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

216.9gm/in
1.000 0.618 0.286 0.019 0.922
21469 13261 6132 406 19799

801

1.000
1.000
1.000

4996
1201
2655

1.000
1.000
1.000

5056
2863
1734

-60
-1662
921
-801

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

1310

0.588
0.588
o.645

2939
706
1711

0.565
0.565
0.611

2853
1615
1041

86
-909
670
-153

622

0.271
0.271
0.295

1354
325
782

0.263
0.263
0.287

1316
745
497

38
-420
285
-97

0
0

44 1976 -1220

0.018
0.018
0.019

88
21
49

0.017
0.017
0.020

88
49
35

0
-29
14
-15

0.877
0.877
0.958

4381
1052
2542

0.844
0.844
0.912

4257
2409
1573

124
-1358
969
-265

0.063
0.063
0

313
75
0

0.059
0.059
0

296
168
0

17
-93
0
-76

1157 525 29 1711 -1296

0.207 0.094 0.005 0.307 0.232

0.359 0.354 0.297 0.357
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 a 172

a(F)/F

s (MWH) 2 - 1136

0.03

15. Intercept, a i

16. Slope, b x 105

17. a(a) x 102

18. a(b )x 105

19. a2 (Cinitial) x 10

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2 (Cfinal) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

21. a2 (A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a2 (Net Transfer)
(a) Loop (D,L and
(b) Sample Tank
(c) Makeup Tank
Cd) Total

0-0 M-0 P-03  omp HB

0.6oo 0.275 0.018 0.890 0.064

-3.208 -1.402 -0.020 -4.571 -0.543

0.212 0.133 0.026 0.275 0.270

0.307 0.200 0.039 0.399 0.374

184 71
184 71
297 51

217 97
217 97
33 127

118
248
229
595

8
133
413
554

X)

46
56
54
156

2
44
105
151

3
3
1

4
4
2

2
0
1
3

0
1
3
4

310
310
349

309
309

366 326
366 326
162 - - --

206
546
509
1261

24
256
599
879

180
31

211

0
118

118

23. O(W)/W

24. a(G)/G

25. a(G)

0.029 0.033 0.091 0.027 0.014

0.042 0.045 0.096 0.040 0.033

0.009 0.004 0.001 0.012 0.008
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Summary of Irradi

Table A3.7a

ation of Santowax OM - Run 20B

Accum. Terphenyl ConcentrationSample Sample
No. Wt.

(gram)

S-1 3628

S-2 3752

S-3 2359

S-4 3671

S-5 3670

S-6 4271

S-7 3171

M-1 2567

M-2 3610

M-3 3839

M-4 2343

M-5 3726

M-6 3739

M-7 4222

Run
Time
(MWH)

16

254

509

730

977

1224

1452

0

155

498

722

878

1109

1352

M

25.9

25.6

25.5

25.1

25.6

25.6

25.7

29.0

28.4

28.1

28.6

28.1

28.3

27.9

P

1.9

1.8

1.9

1.8

1.8

1.9

1.9

2.2

1.9

1.9

1.9

1.9

2.0

2.0

- w/o

OMP

81.5

81.2

80.8

79.4

80.3

80.1

80.3

92.5

89.9

89.9

90.7

89.8

89.9

89.2

Concentration Variance

2 2 2

a2 (0)

103

66

46

44

66

93

140

679

167

110

142

80

160

496

a 2(M)

76

49

34

33

50

70

107

135

300

122

210

198

260

113

a2 (P)

3

2

2

2

2

3

5

7

7

1

4

14

13

6

19

17

19

351

513

740

53.5 25.4 1.8

51.7 24.4 1.7

52.6 25.1 1.8

80.7 196

77.8 60

79.6 26

4

57-
63

4

1

3

204

118

91

9.2

9.1
8.7

1605

985

852

D-1 303 1380 64.1 30.9 2.4 97.4 101 356 8 664 0

X-1 132 727 53.1 25.6 1.8 80.5 160 50 3 213 o.848 980

Note: (1) Concentrations and Variances of S Sample were calculated from least square analysis

(2) Makeup Tank Calibration = 220.2 * 0.5 gnms/in; Sample Tank Calibration = 221.6 + 0.9 gms/in

x108

0

53.7

53.8

53.4

52.5

52.9

52.6

52.7

61.3

59.6

59.9

60.2

59.8

59.6

59.3

HB
w/o

9.6

9.3

9.1

8.9

8.6

8.4

8.2

a2(HB)xio

2529

1605

985

760

856

1306

2050

S2(oMP)

324

209

145

140

210

295

446

820

474

233

356

292

432

614

L-2

L-3

L-4

0

0

0

0

0

0

0

3>
CM
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Table A3.7b

Degradation Rate Calculation

Run No. 20B

Santowax OM

Summary:

Date: From 1/30/67 To 2/17/67

572 0F

Terphenyl Concentration 80.5 w/o

Terphenyl Degraded 2246 gms

Averaged Dose Rate, r

Density, p

0.0613

0.882 -gms/cc

Type of Distillation HB

HB Concentration 8.5 w/o

LIB/HB 1.29

Watts/gm

Length of Run 1454 MWH

In Pile Dose Rate Factor, FW 7.5 Watt-cc/MW-gm

Reactor Power

G(-omp)

4.88

0.270

MW Fast Neutron Fraction, fNO.3 6

a(G) 0.010

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (ks) =
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Total 0-03 M-.03
Coolant __3_ M- 3

P-0 3 omp HB

1.000 0.526 0.250 0.018 0.794 0.091
55 29 14 1 44 5

221.6gm/in
1.000 0.531
24547 13033

0.256 0.018 0.805 0.085
6284 449 19766 2081

1.000 0.531 0.256 0.018 0.805 0.085
132 70 34 2 106 11

1.000 0.641 0.309 0.024 0.974 0
303 194 94 7 295 0

Irradiation Temp.
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Degradation Rate Calculation, Cont'd.

Total 0-93 M-0 3 mp HB
Coolant 0-3 M- 3 P- 3 op H

5. Makeup Tank (M)
Tank Calib. (kM = 20.2 gm/I
(a) Avg. Conc. 1.000
(b) Grams Returned 24045

0.598 0.283 0.020 0.901 0
14392 6800 472 21664 0

6. Net Transferred
(5.+4.-3.-2.-l.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-la.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

-387

1.000
1.000
1.000

5278
3955
902

1.000
1.000
1.000

5327
693
3728

-49
3262
-2826
387

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

1454 562

0.537
0.537
0.613

2836
2125
553

0.525
0.525
0.593

2795
364
2209

41
1761
-1656
146

0.257
0.257
0.290

1356
1016
261

0.255
0.255
0.279

1359
177
1041

-3
839
-780
56

27 2043 -2097

0.018
0.018
0.022

95
71
20

0.019
0.019
0.020

99
13
73

-4
58
-53
1

0.812
0.812
0.925

4287
3212
834

0.799
0.799
0.892

4253
554
3323

34
2658
-2489
203

1600 618 28 2246

0.096
0.096
0

505
378
0

0.082
0.082
0

436
57
0

69
321
0
390

-1707

0.193 0.074 0.003 0.270 0.205

0.363 0.290 0.180 0.336



-A3.37-

Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 = 0

a(F)/F =

(MWH)
2 = -

0.03

1454

15. Intercept, a i

16. Slope, b x 105

17. a(a )x 102

18. a(b )x 105

19. a2 (Cinitial) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2 (Cfinal) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

21. a2(A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a2 (Net Transfer)
(a) Loop (D,L and X)
(b) Sample Tank
(c) Makeup Tank
(d) Total

0-03 M-03  P-03

0.537 0.257 0.018

-0.877 -0.117 o.o46

omp HB

0.812 0.096

-0.954 -0.955

0.103 0.089 0.019 O'.183 0.510

0.122 0.106 0.023 0.218 0.545

102 76
103 76
679 135

3
4
7

139 106 5
140 107 5
496 113 6

71
193
311
575

7
121
275
403

23. a(W)/W

24. a(G)/G

52
51
69
172

2
65
176
241

2
1
1
4

0
3
6
9

324
324
821

445
446
614

220
454
646
1320

21
340
523
884

2529
2529

2050
2050

1290
324

1614

0
1278

1278

0.020 0.033 0.129 0.021 0.032

0.036 0.045 0.132 0.036 0.044

0.007 0.003 0.001 0.010 0.00925. a(G)
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Sample Sample Accum. Terphenyl C
No.

S-1

S-2

S-3

M- 1

M- 2

M- 3

M-4

L- 2

L-3

L-4

wt.
(gram)

3018

3602

3168

3675

3022

3601

3258

19

19

21

X- 1

X-2

X- 3

X-4

Note:

19

35

46

238

Run
Time
(MWH)

97

241

332

8

202

285

388

97

185

290

87

287

293

215

0

50.6

50.7

50.9

58.5

56.9

56.7

56.8

50.7

51.1

51.3

58.5

56.7

56.8

50.6

Table A3.8a

Summary of Irradiation of Santowax OM - Run 21

oncentration - w/o Concentration Variance x108

M

25.5

25.7

25.9

28.2

28.0

28.5

28.4

25.6

25.8

25.9

28.2

28.5

28.5

25.5

P

1.9

2.0

2.1

2.1

2.1

2.1

2.1

2.0

2.0

2.0

2.1

2.1

2.1

OMP

78.0

78.4

78.8

88.8

87.0

87.3

87.3

78.3

78.9

79.2

88.8

87.3

87.4

1.9 78.0

2 2 2

a2 (0)

123

43

48

226

139

124

53

86

95

146

226

124

124

139

a2 (M)

48

17

19

29

109

140

16

110

68

76

29

140

140

110

a2 (

3

1

1

1

1

9

3

1

1

1

1

9

9

1

a2 (OMP)

309

108

123

257

250

273

72

227

252

386

257

250

250

HB a (HB)xlO
w/o

10.0

8.9

8.2

329

106

89

0

0

0

0

10.0

8.9

8.9

329

106

106

0

0

0

(1) Concentrations and Variances of S and L Samples were calculated from least square analysis

(2) Makeup Tank Calibration = 221.0 + 0.8 -,ms/in; Sample Tank Calibration - ?19.5 ± .7 -ms/in

366 9.0 150

I
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Table A3.8b

Degradation Rate Calculation

Run No. 21

Santowax OM

Summary:

Date: From

Irradiation Temp.

3/13/67

750 F

Terphenyl Concentration 78.0 w/o.

Terphenyl Degraded 1028 gms

Averaged Dose Rate, F 0.024

To 3/28/67

Type of Distillation HB

HB Concentration 9.0 w/o

LIB/HB 1.44

Watts/gm

Density, p 0,780 gms/cc Length of Run 423 MWH

In Pile Dose Rate Factor, FT 74.2 Watt-cc/MW-gm

Reactor Power

G(-omp)

L~93~~~_MW

0,476

Fast Neutron Fraction, f 36

a(G) 0.023

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (k)=
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Total
Coolant L M- 3  P- 3  omp HB

1.000 0.511 0.258 0.020 0.789 o.085
144 73 37 3 113 12

219.5gm/in
1.000 0.506
9788 4949

0.255 0.019 0.780 0.090
2497 189 7635 880

1.000 0.525 0.264 0.020
338 178 89 7

0.808 o.063
274 21

0
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Degradation Rate Calculation, Cont'd.

Total 0-0 M-0 P-0 omp HBCoolant 3j 3.L~

5. Makeup Tank (M)
Tank Calib. (kM) =
(a) Avg. Conc.
(b) Grams Returned

6. Net Transferred
(5.+4.-3.-2.-l.)

7. Initial Conc.
(a) Coolant:
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-10.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

221.(Em/in
1.000 0.573 0.283 0.021 0.876 0
13556 7762 3831 283 11876 0

3286 2562 1208 84 3854 -913

1.000
1.000
1.000

4800
1968
1785

1.000
1.000
1.000

4741
3546
3552

59
-1578
-1767
-3286

0.501
0.504
0.591

2406
992
1054

0.514
0.508
0.568

2439
1800
2017

-33
-808
-963
-1804

0.253
0.253
0.286

1215
497
510

0.260
0.259
0.284

1233
919
1010.

-18
-422
-500
-940

0.019
0.019
0.020

92
36
36

0.021
0.021
0.022

97
73
76

-5
-37
-40
-82

0.773
0.776
0.897

3713
1525
1600

0.795
0.788
0.874

3769
2792
3103

-56
-1267
-1503
-2826

0.100
0.100
0

481
197
0

0.074
0.082
0

349
289
0

132
-92
0
40

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) - G(-omp)/C,
G*(-i) a G(-i)/C i

758 268 2 1028 -873

0.351 0.124 0.001 0.476 0.405

0.694 0.487 0.046 0.611
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 - 3

a(F)/F =

(MWH)2 a 426

0.03

0-0 M-0 P-0L L- 3 L

15. Intercept, a i

16. Slope, b x 105

17. a(a i) x 102

18. a(b ) x 105

19. a2 (Cinitial) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2 (Cfinal) X 10

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

omp HB

0.503 0.251 0.018 0.772 0.108

1.084 1.939 0.651 3.686 -7.923

0.154 0.096 0.024 0.245 0.247

0.511 0.322 0

262 207 2
123 48 3
304 249 5

193 153 2
105 42 3
53 16 3

.082 0.813 0.758

692 329
309 329
558 0

511 180
267 89
72 0

21. a2(A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a 2(Net Transfer)
(a) Loop (D,L and
(b) Sample Tank
(c) Makeup Tank
(d) Total

23. aCW)/W

24. a(G)/G

0.033 0.058 1.000 0.037 o.o16

0.045 0.065 1.000 0.048 0.034

0.016 0.008 0.001 0.023 0.01425. a(G)

X)

108
165
219
492

3
41
98
142

83
44
57
184

1
14
42
57

1
0
1
2

0
0
2
2

285
397
504
1186

7
100
177
284

132
20
0
152

0
53
0
53
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Table A3.9a

Summary of Irra

Sample Sample Accum. Terphenyl Concentration -
No. Wt. Run

(gram) Time
(MWH)

S-2 3219 196

S-3 3021 276

S-4 4103 318

4067

3328

3027

4140

21

24

18

17

77

761

196

245

289

366

98

196

243

332

158

209

0

50.1

50.3

50.4

56.8

57.4

57.4

55.8

51.7

51.0

50.7

50.1

M

25.9

26.2

26.4

29.0

29.8

29.6

29.2

26.5

26.4

26.4

26.4

P

2.0

2.0

2.0

2.2

2.2

2.2

2.2

2.0

2.0

2.0

2.0

50.3 26.2 2.0

56.8 29.4 2.2

diatIon of Santowax OM - Run 22

w/o Concentration Variance x108

OMP

78.0

78.5

78.8

88.0

89.4

89.2

87.2

80.2

79.4

79.1

78.5

78.5

88.4

a2(0) a2(M) a (P) a2(OMP)

156 29 2 249

128 25 1 205

171 33 2 280

22

37

73

20

1488

824

504

708

140

73

86

214

51

8

335

184

111

148

28

51

3

7

2

1

8

4

2

3

2

2

ill 0

259 0

126 0

29 0

3448 9.9

1917 9.4

1179 8.9

1673 8.5

230 8.9

126 0

Note: (1) Concentrations and Variances of S and L Samples were calculated from least square analysis

(2) Makeup tank Calibration = 220.6 * 1.2 gms/in; Sample Tank Calibration = 221.0 ± 1.0 gms/in

a (HB)xloHB
w/o

9.4

8.8

8.5

M--3

M-4

M- 5

m-6

L-3

L-4

L-5

L-6

X- 1

X-2

2282

1520

1844

2400

2282

16o

1844

1600

I

I
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Table A3.9b

Degradation Rate Calculation

Run No. 22

Santowax OM

Summary:

Date: From

Irradiation Temp.

4/5/67

800 OF

Terphenyl Concentration 78.5 w/o

Terphenyl Degraded 1644 gms

Averaged Dose Rate, r 0.023

To 4/18/67

Type of Distillation HB

HB Concentration 8.9 w/o

LIB/HB 1.42

Watt s/gm

Density, p 0.776 gms/cc Length of Run 290 MWH

In Pile Dose Rate Factor, F 73.8 Watt-cc/MW-gm

Reactor Power

G(-omp)

1.92

1.153

MW Fast Neutron Fraction, N 0*36

a(G) 0.044

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (k5) =(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Total 0-0 M-0
Coolant 3j P-0 omp HB

1.000 0.509 0.264 0.020 0.793 0.093
80 41 21 2 64 7

221.cgm/in
1.000 0.503 0.262 0.020 0.785 0.089
10343 5201 2710 209 8120 921

1.000 0.562 0.291 0.022 0.874 0.089
838 471 244 18 733 7

0
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Degradation Rate Calculation, Cont'd.

Total 0-0 3 M- P-0 omp HB

5. Makeup Tank (M)
Tank Calib. (kM) = 220.6 gm/ir
(a) Avg. Conc. 1.000
(b) Grams Returned 14562

0.568 0.293 0,022 0.883
8267 4274 322 12863

6. Net Transferred
(5.+4.-3.-2.-l.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A .Correction
(8.-10.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

3301

1.000
1.000
1.000

4592
1163
4194

1.000
1.000
1.000

4388
3042
5820

204
-1879
-1626
-3301

2555 1300 92 3947 -935

0.499
0.499
0.635

2374
581
2663

0.505
0.504
0.558

2181
1537
3247

193
-956
-585
-1348

0.255
0,255
0.301

1216
297
1262

0.266
0.264
0.292

1157
810
1699

59
-513
- 437
-891

0.021
0.021
0.024

0,775
0.775
0.960

91 3680
24 902
102 4027

0.020
0.020
0.022

0.791
0.788
0.872

90 3428
61 2407
130 5076

1
-36,
-28
-63

252
-1505
-1050
-303

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

1207 409 29 1644 -960

0.846 0.287 0.020 1.153 0.674

1.683 1.094 0.990 1.469 -

0
0

0.102
0.102
0

469
119
0

.o81
0.085
0

353
260
0

116
-141
0
-25



-A3. 47-

Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 94 , (MwH)2 =

y(F)/F =a

384

0.03

0-0 M-0 P-0 omp,

15. Intercept, a

16. Slope, bi x 105

17.

18.

a(ai) x 102

a(bi) x 105

19. 02(Cinitial) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2 (C final) x 10

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

21. a2(A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a2 (Net Transfer)
(a) Loop (DL and
(b) Sample Tank
(c) Makeup Tank
(d) Total

0.497 0.252

2.048 3.644

0.287 0.124

1.054 o.461

433 80
433 80
42 102

320 62
171 33
20 8

154
197
230
581

4
75
50
129

X)

31
52
73
156

1
16
53
70

0.021 0.770

-0.286 5.572

0.108

-7.254

0.033 0.363 1.084

0.116 1.337 3.750

6
6
8

3
2
1

2
1
1
4

0
1
1
2

678 6186
678 6186
152 0

517 3374
276 1844
29 0

249
467
552
1268

10
137
142
289

1964
249
0
2113

0
686
0
686

23. aCW)/W

24. a(G)/G

0.022 0.037 0.084 0.024 0.055

0.037 0.047 0.090 0.038 0.063

0.032 0.014 0.002 0.044 0.04225. o(G)

HB
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Table A3.10a

Summary of Irradiation of Santowax OM - Run 23

Sample Sample
No. Wt.

(gram)

S-7

S-8

S-9

S-10

3190

3128

1819

2100

Accum. Terphenyl Concentration -
Run

Time
(MWH)

198

332

394

482

M-8 4192 136

M-9 3197 284

M-10 3156 392

L-13 22

L-14 23

L-15 22

L-16 20

L-17 23

L-18 21

L-19 22

L-20 19

L-21 20

X- 1

X-2

X-3

X-4

23

82

169

13

137

183

194

231

285

333

376

427

479

138

285

340

423

0

51.2

51.4

51.5

51.7

M

26.5

26.9

27.0

27.3

P

2.2

2.3

2.3

2.4

57.1 29.1 2.6

57.3 29.4 2.4

57.2 29.6 2.5

51.8

51.8

51.8

51.8

51.8

51.8

51.7

51.7

51.7

57.2

57.3

51.4

57.2

26.2

26.4

26.4

26.5

26.6

26.7

26.9

27.0

27.1

29.3

29.4

26.9

29.7

2.1

2.1

2.2

2.2

2.2

2.2

2.3

2.3

2.3

2.4

2.4

2.3

2.5

w/o Concentration Variance x108

OMP

79.9

80.6

80.8

81.3

88.8

89.1

89.3

80.1

80.3

80.4

80.5

80.6

80.7

80.9

81.o

81.1

88.9

89.1

80.6

89.4

02(o)

184

56

66

157

31

97

412

51

36

33

26

21

23

30

44

65

90

97

40

430

2 (M)

100

31

37

87

20

119

64

28

20

18

14

12

13

17

25

37

109

119

22

70

(p)

16

6

7

17

16

9

10

5

3

3

2

2

3

4

5

7

9

9

3

11

Note: (1) Concentrations and Variances of S and L Samples were calculated from least square analysis

(2) Makeup Tank Calibration = 217.7 t 0.4 gms/in; Sample Tank Calibration = 219.9 * 0.6 gms/in

HB
w/o

8.0

7.7

7.6

7.4

8218

2312

2487

5952

0

0

0

a
2 (oqp)

654

214

244

545

66

225

485

101

71

66

51

43

49

65

95

139

215

225

70

490

(A

8.1

8.0

8.o

7.9

7.8

7.7

7.6

7.5

7.4

0

0

7.7

0

8300

8200

8200

6500

4300

2300

2400

3800

5900

2300

02 (HB)x10
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Table A3.lob

Degradation Rate Calculation

Run No. 23

Santowax OM

Summary:

Date: From

Irradiation

5/17/67

Temp. 700 F

Terphenyl Concentration 80.6 w/o

Terphenyl Degraded 701 gms

Averaged Dose Rate, r 0.022

To 6/2/67

Type of Distillation HB

HB Concentration 7.7 w/o

LIB/HB 1.52

Watts/gm

Density, p 0.821 gms/cc Length of Run 382 MWH

In Pile Dose Rate Factor, FSW 72.8 Watt-cc/MW-gmT

Reactor Power

G (-omp)

1.93

0,357

MW Fast Neutron Fraction, f N O6

a(G) 0.023

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (k5 ) =
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Total 0- -O P-0
Coolant 0-03 M-03  3

1.000 0.517 0.266 0.022
192 99 51 4

219.9gm/in
1.000 0.514
10237 5263

omp

0.806 0.078
154 15

0.269 0.023 .86 0.077
2750 234 8247 790

1.000 0.538 0.279 0.024 0.841 o.o46
288 155 80 7 242 13

0
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Degradation Rate Calculation, Cont'd.

Total 0-0 M-0 P-03 omp HBCoolant 3- 3 3_

5. Makeup Tank (M)
Tank Calib. (kM) = 217.7gm/i
(a) Avg. Conc. 1.000
(b) Grams Returned 10545

0.572 0.293 0.025 0.890 0
6028 3093 265 9386 0

6. Net Transferred
(5.+4.-3.-2.-l.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-l.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

-172 511

1.000
1.000
1.000

5211
1985
1 752

1.000
1.000
1.000

5257
665
2854

-46
1320
-1102
172

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/C i

0.518
0.512
0.569

2702
1016
qq7

0.517
0.517
0.572

2719
344
1631

-17
672
-634
21

532

212

0.261
0.265
0.294

1361
525
516

0.271
0.273
0.296

1425
182
844

-64
343
-328
-49

20 743

0.021
0.022
0.025

0.800
0.799
0.888

108 4171
44 1585
44 1567

0.023
0.024
0.025

0.811
0.814
0.893

123 4267
16 542
71 2546

-15
28
-27
-14

163 6

-96
1043
-989
-42

701

-818

0.080
0.080
0

417
159
0

0.074
0.074
0

390
49
0

27
110
0
137

-681

0.271 0.083 0.003 0.357 0.348

0.524 0.311 0.149 0.443
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH)1 = 102 , (MWH) 2 =

S(F) /F =

484

0.03

0-03 M-03 omp HB

15. Intercept, a i

16. Slope, bi x 105

17. a(ai) x 10 2

18. ar(b )x 105

19. a2 (Cinitial) x 10
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2(Cfinal) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

0.519 0.259

-0.316 2.555

0.020 0.798 0.084

0.674 3.011 -2.046

0.113 0.084 0.036 0.160 1.801

0.354 0.264

73
184
90

40
100
97

65 37
157 37
412 64

0.117 0.509 4.904

7 145 8218
16 654 8218
0 187

8 139 5952
17 545 5952
10 485 0

21. a2 (A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a 2 (Net Transfer)
(a) Loop (D,L and
(b) Sample Tank
(c) Makeup Tank
(d) Total

23. O(W)/W

24. a(G)/G

o.o46 0.089 0.762 0.056 0.110

0.055 0.093 0.763 o.064 0.115

0.015 0.008 0.002 0.023 0.04025. a(G)

X)

94
16o
211
465

3
60
81
144

53
45
55
153

1
26
28
55

9
1
1

0
8
5
13

333
398
485
1216

10
185
142
337

3I78
185
0
4265

0
1408
0
1408
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Table A3.1la

Summary of Irradiation

Sample Sample Accum. Terphenyl Concentration
No. Wt. Run

(gram) Time
(MWH)

s-2 2855 714

S-3 2932 831

s-4 2388 944

S-5 2829 1065

M-3

M-4

M-5

M-6

M-7

3178

2886

2920

2379

2878

L-2 21

L-3 20

L-.4 19

L-5 19

L-6 21

X- 1

X-2

X- 3

x-4

X- 5

28

35

132

62

15

650

758

875

997

1099

621

737

846

958

1060

620

782

950

962

1201

0

52.0

52.0

52.0

52.0

56.6

57.2

56.2

56.2

56.5

52.4

52.3

52.3

52.2

52.1

56.6

57.2

52.0

56.2

52.1

M

27.2

27.3

27.3

27.4

29.4

29.6

29.5

29.3

29.3

27.1

27.2

27.3

27.4

27.4

29.4

29.5

27.3

29.4

27.4

P

2.5

2.5

2.5

2.5

2.6

2.6

2.6

2.7

2.7

2.5

2.5

2.5

2.5

2.5

2.6

2.6

2.5

2.7

2.5

w/o

OMP

81.7

81.8

81.8

81.9

88.6

89.4

88.3

88.2

88.5

82.0

82.0

82.1

82.1

82.1

88.6

89.1

81.8

88.3

82.0

of Santowax OM - Run 23A

Concentration Variance x1O

a (0)

93

57

55

87

299

372

306

4

156

163

96

62

56

76

300

350

60

95

60

a 2(M)

31

19

18

29

125

62

183

27

35

69

41

26

24

33

130

60

21

55

32

a2( P)

2

2

1

2

2

1

3

1

5

4

2

1

1

2

2

1

1

2

a2 (OMP)

179

110

106

168

427

435

492

32

195

310

182

118

107

147

450

425

110

215

120

HB
w/o

6.7

6.5

6.4

6.2

a (HB)xlO

793

467

407

616

0

0

0

0

0

6.8

6.6

6.6

6.4

6.2

0

0

6.5

0

6.4

UI

850

681

432

512

620

425

390

Note: (1) Concentrations and Variances of S and L Samples were calculated from least square analysis

(2) Makeup Tank Calibration - 216.2 + o.4 gms/in; Sample Tank Calibration = 218.1 + 0.5 gms/in
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Table A3.llb

Degradation Rate Calculation

Run No. 23A

Santowax OM

Summary:

Date: From 6/6/67 To

Irradiation Temp. 700 0F

Terphenyl Concentration 82,0 w/o

Terphenyl Degraded 961 gms

Averaged Dose Rate, r 0.057

Type of Distillation HB

HB Concentration 6.5 w/o

LIB/HB 1.77

Watts/gm

Density, p gms/cc Length of Run 580 MWH

In Pile Dose Rate Factor, FSW 723 Watt-cc/MW-gmT yatc/Wg

Reactor Power

G(-omp)

4.85

0,326

.MW Fast Neutron Fraction, f 0'6

a(G) 0.016

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (k) =
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Ctln 0~3 M-03 P~ 3 omp HBCoolant __3_ M- 3  P- 3 _______

1.000 0.523 0.273 0.025 0.820 o.065
100 52 27 3 82 7

216.2gm/in
1.000 0.520 0.273 0.025 0.818 0.065
11004 5718 3004 273 8995 710

1.000 0.533 0.279 0.025 0.837 0.046
272 145 76 7 228 13

0

6/14/67
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Degradation Rate Calculation, Cont'd.

Total 0~ M-93 3 mp HBCoolant 0-3 M03 - 3 ap H

5. Makeup Tank (M)
Tank Calib. (kM) =
(a) Avg. Conc.
(b) Grams Returned

6. Net Transferred
(5.+4.-3.-2.-1.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-10.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

218.1gm/in
1.000 0.566 0.294 0.026 0.886 o
14241 8054 4189 373 12616 o

2866 2139 1082 90 3311 -730

1.000
1.000
1.000

4958
1141
3446

1.000
1.000
1.000

5337
4072
3000

-379
-2931
446
-2866

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

0. 524
0.520
0.563

2598
593
1939

0.520
0.520
0.565

2777
2117
1696

-179
-1524
243
- 1460

0.272
0.272
0.290

1346
310
999

0.275
0.274
0.293

1467
1116
880

-121
-806
119
-808

0.025
0.024
0.025

122
28
87

0.025
0.025
0.027

136
103
80

-14
-75
7
-82

679 274 8

0.820
o.816
0.878

4066
931
3025

0.821
0.820
0.885

4380
3336
2656

-314
-2405
369
-2350

961

0.067
o.o67
0

333
77
0

0.059
0.059
0

317
242
0

16

0
-149

-879

0.230 0.093 0.003 0.326 0.298

0.440 0.342 0.112 0.398
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 = 621 ___, (MWH)2 =

a(F)/F =

1201

0.03

0-03 M-03 P-03

15. Intercept, a,

16. Slope, bi x 105

17. a(a ) x 102
.1.

18. a(b ) x 105

19. a 2C(Cinitial) x 1o8

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2 (Cfinal) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

21. a2 (A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a 2(Net Transfer)
(a) Loop (D,L and X)
(b) Sample Tank
(c) Makeup Tank
Cd) Total

23. a(W)/W

24. a(G)/G

25. a(G)

0.528 0.268

-0.638 0.581

0.023 0.820 0.079

0.145 0.088 -1.576

0.326 0.213 0.050 0.450 0.925

0.344 0.225 0.053 0.475 0.987

163 69
163 54
518 72

156 68
178 60
156 35

62
188
235
485

4
50
140
194

310
315
592

299
345
195

118
454
503
1075

11
110
237
358

27
53
57
137

1
15
49
65

793
793

616
616

371
178

549

0
178

178

0.038 0.052 0.275 0.039 0.031

0.049 0.060 0.277 0.050 0.043

0.011 0.006 0.001 o.o16 0.013

omp HB
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Table A3,12a

Summary of IrradIat$on of San94ax 0M - Run4

Sample Sample
No. Wt

(gp
4

m)

8-2 2889

s-3 2914

8-4 3370

8-5 3151

8-6 3034

8-7 3032

S-8 3028

8-9 3047

Concentration Vriance#10

j(0) oP(M) o*(?) 9F2 (MP)

Accum
Run

()
234

367

503

712

830

947

1091

1214

244

347

485

619

737

854

991

1112

221

358

461

508

600

718

836

968

988

1078

1196

342

493

710

848

Torphonyl Concentration - w/o

0 M r ON?

50.8 27,3 2.5 80.6

50.7 27.3 2.5 80,6

50.7 27.4 2.6 8o,6

50,6 27.4 2.6 80,6

50.5 27.5 2.6 80.6

50.5 27.5 2.7 80,7

50.4 27.6 2.7 80.7

50.3 27.6 2,7 80,7

56.0 29.8 2.8 88.6

56.4 30,0 2,7 89,1

54.7 29.7 2.7 87.1

55.0 29,9 2.7 87,6

55.8 30.0 2,7 88.5

56.0 30.1 2.8 88.9

55.1 29.9 2,8 87.8

55.0 29.6 2.8 87.4

50.4 27,3 2.5 80,2

50.4 27.3 3.5 80.2

50.3 27.4 2.5 80,2

50.3 27,4 2,5 80,2

50,3 27.4 2.5 80.2

50,3 27,5 2,5 80.3

50.3 27.5 2,6 80.4
50.2 27.6 2.6 80.4
50.2 27,6 2.6 80.4

50.2 27.6 2,7 80.4
50.2 27.7 2,7 80.4

56.0 29.9 2,7 88.6

54.9 29.8 2,7 88.4

50.6 27.5 2.6 80.7

55.9 30.1 2,7 89,0

5

3

2

1

2

3

4

Note: (1) concentrations and Variances of A and L Samples were calculated from least square analysis

(2) Makeup Tank Calibration v 217,3 * 0.5 one/ins Sample Tank Calibration 217,8 t 0.6 sma/in

179

122

81

51

52

66

101

146

105

447

270

173

104

8W6

64

274

62

39

28

24

19

17

22

33

35
48

70

120

315

155

502

HB
w/o

7.3

7,2

7.2

7,1

7.1

7.1

7.0

7.0

o,2(Ho)xl108

545

372

249

164

172

221

336

482

27

19

12

8

8

10

16

22

41

51

57

96

35

99

343

230

19

12

9

8

65

32

74

11

11
16

22

45

65

32

74

0

0

0

0

0

0

0

0

M-2

M-3
K-4

K- 5

m-6

M-7

X-8

M-9

L-3

L-4

L-5
L-6
L-7

-8

L-9

L-10

L- 11

L- 12

-13

X-1

X-2

X-3

x-4

1890

2920

2914

3350
3202

3070

2981

3036

18

21

20

19

20

20

18

20

20

19

16

23

28

728

23

236

161

106

67

69

88

135

195

149

503

337

274

143

906

408

508

79

51

36

30

24

22

28

43

46

62

90

100

450

230

672

(A

ID

7.3

7,3

7.2

7.2

7,2

7,1

7.1

7.1

7,0

7.0

7,0

0

0

7.1

0

545

545

372

372

249

164

172

221

336

375

482

600
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Table A3.12b

Degradation Rate Calculation

Run No. 24

Santowax OM

Summary:

Date: From 6/20/67 To 7/7/67

Irradiation Temp. 750 F

Terphenyl Concentration 80.3 w/o

Terphenyl Degraded 1955 gms

Averaged Dose Rate, r 0.057

Type of Distillation HB

H5 Concentration 7.1 w/o

LIB/HB 1.78

Watts/gm

Density, p* o.796 gms/cc Length of Run 1068 MWH

In Pile Dose Rate Factor, FSW 71.3 Watt-cc/MW-gmT

Reactor Power

G(-omp)

4.88

0.376

MW Fast Neutron Fraction, fNo.3
6

a(G) 0.01.4

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (k5 ) =
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Total 09f M0 PO op H
Coolant 0-03 M-03  3  mp HB

1.000 0.5)3 0.275 0.025 o.803 0.071
210 106 58 5 169 1.5

217. 8 gm/in
1.000 0.506
24465 12367

0.275 0.026 .86 0.071
6720 639 19726 1743

1.000 0.510 0.277 0.026 0.813 0.065
826 421 228 22 671 54

0
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Degradation Rate Calculation, Cont'd.

Total 0-0 M-0 P-0
Coolant 3 3.. L

5. Makeup Tank (M)
Tank Calib. (kM) -
(a) Avg. Conc.
(b) Grams Returned

6. Net Transferred
(5.+4.-3.-2.-l.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-10.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

217.3gm/in
1.000 0.
23363 12

-2138 68

1.000
1.000
1.000

4964
1398
5063

1.000
1.000
1.000

5203
1494
2592

-239
96
2471
2138

0.504
0.508
0.560

2502
710
2834

0.502
0.503
0.550

2610
752
1424

-108
-41
1409
1260

555 0.299 0.027 0.881 0
961 6983 638 20582 0

-23 -28 17

0.272
0.273
0.298

1350
382
1510

0.277
0.276
0.296

1440
413
768

-90
-31
743
622

0.025
0.025
0.028

0.801
0.806
0.886

123 3975
35 1127
143 4487

0.026
0.027
0.027

134
41
70

-11
-6
73
56

0.804
0.807
0.873

4184
1206
2262

-208
-79
2225
1938

-1811

0.073
0.073

361
102

0.070
0.070

364
104

-3
-3
0
-6

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

1328 599 28 1955 -1817

0.255 0.115 0.005 0.376 0.349

0.508 0.420 0.213 0.468

omp HB
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH)1 = 147 , (MWH)2 =

a(F)/F =

1215

0.03

0-03 M-03 P-03 omp HB

Intercept, 
ai

Slope, b x 105

0.504 0.272

-0.219 0.417

0.025 0.801 0.073

0.082 0.268 -0.290

17. a(ai) x 102

18. a(b )x 105

19. a2 (Cinitial) x 10

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a 2 (Cfinal) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

21. a2 (A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a 2(Net Transfer)
(a) Loop (D,L and X)
(b) Sample Tank
(c) Makeup Tank
Cd) Total

0.107 0.060 0.018 0.121 0.312

0.143 0.081

62 19
179 27
105 41.

0.024 0.162 0.382

2
5
3

70 22 2
146 22 4
274 230 4

35
149
221
405

6
124
264
394

11
44
72
127

2
27
104
133

1
1
1
3

0
2
3
5

79
236
149

90
195
508

45
375
524
944

15
227
447
689

545
545

482
482

260
18

277

0
234

234

23. a(W)/W

24. a(G)/G

0.021 0.027 0.100 0.021 0.013

0.037 0.040 0.104 0.037 0.033

0.009 0.005 0.001 0.014 0.01125. a(G)

15.

16.



-A3. 63-

A A A A A A A

o 0 0 00 0

a a a a a

A

0

A A A

0 0 * 0

700

a 13

total omp

0 0 0

ortho

o 0 a
meta

AA A A A

HB

0 0
para

1100

A

0

1500

IRRADIATION

FIGURE A3.9

TIME, MWH

TERPHENYL AND HIGH BOILER CONCENTRATION
DURING RUN 25 AT 800*F

100 L
80Or

60

40

130

0

zw
z
0

z
w

w

A

20

10

8

6

4

2

e

300

I I I I I I

I I II I I

(427 *C)



Sample S:imple
No. Wt.

(gram)

s-4 3861

S-5 3180

S-6 3929

S-7 3890

S-8 2280

S-9 3272

S-10 3993

S-11 4005

M-4

M-5

M-6

M-7

M-8

M-9

M- 10

M-11

M- 12

L--6

L-7

L-8

L-9

L- 10

L- 11

L- 12

L-13

3864

3839

3181

3967

3861

2349

3339

4050

4015

19

24

23

18

17

20

19

20

Accum.
Run

Time
(MWH)

593

702

824

942

1000

1080

1196

1314

517

622

741

858

967

1075

1114

1225

1342

599

718

835

953

995

1100

1216

1323

Table

Summary of Irradiation

Terphenyl Concentration - w/o

47.3

47.0

46.8

46.5

46.4

46.2

46.0

45.8

52.9

53.4

52.2

52.8

52.6

52.8

51.6

51.6

51.3

47.0

46.8

46.6

46.4

46.3

46.1

46.0

45.8

26.6

26.6

26.7

26.8

26.8

26.8

26.9

26.9

29.6

29.7

29.2

29.3

29.5

29.5

29.5

29.6

29.6

26.7

26.7

26.8

26.8

26.8

26.8

26.9

26.9

2.6

2.7

2.7

2.7

2.7

2.8

2.8

2.8

2.9

3.0

2.9

2.9

3.0

3.0

3.o

2.9

2.9

2.8

2.8

2.8

2.8

2.8

2.8

2.8

2.8

A3. I ja

of Santowax OM - Run 25

Concentration Variance x1o

OMP a (0)

76.5 85

76.3 63

76.2 48

76.0 44

75.9 46

75.8 52

75.7 68

75.5 95

85.3

86.1

84.3

85.1

85.1

85.2

84.0

84.0

83.8

76.5

76.3

76.2

76.0

75.9

75.8

75.6

75.4

329

273

312

1328

729

407

71

570

338

79

56

43

40

41

49

68

94

a (M)

46

35

27

25

27

31

41

56

95

218

153

3

172

142

41

104

158

39

27

21

20

21

25

35

48

a 2(p)

2

2

1

2

2

3

5

3

7

11

7

2

4

15

7

2

2

1

1

1

1

2

3

X-1 298 953 46.5 26.8 2.7 76.0 47 26 2 120 7.7 220

Note: (1) Concentrations and Variances of S and L Samples were calculated from least square analysis

(2) Makeup Tank Calibration = 217.1 + 0.4 gms/in; Snmple Tank Calibration = 217.3 ± 0.4 gms/in

HB

7.8

7.8

7.7

7.7

7.6

7.6

7.5

7.5

141

102

77

72

77

91

126

181

a (rMP)

185

138

107

99

103

118

156

216

429

494

471

1341

909

551

115

688

503

212

149

115

107

110

134

186

256

c>

-IJ

7.9

7.8

7.7

7.7

7.6

7.6

7.5

7.5

210

141

77

72

77

91

126

181



-A3.65-

Table A3.13b

Degradation Rate Calculation

Run No. 2

Santowax OM

Summary:

Date: From 7/17/67 To 7/28/67

Irradiation Temp. 800 0F Type of Distillation HB

Terphenyl Concentration 76.0 w/o HB Concentration 7.7 w/o

Terphenyl Degraded 2866 gms LIB/HB 2.12

Averaged Dose Rate, r 0.056 Watts/gm

Density, p 0.774 gms/cc Length of Run 908 MWH

In Pile Dose Rate Factor, FT 70.1 Watt-cc/MW-gm

Reactor Power 4.86 MW Fast Neutron Fraction, fN0.36

G(-omp) 0,678 a(G) 0.023

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (ks) =
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Total 0 0 -o op H
Coolant 0-3 M-0 3  P~0 3  omp HB

1.000 o.464 0.268 0.028 0.760 0.077
160 74 43 4 121 12

217.3gm/in
1.000 0.465 0.268 0.027 0.760 0.077
28410 13209 7602 772 21582 2174

1.000 0.465 0.268 0.027 0.760 0.077
298 139 80 8 227 23

0
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Degradation Rate Calculation, Cont'd.

Total 0~0 M-0 P-0
Coolant 0-3 3L 3

5. Makeup Tank (M)
Tank Calib. (kM) =(a) Avg. Conc.
(b) Grams Returned

6. Net Transferred
(5.+4.-3.-2.-l.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-l.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

217. lgm/in
1.000 0.523 0.295 0.029 0.848
32465 16986 9579 953 27518

3597

1.000
1.000
1.000

4672
2646
1355

1.000
1.000
1.000

5038
4493
2739

-366
-1847
-1384
-3597

0
0

3564 1854 169 5587 -2209

0.471
0.474
0.532

2194
1254
720

0.456
0.456
0.513

2298
2045
1404

-104
-791
-684
-1579

0.267
0.266
0.294

1248
703
399

0.269
0.270
0.296

1355
1212
812

-107
-509
-413
-102 9

0.027
0.026
0.029

0.765
0.766
0.855

129 3571
69 2026
39 1158

0.028
0.028
0.029

0.753
0.753
0.839

141 3794
128 3384
81 2297

-12
-59
-42
-113

-223
-1358
-1139
-2720

0.079
0.079

368
209

0.074
0.074

373
333

-5
-124

-129

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

1985 825 56 2866 -2338

0.470 0.195 0.013 0.678 0.553

1.013 0.728 0.479 0.893

omp HB
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 = 517 , (MWH)
2 =

a(F)/F =

1425

0.03

0-03 M-03 P-03

15. Intercept, a1

16. Slope, b x 105

17. a(a4 ) x 102

18. a(b i) x 105

19. a2 (Cinitial) x 10

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2 (Cfinal) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

21. a2 (A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a 2(Net Transfer)
(a) Loop (D,L and X)
(b) Sample Tank
(c) Makeup Tank
(d) Total

23. o(W)/W

24. ac(G)/G

25. ac(G)

0.479 0.266

-1.614 0.233

0.027 0.774 0.081

0.029 -1.466 -0.516

0.187 0.131 0.031 0.307 0.252

0.189 0.134 0.032 0.311 0.261

105 51
85 46
86 136

126 65
130 77
338 158

61
151
175
387

8
110
678
796

30
57
59
146

2
53
162
217

3
2
1

4
4
7

2
1
1
4

0
2
9
11

281
185
224

344
296
503

162
393
440
995

20
266
930
1216

210
210

253
253

119
47

166

0
118

118

0.017 0.023 0.069 0.016 0.007

0.035 0.038 0.075 0.034 0.031

o.o16 0.007 0.001 0.023 0.017

omp HB
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Table A3.14a

Summary of Irradiation

Sample Sample
No. Wt.

(gram)

3240

3473

3734

3718

3034

2802

3114

3769

2736

3501

3496

3776

3783

3011

3037

16

10

21

19

21

20

21

Accum. Terphenyl Concentration
Run

Time
(MWH)

366

554

745

936

1077

1224

1351

316

456

557

749

822

1092

1231

1357

436

582

691

832

1062

1180

1331

- w/o

of Santowax WR - Run 26

Concentration Variance xlo
8

0 M P OMP 02(o) a2 (M) a2 (P) a
2
(OMP)

14.2

14.1

14.1

14.0

13.9

13.9

13.9

16.4

16.6

15.6

15.7

15.6

15.4

15.2

15.6

14.1

14.1

14.0

13.9

13.8

13.8

13.7

61.5

61.6

61.8

61.9

62.0

62.1

62.2

70.7

70.2

68.7

69.7

68.6

69.3

68.1

70.6

61.2

61.2

61.2

61.2

61.3

61.3

61.3

6.6

6.6

6.6

6.6

6.6

6.6

6.5

7.2

7.1

7.2

7.1

7.1

7.1

6.9

7.0

6.4

6.5

6.5

6.5

6.5

6.5

6.5

82.3

82.3

82.4

82.5

82.5

82.6

82.6

94.2

93.9

91.5

92.6

91.3

91.8

90.2

93.1

81.8

81.7

81.7

81.6

81.6

81.6

81.5

202

117

68

56

71

108

157

392

58

663

133

89

1

162

289

68

49

40

34

39

48

65

297

173

100

82

103

157

229

409

79

729

149

107

43

205

306

126

91

73

62

70

88

123

HB
w/o

9.7

9.5

9.3

9.1

8.9

8.7

8.6

a2 (HB)xio

155

140

80

62

76

116

170

0

0

0

0

0

0

0

0

S-4

S-5

s-6

S-7

S-8

S-9

S-10

m-4

M-5

M-6

M-7

M-8

M-9

M- 10

M-11

L-3

L-4

L-5

L-6

L-7

L-8

L-9

155

140

80

80

76

116

170

X-1 2360 836 15.8 69.5 7.1 92.3 60 660 5 729 0

Note: (1) Concentrations and Variances of S and L Samples were calculated from least square analysis

(2) Makeup Tank Calibration = 210.9 + 0.9 gms/in; Sample Tank Calibration = 211.4 f 0.7 gms/in.

9.7

9.5

9.3

9.3

8.9

8.7

8.6

(PJ
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Table A3.14b

Degradation Rate Calculation

Run No. 26

Santowax WR

Summary:

Date: From 11/16/67 To

Irradiation Temp. 700 0F

Terphenyl Concentration 82.5 w/o

Terphenyl Degraded 2117 gms

Averaged Dose Rate, r o-o68

Type of Distillation HB

HB Concentration 9.13 w/o

LIB/HB 0.92

.Watts/gm

Density, p 0.832 gms/cc Length of Run 1053 MWH

In Pile Dose Rate Factor, FSW 85.3 Watt-cc/MW-gmT 3atc/Wg
Reactor Power

G(-omp)

4.88

0.328

MW Fast Neutron Fraction, fN 0.38

a(G) 0.012

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (k5 ) =(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Total
Coolant 0-03 M-03 P-0 3

omp

1.000 0.139 0.613 0.065 0.817
128 18 78 8 104

211. 4gm/in
1.000 0.140
23115 3237

HB

0.091
12

0.619 0.066 0.825 0.091
14298 1522 19057 2109

1.000 0.157 0.695 0.071 0.923 0
2360 372 1640 167 2179 0

0

12/5/67
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Degradation Rate Calculation, Cont'd.

Total 0-0 M-0 P-0 omp HB
Coolant 3 3 3 mp H

5. Makeup Tank (M)
Tank Calib. (kM) =
(a) Avg. Conc.
(b) Grams Returned

6. Net Transferred
(5.+4.-3.-2.-1.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-10.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

210.9gm/in
1.000
27109

0.157 0.695 0.071 0.923 0
4271 18835 1918 25024 0

1507 644 2819 201

1.000
1.000
1.000

4883
2853
2061

1.000
1.000
1.000

4772
1017
5515

111
1836
-3454
-1507

0.141
0.142
0.161

0.612
0.615
0.714

690 2993
404 1754
332 1471

0.137
0.138
0.156

0.613
0.622
0.706

652 2924
141 633
859 3894

38
263
-527
-226

69
1121
-2423
-1583

0.064
o.o66
0.073

3684 -2121

0.817
0.823
0.948

315 3998
189 2347
151 1954

o.o65
0.066
0.070

0.815
0.826
0.932

312 3888
67 841
384 5137

3
122
-233
-108

110
1506
-3183
-1567

0.097
0.097
0

475
277
0

0.086
0.086
0

409
'87
0

66
190
0
256

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

418 1586 113 2117 -1865

0.065 0.245 0.018 0.328 0.289

0.463 0.396 0.266 0.397
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 = 308

a(F)/F =

(MWH) 2 = 1361

0.03

0-03 M-03 P- 3

15. Intercept, a,

16. Slope, b x 105

17. a(ai ) x 10 2

18. a(bi) x 105

19. a2(Cinitial) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2 (Cfinal) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

21. a 2 (A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a2 (Net Transfer)
(a) Loop (D,L and
(b) Sample Tank
(c) Makeup Tank
(d) Total

0.143 0.612

-0.330 0.763

o.o66 0.821

-0.052 0.372

0.101

-1.157

0.071 0.217 0.067 0.263 0.189

0.074 0.225

10
22
41

10
17
15

5
13
22
40

1
29
12
42

X)

68 6
202 19
626 10

65 6
157 15
289 2

31
232
455
718

11
347
150
508

3
3
4
10

0
19
8
27

0.069 0.273 0.193

126 155
297 155
677 0

123 170
229 170
306 0

58
410
741
1209

19
463
240
722

82
9
0
91

0
89
0
89

0.022 0.022 0.054 0.021 0.00723. aCW)/w

24. a(G)/G

25. a(G)

0.037 0.037 0.062 0.037 0.030

0.002 0.009 0.001 0.012 0.009

omp HB
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Table A3.15a

Summary of Irradiation of Santowax WR - Run 27

Sample Accum. Terphenyl Concentration - w/oSample
No.

s-4

S-5

s-6

S-7

S-8

S-9

S-10

S-11

3-12

S-13

M-5

M-6

M-7

m-8

M-9

M- 10

M-11

M- 12

L-5

L-6

L-7

L-8

L-9

L-10

D-1 157 1188 15.6 71.9 9.0 96.6

X-1 311 683 12.4 60.4 6.5 79.3

Concentration Variance x10
8

a2(o) 0
2
(M) U2(p) 0

2
(oMP)

wt.
(gram)

3214

2353

2825

2793

2843

3000

3019

2503

2390

1767

3442

3182

2002

3000

2539

2655

3474

3142

23

22

24

23

22

155

Run
Tine
(M)

169

268

389

501

632

754

876

994

1107

1197

210

349

458

573

690

823

946

1049

314

314

526

654

906

1141

HB
w/o

8.4

8.3

8.3

8.2

8.2

8.1

8.1

8.0

7.9

7.9

a2 (HB)xlo
8

413

312

218

157

120

118

147

205

288

373

0 M P OMP

12.7 60.1 6.3 79.2

12.7 60.2 6.4 79.2

12.6 60.2 6.4 79.2

12.5 60.3 6.4 79.3

12.4 60.4 6.5 79.3

12.4 60.4 6.6 79.3

12.3 60.5 6.6 79.4

12.2 60.5 6.6 79.4

12.1 60.6 6.7 79.4

12.1 60.6 6.7 79.4

14.6 68.4 7.3 90.3

14.2 67.6 6.9 88.8

14.0 67.8 7.0 88.8

14.0 67.6 6.9 88.5

13.9 67.2 7.1 88.2

14.1 67.7 7.0 88.8

13.7 67.2 7.0 87.9

13.5 67.4 7.2 88.2

12.8 60.8 6.7 80.2

12.8 6o.8 6.7 80.2

12.6 6o.6 6.7 79.9

12.5 60.5 6.7 79.6

12.3 60.3 6.7 79.3

12.2 60.1 6.7 78.9

203

152

106

78

62

65

83

118

165

212

183

669

105

292

6

82

41

184

465

465

243

210

369

781

235

176

123

90

72

74

96

135

190

240

194

681

122

311

45

89

90

198

598

598

312

270

471

997

7 847 22 875 0

6 120 9 230 8.2 310

Note: (1) Concentrations and Variances of S and L Samples were calculated from least square analysis

(2) Makeup Tank Calibration = 208.3 ± 0.8 gms/in; Sample Tank Calibration = 213.5 ± 0.4 gms/in

0

0

0

0

0

0

0

0

8.3

8.3

8.2

8.2

8.1

7.9

312

312

157

120

147

373

)
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Table A3.15b

Degradation Rate Calculation

Run No. 27

Santowax WR

Summary:

Date: From 12/27/67 To

Irradiation Temp. 750 OF Type of Distillation HB

Terphenyl Concentration 79.3 Y/o

Terphenyl Degraded 2541 gms

HB Concentration

LIB/HB

8.2 w/o

1.52

Averaged Dose Rate, r

Density, p 0.808 gms/cc Length of Run 1128 MWH

In Pile Dose Rate Factor, FSTW 835 Watt-cc/MW-gm

Reactor Power

G(-omp)

4.87

0,389

_MW Fast Neutron Fraction, fNO.3 8

a(G) 0.013

Calculation of G:
Total 0-0 M-0 P-0
Coolant 3 3 - 3i omp HB

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (k) =
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

1.000 0.124 0.603 o.o66 0.793 0.081
269 33 162 18 213 22

213.5gm/in
1.000 0.124 o.6o4 0.065 0.793 0.082
26707 3316 16124 1739 21179 2176

1.000 0.124 0.604 0.065 0.793 0.082
311 39 188 20 247 25

1.000 0.156 0.719 0.090 0.966 0
157 25 113 14 152 0

1/15/68

0.065 Watts/gm
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Degradation Rate Calculation, Cont'd.

Total 0-03 M-O
Coolant 0-3 M

P-0 3 omp HB

5. Makeup Tank (M)
Tank Calib. (kM)
(a) Avg. Conc.
(b) Grams Returned

6. Net Transferred
(5.+4.-3.-2.-l.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank.

11. A Correction
(8.-10.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

208.3gm/in
1.000
23436

-3694 -81

1.000
1.000
1.000

4614
2033
4557

1.000
1.000
1.000

4817
818
1874

-204
1215
2683
3694

0.140 0.676 0.071 0.887 0
3282 15849 1654 20785 0

-512 -109 -702 -2223

0.127
0.127
0.146

0.601
0.602
o.684

587 2774
259 1222
664 3117

0.121
0.121
0.135

0.606
0.607
0.674

582 2921
99 496
254 1264.

5
160
410
575

-147
726
1852
2431

0.063
o.o63
0.073

0.792
0.793
0.903

291 3652
128 1609
332 4112

0.067
0.067
0.072

0.794
0.795
0.882

324 3827
55 650
135 1653

-33
73
197
237

-175
959
2459
3243

0.084
o.084
0

386
170
0

0.079
0.079
0

381
65

5
105
0
110

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

494 1919 128 2541 -2113

0.076 0.294 0.020 0.389 0.324

o.608 0.487 0.302 0.491
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 = 70

a(F)/F =

, (MWH) 2 = 1198

0.03

15. Intercept, ai

16. Slope, bi x 105

17. a(a) x 102

18. a(b )x 105

19. a2 (Cinitial) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2 (Cfinal) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

21. a2(A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a2(Net Transfer)
(a) Loop (D,L and
(b) Sample Tank
(c) Makeup Tank
(d) Total

0-0 M-03

0.128 0.601

-0.616 0.497

P-0
3

omp

0.062 0.791 0.085

0.417 0.291 -0.459

0.032 0.177 0.042 0.190 0.251

0.042 0.235

7
7
4

7
7
11

4
6
11
21

5
12
3
20

X)

203 12
203 12
183 7

212
212
184

93
154
258
505

12
230
177
419

13
13
3

6
2
4
12

2
8
6
16

0.057 0.253 0.324

235
235
194

240
240
198

106
263
428
797

20
322
256
598

413
413

373
373

175
9

184

2
166

168

23. a(W)/W

24. a(G)/G

0.013 0.016 0.041 0.015 0.009

0.033 0.034 0.051 0.034 0.031

0.003 0.010 0.001 0.013 0.01025. a(G)

HB
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Run

Table

Summary of Irradiation

Sample Sample Accum. Terphenyl Concentration
No. Wt.

(gram) Time
(MWH)

3887 287

3714 404

3536 521

3436 640

3356 750

3452 868

3575 985

3487 1140

S-10

S-11

S-12

S-13

S-14

S-15

s-16

S-17

M- 10

M-11

M-12

M- 13

M- 14

M- 15

M- 16

M- 17

326

420

541

658

769

892

1003

.1128

0

11.3

11.2

11.1

11.1

11.0

11.0

10.9

10.8

13.3

13.1

13.2

12.9

13.0

12.9

12.9

12.7

M

59.2

59.2

59.2

59.2

59.2

59.2

59.2

59.2

68.5

68.2

67.5

67.8

68.9

67.7

67.6

68.1

P

6.o

6.0

6.1

6.1

6.1

6.1

6.1

6.1

6.5

6.7

6.7

6.6

6.7

6.8

7.1

7.0

- w/o

OMP

76.5

76.4

76.4

76.4

76.3

76.3

76.2

76.2

88.2

87.9

87.5

87.3

88.6

87.4

87.7

87.8

A3.16a

of Santowax WR - Run 28

Concentration Variance x10
8

a2(o)

6

4

3

3

4

5

7

11

19

5

5

1

8

40

14

11

a2 (M)

79

58

47

46

55

74

104

158

40

793

54

47

78

43

194

49

a (

7

5

4

4

5

7

10

16

25

51

4

14

27

5

10

25

X-1 546 714 11.1 59.2 6.1 76.3 6 14o 11 230 10.7

Note: (1) Concentrations and Variances of S Samples were calculated from least square analysis

(2) Makeup Tank Calibration = 212.6 ± 0.5 gms/in; Sample Tank Calibration = 211.4 t 0.6 gms/in

a2 (oMP)

109

81

67

68

84

115

161

246

84

849

63

62

113

88

218

85

3587

3573

4215

3488

3123

3481

3764

3625

HB
w/o

10.8

10.7

10.7

10.7

10.6

10.6

10.6

10.5

a2(HB)xlo8

197

144

117

116

139

190

266

408

0

0

0

0

0

0

0

0

C4

(D

380
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Table A3.16b

Degradation Rate Calculation

Run No. 28

Santowax WR

Summary:

Date: From 2/6/68 To

Irradiation Temp. 800 0F

Terphenyl Concentration 76,3 w/o

Terphenyl Degraded 3081 gms

Averaged Dose Rate, r 0. o65

Type of Distillation HB

HB Concentration 10 6 w/o

LIB/HB 1.24

Watts/gm

Density, p 0.788 gms/cc Length of Run 876 MWH

In Pile Dose Rate Factor, FSW 817 Watt-c/MW-gm
T ~atc/Wg

Reactor Power

G (-omp)

4.89

0.636

_MW Fast Neutron Fraction, fNo.38

a(G) 0,021

Calculation of G:

1. Coolant Sample (L)
(a) Avg. Conc.
(b) Grams Removed

2. Sample Tank (S)
Tank Calib. (k5 ) =
(a) Avg. Conc.
(b) Grams Removed

3. Misc. Removals (X)
(a) Avg. Conc.
(b) Grams Removed

4. Makeup Sample (D)
(a) Avg. Conc.
(b) Grams Removed

Total 0-13 M-0 3 mp HB
Coolant 0-3 M- 3 P 3 oip H

0

211.4 gm/in
1.000 0.110 0.592 0.061
28443 3142 16837 1726

1.000 0.111 0.592 0.061
546 60 323 33

0.763 0.107
21704 3030

0.764 0.107
416 58

0

2/16/68
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Degradation Rate Calculation, Cont'd.

Total t -0 M-0 P-0 ompCoolant 3 3 3

5. Makeup Tank (M)
Tank Calib. (kM) = 212.6gm/i
(a) Avg. Conc. 1.000
(b) Grams Returned 28856

0.130 0.680 0.067 0.877 0
3758 19622 1943 25323 0

6. Net Transferred
(5.+4.-3.-2.-1.)

7. Initial Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

8. Initial Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

9. Final Conc.
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

10. Final Mass
(a) Coolant
(b) Sample Tank
(c) Makeup Tank

11. A Correction
(8.-l.)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total A Corr.

-133

1.000
1.000
1.000

4783
3803
2469

1.000
1.000
1.000

4638
1610
4674

145
2193
-2205
133

556 2462 184

0.113
0.113
0.134

0.592
0.592
0.682

539 2831
429 2250
330 1683

0.108
0.108
0.127

0.592
0.592
0.681

501 2746
174 953
594 3183

38
255
-264
29

85
1297
-1500
-118

0.060
o.o60
o.o64

3202 -3088

0.765
0.765
0.880

288 3658
229 2908
159 2172

0.061
0.061
0.070

0.761
0.761
0.870

284 3531
99 1226
325 4102

4
130
-166
-32

127
1682
-1930
-121

12. Total Mass Degraded, W
(6.+11.(d)) 0

13. G(-omp), G(-i), G(HB)

14. G*(-omp) = G(-omp)/C,
G*(-i) = G(-i)/Ci

585 2344 152 3081 2824

0.121 0.484 0.031 0.636 0.584

1.094 0.818 0.515 0.834

HB

0.108
0.108

514
409

0.105
0.105

489
170

25
239

264
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Degradation Rate Calculation, Cont'd.

Statistics of G Calculation:

(MWH) 1 = 271

a(F)/F =

, (MWH)
2

1147

0.03

0-03 M-03 P-03 omp HB

15. Intercept, a

16. Slope, b ix 105

17. a(ai) x 102

18. a(bi) x 105

19. a2 (Cinitial) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

20. a2 (Cffinal) x 108

(a) Coolant
(b) Sample Tank
(c) Makeup Tank

21. a2(A Correction)
(a) Coolant
(b) Sample Tank
(c) Makeup Tank
(d) Total

22. a2(Net Transfer)
(a) Loop (D,L and
(b) Sample Tank
(c) Makeup Tank
(d) Total

0.114 0.592

-0.555 o.oo4

o.o6o 0.766 0.108

0.012 -0.376 -0.252

0.036 0.132 0.004 0.156 0.209

0.052 0.193 0.006 0.235 0.308

6
6
5

11
11
11

4
8
12
24

0
8
17
25

X)

23. a(W)/W

24. a(G)/G

78 7
79 7
464 16

158 16
158 15
49 24

53
213
292
558

11
149
261
421

5
2
6
13

0
8
22
30

109
109
485

246
246
85

80
352
477
909

18
234
356
608

197
197

408
408

133
26

159

0

202

202

0,012 0.013 0.044 0.013 0.007

0.032 0.033 0.053 0.033 0.031

0.004 0.016 0.002 0.021 0.01825. a(G)
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APPENDIX A4

DEGRADATION RATE CALCULATIONS

FOR M.I.T. AUTOCLAVE PYROLYSIS EXPERIMENTS

Figures A4.1 through A4.6 show the change of the total

terphenyl concentration as a function of time for the M.I.T.

autoclave pyrolysis experiments. The various kinetics or-

der correlations used to represent these data are shown in

these plots. These correlations were obtained by least-

square analysis similar to the MNDEG computer program as

described in Appendix A3 assuming zero, first and second

order kinetics. TablesA4.1 through A4.6 tabulate the re-

sults of the degradation calculations for these runs.

The correlation coefficients for the total terphenyl degra-

dation rate by the various kinetics orders are also given.

The procedure and chronology of these pyrolysis experi-

ments are given in Chapter 2. A discussion of the results

of these experiments is presented in Chapter 5.
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Table A4.1

Summary off Results of Pyrolysis Run 1F

Unirradiated Santowax WR - 796.4 ± 30F

Terphenyl
Isomer

ortho

meta

para

total omp

K 0 (zero order)

2.73 ± 0.08 x

1.01 ± 0.03 x

4.54 0.42 x

1.33 ± 0.06 x

Degradation Rate Constant, K (hr) 1

K (first order)

10~4 2.23 ± 0.03 x 10- 3

10-3 1.61 ± 0.04 x l0-3

10-5 9.08 ± 0.78 x 10~4

10-3 1.67 ± 0.05 x 10-3

(a)

K 2 (second order)

1.81 ± 0.03 x 10-2

2.54 ± 0.05 x 10-3

1.80 ± 0.15 x 10-2

2.09 ± 0.05 x 10-3

correlation
coefficient
(total omp)

(a) error limits are la

0.9870

LAJ

0.9939 0.9957
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Table A4.2

Summary of Results of Pyrolysis Run 2F

Unirradiated Santowax WR - 832.5 ± 20F

Terphenyl
Isomer

ortho

meta

para

total omp

Degradation Rate Constant , K (hr) 1(a)

K 0 (zero order)

7.61 ± 0.14 x 10~

2.81 ± 0.04 x 1o-3

1.73 ± 0.07 x 10~ 4

3.77 ± 0.05 x 10-3

K (first order)

7.22 ± 0.08 x 10-3

5.03 ± 0.08 x 10-3

3.81 ± 0.11 x 10-3

5.27 ± 0.05 x 10-3

I
K 2(second order)

6.73 ± 0.24 x 10-2

8.90 ± 0.30 x 10-3

8.28 ± 0.20 x 10-2

7.34 ± 0.18 x 10-3

correlation
coefficient
(total omp)

(a) error limits are la

0.9988 0.9993

-l

0.9965
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Table A4.3

Summary of Results of Pyrolysis Run 3F

Unirradiated Santowax WR - 768.6 ± 30 F

Degradation Rate Constant, K (hr7(
Terphenyl
Isomer

ortho

met a

para

total omp

correlation
coefficient
(total omp)

K 0 (zero order)

9.32 ± 0.10 x 10-5

3.04 ± 0.05 x 10~4

8.92 ± 1.67 x 10-6

4.01 ± 0.08 x l0~4

0.9953

K (first order)

7.58 ± 0.08 x 10-4

4.83 ± 0.07 x 10~4

1.72 ± 0.32 x 10~4

5.07 ± 0.06 x l0~4

0.9983

K2 (second order)

6.08 ± 0.16 x l0-3

7.58 ± 0.18 x 10~4

3.32 ± 0.61 x 10-3

6.28 ± 0.14 x l0~4

0.9950

(a) error limits are la

I



.0. Run 4 F - Average Temperature 771 ± 2 * F
0.80 A-0

0 Average Value
Zero Order Kinetics Correlation
First Order Kinetics Correlation

z~ Second Order Kinetics Correlation

z 0.70

z
0

z

0.60

I I IiI

0 100 200 300

TIME, hrs

FIGURE A44 TOTAL TERPHENYL CONCENTRATION IN AUTOCLAVE DURING PYROLYSIS RUN 4F OF IRRADIATED
SANTOWAX WR



Table A4.4

Summary of Results of Pyrolysis Run 4F

Irradiated Santowax WR - 771.5 ± 20F

Degradation Rate Constant, K(hr)1 a
Terphenyl
Isomer

ortho

meta

para

total omp

K 0 (zero order)

1.63 ± 0.05 x 10~4

5.91 ± 0.12 x 10~4

7.03 ± 0.44 x 10-5

8.32 ± 0.25 x 10~4

K (first order)

1.68 ± 0.02 x 10-3

1.11 ± 0.01 x 10 -3

1.19 ± 0.06 x 10-3

1.20 ± 0.02 x 10-3

K 2 (second order)

1.72 ± 0.02 x 10-2

2.05 ± 0.05 x 10-3

2.00 ± 0.10 x 10-2

1.17 ± 0.03 x 10-3

correlation
coefficient
(total omp)

(a) error limits are la

0.9945 0.9991 0.9973

-
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Table A4.5

Summary of Results of Pyrolysis Run 5F

Irradiated Santowax WR - 827.5 ± 30F

Terphenyl
Isomer

ortho

meta

para

total omp

-1
Degradation Rate Constant, K (hr)

K 0 (zero order)

8.72 ± 0.30 x 10~ 4

3.38 ± 0.09 x 10-3

3.15 ± 0.10 x 10~4

4.65 ± 0.08 x 10-3

K 1(first order)

1.07 ± 0.01 x 10-2

7.62 ± 0.07 x 10 -3

6.44 ± 0.14 x 10-3

7.96 ± 0.03 x 10-3

(a)

K 2 (second order)

1.29 ± 0.05 x 101

1.66 ± 0.06 x 10-2

1.29 ± 0.04 x 10~

1.35 ± 0.03 x 10-2

correlation
coefficient
(total omp)

(a) error limits are 10

0.9982 0.9999

H
H

0.9954
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Table A4.6

Summary of Results of Pyrolysis Run 6F

Irradiated Santowax WR - 798.4 ± 30F

Terphenyl
Isomer

ortho

meta

para

total omp

Degradation Rate Constant, K(hr)1

K (zero order)

3.61 ± 0.14 x 10~

1.34 ± 0.03 x 10-3

1.27 ± 0.06 x 10~4

1.85 ± 0.06 x 10-3

K (first order)

4.19 ± 0.02 x 10-3

2.85 ± 0.01 x 10-3

2.38 ± 0.08 x l0-3

2.99 ± 0.02 x 10~3

K 2 (second order)

4.60 ± 0.18 x 1o-2

5.87 ± 0.17 x 10-3

4.39 ± 0.14 x 10-2

4.66 ± 0.12 x 10 3

correlation
coefficient
(total omp)

(a) error limits are la

0.9921 0.9996

-

0.9951
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APPENDIX A5

OPERATIONAL PROCEDURES FOR THE CONTINUOUS

SAMPLING AND MAKEUP SYSTEMS

A5.1 Introduction

Detailed descriptions of the equipment and operational

procedures of the M.I.T. In-pile Loop Facility have been

given in earlier M.I.T. reports (A5.1, A5.2, A5.3, A5.4)

and in Chapter 2 of this report. A detailed description of

the continuous Sampling and Makeup systems (S & M I and

S & M II) have been given in Section 2.2.3 (Chapter 2)

of this report. The following sections present a brief

description for making transfers to charge the Makeup Tank

with reprocessed coolant (M-Type Transfer) and to drain the

degraded coolant from the Sampling Tank to be reprocessed

(S-Type Transfer).

As was pointed out in Chapter 2 of this report, nei-

ther S & M I nor S & M II operated satisfactorily. It was

necessary to correct for pump mismatch or failure by the

so-called F and K transfers. These were manual transfers

(without use of pumps) of organic coolant into and out of

the in-pile coolant loop via the Sampling and Makeup System

plumbing. Procedures for making these transfers are also

briefly described in the following sections.

Figures A5.1 and A5.2 show the schematic flow diagrams

of the S & M I and S & M II systems and their connections

to the in-pile circulating loop system.

A5.2 M-Type and S-Type Transfers

An M-type transfer was a transfer of processed coolant

from a Transfer Tank (TT) to the Makeup Tank (MT) and an

S-type transfer was a transfer of irradiated coolant from
the Sample Tank (SaT) to a Transfer Tank.
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The Transfer Tanks were stainless steel cylinders with

valves on both ends. In making transfers, a connecting line

was installed between the lower end valve of the Transfer

Tank and valve M1 of the Makeup Tank or valve Sl of the

Sample Tank (see Figures A5.1 and A5.2).

In making an M-type transfer, the Transfer Tank was

pressurized with nitrogen through the upper end valve to a

pressure of about 100 psi above the pressure of the Makeup

Tank. This pressure difference would thus force the coolant

in the Transfer Tank to flow to the Makeup Tank through the

connecting line.

In making an S-type transfer, the Transfer Tank was

evacuated. The coolant in the Sample Tank thus flowed

through the connecting line to the Transfer Tank.

The Transfer Tank and the connecting line were weighed

before and after transfers to obtain the net amount of

coolant transferred. The gage-glass on the Makeup and

Sample Tanks were also recorded before and after transfers

to obtain the tank calibration factors (grams per inch of

gage-glass reading). Pressures in these tanks (MT and SaT)

were rest.ored to their initial readings (before transfer)

after transfers. The normal pressure reading was 150 psi

for the loop (Surge Tank), 100 psi for the Makeup Tank and

200 psi for the Sample Tank.

A5.3 F and K Type Manual Transfers
I I

The F and K transfers as mentioned earlier were

manual transfers (without use of pumps) of coolant into

and out of the in-pile coolant loop via the Sampling and

Makeup System plumbing.

In making F transfers, the Makeup Tank pressure was

increased through the nitrogen supply line to about 100 psi

above the loop (Surge Tank) pressure. The valves between

the Makeup Tank and the loop were then opened to start the

flow. The flow was adjusted by valve 6 on S & M I and valve
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16 on S & M II (see Figures A5.1 and A5.2).

In making K transfers, the Sample Tank pressure was

reduced by venting into the off-gas system to about 100 psi

below the loop (surge Tank) pressure. The valves between

the loop and the Sample Tank were opened to start the flow.

The flow was adjusted by valve 8 on S & M I and valve 14

on S & M II (see Figures A5.1 and A5.2).

Pressures in the tanks (MT and SaT) were restored to

initial values (before transfer) after transfers.

Records of gage-glass reading on the tanks (MT, Sat

and Surge Tank) were kept so that amount of coolant trans-

ferred could be estimated.
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APPENDIX A6

CALCULATION OF RADIOLYSIS AND RADIOPYROLYSIS

RATE CONSTANTS FROM DATA OF

M.I.T. AND OTHER LABORATORIES

A6.1 Radiolysis and Radiopyrolysis Rate Constants of Meta-

rich Terphenyls

Mason and Timmins (A6.1) have made extensive survey of

irradiation of meta-rich terphenyls (e.g. Santowax WR, San-

towax OMP and OM-2) made by other laboratories at Euratom,

AECL Atomics International (AI), California Research and

AERE. They have summarized and compiled results of these

irradiations. These results were used to correlate the

effect of fast neutron fraction on radiolysis rate at 320 0 C

for the meta-rich terphenyls as reported in Section 4.3.2

(Chapter 4) of this report.

Mason and Timmins (A6.1) have also summarized results

of high temperature (>700 0F) irradiation of the meta-rich

terphenyls made by M.I.T., Euratom and California Research

up to June, 1966. Their values of first-order radiopyroly-

sis rate constants, kPomp,, calculated according to Equa-

tion (5.2) for steady-state runs and Equation (5.10) for

transient runs of the earlier M.I.T. runs have been shown

in Chapter 5 of this report.

A6.2 Radiolysis Rate Constant from Irradiations of Pure

Terphenyl Isomers

Mason and Timmins (A6.1) have reviewed and summarized

the results of irradiation of pure ortho and pure meta ter-

phenyls by AECL and AI. Their calculated values of kR,omp,2
for these irradiations are plotted in Figures 5.11 and 5.12.
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A6.3 Radiolysis Rate-Constants of Ortho-rich Terphenyl -

Santowax OM

In Chapter 4 the results of other laboratories are

discussed. This section presents the methods used to nor-

malize these results.

A6.3.1 Calculations of Radiolysis Rates from Transient

Irradiations

Except for those steady-state irradiations at M.I.T. as

presented in Chapters 4 and 5 of this report, all experiments

with Santowax OM reported by other laboratories were made in

transient operation. The radiolysis rate constants for tran-

sient experiments were calculated according to the following

method; these rate constants were discussed in Chapter 4.

Where data on the terphenyl concentration versus dose

were not available from the published results (A6.4) the rate

constant was calculated from the reported initial G value by:

k R G0 (-i) ( A6.1)
R,omp,n 11.6.

Where only one sample was irradiated at a given tem-

perature (one dose data point), the constant was found by

k ln C 1/C2  (A6.2)
R,omp,l T

k R= 1p- [Cn - Cl-n] (A6.3)
R,omp,n [n-13"L T 2 1J

(n 3 1)

where

C is the initial terphenyl concentration, weight

fraction

C2 is the final terphenyl concentrationweight fraction

T is the dose, watt-hr/gram
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However, for temperatures above 700 0F where both radiolysis

and radiopyrolysis effects were present, the first-order and

second-order overall rate constants, K 1 (-1) and K2 (-1), were

found by

K1 (-omp) ln C 1/C 2  
(A6.4)

and

K2 (-omp) = C - C1 (A6.5)

The kR omp,17 were then calculated, similar to Equation

(5.10) by
____ Pomp,1

k 1 K (-omp) - ..
R,omp,1.7 0.7 1 - 0.7 (A6.6)

omp omp

where

U = K.(-omp)/K2(-omp) (A6.7)omp I'I

The values of k Pomp,l in Equation (A6. 6) were calculated

using Equation (5.15).

Where data on terphenyl concentration versus dose were

given for constant temperature irradiations, a least-square

analysis was made using Equation (A6.4) and (A6.5) to find

K (-omp) and K2 (-omp) in the case of high temperatures.

In the case of low temperature, kR,ompn was found by using

Equations (A6.2) or (A6.3) in the least-square analysis.

A6.3.2 Besults of Electron Irradiation of Santowax OM

Mackintosh (A6.2) reported Van de Graaf irradiation

of Santowax OM at 375 0C at dose rate of 73 watts/gram and

dosesranging from 4.4 to 105.8 watt-hr/gram. Table A6.1

presents the irradiation data as reported and the calculated

radiolysis rate constants at 320 0C and 37500, kRompl.

(3200C) and k(Romp,1.7(375 C),using AER = 1 kcal/mole.

The value of kR,omp,1.7(3750 C) calculated by least-

square correlation of all the data points is 0.0202 t

0.0023(2a) (watt-hr/gram)~"
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Table A6.1

Results of Electron Irradiation

of Santowax OM at 3750C by Mackintosh (A6.2)

M. I. T. Correlation

C k R,omp,1.7 kR,omp,1.7
Sample Dose, omp (37500)1 (3200C)1
No. wh/g w/o (wh/g)~ (wh/g)~

0 98.2

58,62 4.4 81.7 0.0452 0.0421

61,66 6.6 81.5 0.0306 0.0285

48,49,69 8.9 74.7 0.0343 0.0319

60 13.2 71.1 0.0270 0.0251

54 17.6 55.9 0.0397 0.0369

63 26.4 62.4 0.0205 0.0191

56 35.2 46.7 0.0281 0.0261

67 44.0 42.9 0.0258 0.0240

64 52.8 46.8 0.0186 0.0173

57,59 64.2 36.0 0.0230 0.0214

65 88.0 33.7 0.0183 0.0170

71 96.8 27.2 0.0218 0.0203

70 105.8 24.2 0.0228 0.0212

The same report (A6.2) also presented electron irra-

diations of Santowax OM at temperatures ranging from 350 0 C

to 450 0C at a fixed dose of 8.8 watt-hr/gm. However, only

the decomposition rate of total terphenyl plus biphenyl ($2
were reported. Table A6.2 presents the irradiation data

and the calculated kR,omp+0 2 * '.values.
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Table A6.2

Results of Electron Irradiation of Santowax OM

at Fixed Dose of 8.8 watt-hour/gram

by Mackintosh (A6.2)

ture C M.I.T. Correlati
omp+W 2

w/o

80.4

78.9

75.6
76.6
77.1

77.5
73.2
69.1
65.8

on of

kRqomp+02 si7 (wh/g)-1

0.0267

0.0293

0.0351

0.0333

0.0324

0.0317

0.0396

0.0479

0.0552* -

A6.3.3 Results of Mixed Irradiation of Santowax OM

Table A6.3 presents irradiation data reported by AECL

(A6.3) using NRX X-Rod Facility at a dose rate of 0.33 ±

0.03 watts/gram and fast neutron fraction fN = 0.3.

Tomlinson, et. al. (A6.4) reported sealed capsule

irradiations of Santowax OM from 3000-4000C at dosesranging

up to 14 watt-hour/gram and fN = 0.51 and dose rate of

approximately 0.1 watt/gram. Table A6.4 shows the irra-

diation data and M.I.T. correlations.

Tempera

oC

350
375
390
396
405

412

420

435
450
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Table A6.3

Results of NRX X-Rod Irradiations of

Santowax OM at fN = 0.3 (A6.3)

Sample Tempgrature
No. C

X24 230

X28 280

X13 280-325

X25 305

X16 325

X14 330

X12 365-380

X27 370

(a) Assuming initial

Dose,
wh/g

11.3

7.8

31.4

11.3

8.6

31.2

14.8

8.2

C
omp

w/o

78.2

82.6

52.6

74.0

78.3

49.6

60.8

73.3

M.I.T. Correlation of

k R(a) (wh/g)

0.0222

0.0238

0.0253

0.0280

0.0289

0.0284

0.0389

0.0400

Comp( T= 0) = 98.2%
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Table A6.4

Results of Reactor Irradiation of

Santowax OM at fN = 0.51 by Tomlinson (A6.4)

Temperature Dose,

0 C wh/g

298 2.70

301 3.35

301 11.2

301 14.0

321 4.37

325 9.18

351 4.42

374 2.13

379 4.30

400 3.74

Terphenyl M.I.T. Correlation of
Destroyed k (a) (w1/g)

w/o R,omp,l.7 /g

13.6 0.0587

14.2 0.0497

39.9 0.0566

45.9 0.0570

16.8 0.0463

33.7 0.0537

22.2 0.0641

12.1 0.0650

14.9 0.0407

24.9 0.0775

Sample

No.

1

55

13

17

21

25

29

39

45

55

(a) Iritial Comp (T= 0) * 84%
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APPENDIX A7

RESULTS OF HEAT TRANSFER CORRELATION

Heat transfer measurements on Santowax WR using Test

Heater TH8 have been presented in Section 3.6.2 (Chapter 3)

of this report. Detailed descriptions of the apparatus and

the experimental data have been reported by Spierling (A7.1).

This appendix presents the results of correlating the heat

transfer data using both the Dittus-Boelter type of relation

Nu = aRebPrc (A7.1)

and the Sieder-Tate type of relation

Nu = aRebPrc j/p w)d (A7.2)
The computer program MNHTR (A7.2) was used o ̂ ertie the

constants a, b, c and d in Equations (A7.1) and (A7.2) by

allowing all these constants to vary or by fixing some of

the constants in order to find the best values for the

remaining.

Tables A7.1 and A7.2 show the results of such correla-

tion using Equations (A7.1) and (A7.2) respectively, Two

groups of data are shown for each type of correlation.

Data Group I consists of all data points except those of

Test Series 26 using the downstream section of TH8 and

Data Group II consists of all data points except those

of Test Series 26 using the upstream section of TH8.

Data Group I covers a wider range of Reynolds Number and

Trandtl number than Data Group II. The root-mean-square

(RMS) deviations are also given in Tables A7.1 and A7.2

for each correlation.



Table A7.1

Correlation of Heat Transfer Measurement on Santowax WR

Using Test Heater TH8 by Dittus-Boelter Relation (Nu = aRebPrc)

Data Group I (6300F to 8000F; 3.0x104<Re(13.lxlo 4 ; 5.17<Pr<8.23-Test Series 27,
28, 29 and upstream of 26)

(1) Variation of all "Constants" (a, b and c)

Nu = 0.0136 Re0 .862 Pr 0.289

(2) c = 0.33

Nu = 0.0110 Re0.874Pr0.33

RMS Deviation = 7.08%

RMS Deviation = 6.34%

(3) c = 0.33, b = 0.800

Nu = 0.0254 Re0.800Pr0.33

(4) c = 0.40

Nu = 0.00755 Re. Pr

(5) c = 0.40, b = 0.800

Nu = 0.0223 Re0 .800Pr0.
40

RMS Deviation = 6.70%

RMS Deviation = 6.47%

RMS Deviation = 7.08%

I



Table A7.1 (Cont.)

Data Group II (7000F; 3x104<Re(9.7xl0 4; 6.0<Pr(7.4-Test Series 27,
28, 29 and downstream of 26)

(1) Variation of all "Constants" (a, b and c)

Nu = 0.0430 Re0.818Pr-0.037

(2) c = 0.33

Nu = 0.0150 Re0.
8 51Pro.33

(3) c = 0.33, b = 0.800

Nu = 0.0264 Re0.800Pr0.33

c = 0.40

Nu = 0.0123 Re .57r

(4)

(5) c = 0.40, b = 0.800

Nu = 0.0232 Reo*800PrO*40

RMS Deviation = 6.15%

LAJ

RMS Deviation = 6.85%

RMS Deviation = 6.89%

RMS Deviation = 7.15%

RMS Deviation = 7.21%

I



Table A7.2

Correlation of Heat Transfer Measurements on Santowax WR

Using Test Heater TH8 by Seider-Tate Relation Nu = aRebPrC(, '

Data Group I (6300F to 800oF; 3.0x104<Re<l3.lxl0;
28, 29 and upstream of 26)

(1) d = 0.14

Nu,= 0.00992 ReO*889Pr0.8 ,0.

(2) d = 0.14, c = 0.33

Nu = 0.00753 Re0 .905Pr. 33 P / 0.14

(3) d = 0.14, c = 0.33, b = 0.800

Nu = 0.0245 Re0 .800 Pr. 33( wA)0.14

5.17<Pr<8.23- Test Series 27,

RMS Deviation = 6.63%

RMS Deviation = 6.61%

RMS Deviation = 7.31%



Table A7.2 (Cont.)

Data Group II (7000F; 3xl04<Re<9.7x104 ; 6.0<Pr(7.4-Test Series 27,
28, 29 and downstream of 26)

(1) d = 0.14

Nu = 0.0334 Re 846Pr- 0.090(11/1 0.14

(2) d = 0.14, c = 0.33

Nu = 0.00999 Re0.884Pr0.33 0 .14

(3) d = 0.14, c = 0.33, b = 0.800

Nu = 0.0254 Re0'8 00Pr0.
33 1/w)0.14

RMS Deviation = 6.20%

RMS Deviation = 7.10%

RMS Deviation = 7.31%

I
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APPENDIX A8

CHRONOLOGY OF ORGANIC LOOP OPERATIONS

A summary of operation of the M.I.T. In-pile Loop

Facility has been presented in Table 2.3 (Chapter 2) of

this report covering the period from July 1, 1966 to March

31, 1968.

This appendix describes in more details the chrono-

logy of loop operations, calorimetry and dosimetry with

emphasis on irradiation runs made during this period.

Two Calorimetry Series (XXII and XXIII) and one Foil

Dosimetry (No. 42C) were made in the Fuel Position 1 before

the In-pile Section No. 4 was installed on October 29, 1966.

The results of these measurements are shown in Appendix Al.

The loop was charged with fresh (unirradiated) Santowax

OM and Run 19 was started on November 1, 1966. Since the

new processing system (S & M I) employing pump feeding of

makeup coolant and pump bleeding of loop coolant (see Sec-

tion 2.2) was still in the process of being installed,

capsule system similar to that described in earlier M.I.T.

reports (A8.1, A8.2) were used for this run. The coolant

was degraded from an initial terphenyl concentration of

about 97% to about 63%. Considerable time was spent in

testing the new processing system and in trying to adjust

the sampling rates in order to obtain a steady-state ter-

phenyl concentration of around 60%. Beginning December

9, 1966, the steady-state Run 19A was established. It

lasted through December 30, 1966 and totaled 1257 accumu-

lated MWH of reactor operation at 5 MW nominal power and

572 0 F irradiation temperature with a steady-state average

terphenyl concentration of 63%. During Run 19A, Foil

Dosimetry No. 43C was made on December 15, 1966 through the

aluminum monitoring tube of the in-pile section.
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The new processing system was completely installed and

tested by the end of 1966. Therefore Run 20 was started

at an irradiation temperature of 5720F on January 3, 1967

using the new processing system. The concentration of the

loop coolant was raised from 63% to approximately 90% by

diluting with fresh (unirradiated) Santowax OM. The initial

transient brought the coolant concentration from 90% down

to 87% and steady-state Run 20A began on Jan. 10, 1967.
During Run 20A the processing pumps were found to be pump-

ing at irregular rates less than the preset values. The

run was terminated two weeks later on January 24, 1967

totaling 964 MWH, at an average terphenyl concentration of

86% and an irradiation temberature of 572 0F.

Run 20B was started immediately after Run 20A while

the pumps were being examined and tested. The processing

rate was found to have improved with longer pump strokes.

Steady-state portion of Run 20B began on January 30, 1967

and ended on February 17, 1967 totaling 1454 MWH at an aver-

age terphenyl concentration of 80% and an irradiation tem-

perature of 572 0F.

The nominal operating power of the M.I.T. reactor was

lowered to 2 MW on February 27, 1967 due to a leak in one

of its two heat exchangers. In order to take advantage of

this lower power level (and therefore lower dose rate of

irradiation) to study the dose rate effect on degradation,

Run 21 was scheduled at an irradiation temperature of 750 0F.

Initial loop dilution was made on March 9, 1967 with fresh

terphenyl to bring the loop terphenyl concentration to about

80%. Steady-state condition began on March 13, 1967. On

March 28, 1967, the rupture disk on the makeup side of the

processing system located between valve M3 and pump P4

(see Figure 2.4) was ruptured. Coupled with failure of the

check valve between valve M3 and the disk, both the loop

and the Makeup Tank were drained through the ruptured disk

into the Safety Expansion Tank. Run 21 was therefore ter-

minated with an accumulated irradiation of 423 MWH at an
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average terphenyl concentration of 78% and an irradiation

temperature of 750 F.

Foil Dosimetry No. 44C was made on April 3, 1967 through

the aluminum monitoring tube of the in-pile section at Fuel

Position 1 with reactor operating at 2 MW nominal power.

Run 22 was started on April 3, 1967. Steady-state

operation was reached on April 5, 1967. On April 11, 1967,

the same rupture disc that ruptured on March 28, 1967 failed

again. This time the check valve prevented any dump of the

loop coolant through the ruptured disc. However, approxi-

mately 760 grams of processed organic material from the

Makeup Tank was lost to the Safety Expansion Tank through

the ruptured disc. The rupture disc was made of Inconel

rated at 710 psi (700F). The loop was operated at about

150 psi and the Makeup Tank at 90 psi. There was no evi-

dence of overpressure on the loop system from instrumenta-

tion. The most likely cause of rupture might be due to the

high temperature (about 500 0F) at the disc. Subsequently

the trace heating around the disc was removed. On April

18, 1967, a heat transfer run was made using the Test Heater

TH7. The experimental heat transfer coefficient was found

to have reduced by approximately a factor of 1.5 with the

test heater wall temperature approaching 900 0F (See Chapter

3). It was decided to terminate Run 22 which was runing

at 800OF and 79% average terphenyl concentration. The

total irradiation time amounted only to 290 MWH.

Run 23 was started on April 25 1967 at an irradiation

temperature of 700OF with reduced Test Heater power. Mean-

while, heat transfer runs were continued to determine if

any additional fouling was being formed. Some difficulties

with the chromatographic equipment were experienced toward

the end of Run 22. The analytical results for terphenyl

concentrations were not reproducible. A backlog of samples

were therefore accumulated after the equipment was repaired.

Run 23 reached steady-state on May 17 as a result of this

delay, and was terminated on June 4, 1967 when the reactor
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power was raised back to 5 MW. The accumulated MWH for the

steady-state period of Run 23 was 382 MWH at an average ter-

phenyl concentration of 81%.

Run 23A followed immediately after Run 23 and continued

at steady-state condition at 700 0 F. The run was terminated

on June 18, 1967 with an accumulation of 580 MWH at an

average terphenyl concentration of 82%. During this run,

heat transfer measurements were made regularly and no in-

crease in fouling was measured (see Chapter 3)

Run 24 began on June 18, 1967 immediately after Run

23A at 750 0 F. The run reached steady-state on June 20, 1967

and was completed on July 7, 1967 with an accumulation of

1068 MWH at an average terphenyl concentration of 80%.

Continuous heat transfer measurements indicated no signifi-

cant change in heat transfer coefficient at the Test Heater.

Foil Dosimetry No. 45C was made on June 21, 1967 at Fuel

Position 13, and Calorimetry Series XXIV was also made at

the same Fuel Position.

Run 25 began on July 12, 1967 at an irradiation tem-

perature of 800 0 F. Initial dilution of the loop coolant

with processed terphenyl brought the loop coolant con-

centration to about 78%. Steady-state condition was

reached on July 17, 1967 and the run was completed on July

28, 1967 with an accumulation of 908 MWH at an average

terphenyl concentration of 76%. Heat transfer measurements

made during this period again showed no significant change

in heat transfer coefficient at the Test Heater.

Run 19 through Run 25 completed the irradiation series

on Santowax OM. On July 28, 1967, In-pile Section No. 4

was removed from Fuel Position 1, and Foil Dosimetry No. 47

and Calorimetry Series XXV were made. A new fuel element

(FE5MR32) was installed at Fuel Position 1 on August 30,

1967. Foil Dosimetry No. 48 and Calorimetry Series XXVI

were made through the stainless steel thimble in the new

fuel element. On October 8, 1967, In-pile Section No. 5

was installed at Fuel Position l
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During the period from the removal of In-pile Section

No. 4 and the installation of In-pile Section No. 5, two

major events also took place. First, Test Heater TH7 was

removed and replaced by Test Heater TH8. (See Chapter 3).

Secondly, due to the fact that the processing system had

not been functioning quite satisfactory since its installa-

tion in the hydraulic console, a set of new pumps were ins-

talled on the reactor room floor about 12 feet below the

hydraulic console. Modification and testing of the new

pumping system (S & M II) was completed on November 6,

1967. Meanwhile, Foil Dosimetry No. 49C was made at Fuel

Position 1 through the aluminum monitoring tube.

Run 26A began on November 6, 1967 with the loop charged

with fresh Santowax WR at an irradiation temperature of

700 0F. Steady state (Run 26) was reached on November 16,

1967. On November 30, 1967, a massive leak between the

makeup pump and the loop occurred due to a loose fitting.

Approximately 2000 grams of processed terphenyl was lost

through the leak during the two weeks period. The leak

was fixed and the run was continued. On December 8, 1967,

the sampling side of the processing system failed to pump.

Visual check found extensive leak of coolant through the

teflon packings around the plunger of the sampling pump.

Run 26 was terminated then with an accumulation of 1053 MWH

at an average terphenyl concentration of 83%.

Run 27 began on December 18, 1967 at an irradiation

temperature of 750 0F. While the sampling pump of the pro-

cessing system was being repaired, both the sampling pump

and the makeup pump were by-passed. The processing of the

loop coolant was carried out manually every two to three

hours throughout the run by means of F & K operation

(See Section 2.2 and Appendix A5). Run 27 was completed

on January 15, 1967 with an accumulation of 1128 MWH at an

average terphenyl concentration of 79%. Foil Dosimetry No.

50C was make on January 5, 1967 through the aluminum moni-
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toring tube at Fuel Position 1.

Run 28 began on January 22, 1968 at an irradiation

temperature of 800 0 F with manual processing same as Run 27.
The run reached steady state on February 6, 1968 and was

completed on February 16, 1968 with an accumulation of 876

MWH at an average terphenyl concentration of 76%.

Foil Dosimetry No. 51C and Calorimetry Series XXVII

were made before the In-pile Section No. 5 was removed from

Fuel Position 1 on February 24, 1968. Foil Dosimetry No.

520 and Calorimetry Series XXVIII, XXIX and XXX were made

after the removal inside the stainless steel thimble at

Fuel Position 1.
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APPENDIX A9

NOMENCLATURE

A = constant.

A = inside surface area of test heater wall; ft2

Ai = atomic or molecular weight of species i.

a = constant.

ai = constant.

B = weight per cent Bottoms; w/o.

b = constant.

b, - constant.

CCiComp = concentration of component i in a mixture, wt %

or weight fraction. Subscript i refers most

frequently to ortho, meta, para or total

terphenyl.

CC = concentration of component i or concentration of
1 omp

total terphenyl in the feed; weight fraction.

C. = concentration of component i in sample J;

weight fraction or w/o

Somp= total terphenyl concentration near the mid-

point of a transient determined as that

concentration where both first- and second-

order kinetics correlations give the same

value for the total degradation rate, -dCop/d-t;

weight fraction.

Cp

Cb

= specific heat of material; cal/(gm)(OC).

= background tritium activity in coolant; yc/gram.

c = constant.
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DP= degradation products. That fraction of the

irradiated coolant which are not terphenyls.

D = mass of coolant in the jth makeup capsule; grams.

d = constant.

E = neutron energy; ev or Mev.

Ec= cadmium cutoff energy; ev.

Eeff = effective threshold energy of a threshold

detector; Mev.

AE = activation energy; kcal/mole.

e = constant.

F,FT = total in-pile dose rate factor; (watt)(hr)(cm3 )/
(MWH)(gm).

FN = in-pile dose rate factor due to fast neutron

interactions; (watt)(hr)(cm3 )/(MWH)(gm).

F = in-pile dose rate factor due to gamma-ray

interactions; (watt)(hr)(cm3 )/(MWH)(gm).

f = fraction of absorbed dose due to fast neutron

interactions.

f = fraction of absorbed dose due to gamma-ray
interactions.

GR(-i) = radiolytic decomposition yield of component i in

the coolant, expressed as molecules of component

i degraded per 100 ev absorbed in the total

coolant, where i refers to ortho terphenyl

(o-03), meta terphenyl (m-03), para terphenyl

(p-03 ), or total terphenyl (omp).

G(-*HB) = radiolytic production yield of HB in the coolant,

expressed as equivalent molecules of omp degraded

to form B/100 ev absorbed in the total coolant.

G(-LIB) = radiolytic production yield of LIB in the coolant,

expressed as equivalent molecules of omp degraded

to form LIB/100 ev absorbed in the total coolant.
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G'-i) = total experimental G value, molecules of component

i degraded/100 ev absorbed in the total coolant.

G*(-1) = G(-i)/Ci.

GN(-i) = decomposition yield of component i in the coolant

for fast neutron interactions.

G (-i) = decomposition yield of component i in the coolant
Y

for gamma-ray interactions.

G.O(-i) = initial decomposition yield of component i in the

coolant for ganma-ray interactions (i.e., at

100% terphenyl concentration).

gi = average fraction of neutron energy lost per
2

collision with nuclide i, equal to 2Ai/(Ai + 1)

Subscript i refers to hydrogen (H), carbon (C),

beryllium (Be) or aluminum (Al).

= mass of coolant heldup below zero inch Makeup

Tank to the circulating loop; grams.

H5  = mass of coolant heldup below zero inch Sampling

Tank to the circulating loop; grams.

HB = high boilers. Those fractions of irradiated

coolant having higher boiling points than

that of para-terphenyl.

h = film coefficient of convective heat transfer;

Btu/(hr)(ft2 )(oF).

h = scale coefficient of heat transfer; Btu/(hr)

(ft2 )(*F).

I = energy transfer integral for nuclide i, watts/

atom. Subscript i refers to hydrogen (H),

carbon (C), beryllium (Be) or aluminum (Al).

J = Makeup Tank gage-glass level; inches

= Sampling Tank gage-glass level; inches



K = constant.

Kn (-i),Ki

k 0kR

k

kM

kg

kR,omp

kR i, a

k, omp

k P I,,c

L

LL

LT

LIB

overall rate constant for disappearance of

component i in a transient run determined by nth

order kinetics; gms/watt-hr.

= constant.

= thermal conductivity of the irradiated coolant;

cal/(cm)(sec)(OC).

= average Makeup Tank level calibration; grams/inch.

= average Sampling Tank level calibration; grams/inch.

= nth order radiolysis reaction rate constant for

total terphenyl (omp) in the coolant; gm/(watt)(hr).

+b = radiolysis reaction rate constant for component
i (terphenyl isomer) for kinetics order a for

component i and kinetics order a + b for total

terphenyl; gms/watt-hr.

,m = mth order thermal decomposition reaction rate
constant for total terphenyl (omp) in the

coolant; hr~ .

+d = thermal decomposition reaction rate constant
for component i (terphenyl isomer) for

kinetics order c for component i and kinetics

order c + d for total terphenyl; hr~.

= length of test heater; inches.

= mass of coolant in the jth sampling capsule;

grams.

= distance of the bottom of the in-pile capsule

from the reactor core center; inches.

= distance of the top of the in-pile assembly

from the reactor core center; inches.

= low and intermediate boilers. Those fractions

of the irradiated coolant having boiling

.,n
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points equal to or less than those of the

terphenyls (w/o DP - w/o HB = w/o LIB).

M = mass of coolant; grams.

M = mass of coolant in the Jth batch of Makeup

Tank; grams.

MC circulating mass of coolant in the loop; grams.

MN = coolant mass contained in Zone N of the coolant

loop; lbs.

MT = Makeup Tank of S & M System

MW N = number average molecular weight; grams/gram-
mole.

MWH = period of reactor operation; megawatt-hours.

m = kinetics order of pyrolysis or radiopyrolysis.

N = number of data points in degradation calcula-

tions or designated zone of the coolant loop.

N = number of atoms per gram of nuclide i.

Nu = Nusselt number = hD/k.

n = kinetics order of radiolysis.

OMPomp = ortho, meta, and para terphenyl.

P,P0  = reactor power level; MW.

Pr = Prandtl number; Cp /k.
p

p = constant.

Q/A = heat flux; Btu/ft 2-hr

Q = number of batches of coolant transferred

during a steady-state run.

Qtot= total rate of heat produced at test heater

wall; watts or Btu/hr.

Qin = net rate of heat input to coolant of a test

heater; watts or Btu/hr.
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"'loss = rate of heat loss through the test heater

insulation; watts.

q = constant.

R = universal gas constant; kcal/(gram-mole)(0 K)

Re = Reynolds number, DVp/y .

R total dose rate in material J, watts/gm.

Superscript j refers to Santowax OMP (SW),

polyethylene (PE), polystyrene (PS), carbon (C),

beryllium (Be) or aluminum (Al).

R = fast neutron dose rate in material J; watts/gm.N -

R = gamma ray dose rate in material J; watts/gm.
Y

R - thermal neutron dose rate in material j;th-
watts/gm.

RCd cadmium ratio.

r = average dose rate; watts/gm = dT/dt

S = conversion factor; 1.6 x lO- 4 3 (cm2)(watt)

(sec)/(barn)(ev).

SaT = Sampling Tank of S & M System.

ST = Surge Tank of S & M System.

S = mass of coolant in the jth batch of Sampling

Tank; grams.

SW Santowax.

T = temperature; 0F and OR, or 0C and OK.

Te = reference point temperature; 0F, 0R, 0K.

TB = bulk temperature of coolant in test heater;
OF.

TT = Transfer Tank of S & M System.

T = average inside wall surface temperature; OF.

t = time.



t

U

V

W

W

W

W

w

w

x

y

z

Y

6

A

= beta radiation.
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= Student's t.

= measured heat transfer coefficient; Btu/(hr)

(ft2 )(OF), from inside test heater wall to

bulk coolant.

= velocity; ft/sec.

omp total degradation rate for terphenyl; lbs/hr

or gms/hr.

R = radiolysis degradation rate for terphenyl;
lbs/hr or gms/hr.

= radiopyrolysis degradation rate for terphenyl;

lbs/hr or gms/hr.

- total mass of terphenyl or terphenyl isomer

degraded, or HB produced; grams or lbs.

= organic coolant feed rate to the system; gram

hr or lbs/hr.

/0 = weight per cent.

= volume per unit length of in-pile capsule;

cc/inch.

= mass of coolant of the jth sample of miscel-

laneous coolant removal from the loop; grams.

= weighted mean of Y values.

= jth data point for independent variable.

= Surge Tank gage-glass level; inches.

= number of VPC chromatographic analysis or

number of tritium analysis.

= gamma radiation.

= net change of coolant mass in the loop; grams.

= correction factor for G value calculations in

steady-state-HB periods (net accumulation

term); grams.

s/
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y = constant; centipoise, op.

y = bulk liquid coolant viscosity; cp.

11 coolant viscosity measured at the inside test

heater wall temperature; cp.

p = density; gm/cc.

= summation sign.

a,a2 = standard deviation and variance, respectively.

a = neutron cross section; barns.

s = elastic scattering neutron cross section; barns.

a= effective threshold neutron cross section;

barns.

ares = resonance component of neutron cross section;

barns.

al/v = 1/v component of neutron cross section; barns.

a22 00  = 2200 meter/sec neutron absorption cross section;

barns.

T = specific dose absorbed by irradiated coolant;

watt-hr/gm coolant.

9(E) = neutron flux per unit energy; n/(cm2 )(sec)(ev).

0(>E) = integrated fast neutron flux above energy E;

n/(cm2 )(sec).
2

# = epithermal neutron flux constant; n/(cm )(sec).

02200 = 2200 meter/sec neutron flux, n/(cm
2 )(sec).

- = approximately.
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