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Résumé

On résume, dans ce r a p p o r t , l ' é v o l u t i o n de l ' e m p l o i

des l i q u i d e s o rgan iques , p a r t i c u l i è r e m e n t les t e r p h é n y l e s ,

comme c a l o p o r t e u r s dans l e s r é a c t e u r s n u c l é a i r e s . On passe

en revue t o u t e s les phases du programme de déve loppement , y

compris l e cho ix du c a l o p o r t e u r , I s d e c o m p o s i t i o n , l e r e t r a i -

tement du c a l o p o r t e u r , l e s p r o p r i é t é s physique , l ' e n c r a s s e -

ment, l e système de ca lopo r t age e t l a c o r r o s i o n . On donne

peu de r é s u l t a t s expér imentaux mais on met l ' a c c e n t sur l a

s i t u a t i o n de c e t t e t e c h n o l o g i e au s e i n de l'EACL a l a f i n

de 1973.
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J.L. Smee, V.R. Puttagunta,

R.F.S. Robertson, and S.R. Hatcher

ACSTPACT

This report summarizes the development of the use of organic

liquids, specifically the terphenyls, as heat transfer mediums in nuclear

reactors. All phases of the development program are covered, including

the choice of coolant, decomposition, coolant reprocessing, physical

properties, fouling, heat transfer, and corrosion. Few experimental

results are given, but rather the emphasis is on summarizing the "state

of the art" as it exists within AECL at the end of 1973.
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P R E F A C E

The Organic-Cooled Reactor program has been active within AECL

since 1958. This report summarizes most of the work that has been done

from 1958 to the termination of the program in 1973. Generally, detailed

experimental results and data are not given since these are available in

the more than 140 references listed. The work has been summarized in such

a manner that, should it become desirable to reactivate the OCR concept some-

time in the future, this will serve as a comprehensive resume of all previous

work as well as a guide for additional development.

Organizations such as Euratom and the USAEC have also done a

great deal of work on the OCR concept, but no attempt has been made to

review it thoroughly. Many references are made to outside work and where

appropriate it is compared or contrasted with AECL work, but few details

are given.

The early work at CRNL, which "laid the foundation for future

OCR development, is discussed more briefly than the later activities at

WNRE which cleared up many of the fine details and culminated in the

successful operation of WR-1 at 400°C for the past 3 years.

Generally, SI units, or units acceptable under SI, are used

in this report. Other attempts at uniformity are minimal.
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NOMl'NCLATUKI

OKGANIZAILONS

AKCL Atomic Ene rg • of C a n a d a L i m i t e d

FURATOM E u r o p e a n Atomic E n e r g y Community

USAEC United States Atomic Energy Commission

CRNL

WNRE

LOCATIONS

Chalk River Nuclear Laboratories (Ontario), (AECL)

Whiteshell Nuclear Research Establishment (Manitoba), (AECL)

REACTORS

BLW Boiling Light Water

CANDU Canada Deuterium Uranium (Reactor)

HWOCR Heavy Water (Moderated) Organic-Cooled Reactor (a USAEC term)

NRU A D20 Moderated and-Cooled Research Reactor at CRNL

NRX A D20-Moderated and H20-Cooled Research Reactor at CRNL

OCR Organic-Cooled Reactor

OMRE Organic-Moderated Reactor Experiment

PHW Pressurized Heavy Water (Reactor)

PWR . ressurized (Light) Water Reactor

WR-1 A D20-Moderated and Organic-Cooled Research Reactor at WNRE

E-2

GP

RD-4

U-3

X-7

LOOPS

A small unfuelled loop In NRX used for organic coolant decompo-

sition studies.

A series of small, out-reactor general purpose loops at WNRE

used for fouling studies.

A large out-reactor loop at WNRE used for heat transfer studies.

A large in-reactor loop in NRU used for organic-cooled develop-

ment work.

A smaller loop in NRX, similar to U-3.



COOLANTS AND COOLANT COMPONENTS

HB-4O A proprietary name of the Monsanto Company describing a mixture

of partially hydrogenated terphenyls. Tt is a pale yellow

liquid at room temperature and has the characteristics of a

light lubricating oil (since 1973, called OS-84).

Santowax OM A proprietary name of the Monsanto Company describing A mixture

of ortho and meta terphenyls. It is a yellow crystalline solid

at room temperature.

HB High Boilers - this term originated with the use of terphenvl

coolants and was defined as any component in the coolant less

volatile than p-terphenyl, the least volatile terphenyl. A set

of distillation conditions was chosen (100 mg of coolant at

175°C and 0.5 mm Hg for k h) which approximated this definition.

However, later, more-detailed chromatographic work with hydrogenated

coolants showed that most of the quaterphenyls (which by definition

are HB) were in fact being distilled over. Since many correlations

had been made on the basis of HB content, the same distillation

conditions have been maintained, but the definition has been

changed to > C2l4 hydrocarbons. The similarity of the term HB

to FB-40 is unfortunate because there is no direct connection.

In this report, when we refer to the High Boiling fraction it

will be as HB. The fluid feed to the reactor always appears

as HB-40.

VOL Volatiles - those compounds boiling in the range between

benzene (inclusive) and biphenyl (exclusive). Generally

Cg - Cj^ hydrocarbons.

GAS Hydrogen and Cj - Cg hydrocarbons.

Non-Condensable Gas - That fraction of the gas which boils below -196°C at

0.005 mm Hg. It includes H2, 02, N2, CO, and CHU. Not all of

these are present all of the time.

Condensable or Hydrocarbon Gas - That fraction of the gas which boils between

-196°C and -77°C at 0.005 mm Hg. It includes C2 - C6 hydrocarbons.



Degas Condensate - That portion of the coolant which is carried through,

the degassing system as a vapour and condensed by cold water

at the degasser pressure. It normally contains 60 to 90%

vo.latiJ.es, up to 10% biphenyl, and up to 30% material less

volatile than biphenyl after separation from the water phase.

Usable Coolant - bi-, ter-, and quaterphenyl compounds in the range C12 -

C2U hydrocarbons. It also includes any other organic compounds

which may be present in the coolant and boil in the range 154

to 420°C.

Light Ends -A vague term describing either volatiles or degas condensate.

Low Boilers-Volatiles.

MISCELLANEOUS

G(-M) Number of starting material molecules converted to HB plus

VOL plus GAS per 100 eV of radiation energy absorbed.

Go(-M) Initial rate (i.e. HB = 0%)

G(-)-HB), G(-+V0L), G(-^GAS) - Number of starting material molecules going to

form HB, VOL, or GAS per 100 eV of radiation energy absorbed.

Critical Heat Flux

Departure from Nucleate Boiling

Onset of Nucleate Boiling

ONB in a multi-component system.

Small Probe Fouling Test - A resistance heated 3/32 in. OD by

6*s in. long stainless steel tube used for fouling potential

measurements. Standard operating conditions are 480°C, ̂ 2.07 MPa

(̂  300 psia), and a coolant velocity of 2.5 m/s. Length of

test is 20 to 24 hours.

CHF

DNB

ONB

Simmering

SPFT
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1. INTRODUCTION

1.1 HISTORICAL

The use of organic liquids as heat transfer fluids n

moderators in nuclear reactors was first suggested by Fermi and Szilard

in their original patent application for a "Neutronir Reactoi :r in 19-4̂ ' '.

They specifically described the use of biphenyl as ,z moderator in a

slightly enriched reactor.

In the mid 19S0's, the USAF.C initiated a program to develop

an organic cooled and-moderated reactor. Part of this program was the

screening of many classes of organic compounds to determine which had the

best all round characteristics f.<r use in a reactor. The terphenyls were

selected on the basis of low volatility, low induced radioactivity, high

radiolytic and pyrolytic stability, solubility of decomposition products

in parent material and commercial availability at reasonable cost. Although

various mixtures of the three terphenyl isomers (ortho, meta, and para) with

various degrees of hydrogenation have been used over the years, the basic

coolant is still terphenyl. The results of these screening tests and the

use of additives for improved thermal stability have been described by

Maketis^ . Screening tests were not conducted in Canada nor has the use

of additives been investigated.

Over the period 1955 to 1963, Atomics International under con-

tract to the USAEC studied enriched, organic-cooled and moderated, pressure

vessel type reactors. This work culminated in the construction of the 12.5

MWe PIQUA generating station by Atomics International and the Piqua Muni-

cipal Power Authority. This station operated well from 1963 to 1966.

However, problems associated with polymerization in stagnant areas of the

moderator forced a shutdown in 1966 and the station was never reactivated.
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Bv the late 1950's, Canada was committed to the development

of Che D^O moderated, natural uranium fuelled reactor (CANDU). McNelly,

of Canadian General Electric Company, first suggested using an organic

coolant with this type of reactor and presented a preliminary concept at

the 1958 Geneva Conference^3^. Subsequent evaluation by AECL confirmed

that this concept (CANDU-OCR) had a potential cost advantage over the

CANDU-PHW, provided certain technical problems could be solved. Thus, a

development program for an organic-cooled power reactor was started.

Initial research and development was performed at the Chalk River Nuclear

Laboratories (CRNL), but when the Whiteshell Nuclear Research Establishment

(WNRE) was formed in 1963, it took over responsibility for the work.

However, tests in the reactor loops at CRNL continued until 1972.

In 1962, AECL commissioned CGE* to design and construct a 40

MWt organic cooled, heavy water moderated, research reactor at WNRE to study

these problems. This reactor, WR-1, went critical in November 1965 and

reached full power in December 1965. We now have over eight years of

operating experience with this reactor(4»5).

In 1964, the USAEC again began work on organic - cooled reactors

with Atomics International and Combustion Engineering as joint contractors.

This time they followed the CANDU-OCR approach and used the organic liquid

as the coolant in heavy water moderated pressure tube reactors'6'. However,

they proposed to use an enriched uranium rather than a natural uranium fuel

cycle. Cost evaluations made by the Advanced Reactor Assessment Group at

Oak Ridge National Laboratory indicated that this system would give lower

unit energy costs than PWR's, BWR's, and liquid metal fast breeders, and

would be competitive with practical HTGR's. In spite of this, the program

was cancelled in 1967 on the rationale, it is believed, that an advanced

converter was not required between the light water reactors and the fast

breeder. The cancellation was precipitated by USAEC budget cuts resulting

from increased expenditures in other areas.

* Canadian General Electric



During the period 1960 to 1969, EURATOM carried a program on

organic-coo'ed heavy water moderated reactors and did some valuable work -

particularly in the system safety area. The concept was never taken up

by any of the member states ami was cancelled in 1969.

With AECL, the technology of organic cooled heavy water moderated

reactors developed rapidly after the startup of WR-1. The reactor proved

easy to operate and easy to maintain. In spite of a heavy experimental

load, it achieved an operating efficiency of 70% and an availability of

87% from the time it reached full power until mid-1973. It succeeded in

demonstrating economical solutions to the technical problems identified

in the earlier evaluations. It was found that the radiation fields around

the primary heat-transport circuit remained negligible, even while the

reactor was operating, thus allowing for inspection and maintenance while

the reactor was operating. In addition, further assessment studies by

W. B. Lewis indicated that CANDU-OCR's were most attractive reactors

in which to burn thorium and thus assure the supply of fuels for thermal

reactors for many centuries^7'.

By 1970, the technology had reached a stage where commitment

of a prototype power station could be considered, and AECL embarked on

a detailed design study for a 500 MWe CANDU-OCR. This study was completed

in September 1972 and confirmed the advantages of the concept^. However,

because or the uncertainty in the cost saving (5 to 15%) and the success

of the CANDU-PHW reactors, the Board of Directors recommended that AECL

not proceed with the prototype at this time.

This report summarizes the technology of the organic coolants

which has been obtained through extensive experimental work in in-reactor

capsules, loops, and in particular the WR-1 reactor. Since we are describing

the results of 14 years of work by many scientists and engineers, no aspect

can be dealt with in great detail. Rather, our present understanding is
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described together with an indication of gaps in our knowledge. Generally,

the raw experimental data are not given but the results, conclusions, and

correlations are presented with appropriate references to the original

work. In this manner, a concise yet comprehensive report describing the

"state of the art' has been prepared.

1.2 ADVANTAGES OF ORGANIC COOLANTS

The attractiveness of the CANDU-OCR concept and the advantages

it provides have been documented several times in the past^2'9', but it

is worth listing and discussing them once more since several advantages

have come to light with the experience gained through operation of WR-1.

1. High coolant temperature (400 to 425°C) permitting higher
thermal efficiency and the capability of generating steam
with a significant amount of superheat. Lewis(*°) has esti-
mated that a gross steam cycle efficiency of 44% is possible
with 172 bar steam at 400°C. He also suggests that by changing
the turbine characteristics and the feed water heating systems,
even higher efficiencies are possible.

2. Low coolant vapour pressure at high temperatures. This means
the primary coolant system can be made of relatively low
cost carbon steel and more readily available pumps, valves,
etc. can be used.

3. Low corrosion rates. Examination of pipes and components
from WR-1 and the various reactor loops shows that after ten
years of service, the original machining and honing marks are
still easily visible. The iron release rate from the piping
is up to an order of magnitude lower than for carbon steel in
water and indications are that the overall corrosion rate is
similarly low. Corrosion is discussed in detail in Section
8.3 of this report.

4. Low activity of the primary heat-transport system. This is
partly due to the low corrosion rates, partly to the low cobalt
content of the carbon steel piping, and partly to the low mass
transport coefficients of corrosion products in the non-polar
organic coolant. This is discussed further in Section 8.4 of



this report. Typical fields in the WR-1 primary pump room
are about 10 mR/h during reactor operation, dropping to about
5 mR/h during shutdowns. This permits access during operation
and significantly reduces maintenance coi=ts as compared to
water reactors.

5. High density fuels such as U metal, UC, and U metal alloys
can be used in an OCR since there is no chemical reaction
between the coolant and the fuel. This improves the neutron
economy and allows higher burnups and hence lower fuel costs.
Lewis et al^7) have shown that the CANDU-OCR may be the ideal
reactor to utilize the thorium fuel cycle.

6. Improved safety, since there is no tritium hazard and the
voiding rates are slow compared to water reactors.

7. Simplified maintenance, since leaks are self-revealing. The
area around the leak becomes coated with a mass of black,
brittle, high molecular weight carbonaceous material.

8. Low D20 losses and D20 upkeep expenses*. Most of the D20
losses in CANDU-PHW reactors are from the primary heat-
transport system. Losses from the moderator system are low
since it is at low temperature and pressure.

Although the OCR concept has many advantages over the PHW

reactors, there are problems and disadvantages which are unique to the

OCR. These are listed below.

1. High neutron adsorption by the coolant. Hydrogen has a cross
section of 332 mb for thermal neutrons while deuterium is
only 0.4 mb. Organic coolant contains 7 to 9% by weight
hydrogen (light water contains 11%).

2. The organic coolant decomposes under heat and radiation. The
decomposition products must be removed and replaced with fresh
coolant.

3. The heat transfer coefficient of organic coolants is lower
than that of water. Thus, to remove an equivalent amount of
heat from the core, either a higher coolant velocity or a
larger fuel surface area is required. A similar situation
exists in the steam generating equipment.

4. Fouling films can deposit on the fuel surfaces unless accep-
table coolant purity is maintained and the coolant chemistry is
closely controlled.



5. Di solved hydrogen can hydride the zirconium alloys used as
pressure tubes and fuel sheathing. As lonj; as this problem
is taken into account in the design, and appropriate coolant
chemistry conditions are maintained to ensure the integrity
of the oxide film, this problem does not limit the life or
these components. Defected fuel, however, has a comparatively
short lifetime in the reactor. Small amounts of organic
coolant enter the defect and become trapped between the sheath
and the fuel Ji.»at, where they completely decompose. This can
result in rapid internal hydriding of the sheath. Severe
sheath failures can occur unless the defected fuel is removed
within five to six weeks of failure. Usually it is removed
much sooner than this to prevent the release of fission products
to the coolant.

6. The coolant is flammable, so fire extinguishing equipment must
be included in the design of an OCR. Special precautions must
be taken to prevent the possible explosion of an organic vapour-
air mixture following a large accidental release of hot coolant.

2. CANDIDATE COOLANTS

2.1 PREVIOUS COOLANTS

As a result of the coolant screening tests conducted by the

USAEC, initial interest centered on commercial mixtures of terphenyl

isomers because of their radiation and thermal stability, solubility of

decomposition products in parent compound, and ready availability at low

cost. Table 2.1/1 shows the composition of typical mixtures produced by

the Monsanto Company and Figure 2.1/1 shows the derivation of the various

mixtures. All are by-products of the pyrolysis of benzene to produce

biphenyl and bear the generic name SANTOWAX, a proprietary name of the

Monsanto Company.



TABLE 2.1/1

COMPOSITION OF SOME TERPHENYl COOIANTS

COMPOSITION mz

Santowax R Feed

Santowsx OMP Feed

Santowax OM Feed

Santowax OM Steady-
State Reference

Coolant

Santowax DOM Feed

Santowax HOM Feed

Santowax WR Feed

Santowax WRH Feed

Santowax WRHD Feed

HB-40 Feed

HB-40 Steady State
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1

23

30

1

1

1

5

1

5

11

3

3

3

V"

12
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52
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20

1

5

5

22

j
\

j

3
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h-0k

30

• "

17
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V,
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V
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30%

SANTOWAX HOM (2%)

LIQUIDUS 30 °C

SANTOWAX
DOM (15%)

LIQUIDUS

FIGURE 2,1/1

DERIVATION OF TERPHENYL COOLANTS



SANTOWAX R

IMs is the first member of Che chain of Santowax coolants

and is produced by distillation of the residue left in the biphenyl produc-

tion process. It contains some biphenyl, the three terphenyl isomers

o-, m-, p- in the approximate ratio 1:6:3, and higher molecular weight

material up to a concentration of ^ 207.. The high molecular weight material

is mostly quaterphenyl. Saotowax R is tht> cheapest of the terphenyl

coolants and considerable experimental work has been done with it in both

the U.S.A. and the U.K., but it has not been used on a large scale.

SANTOWAX OMP

This was the coolant-moderator used in the Piqua power reactor

and during Core II and Core III operation of the OMRE^2) in the USA. It

is produced by distillation of Santowax R to remove all the high molecular

weight material. Its main disadvantage is its very high liquidus point

of 177°C, due to the presence of 30% p-terphenyl.

SANTOWAX OM

This product has also been extensively studied in the USA

and Canada. It has been employed as coolant in OMRE and in Piqua. It was

the reference coolant for the HWOCR program of the USAEC^2) (OM + 10% HB)

and was initially the reference coolant of the Canadian program (OM + 30%

HB). Selective distillation of Santowax OMP produces a mixture with a low

p-terphetiyl content and a lower liquidus point. Because of the low yield,

the price is significantly higher. When Santowax OM is mixed with the high

molecular weight polymers generated during irradiation, a slushy viscous

fluid is produced which can be pumped at room temperature.
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:IWTPWAX WF, PFdUL ~>M-r.

These are two other mixtures with low p-terphenyl content and

similar composition. Santowt.x WR is produced by benzene extraction of

Santowax R. OM-2 is produced by the Progil Chemical Company of France

and was the reference coolant of the ESSOR and ORGEL reactors of

Euratom^11>12) . Santowax WR has never been produced in commercial quan-

tities.

SANTOWAX DOM

Biphenyl may be added to Santowax OM to produce a eutectic

mixture with a meltings point of about 40°C. The main drawback which has

relegated it to the background is that the liquidus point is very sensi-

tive to the content of p-terphenyl as an impurity. To keep the p-terphenyl

content below a required 2 wt % limit would result in a coolant which would

cost % $4/kg. This has never been a commercially produced mixture.

The chief disadvantage of the Santowax coolants is that all

the feed materials are solid at room temperature. This necessitates the

use of drum heaters and special handling procedures. However, as the

concentration of high molecular weight decomposition products increases, all

these coolants will undergo significant supercooling. At room temperature,

the Santowax OM reference coolant is a highly viscous liquid but can be

pumped. Normally, the operating temperature is not allowed to go below

^ 75°C to avoid possibly overloading the pumps.
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2.2 PRESENT REFERENCE COOLANT

Early in the AECL program, it was recognized that a coolant.

which is liquid over the whole range of operational temperatures, and whose

feed material is liquid at room temperature would have a considerable

advantage. Trace heating of reactor circuits would not be necessary and

handling procedures would be considerably simplified.

Three candidate coolants were surveyed and compared with the

then reference coolant, Santowax OM^13-*. This study showed that a commer-

cial fluid, a partially hydrogenated mixture of terphenyls marketed by the

Monsanto Company as HB-40, was a promising feed material. It is used in

industry as both a plasticizer and a heat transfer agent and is available

in bulk at ^ $0.50/kg.

By the end of 1964, enough irradiation experience had been

gained with HB-40 to permit a proposal to be made to use it as the startup

coolant for the WR-1 reactor^1*'. The reactor was commissioned and went

critical with this coolant in November 1965. HB-40 has been the feed coolant

since that time.

Initially, it was thought that the outlet temperature would be

limited to 350°C because of the high decomposition rates measured above

this temperature. However, this assumption was based on the initial

decomposition rate which is considerably different from the steady-state

decomposition rate. As HB-40 decomposes and the concentration of high

molecular weight species increases, it undergoes relatively rapid dehydro-

genation giving rise to the high gas production rates reported^15"17> .

This increases the concentration of the more stable terphenyl isomers,

resulting in a generally more stable coolant and particularly one with a

lower gas production rate. In the reactor, HB-40 is continually added to
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replace decomposed coolant, losses from leaks and samples, and high mole-

cular weight compounds which are continually removed. Thus, there is

always a significant concentration of hydroterphenvls. Therefore, the

decomposition rate and gas production rate of the steady state reference

coolant are not as low as for Santowax OM coolants, but are considerably

lower than fresh HB-40.. Decomposition is discussed in detail in Section 3.

Because of this significant reduction in decomposition rate

•̂f the steady state coolant, it has been possible to operate one of the

three WR-1 primary circuits at an outlet temperature of 400"C continuously

since May 1970. No insoluble problems have arisen, the fresh HB-40 feed

rate is reasonable, and all systems have operated satisfactorily. As of

this writing, operation of one of the circuits at 425°C is >?--<ng consideredf

HB-40 coolant has a significantly lower viscosity than

Santowax OM coolant due to the presence of 35 to 40% residual feed HB-40.

It is readily pumpable at room temperature, although WR-1 coolant is cor

allowed to go below ^ 70°C during shutdowns to prevent possible pump over-

loads. The U-3 loop at CRNL is steam traced so all pumps and heaters can

be shut off during shutdowns.

2.2.1 REFERENCE COOLANT COMPOSITION

In the reactor, the combined effects of heat and radiation

decompose the HB-40 to produce an opaque black liquid containing residual

HB-40 feed, plus decomposition products ranging from gases such as hydrogen

and methane to very high molecular weight polymers. For convenience, we

divide the decomposition products on the basis of volatility into classes

as defined in Table 2.2/1.
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TABLE 2.2/1

HB-40 DECOMPOSITION MODUCT CLASSIFICATION

NAME

Gases

Volatiles

Intermediates

High Boilers (HB)

DESCRIPTION

Hydrogen and

Hydrocarbons

Biphenyls to

Volatility <

hydrocarbons up to

C- to • biphenyl C

quaterphenyl

quaterphenyl ( • C?

Cr

i ?

u)

EQUILIBRIUM
CONCENTRATION

(wt ")

1

3 - 6

2U - 28

28 - 32

The intermediates fall into the same volatility range as the

feed material. The equilibrium coolant comprises these decomposition

products together with 35 to 40 wt % residual undecomposed HB-40.

The concentrations of the decomposition products are controlled

in the reactor to maintain the properties of the coolant within, an acceptable

range. The general effects of increasing the decomposition product concen-

trations are shown in Table 2.2/2.

TABLE 2.2/2

EFFECTS OF INCREASING DECOMPOSITION PRODUCT CONCENTRATIONS

NAME

Gases

Volatiles

In te rmed ia t es

High Boilers

ADVANTAGES

Lower Decomposition Costs
Better Heat Transfer
Lower Viscosity

Lower Hydrogen Density

Lower Decomposition Costs
Lower Hydrogen Density

DISADVANTAGES

Higher Vapour Pressure

Higher Vapour Pressure

Higher Viscosity
Poorer Heat Transfer

! —



The optin>;im composition is achieved by removal of as much of

the gas as possible, retention of most of the volatiles and all of the

intermediates, and control of the KB concentration at an optimized level

to give a balance between decomposition costs and heat transfer properties.

In practice, the coolant composition is governed by the design

of the system an* tUfe conditions under which it is operated. For example,

Table 2.2/3 gives a detailed composition of the HB-4G coolant in three

different systems.

1. * WR-r 'A1 circuit - £00°C outlet
- no volatile recycle*
- feed-and-bleed

2. WR-1 'B' circuit - 320°C outlet
- volatile recycle
- feed-and-bleed

3. U-3 Loop - 400°C outlet
- volatile recycle
- feed-and-bleed
- steam tracing so a higher HB content can
be tolerated

* This refers to the return to the main system of the "light ends"
(generally compounds in the benzene to biphenyl range) which are
removed and condensed by the degassing system (see Section 3.4).



TABLE 2.2/3

DETAILED HB-40 COOLANT COMPOSITION
FOR THREE DIFFERENT OPERATING SYSTEMS

COMPONENT

H? (ml/kg)

CH1( (ml/kg)

C;i - C, gases (ml/kg)

C(, - C12 (wt %)

•2 (wt %)

methyl-<j>2 (wt %)

•3 <wt %)

h-4.3 (wt %)

<K + h-*u (wt %)

HB

CONCENTRATION

WR-1 'A1

40

45

50

3

5

11

16

28

7

30

WR-1 'B'

30

/
H

10

6

3

9

10

42

10

20

U-3

50

70

200

7

8

9

14

12

7

43

3. DECOMPOSITION

3.1 DECOMPOSITION MODEL

The experimental work with accelerator irradiations, sealed

capsules, and iti-reactor loops to determine the thermal and radiolytic

stability of terphenyls has been well described*15>19~2 7), Recent steady

state'decomposition.data for HB-40 coolants at temperatures up to 400°C in

WR-1 arid the large U-3 loop at CRNL have also been reported(28



In the decomposition studies of te-rphenyl~based coolants, it

h.is berome customary to describe the decomposition behaviour in terms of

the groups of constituents defined in Table 2.2/1. This grouping is

arbitrary, and is simply a convenient representation of the fractions

present in the multicomponent mixture. However, it has provided a good

basis for obtaining engineering-type data. The overall net decomposition

rate is considered to be the sum of the gases plus volatiles plus HB

production rates only, since the intermediates are considered usable

coolant.

Work with terphenyl-based fluids such as Santowax OM by Mason

and co-workers at MIT^21~2l4\ Euratom workers^30), and Boyd at CRNL^ 2 6\

showed that in-reactor behaviour of terphenyls up to •400°C could be

described by the following model.

In-reactor decomposition is assumed to occur by two independent

reactions, a radiolysis and a radiopyrolysis reaction.

The rate of the radiolysis reaction is:

1. Dependent on the total dose of ionizing radiation received,
but independent of dose rate.

2. Several times greater for proton recoil radiation than for
electron or gamma radiation.

3. Second order with respect to untransformed coolant concentration.

4. Increased only slightly by increasing temperature corresponding
to an activation energy of ̂  4 kJ/mole.

The rate of the radiopyrolysis reaction is:

1. Independent of dose, dose rate, and type of ionizing radiation.
This was confirmed up to dose rates of 1.25 W/g. Although
this independence of radiation is established, the rates observed
apply to coolant which has already been irradiated and in which
a sufficient quantity of intermediates such as free radicals and
excited intermediates are present. Hence, the term "radios
pyrolysis". Radiepyrolysis rates may be significantly higher
than pyrolysis rates on unirradiated terphenyls.
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2. First order with respect to untransformed coolant concentration.

1. Very sharply dependent on temperature. Typically,activation
energies of 230 kJ/mole are described. Below temperatures of
300°C, the contribution from radiopyrolysis is negligible.

Later work by Boyd and Toml inson^ °) indicated that the two

modes of decomposition were not strictly independent, but that their inter-

dependence was important only at temperatures above 400°C.

Smee and Toml in son (?s »••"'') were able to correlate all the steady

state decomposition data for HB-40 coolant from both U-3 and WR-1 using

the following model.

j. Over the temperature range of interest (i.e. 300 to 400°C),
it is assumed that there are two modes of coolant decomposition,
radiolysis and pyrolysis, and that these are independent and
additive.

2. The radiolytic rate is assumed to be independent of temperature
over the temperature range of interest.

3. Radiolytic decomposition is assumed to be a second order reac-
tion. The coolant available foi radiolytic decomposition is
(1 - /flB) where f^-a is the fraction of HB in the coolant.

4. Pyrolytic decomposition is assumed to be a first order reaction
dependent only upon temperature and the amount of coolant avail-
able for decomposition, rfhich is (1 - /^g).

It must be emphasized that this model is strictly empirical

and was chosen mainly for its simplicity. It is a compromise among the

various decomposition models found in the literature, but it does correlate

the data from two different operating systems. It also provides a reasonable

base for extrapolation to larger systems. Note that this model makes no

distinction between pyrolysis and radiopyrolysis. At 400°C, radiolysis only

accounts for 15 to 25%* of the total decomposition and the in-reactor volume

* These figures apply only to WR-1 and U-3 which are research facilities.
In a power reactor, which is designed to keep the out-reactor volume
smallv/radiolysis may account for 60% of the decomposition and up to 4%
of the coolant may be in-reactor. Radiopyrolysis may become significant
under these conditions.



.... '.i,-,.-, • h.-n 1 o! thi' total, so onu.ini'i'int.'iH nl i he pvrolytU" rate bv

-:•••- r i v i i o l\ i ic m'odurt.- is likelv L O N O sm.-i I i Also, one or two tests

'••,4vc been made in I'-* at temperatures up to 400 'C when the reactor was

shutdown and the pyrolyt.ic rate obtained was f he same as when the reactor

w a s o p o r a t i n c,.

By this raodf.1! , in-react T deiorapo^i t ion is the sum of the

r'.idiolvric plus pvrolvtir contributions. Even doubling or tr i p l i n g tht

ir.-r-'-actor pvrolvtic rate to a,-r>)unt ior radiopvro lysis would not signifi-

cantlv affect the results since the in-reactor volume is staall.

This simple model is alJ that can be justified on the basis of

the experimental data. An operating cycle in WR-1 lasts for four to six

weeks and a coolant inventory is taken only during the shutdown between

cvrles. ThuSi one decomposition rate is obtained per cycle. During this

cycle, many thousands of kg of coolant will have decomposed and losses will

have occurred through leaks and spills. in most cases, the amount of

coolant lost can only be estimated so there is considerable scatter in the

data. It would be futile to try to pick out a 4 to 8 kJ/mole activation

energy for radiolysis, for example. if, however, carefully controlled

studies indicate there is in fact an activation energy for radiolysis, the

data rould easily be fitted to such a model, probably witnout any signifi-

cant increase in the standard deviation of the fit.

3.2 DECOMPOSITION RATES OF TERPHENYL MIXTURES

AECL studies on the radiolytic and pyrolytic decomposition of

the pure terphenyl isomers and terphenyl mixtures such as Santowax 0M

were performed in the early 1960's and essentially completed by 1965. At

this time, the decision was made to switch to HB-40 for WR-1 operation.

All of the work done in this period has been reported in a series of AECL

documents(13»15>20»26>27) end has been compared with the work of others by
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Most of these data werp obtained either from sealed ransulcs

containing a few cm' of coolant, or from smal] loops containing up to ] .

of coolant. Smee^31) reported that the HB production rate in the large U-"3

loop is 13 to 17 g/kWh (abs) at 250 to 325°C (where the contribution

from pyrolysis is negligible) and }0% HB content. This converts to a

G (-+HB) value of 0.15 to 0.21 or a Go (-HB) of 0.30 to 0.42. Sullivanf:),

working in the same loop, reported a G (-*-HB) value of 0.32 at 15% HB and 345°C

(where the contribution from pvrolysis is small but significant). This

converts to a Go (-*-HB) of 0.45. These values are in the same range as

those determined by other workers for similar coolants. No estimate of

the pyrolytic decomposition rate was obtaineci.

Smee and Sullivan reported chat the gas and volatile production

rates were low (they were not accurately measured) and concluded that

G (-+HB) % G (-M). Mackintosh^27) and Hall(l9^ reported that G (-GAS) and

G (-VOL) are significant and G (-*-HB) < G (-M) for terphenyl coolants.

However, this conclusion was based mainly on data in the 400 to 475°C

range. Subsequent work with hydrogenated terphenyl coolants showed that

the gas and volatile production rates increased markedly above "'- 350°C and

a similar phenomenon probably exists with terphenyl coolants. In the

temperature range 250 to 345°C, the assumption that G (~>-HB) = G (-M) is

probably reasonable.

Below 300°C fast neutrons are more damaging to terphenyl coolant

than gamma rays by a factor of 3 to 4.5. The factor slowly decreases with

increasing temperature until it reaches ̂  1 at 350°C and above(15).

3.3 DECOMPOSITION RATES OF HYPHENATED TERPHENYL MIXTURES

Work by Tomlinson'13^ on the initial decomposition rates of

HB-40, indicated that it was considerably less stable than Santowax OM,

both radiolytically and pyrolytically- A comparison is made in Table 3.3/1



TABLE 3.3/1

INITIAL DLCOMPOSITION RATES Or HB-40 COMPARED TO SANTOHAX OM (OM _=_ 1)

t;o

°

RADI0LYT1C

(-M)

< • • « * >

1.7

1

10

- 2.4

.5

- in

-M

-*HB

*GAS

PYROLYTIC

200

10

-

However, later work in the small E-2 loop^1'1"16^ in the NRX

reactor showed that these data are not relevant to irradiated reactor

coolant. The high boilers formed from HB-40 are less stable than those

formed from Santowax OM and they tend to "crack" to molecules in the usable

coolant range. Thus, the net HB production rate front HB-40 coolant is

similar to that of terphenyl coolants. Similarly, as HB-40 feed is con-

verted to steady-state coolant, the gas and volatile production rates drop

markedly, although both remain higher than for terphenyl coolants.

With the data from the WR-1 reactor and the U-3 loop, and

using the model previously described, Smee and Tomlinson^28'29^ found that

the radiolytic decomposition rate for HB-40 steady state reference coolant

(30% HB) w?s 13.1 g/kWh [G (-M) = 0.15] in the range 300 to 400°C. Using

second order kinetics, this converts to an initial rate Go (-M) = 0.30. This

compares to a measured Go (-M) = 0.79^
13^ illustrating the rapid initial

decomposition of HB-40. Obviously second order kinetics cannot be used

over the entire range of HB concentration, but in the range 10 to 45% it appears

to give a reasonable fit with the experimental data.

At 350°C, the fast neutron to gamma ray damage ratio was between

2.6 and 3.8(1S). At higher temperatures it decreased as for the terphenyl

coolants. It was not determined at lower temperatures.
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The p y r o l v t i c decomposi t ion r a t f i s best d e s c r i b e d bv the

Arrhfn ius equa t ion

K = EXP(25»73 - 180,98/KT)

where K = pyrolytir decomposition rate (h ')

R =» gas constant (8.3143 x 10"; k.l mal^R-"-

T = absolute temperature (K)

180.98 = activation energy (k.J mol"1)

The activation energies reported by other workers for terphenyl

coolants are in the range 188 to 264 kJ mol"1 with the generally accepted

value being about 230 kJ mol-"1. The Irwer value for HB-40 coolant is not

unexpected since all comparisons indicate that the unsaturated compounds

are more stable thermally than the partially saturated ones.

The method of calculating the decomposition rate in a reactor

such as WR-1 or an advanced OCR is shown by the following equations:

DT0T " °R

where ^TOT = tota^- decomposition rate (kg h"1)

DD = radiolytic decomposition rate (kg h"1)
K

Dp = pyrolytic decomposition rate (kg h ])

D = K x f x FP x (10° ~ H - VDK KR x ;FP x " X C100 - 3O3

where KR = radiolysis constant at 30% HB

rr

= 13,1 x 10"3 kg kW"1 h"1

= fraction fission power absorbed by coolant

(for WR-1 / F p = 0.0053; for U-3 ̂  = 0.0045 - 0.0071)

FP = reactor (or loop) fission power (kW)

HB = high boiler content (wt *'•)



FX1M.25.7) - 180.98/RT) x p (T) x
' T;

- 1BO.98/RT1) +

1—A TJ

where HB = high boiler i-̂ ntent (wt "')

n = number of different .oolanr regions of constant tempera-
ture

U'. = weight of coolant in region i (kg)

Tj = temperature or coolant in region i (K)

m = number of different coolant regions of changing tempera-
ture (e.g. heat exchangers)

V. = volume of region j (V.)

u(T) = expression defining density (kg £"') as a Function of
temperature (K) at the specified HB cor.ent

AT = T2 - Tj = temperature change across region j (K)

Usually an exact solution of the integral is not possible but

all of the standard methods fox obtaining an approximate solution (e.g.

Simpsons Rule) give satisfactory answers. Note that the integral given assumes

a constant rate of temperature change along the region. If this is not the

case, the appropriate function should be used.

Using the WR-1 and U-3 data, Smee^2^ has obtained equations

which define the fraction of High Boilers, Volatiles, and Gas produced in

the decomposition process. The form of the equations is:

? P c = A + R'T + C'T^ + D"HR
HB' - VOL' •'GAS a u U H B

where A, B, C, and D are constants (see Table 3.3/2)

T = temperature (°C)

HB = high boiler content (wt %)



TABLE 3.3/?

CONSTANTS FOR PREDICTING /HB' •fVOL» •'GAS

IN THE DECOMPOSITION OF HB-40 COOLANT

HB

"VOL

F
"GAS

3

-3

1

A

.095

.479

.384

-1.

2.

-0.

107

069

962

B

x 10~ ?

x 1 0 " •'

x 10~?

0.

-2.

1.

909

595

686

r.

X

X

X

icr'

10-5

10"5

6

-6

.0

.0

D

X

X

0

10"''

Generally, as the HB content of the coolant increases, the

fraction of HB in the decomposition product (£,„) also increases. This

effect is thought to be associated with the increased probability of addi-

tion of light molecular fragments to existing HB at high HB concentrations.

Generally, as the temperature increases, fuj, decreases and ./yoL anc* -̂ GAS

increase. This is probably due to increased thermal cracking of the HB at

higher temperature.

Since these equations are a function of temperature, the actual

HB, VOL, and GAS production rates in each temperature region must be calcu-

lated and these summed. This procedure is analogous to that used to

calculate the pyrolytic decomposition rate.

The distribution of the decomposition products due to radiolytic

decomposition is not known. To obtain the above equations it has been

assumed that the distribution is a function only of the temperature at which

the decomposition takes place. In WR-1 and U-3 at 400°C, the contribution

of the radiolytic decomposition is only lc to 25% of the total decomposition,

so any errors in this assumption will probably be masked. At lower tempera-

tures, radiolytic decomposition accounts for 60 to 85% of the total, so the



d istr iout ton at the radiolvtic decomposition products will have a signifi-

ant effect on the overall distribution. Nevertheless, the experimental

data tend to support the treatment in this temperature range,

VOLATILE RECYCLE

The concentration of volatiles in HB-40 coolant depends upon

tat design and operating conditions of the coolant system. In WR-1, the

equilibrium concentration is 1 to 3%, while in U-3 it is 3 to 5/.'.. By

recycling the degas condensate, if is possible to increase this concen-

tration, with complete recycle, a continuous increase in volatile roncen-

rration with time would be expected, however, experience in both WR-1 and

l'~ 5 indicates that an equilibrium concentration is reached at 5 to 7% in

XT. 1 and 7 to 9% in U-3. Presumably, the volatiles recombine to form

usable coolant since there has been no noticeable increase in either the

gas or HB production rates and there has been a significant drop in the

overall coolant decomposition rate. The mechanism of the proposed recom-

bination and the nature of the products are not known.

Note that recycle of the degas condensate does not reduce the

volatile production rate to zero since volatiles are lost with the coolant

via leaks, samples, and with the bleed to control the HB concentration.

However, it does appear to be at least a factor of U lower than without

condensate recycle. The equations given in the previous section for

coolant decomposition rates do not make any allowance for condensate

recycle. An approximate correction can be made by dividing the volatile

contribution to the decomposition by 4.

There are two problems that have become evident during the

course of the recycle program. The first is that of increased coolant

vapour pressure due to the higher volatiles concentration. In WR-1, it



- 25 -

has occasionally been necessary to reduce the recycle rate to prevent

boiling on the fuel surface. In U-3, buLk boiling in Lhe pump has o<T

several times*, but it has immediately been brought under controJ by a

temporary reduction in temperature and recycle rate.

The second is Increased coolant fouling potential due to

corrosion in the recycle system. It appears that the high concentration

of water in the condensate (up to 50% before separation and up to 1000 ^

after separation) causes corrosion of the mild steel components. These

ccrrosion products enter the main circuit with the volatiles. This

problem has been solved by installing a small Attapulgus clay column

and glass spool filters in the return line. A possible alternative solution

would be to make the components of this system from stainless steel or

other non-corrodible material.

3.5 ALTERNATIVE FEED MATERIALS

s u c c ess of the volatile recycle program indicated that

if a slightly higher increase in vapour pressure could be tolerated, at

least part of the feed coolant could be a low cost material such as toluene

or•biphenyl. The former was tried in WR-1 and the latter in U-3. The

results in both cases were the same. There was no indication of polymeri-

zation and the slow drop in concentration of the feed material with time

was exactly that expected due to dilution and routine system losses. The

reason for the difference in behaviour between the pure compounds and the

volatiles is not known.

* Because of the difference in design between U-3 and WR-1, pump
cavitation occurs before fuel surface boiling in U-3. In WR-1,
the reverse is true.
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3.6 DOSIMETRY

Most of the work on radiolysis of terphenyls was done in

capsules and small loops in the NRX reactor at CRNL. Energy deposition

rates were determined using calorimeters, graphite-CO;, ion chambers and

the radiolytic yield from cyclohexane. The values from all three methods

wete in good agreement. Thermal neutron flux was estimated from the Co&0

activity induced in Co wire. The fast neutron flux was estimated from

the C o ^ activity induced in Ni wire. The methods and results have been

well described by

Initial dosimetry measurements were made in the WR-1 reactor
(3**)

by Tomlinson et al a few days after startup in 1965. They used graphite-

CO? ion chambers, aluminum-Ar ion chambers, and liquid cyclohexana as a

chemical dosimeter. Neutron fluxes were determined by the same methods

as used in NRX. These measurements were made at low power and indicated that

0.58% of the total fission power was absorbed by Lhe coolant. The fast

neutron fraction was 67%. Subsequent measurements by Mehta with a refined

calorimeter operating at full reactor power showed that 0.43% of the fission

power was absorbed by the coolant with a fast neutron fraction of 70%^35'.

The most recent measurements and calculations'36', which take account of

coolant physical property changes since the earlier work (specifically

density and hydrogen fraction), show that 0.53% of the fission power is

absorbed with a fast neutron contribution of 67%.

The dose rate to the U-3 loop was calculated by Bcyd. Between

0.45 and 0.71% of the loop power is absorbed by the coolant. This range is

due to changes in the coolant composition (terphenyl initially, later

hydrogenated terphenyls), different size pressure tubes (8.3 cm diameter

initially, later 10.4 cm), higher power fuels (1.7 MW to 4.0 MW) , and

changes in the fuel design (19-element bundles with 1.5 cm OD elements

initially, later 36-element bundles with 1.3 cm OD elements). The fast

neutron fraction is similar to that for other heavy water moderated reactors

(i.e. 65 to 70%).
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COOLANT RfPROCESS ING

Organic coolant decomposes in the reactor environment by

radiolysis and pyrolysis. The decomposition products are gases, vola-

tiles, and high boilers. Gases and volatiles increase the coolant vapour

pressure and decrease its viscosity, while the high boilers increase the

coolant viscosity and decrease the decomposition rate by reducing the

fraction of coolant available for decomposition. There is experimental

evidence that retention of volatiles also decreases the decomposition

rate (see Section 3.4). Optimization of the equilibrium reactor coolant

is based on the vapour pressure, viscosity, and decomposition cost

(see Section 2.2).

4.1 REMOVAL OF GASES AND VOLATILES

In an operating system, the gases and volatiles formed in

excess of the equilibrium concentration are continuously removed in a

degasser. A small fraction of the total coolant flow (1 to 2%) is

flashed Into a low pressure (200 to 400 kPa) degassing tank. Vacuum

degassing has been tried and,although it does result in greater degassing

efficiency, any advantage is far outweighed by the problem of air in-

leakage, subsequent oxidation of the coolant, and fouling. Therefore,

it is not recommended.

The vapours are condensed in one or more stages. An ideal

degassing system, based on experience in WR-1 and U-3, Is shown in Figure

4.1/1. Coolant from the main system at 300 to 400°C is flashed into the

degasser through a spray bar or sparger. The higher temperature results

in removal of more gas and volatiles, but imposes a higher heat load on
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the condensers and also results in a higher decomposition rate. The vapour

passes to the first condenser which is relatively hot ( 150°C). Mainlv

intermediates will be condensed here and they can be returned directly

to the main system. The second condenser is cooler (̂  100°C) and will

condense the rest of the intermediates along with some of the water and

some of the higher molecular weight volatiles. The organic fraction is

considered usable coolant and can be returned to the main system. However,

the water contains volatile inorganic impurities such as HC1 and should be

discarded. Thus, a separator is necessary. Provision should be made for

discarding the organic phase in case the coolant vapour pressure is too

high to permit recycle of all of it.

The third condenser is cold (̂  25°C) and will condense all

remaining water and volatiles. Separation is not necessary since the

organic phase will contain low molecular weight, high vapour pressure

compounds. It can be discarded along with the water. Separation may be

desired for ease of disposal because the organic phase may be burnt, but

there is oven a possibility the entire stream could be fed to the burner.

The uncondensed vapours from the third stage are mostly H2 and

light hydrocarbon gases and can be vented through a pressure relief valve.

Note that the return line from the first stage condenser

should tie into the main return line a considerable distance downstream

of the degassing tank. If the contents of this line get into the degasser,

they will revaporize instead of being returned to the main system.
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Most of AF.CL's organic systems use feed-and-bleed to control

the HB concentration at about 30%. Thus, for every 30 kg of HB removed,

70 kg of usable coolant is also removed. For the relatively small systems

in operation at present, the cost of this coolant is small. However, for

a large organic-cooled power reactor this cost becomes significant and

a means of selectively removing HB must be used. Methods which have been

considered or studied by AECL include the following:

1. Vacuum distillation

2. Steam distillation

3. Solvent extraction

4. Catalytic hydroeracking to convert the HB to usable coolant.

Each of these methods is discussed briefly in the following

sections.

4.2.1 VACUUM DISTILLATION

This is the reference method for HB removal in the OCR-500

conceptual design. The WR-1 design includes a vacuum still, but it has

been used only intermittently. When it is used, a small flow of coolant

(̂  225 kg/h) is continuously added to the column which is maintained at

7 to 15 kPa and 300°C. After 10 to 15 hours, the product tanks and the

still kettle are usually both full, so addition is stopped and the still is

shut down. The pot residue containing «v/ 80% KB is pumped out and discarded.

Several problems have arisen with the operation of the WR-1

still, and completely successful, fouling free operation with coolant from

this process has not yet been demonstrated. The quality of the distillate

9
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has not been constant. Occasionally, it has contained participate iron

in sufficient quantity to cause fouling problems. This probably results

from corrosion by water in the condenser or product tanks (the first

fraction distilled over contains a very high concentration of water) and

by air inleakage. Air inleakage would increase corrosion of the carbon

steel components and would also oxidize the coolant. Both processes

would increase the coolant fouling potential.

Disposal of the residue is also difficult. At 80% KB, it

cannot be allowed to go below ~» 200°C or it becomes too thick to pump.

Precautions raust be taken to prevent it from solidifying in the kettle

since it is almost impossible to reliquefy. Extensive trace heating on

all lines is required. In WR-1, the residue is drummed at 200 C. This

is a dangerous and unpleasant chore and should be avoided in any future

design. An ideal solution would be to pump the hot residue directly to

an incinerator.

One attempt was made to increase the HB in the residue to

-v 95fi At the high temperature required (̂  350°C), the heaters failed

and the residue solidified despite trace heating. Several lines had to

be cut out and replaced.

Based on WR-1 experience, successful operation of a vacuum

distillation unit can be achieved only if the following recommendations

are included in the design and operating procedures.

1. The still kettle and its drain lines should be adequately
trace heated, preferably with hot coolant from an independent
source rather than electrical heaters.

2. Drumming of hot residue should be avoided.

3. Optimum HB content of the residue is 80 to 85%.

4. Two independent heater circuits should be provided in the
kettle to reduce the possibility of residue solidification.



5. Mild steel is not an adequate construction material for the
condensers and product tanks. Something less susceptible
to corrosion should be jsed.

b. Air inleakage must be avoided.

4-2.2 STEAM DISTILLATION

This is a relatively new method on which bench scale tests

have been made at WNRE. Steam is injected into the coolant in the kettle

and acts as a carrier. The optimum steam to distillate ratio appears to

be 1.0 to 1.5 at a distillation temperature of 300 to 35O°C and a pressure

of 1 atmosphere. In other respects, it is similar to vacuum distillation.

Some advantages over vacuum distillation are:

1. It is conducted at or above atmospheric pressure, so inleakage
of air is eliminated.

2. Because of the higher pressure, the size of the steam distilla-
tion unit is an order of magnitude smaller than the vacuum
still.

3. Steam distillation can be made an integral part of the degassing
circuit.

4. Chlorine contamination would be reduced since inorganic chlorides
tend to accumulate with the water layer which is discarded.

Some disadvantages are:

1. Large quantities of steam must he supplied and condensed.

2. Separation of the distillate from the water is required.

3. If mild steel is used as a construction material, corrosion
problems would increase because of the large quantities of
water involved.

4. High temperature residue must be handled.

5. High loss of useful coolant with residue.



4.2.3 SOLVENT EXTRACTION

This is a method for the selective removal of very high

molecular weight compounds by the process of differential solubility

(DCM). It was originally developed by Scola^10^ and Euratom workers' '

but has been modified by AECL personnel at WNRE^ 1 D 8\ The last reference

Rives details of the modifications and the experimental program.

The process, as originally reported by Scola, involved mixinp,

the coolant with a solvent such as xy1ene/heptane or Naphtha. A black.

solid (up to 20? of the original coolant) was precipitated and removed

by either filtration or centrifugation. The solvent was removed by distilla-

tion and recycled. The residual coolant was still black, indicating incomplete

removal of the HB, although a large fraction was certainly removed.

Molecular weight measurements indicated that the highest molecular weight

fraction of the coolant, the so-called high high boiler (HHB), was being

precipitated.

The major AECL modification was the substitution of volatiles

produced in the reactor for the xylene/heptane mixtures. They only preci-

pitated ^ 5 to 10% of the coolant 'instead of 10 to 20%) and it was more like

a thick slurry than a true precipitate. Nevertheless, it was readily

removed by centrifugation. Distillation of the supernatant would not be

necessary since the volatiles could be returned to the main system as

part of the volatile recycle program.

Some tests with the November 1968 high fouling coolant (see

Section 6.3) indicated that removal of -v- 10% of the coolant as HHB by

DSM reduced the fouling potential by a factor of 10. This showed that,

with some types of fouling, the foulers or their intermediates are in the

HHB fraction of the coolant.



The AFCL-modiiied DSM procedure is expected to have the following

advantages.

1. Low operating coat since the solvent is produced in the reactor
and distillation is not necessary. The only significant
operating cost would be for the continuous centrifuge.

2. Removal of HHB, thus allowing a higher HB content in the
coolant without an increase in viscosity. This would reduce
the coolant decomposition rate and make-up cost.

}. The process can be modified slightly to obtain the HB yield
required to maintain the HB concentration at the steady state
value. This means vacuum distillation would not be required.

4. Possible reduction in fouling potential.

5. Increased clay life because of high molecular weight organic
impurity removal with the HHB and less removal by the clay.

A.2.4 OTHER METHODS OF HIGH BOILER REMOVAL AND COOLANT REPROCESSING

Other methods of coolant reclamation and processing include

deep cut distillation, short path distillation, molecular distillation,

catalytic hydrocrc?cking, partial hydrogenation, molecular redistribution,

alkylation, etc. They have not been studied experimentally by AECL.

Catalytic hydro-cracking to reclaim the HB would save a maximum of

0.05 mil/kWh(e) at the OCR-500 outlet temperature of 400°C. This was net

sufficient to justify the research effort required and the added

complexity to the overall system. Should a higher coolant temperature be

anticipated, a larger saving would be obtained from hydrocracklng and the

research effort could be justified.

All of these methods were summarized by Hillyer in 1964^

To the best of our knowledge, no significant advances have been made since

then.



5. PHYSICAL PROPERTIES

Irradiated organic fluids surh as equilibrium HB-40 coolant

nrv ;i nimpli'x mixture of many organic compounds varying in molecular

weight from 2 to over 1000. Therefore, physical property correlations

should include not only the conventional variable, temperature, but also

variables describing the nature of the various components and their

concentration. This would result in a most unwieldy set of equations.

However, it has been found that most of the physical properties are rela-

tively insensitive to all components except the HB content. This is not

really surprising since, to a first approximation, it is the only component

whose concentration varies over a wide range (e.g. 0 to 45?). Generally,

as the HB concentration increases, the concentration of other species

decreases in approximately the same proportion. Thus, most of the corre-

lations now used contain temperature and HB content as the variables.

5.1 TERPHENYL MIXTURES

Most of the work done on organic coolants in the United States,

the United Kingdom, and the Euratora countries centered on the terphenyls

and various terphenyl mixtures. The results of the physical property deter-

minations made during the course of these studies have been summarized by

Hakens^2). Reports from the individual countries are also available^37"~u^ .

All workers obtained satisfactory correlations of the most common physical

properties (e.g. density, viscosity, specific heat, and thermal conducti-

vity) using HB content and temperature as the variables. The aforementioned

references also contain data on C:H ratio, molecular weight, vapour pressure,



heat ot combustion, eas and water solubility, melting and boiling points,

critical constants, heal ot vaporization, explos U> 1 1 i t y, t I .jmm.ii i 1 ; t y ,

aiui tv'su i t v . vhv data will n<>t ht- repeated here .

Generally, there is good agreement among the data from the

various workers. The one exception is vapour pressure. Tr is very depen-

dent upon che amount of gases and volatiles in the coolant. Their concen-

tration depends upon production rate and removal rate, and while the former

i~ roverned by the coolant temperature and radiation dose rafe, the latter

is determined by the degasser temperature, pressure, and flow rate.

Naturally, there is considerable variation among these parameters from

one system to another, so a wide range of vapour pressures has been

reported. Sealed capsule irradiations produce coolants wit" very high

vapour pressures since all gases and volatiles are retained. Loop experi-

ments generally produce coolants with lower vapour pressures since most

loops have a degasser for gas and volatile removal.

Several authors have attempted to correlate vapour pressure

with HB content. While this may be possible for sealed capsules, where

the HB content represents the degree of decomposition and hence is propor-

tional to the gas and volatile concentrations, in an operating system such

a correlation is futile. A 40% HB coolant may have a significantly higher

or lower vapour pressure than a 20% HB coolant as has been observed

many times during the AECL studies on organic coolants. If, however, two

coolants are identical in gas, volatile, and water concentrations, but

different in HB concentration, the coolant with the highest HB content will

probably have the lowes* vapour pressure because of the reduction in the Inter-

mediate boilers to compensate for the increased HB. However, the mole

fraction of the gases, volatiles, and water will be higher in this coolant

and this will tend to increase the vapour pressure. In some cases, these

increases may be more than enough to compensate for the reduction in the

concentration of the Intermediates.
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rj. ? HYDROGENATED TERPHENYL MIXTURES

All the physical property measurements made on the WR-1 HB-40

coolant up to 1968 have been correlated by Smee^'). During the period

1965 to 1968, WR-1 operated at 290 to 35O°C and the HB content slowly

increased from 0 to 30%.

From 1970 on, one of the WR-1 primary circuits has operated

at 400°C outlet. After a few weeks at 400°C, it became evident that some

of the physical properties (C:H ratio and viscosity) were deviating signi-

ficantly from the previously determined correlations. A new equilibrium

coolant was established after a few months. By this time, the U-3 loop

was also operating with HB-40 coolant at 400°C and the physical property

data agreed well with the high temperature WR-1 data. The C:H ratio at

30% HB was about 11% higher for 400°C coolant than for 300 to 350°C coolant

(1.15 vs 1.03) and the viscosity was about 5 to 50% higher. The viscosity

increase was most noticeable at low temperature (50 to 100°C) and

high HB content (30 to 40%). These increases were attributed to a more

rapid dehydrogenation of the HB-40 at the higher temperature and thus a

lower equilibrium hydroterphenyl content (see Table 2.2/3). If there were

any changes in the other physical properties due to high temperature opera-

tion, they were small and masked by the scatter in the experimental data.

The data from high temperature operation have also been correlated^3'.

If future OCR's operate at say 425°C, an additional increase

in the C:H ratio can be expected. The upper limit is probably the value

for Scintowax OM reference coolant, 1.30.

It was found that the viscosity was a function of the volatile

concentration and the HB concentration. During the volatile recycle

program when the concentration of volatiles was increased, the viscosity

decreased. The decrease was most noticeable at low temperature (up to 10%)

but insufficient data were available to obtain a correlation.
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Correlations for the more common physical properties are

given in the following sections. They are for HB-40 coolant, operating in

a reactor system such as WR-1 at 400°C, at a typical volatiles content

of 3 to 5 wt X.

5.2.1 DENSITY

Density ireasurements have been made in the temperature range

25 to 400°C and in the HB range 0 to 43%^lt^ . All the measurements made

in these ranges can be correlated by the expression:

P = A + B X T + C X H B + D X T X H B

where p = density (kg-m~3) or (g'ST1)

T = temperature (°C)

HB = high boiler content (wt %)

A = 1.0181 x 103

B = -7.3891 x HT1

C = 2.23A3

D = 1.6670 x 10~3

5.2.2 VISCOSITY

Viscosity measurements have been made in the temperature range

20 to 400°C and in the HB range 0 to U5%^^ . Below 150°G, the logarithm

of the viscosity is second order with respect to inverse absolute tempera-

ture and second order with respect to HB content. Thus, a nine-term

equation is required to correlate the data in this range. The equation is:
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20 TO 150°C

p = EXP(A + BxHB + CxHB2 + DxT"1 + ExHBxT"1 + FxHB-^xT"1

+ GxT~2 + HxHBxT"2 + IxHB2xT"2)

where y = viscosity [Poiseuille (N-s-nT2)]

Note: 1 Poiseuille = 10 Poise

T = temperature (K)

HB - high boiler content (wt %)

A = 1.2099

B = A.3339 x 10~l

C = -1.0459 x 10"2

D = -8.3247 x 103

E = -3.2463 x 102

F = 7.2201

G = 2.1478 x 106

H = 5.9661 x lO4

I = -1.0455 x 103

Above 150 C, the logarithm of the viscosity becomes linear

with respect to the inverse absolute temperature, but remains second order

with respect to the HB content, thus a six-term equation is required to

correlate the data in this range. The equation is:

150 TO 400°C

y = EXP(A + BxHB + CxHB2 + DxT"1 + ExHBxT"1 +

where u = viscosity [Poiseuille (N-s-m"2)]

Note: 1 Poiseuille = 10 Poise

T = temperature (K)

HB= high boiler content (wt %)

A = -11.6260

B = 2.6269 x 10"2
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C = -5.1368 x 10w'

D = 2.1856 x 103

K = -1.1560 x 101

F = 5.4814 x 10"1

5.2.3 SPECIFIC HEAT

Specific heat measurements have been made in the temperature

range 100 to 300°C and in the HR range 0 to 45%(4lt). All the measurements

made in these ranges can be correlated by the expression:

Cp = A + BxT + CxHB + DxTxHB

where Cp = specific heat (J'kg"1•K"1)

T = temperature (°C)

HB = high boiler content (wt %)

A = 1.5049 x 103

B = 3.5476

C = 5.0183 x 10"!

D = -1.9283 x 10-2

Note that this correlation predicts a decrease in the specific

heat with increasing HB content (at a fixed temperature) and this results

in a decreased heat transfer coefficient. However, the volumetric specific

heat increases with Increasing HB content and thus the heat transport

properties of the coolant improve with increasing HB. As a result, the

volume flow rate, and hence the pumping power, can be reduced as the HB

content increases and still transport an equivalent amount of heat,
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5,2.4 THERMAL CONDUCTIVITY

Thermal conductivity measurements have been made in the tempera-

ture range r)0 to 400°C and in the HB range 0 to 40%. Three workers, under

contract with AECL^- ' , have each used a different technique to measure

this property. Although generally they agree to within 4%, only one set

of dataC4"") has bean used to obtain the correlation presented below. The

other two show unexplained and unexpected anomalies and do not cover as

wide a range of temperature or HB content.

Within the errors of measurement, thermal conductivity has

not been found to be a function of the system operating conditions. How-

ever, it is a function of the pressure at which the determination is made.

Above 1.4 MPa, the thermal conductivity drops by as much as 10 to 15%.

The effect is more pronounced at high temperatures. The equation given

below is derived from data normalized to 3.4 MPa.

Within the temperature range 125 to 400°C and the high boiler

range 0 to 40%, the thermal conductivity measurements can be correlated

by the expression:

K = A + B x T + C x H B + D x T x H B

where K = thermal conductivity (W-trf^K"1)

T = temperature (°C)

HB = high boiler content (wt %)

A = 1.2677 x 10"1

B = -1.0864 x lQ~k

C = 4.8620 x 10"
14

D = 7.8045 x 10~8



Below 125°C, the thermal conductivity curve tends to flatten

somewhat. A second order equation would be required to describe this beha-

viour. The effect is much graater for the higher HB coolants and this

tends to support the suggestion that it is due to the existence of n pre-

freezing anomaly already known to exist for compounds such as toluene^"'.

Above 400°C, there is some evidence that the curve tends to

flatten again, resulting in an S shape. This high temperature effect is

attributed to non-linear pressure effects caused by the approach to

pseudo-critical conditions.

5.2.5 CARBON .'HYDROGEN RATIO

The carbon: hydrogen ratios for HB-40 coolants and for

Satitowax OM (for comparison), are shown in Figure S.Z/l^4*9). Note the

efffcct of operating temperature. As the HB content increases in OM

coolants, there is only a slight increase in C:H ratio, but a relatively

large increase in density. The net result is a 4 to 5% increase in hydrogen

density for the equilibrium coolant over the feed material. With HB-40,

the increase in C:H ratio is far larger than the increase in density with

increasing HB content and the hydrogen density of the HB-40 reference

coolant is ̂  20% lower than that of HB-40 feed.

5.2.6 MOLECULAR WEIGHT

The number average molecular weight of HB-40 coolant is shown

in Figure 5.2/2 as a function of HB content. Any effect of operating

temperature is masked by scatter in the experimental data which is probably

due, at least in part, to small changes in the concentration of low mole-

cular weight volatile components. The number average molecular weight

is very sensitive to changes at the low end of the molecular weight scale,

but relatively insensitive to small changes in the HB content.
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The data on which Figure 5.2/2 is based were obtained befon-

the start of the volatile recycle and alternate feed experiments. These

would tend to reduce the molecular weight.

5.2.7 LATENT HEAT OF VAPORIZATION

The heat of vaporization of multicomponent HB-40 coolant has

been calculated by Smee'jJ' using a modified form of the Clapevron equation.

He found that Ly was a function of the fraction vaporized since the compo-

sition of the liquid and vapour changed as the vaporization progressed.

However, after "• 1% of the coolant had been vaporized, most of the gases

were gone and Ly did not change significantly up to 50% vaporized. In

this range, it decreased from ^ 240 J-g"1 to 190 J-g~- while going from

250 to 450°C. More detailed results are available in the reference.

5.2.8 GAS SOLUBILITY

Henry's Law coefficients for H2, N2, CHi«, C2 to C5 gases, and H2O

in HB-40 are shown in Figure 5.2/3. Most were experimentally determined

in out-reactor tests using reactor coolant. Also shown are Henry's Law

coefficients for benzene, toluene, volatiles, biphenyl, methylated biphenyls,

intermediates, and quaterphenyls. Most were determined by adding the

appropriate compound to reactor coolant and measuring the change in vapour

pressure. Some were estimated.
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FIGURE 5 . 2 / 3 : HENRY'S LAW COEFFICIENTS OF CONSTITUENTS IN HB-40 COOLANTS



5.2.9 HEAT OF COMBUSTION

The heat of combustion of HB-40 coolants is shown in Figure

5,2/4. Measurements have been made in the range 0 to 100/' high boilers.

The drop in heat of combustion with increasing. HB content is thought to be

due strictlv to the drop in the hydrogen fraction. Thus, systems operating

at 400°C may produce a coolant with a lower heat of combustion (for a

given HB content) than systems operating at 35O°C. Such a difference has

not been observed among the few measurements which have been made.

The heat of combustion of volatiles is 62.7 kJ-g~: (10,200

5.2.10 VAPOUR PRESSURE

The vapour pressure of HB-40 based coolants from various opera-

ting systems is shown in Figure 5.2/5'5*'. As mentioned in Section 5.1,

the vapour pressure is directly dependent upon the coolant composition and

this is governed by the operating parameters of the particular system.

Some of these parameters are:

1. Main circuit temperature

2. Dose rate

3. Degas flow rate

4. Degasser temperature and pressure

5. Amount of volatile recycle

6. HB content.

The large increase in vapour pressure from fresh HB-40 to

steady-state HB-40 coolant is due mainly to the presence of dissolved

gases, water, and volatiles. The concentration of these varies from one

system to another which produces a wide range of vapour pressures.
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DI KLECTFUC CONSTANT

The dielectric properties of HB-40 coolants have been measured

e<

o effect ci frequency was found in the range l0d - 104 Hz,

\- Munson and Wikjord " . Rtsuits are shown in Figures 5.2/6 and 5.2/7.

6. FOULING

6.1 INTRODUCTION

One of the major problems associated with operation of organic -

cooled reactors is fouling - the formation of low thermal conductivity

deposits on fuel heat transfer surfaces. The ultimate result of severe

fouling is an increase in the fuel cladding temperature and failure of

the cladding because of either embrittlement through excessive hydridingl /,

or loss of mechanical strength. This section describes some of the factors

which affect fouling and the ways in which it can be avoided.

It was recognized early in the AECL program that fouling

control was one of the key feasibility questions to be answered if the

OCR was to become a viable concept. Although AECL has developed, by an

empirical approach, coolant specifications, analytical methods, and proces-

sing techniques which ensure that fouling can be controlled to an acceptable

level which does not limit the life of the fuel, a complete theoretical

understanding of the fouling process has not been achieved.
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In brief, the specifications for acceptable fouling performance

are:

1. Low concentration of particulate material at operating
conditions.

2. Low chlorine content.

3. Exclusion of oxygen contamination.

A. Maintenance of adequate water concentration.

5. Elimination of dissolved and particulate iron in the feed
material and in the return from coolant processing systems
(e.g. volatile recycle and distillate from HB removal distil-
lation column).

These specifications are achieved in part by:

1. Close control of feed coolant purity.

2. Continuous operation of an Attapulgus clay column and filters.

3. Continuous monitoring of the coolant fouling potential to
ensure that acceptable coolant conditions are being maintained.

These and other factors which affect fouling are discussed in

detail in the following sections.

6.2 COKING AND FOULING

Before proceeding with a detailed discussion of fouling, it

must be emphasized that there are two distinctly separate phenomena which

can lead to deposits in organic reactors, namely COKING and FOULING.

Table 6.2/1 illustrates the difference between the two phenomena.



TABLE 6.2/1

COMPARISON OF COKING AND FOULING

Occurrence

Form

Cause

Remedy

COKING

Stagnant or low velocity regions
under irradiation or pyrolysis

Massive carbonaceous deposits

Precipitation and growth of
decomposition products

Ensure adequate hydraulic condi-
tions at all times to remove
decomposition products in solu-
tion

FOULING

Fuel heat transfer surfaces
at high temperature

Films deposited on heat
transfer surfaces. Inor-
ganic and/or carbonaceous

Poor chemistry control on
impurities

Maintain good coolant
chemistry

Coking is the formation of massive carbonaceous deposits due

to decomposition of the coolant and precipitation of high molecular weight,

insoluble decomposition products. It occurs in stagnant or low velocity

regions which are exposed to ionizing radiation or high temperature or both.

It will occur with any organic compound. It can h", prevented only by

ensuring that the coolant velocity through the critical regions is high

enough to remove decomposition products in solution before they exceed

the solubility limit and precipitate into massive deposits. Coking is

of concern primarily in the moderator regions of organic-moderated pressure-

vessel reactors. In the pressure tube type, organic-cooled, heavy water

moderated reactors, the coolant velocity in-core normally can be kept high

enough to avoid coking* Although the avtrage velocity in an OCR would be

7 to 9 m/s, we have operated several tests at 2 m/s with no sign of coking.



Fouling is the formation of films on high temperature heat

transfer surfaces, such as the fuel. For normal coolant velocities over

fuel surfaces, fouling is dependent almost entirely upon the nature and

concentrations of impurities in the coolant. Deposits which do form may

be either carbonaceous or inorganic in nature (or a mixture of the two),

depending upon the type of impurity causing the fouling. Fouling can be

controlled by monitoring the chemistry of the coolant and ensuring that

it meets specifications.

It is worth noting that in a pressure tube reactor, high

luel fouling rates can lead to a coking problem. When coolant chemistry

control is not properly maintained, a fouling film will deposit on the

fuel surfaces. The geometry of nuclear fuels is such that if the fouling

film grows thick, the narrow gaps between the fuel elements may be com-

pletely or partially blocked, giving rise to low flow or no flow regions

and very high sheath temperatures. At this stage, coking becomes the over-

riding phenomenon, and massive carbonaceous deposits will fora.

6.3 TYPES OF FOULING

The first detailed study of fouling was done by Charlesworth

and associates- in the period 1960 to 1965^J » 5 6K In the course of their

studies, theyjidentified two main types of fouling; mass transfer fouling

(inorganic deposits) and particulate fouling (carbonaceous deposits).

Mass transfer fouling is believed to be caused by soluble impu-

rities which react with iron from the system piping, resulting in a soluble

iron complex. This iron complex decomposes at the hot fuel-element surface

and an inorganic film of iron and iron oxide is deposited. Subsequent work

established that chlorine was the most important impurity in mass transfer

fouling, and could produce fouling rates as high as 2 g/m .h. This is

discussed in detail in Section 6.5.1.



The part icul.ite type ut fouling produces films which art- pri-du--

minantly organic in tempos it ion. Om- theorv which explains this ivpi* nf

fouling was proposed by Parkins'135'. He suggests that energetic beta

particles released during the lissioning process impart a net negative

charge to the coolant. This causes a return flow of the negative charge

to the fuel elements and the metallic surfaces. Ionized particles are

carried to the surface where they adhere by some type of chemical bond.

The rate of formation of this bond increases exponentially with temperature

?nd *"hus only the heaved surfaces become coated. Other authors^7^»7f>> ' 2 7) hav

suggested alternative theories.

Typical characteristics of the two types of fouling are shown

in Table 6.3/1.

TABLE 6.3/1

CHARACTERISTICS OF PARTICULATE AND MASS TRANSFER FOULING

Film appearance

Film composition

Effect of increased velocity
on fouling rate

Effect of increased surface
temperatmre on fouling rate

PARTICULATE

Black amorphous

Mainly o rgan ic

Decreases

Increases

MASS TRANSFER

Black crystalline

Mainly inorganic

Increases

Increases

The existence of two main types of fouling has been confirmed

by Eurar.om workersC57), although they subdivided the inorganic fouling

into two groups, one involving magnetite and the other a iron.
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Analysis of deposits from WR-1 fuels showed that the organic -

type fouling was dominant. Ash contents were generally 1 to 5%,although

occasionally they were as high as 50%. This was consistent with the

appearance of the film (black amorphous) and the effect of flow rate (low

flow fuels generally had a higher fouling rate). The film generally was

deposited uniformly on all bundle surfaces including wire wraps, with a

thinner film on end plates and central support tubes. It was not strongly

adherent. A granular, adherent fouling deposit was sometimes found clus-

tered uu the downstream side of the spiral wire wrap and in the internal

subchannels of fuel bundles, especially those channels with the lowest flow

and highest temperature. These deposits have on occasion bridged subchannel

gaps blocking the subchannel for short distances. They were invariably

high in carbon and formed where hydrodynamic conditions are likely LO be

unfavourable:

where the flow velocity is low

where the power density is high

- where the sheath temperature is high.

They were probably formed by a local high fouling rate due to the conditions

mentioned. The problem was alleviated somewhat by the use of straight wire

wrap to avoid "dead areas" and by designing the fuel bundles to ensure

equal flow velocity through all subchannels. This type of deposit usually

was observed on fuel strings which had a coolant velocity of 3 to 5

sn/s. It did not occur on fuels which had coolant velocity of greater than

5

A severe fouling incident(68) occurred in 1968 when the coolant

outlet temperature was raised from its normal value of 345°C to 400°c(7°)

for the first time. A program to determine the minimum amount of coolant

chemistry control necessary to ensure satisfactory operation was in progress

at the same time and coolant chemistry conditions were not adequately con-

trolled. Deposits up to 1.2 mm thick formed on all high power fuels. In



addition, manv subchannels were completely or partially blocked and about

40% of the fuel bundles in 'A' circuit had to be discarded because of

excessive fouling deposits. It appears that during the period of reduced

chemistry control, the coolant fouling potential slowly increased. How-

ever, it was not high enough to cause significant fuel fouling at the sheath

temperatures resulting from a coolant temperature of 345°C As the coolant

temperature was increased, the rate of fouling also increased. At a coolant

temperature of 400°C, it became extremely rapid. It reduced the velocity

ind increased the temperature enough in some of the subchannels that coking

occurred, resulting in the complete channel blockage observed. It was a

classic example of poor coolant chemistry leading to excessive fouling,

which in turn led to coking.

6.4 FOULING DETECTION

6.4.1 SMALL PROBE FOULING TEST (SPFT)

Fouling of heat transfer surfaces in organic coolant systems

is caused by any one of, or a combination of, several impurities. There-
J

fore, determination of the coolant fouling potential based on a chemical

analysis for any one recognized impurity has met with only limited success.

It was necessary to develop a fouling indicator which integrates all

chemical variables. The most successful indicator is the SFFT which

has evolved from the early work of Bancroft (71). Detailed descriptions of

the equipment and operating procedures are available in a number of AECL

A small flow from the primary organic coolant system is passed

over an electrically heated stainless steel probe for ^ 24 houts. At the

end of this period, the probe is washed and the film is scraped from a

fixed length of the hottest region. The weight loss on scraping is a

measure of the coolant fouling potential and is expressed as jng/mz«h.

Typical operating conditions are shown in Table 6.4/1.
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TABLE 6.

SPFT OPERATING CONDITIONS

Surface Temperature (°C) 480

Heat Flux (kW/m2) 650- 830

NRe (approximate) 2 x 10u

Coolant Velocity (m/s) 2.5

Coolant Flow Rate (g/<0 60

Coolant Pressure (MPa) 1.4 - 1.7

Coolant Temperature (°C) 550 - 3 7 5

The SPFT is strictly an empirical tool and the operating vari-

ables are fixed arbitrarily. These variables are not matched completely

to those of the reactor fuel so the fouling potential determined is not

quantitatively related to the rate of deposition of fouling film on the

fuel. The SPFT fouling rate is much greater than that of the fuel so

that a measurable deposit can form in a short test. Trends of increasing

fouling potential can therefore be established and corrective action taken

before the fuel surfaces are fouled.

By correlating the daily measured values of the coolant fouling

potential with the results of the irradiated fuel examination at the end of

each reactor operating cycle, a semi-quantitative relationship is being

developed. The data obtained so far indicate that if the coolant fouling

potential is consistently maintained below 5 mg/m2*h, fuel irradiated

to over 144 MWh/kgU (average coolant velocity over 7.5 m/s, maximum sheath

temperature over 485°C) comes out of the reactor with a fouling film thinner

than 10 ym. It has been demonstrated that KR-1 can be operated over long

periods with a coolant fouling potential of < 5 mg/m2-h and the thin

fouling films observed on the fuel have no detrimental effects.



When the coolant fouling potential is between 10 and 1000

over a long period, fuels have thicker fouling films, particulate type

fouling films grow around wire wraps and closed gap regions, and some

subchannels are blocked. Some fuels will fail and therefore such condi-

tions are not acceptable in a power reactor.

When the coolant fouling potential is over 1 g/m2-h, any

fuel operating with a maximum sheath temperature exceeding 480°C develops

massive deposits of film in a day or two. Most of these fuels fail. Fuels

operating at or below a maximum sheath temperature of 450°C develop less

severe fouling deposits, and normally do not fail.

Based on thest observations, the following detailed specifica-

tions for reactor operation based on SPFT fouling potential can be made.

Fouling Potential < 5 mg/m2*h - not fouling problem. This should be the
goal for long-term reactor operation.

Fouling Potential 5 - 2 0 mg/ra2-h - warning. There will be a slow film
buildup but the increase in a few days will be negligible. For
long-term operation, there will be progressively thicker films.

Fouling Potential 20 - 200 mg/mZ'h - severe warning. There will be a more
rapid film buildup and significant amounts may be deposited in
a few days. Immediate corrective action must be taken.

Fouling Potential >200 mg/m2-h - serious fouling problem. Significant
amounts of film will be deposited in a very short time.
Reactor power and/or coolant temperature should be lowered
to reduce film buildup while corrective action is being taken.

It takes one day to obtain a fouling measurement with the SPFT,

but this has been found to be fast enough to detect loss of coolant chemistry

control in time to take corrective action. If the fouling potential is high

(say, > 100 mg/m2«h), it can be estimated during the run by monitoring the

probe temperature. Since the probe runs at a fixed power, the buildup of

a film on the surface reduces the heat transfer to the coolant and increases

the probe temperature. For low fouling coolants, there is not a significant



increase in temperature in 24 hours. A six-hour test has been developed

and is normally used during periods of high fouling. Since corrective

action is being taken to reduce the fouling, a shortened test is required

to monitor the corrective operations.

The SPFT is the only reliable indicator of the coolant fouling

potential, so an extremely high reliability and availability must be

designed into this facility in any organic coolant system.

6.4.2 INSTRUMENTED FUEL

Standard reactor fuel with surface-mounted thermocouples ;s

used to monitor fouling directly on fuel surfaces. The sheath temperature

will increase with time if a film is being deposited. This method gives a

rapid warning when significant fouling is occurring. Its main disadvan-

tage i<3 that significant temperature increases occur only v?ith moderate

to severe fouling. Long-term trends are difficult to distinguish because of

scatter and drift in the thermocouple readings. With fouling potentials

of < 20 mt>/m2.h, as determined by the SPFT, the temperature increases are

insignificant.

The only significant temperature increases which have been

observed in WR-1 occurred during the severe fouling incident described in

Section 6.3. Sheath temperatures started to increase at the rate of 5 to

10°C/day and the rate eventually reached 90°C/day. The maximum indicated

sheath temperature was 650°C compared to a normal value of ^ 450°C. Unfor-

tunately, this information was not available until several days after the

incident. If it had been available at the time, the reactor could have

been shut down in the first day or two of the incident and most of the

severe coking would have been prevented. Nevertheless, we do not recommend

instrumented fuels as essential to the successful operation of an

OCR. They are expensive and the indication they gave about the fouling

incident was available from several other sources.
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The indicated sheath temperature Is a function of reactor

power, coolant flow rate, coolant temperature, moderator height, and physical

properties of the coolant. Since most of these change with time, the

sheath temperature trmst be normalized with respect to all of them so that

trends due to fouling can be established. Three different normalization

procedures have been used by AECL and they are described in detail in the

Appendix.

6.4.3 PRESSURE DROP MEASUREMENT

If all coolant temperatures, flows, and physical properties

are steady, then the pressure drop across a fuel string will increase if

a fouling film builds up. In practice, not all of these are steady so we

have normalized for velocity and density, the two parameters vhich have

the greatest effect on pressure drop. The pressure drop due to friction

is:

AP = Fp

where AP = prestsure drop

F = friction loss

p = density

The Fanning equation for flow in a pipe is:

\

where / = Fanning friction factor

L = length

D = diameter

V = velocity



Combining these two equations and combining the constants

as K:

AP = K " V? . or r j —

f is the parameter we calculate and call the friction factor.

Like the sheath temperature, It is sensitive only to moderate or severe

fouling. During the fouling incident previously discussed, it increased

'•- 2%/day initially and later reached h%IAay. The importance of this

increase was not appreciated at the time, so the severe coking

resulted.

Over the life of a normal fuel, the friction factor will

increase 10 to 20% even with no fouling.. This is due to a combination

of fuel swelling and bowing and the buildup of a thin (10 to 20 urn) car-

bonaceous film on all in-reactor surfaces including the non-heated central

support tube (see Section 8.1). The minimum rate of increase that could

easily be observed and attributed to fouling is ̂  0,5%/day. Over a period

of 5 to 10 days, this would produce a noticeable increase in the friction

factor and would be a sign of moderate fouling.

6-4.4 PARTICIPATES

All organic coolant systems contain a low concentration of

particulate matter. Most of the particles are < 30 ym in diameter, but

only the concentration of those > 0.2 yra in diameter is measured. The

technique, which uses a silver membrane filter at operating temperature,

has been described by Finlay^110).

The allowable upper concentration limit for particulates is

1000 »ig/kg. During normal operation, their concentration varies from

50 to 800 ug/kg although they have gone as high as 5000 pg/kg without

causing fouling. In the day or two after startup following a long
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shutdown, their concentration may be several times the normal level. This

is attributed to the precipitation of high molecular weight organic com-

pounds during thj shutdown and their slow redissolution. They have no

detrimental effect and the operator of an OCR should not be concerned

by their presence. Their concentration should drop rapidly with time

once operating conditions are reached and be back to normal after a day or

two.

Average particulate compositions are given in Table 6.A/2.

TABLE 6.4/2

COMPOSITION OF HR-1 PARTICUlATES

RANGE TYPICAL

C 15 - 55% 33 %

H 0.5 - 6% 2.5%

Ash 40 - 85% 65 X

Fe* 1 - 50% 22 %

SiO2* 2 - 2 0 % 8 %

* Expressed as per cent of original sample weight
before ashing.

The following individual types of particles were identified

by microscopic examination of the filters:

1. Glass fibres from glass spool filters

2. Attapulgus clay particles

3. Corrosion or erosion products from metal components of the
circuit

4. Fouling film flakes from fuel surfaces.
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There is no quantitative relationship between particulate

concentration and fuel fouling, but, generally speaking, high particular

concentration can lead to high fouling. The particulate concentration is

routinely measured to ensure coolant purity as part of the coolant che-

mistry control program. Finlay has stated that the fouling potential

doubles for each 37 ug/kg increase in particulate concentration(u°) but

later tests were far less definite and indicated only a qualitative rela-

tionship.

Following the severe fouling and coking incident, the particu-

late concentration was >> 10,000 tig/kg. These particles were > 90% C

and probably resulted from flaking and erosion of the coke formed on the

fuel elements. There was no evidence that they were formed before the

incident and were responsible for it.

6.4.5 OTHER TECHNIQUES

other techniques have been used to assess the coolant fouling

potential, but all have been shown to be of marginal value.

Some of these are described briefly below, but their use in an OCR is not

recommended.

Two techniques have been used to measure the particulate content

of the coolant, namely the Benzene Insolubles and Santowax Insolubles ^ ' '' •

The measurements are made at well below operating temperature; no corre-

lation with fouling was established and they were discontinued.

The electrical conductivity of the coolant is followed routinely.

Generally, it is a function of the rate of clay column replacement. When a

fresh column is placed on line, the electrical conductivity drops abruptly

for a day or two and then starts to increase until the next change. Usually

it is in the range 20 to 200 nS/m, but has climbed as high as 600 nS/m during
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periods of infrequent clay change. There is no clear cut indication that It is

related to fouling, since fouling has occurred at low conductivity levels

and the fouling potential varies independently of t!ie conduct Ivitv. How-

ever, an abrupt increase in electrical conductivity is usually a sign that

some impurity has been added to the coolant. The conductivity also appears

to increase with increasing HB content.

Two techniques have been used to measure the concentration of

colloidal species in the coolant. They are the Membrane Stain Test deve-

loped by Atomics International^ ' and the tetrahydrofuran insolubles

test^ 1 1). Both Rive an indication of the amount of high molecular weight

species present in the coolant, but neither has been directly correlated

with fouling.

6.5 CHEMICAL PARAMETERS AFFECTING FOULING

It was recognized very early in the organic coolant program

that certain impurities in the coolant can cause fouling(55»56»614) . Our

approach has been to identify the impurities, determine the tolerable con-

centrations, and develop simple and inexpensive ccolaut purification methods

to control the impurities below the tolerable concentrations. Impurities

which are known to cause fouling are:

1. Chlorine

2. Iron

3. Oxygen

4. Particulate matter (organic and inorganic).

The behaviour, purification methods, and tolerable concentra-

tions of these impurities are discussed in the following sections.

i....
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Experience in WR-1 and U-3 has demonstrated that some impuri-

ties, for example, the radiolytic and pyrolytic decomposition products nf

the coolant, are not responsible for fouling provided that other impurities

are adequately controlled and the coolant is continuously purified with

Attapulgus clay. Water, originally thought to be an undesirable impurity,

has been shown LO reduce fouling if maintained at the appropriate concen-

tration.

Orher impurities such as S, P, Cu, Na, and B, have not been

shown to cause fouling directly, but the purification and processing methods

used to control the four main impurities result in very low concentrations

of all inorganic species. These five, for example, are generally not

detectable by any means of analysis. Traces of Si, Mg, and Al are usually

seen, but these come from fine clay particles and are not significant.

6.5.1 CHLORINE

The upper limit for Cl concentration in reactor coolant is

50|l!|||/kg. This limit is maintained by the precautions and procedures di&-

cussed below.

The early fouling studies by Charlesworth^55*5fc>) indicated that

5000 to 10000 yg/kg of Cl could produce fouling rates as high as 20

mg/m2»h but there appeared to be no fouling at Cl concentrations of < 2000

yg/kg, the limit of detection at the time. With improvements in chemical

and neutron activation analysis techniques, the detection limit was lowered

to 50 vg/kg. Work in WR-1 using these new techniques showed that signifi-

cant fouling could occur at 100 to 1000 ug/kg^68'69); thus the new upper

limit of 50 ug/kg was established.
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6.5.1.1 CHLORINE EXCLUSION IN ADMINISTRATIVE CONTROL

This has bean the most effective means of minimizing the Cl

concentration in the coolant. No chlorinated solvents are permitted in

areas where they might come in contact with system components. All

sealants, greases,, and valve packings must be low in Cl. All components

are washed with Cl-free solvents and then handled with gloves to minimize

Cl contamination.

6.5.1.2 FEED DECHLORINATION

Commercial HB-40 sometimes contains 1000 to 2000 ug/kg Cl.

The Cl concentration is reduced to < 50 Vg/kg by dechlorinating the coolant in

a dechlorination unit, prior to addition to the reactor. A Pd on-alumina

catalyst Is used at 200°c(58).

6.5.1.3 WATER STRIPPING

Water is continuously added to the coolant system to maintain

a concentration of 400 to 800 yg/g. It is continuously ressoved by the

degassing system. The rejected water usually contains 100 to 300 yg/kg

Cl while the feed water oontains < 50 yg/kg Cl. It appears that most Cl-

containiv, . cmpounds break down in the coolant system to form HC1 which is

removed !r> :-;.<* degasser. It ends up dissolved in the water phase of the

degas condensate rather than in the organic phase, because it is a highly polar

compound. Other simple inorganic chlorides may also be stripped out with

the water.

In WR-1, a water throughput rate of ̂  250 mg/h*kg of coolant

is sufficient to maintain the Cl concentration of the coolant below 50

;.g/kg. If the water stripping rate is not adequate to control the Cl nt

1*?« enough levels (e»g* during low temperature operation), water can be

added direcely to She degas stream. This is effective in stripping Cl but

docs not significantly increase the primary circuit Mater concentration.
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An OCR degassing system should be designed so that it has a

similar water throughput rate to WR-1.

6.5.1.4 ATTAPULGUS CLAY

Attapulgus clay has a low efficiency for removal of Cl com-

pounds and during normal operation there is no significant increase in the

Cl content of the used clay. Clay alone cannot be relied upon to reduce

Cl contamination.

6.5.2 IRON

Mass transfer fouling involves the deposition of Fe on heat

transfer surfaces as either Fe30 , a-Fe, or Fe3C Both in-reactor and out-

reactor tests have shown that the addition of Fe as Fe2O3 will drastically

increase the fouling potential^68). Work by Euraton/77) has shown that if

a Cl compound is added to the coolant, it is converted to HC1 and attacks

iron pipe resulting in the formation of FeCl2 which is soluble in terphenyl

coolant. At high temperature, this reacts with water to form F6 304 and

at the same time releases HC1 to start a new cycle. This is in complete

agreement with the work of Charlesworth^55). Such a process increases the

Fe content of the coolant and increases the possibility of mass transfer

fouling.

To ensure long-term fouling free operation, therefore, the Fe

content of the coolant must be kept low. The present limit for Fe concen-

tration is 500 pg/kg but generally it can be kept in the range 75 to 300

pg/kg. New feed coolant is filtered to remove particulate matter (iron

compounds usually < 50%) and as an extra precaution it is added to the system

via the clay columns.
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The mild steel condensers in the vacuum distillation unit

and the mild steel cold condenser in the degas system in WR-1 have both

corroded. Participate iron was returned to the main system from these

secondary systems and caused some fouling. Purification of the return flow

by filtration and clay columns cleaned up the coolant, but did not

solve the basic problem. In any future organic system, these condensers

should be made from some material less susceptible to corrosion.

6.5.3 OXYGEN

It has been shown on many occasions that 02 contamination of

the coolant causes fouling. It was originally assumed that it promoted

the organic type fouling, but other workers have found that it increases

corrosion rates and leads to higher dissolved iron concentrations, which

in turn leads to mass transfer fouling. It is still not clear which

mechanism is dominant.

The reaction of O2 with organic coolant is r.eiaperature

dependent.

1. Below 100°C, O2 does not react with the coolant and remains
as a dissolved gas. It can be removed by conventional degas-
sing techniques. During a shutdown in WR-1, the coolant, at
75°C, is frequently exposed to air and absorbs oxygen. After
the system is sealed, the temperature is not raised until the
coolant is degassed and the dissolved O2 concentration is
< 0.5 cm3 (STP)/kg.

2. Between 150 and 340°C, 02 reacts rapidly with coolant and
remains as bound oxygen in organic compounds such as phenols,
aldehydes, or ketones. These compounds may cause fouling.
They tend to be polar and removable by Attapulgus clay.
Reactions leading to the formation of CO* are slow.

* A surplus of 02 would result in mainly C02 production, but in most
of our tests only a relatively small amount of 02 has been present.
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3. At temperatures above 360°C, 02 reacts rapidly with organic
coolant to give CO which is removed in the degassing system.
In this temperature range, 02 does not cause fouling.

O2 contamination of the coolant during normal operation is

avoided by the following steps.

1. All fp.ed coolant is vacuum degassed and purged with Np prior
to addition to the system.

2. All secondary circuits operate above atmospheric pressure to
avoid air inleakage.

3. The distillate from the vacuum distillation system is returned
to the main system via clay columns to remove oxygen compounds.

The combined oxygen content of the coolant is difficult to

measure because of the ease of contamination of the sample and because the

oxygen combined as water is usually 3 to 25 times the level of the combined

oxygen in the coolant. Nevertheless, the few measurements which have been

made indicate that clean, non-fouling coolant operating at ^ 350°C contains

20 to 150 ug/g of bound oxygen. At 400 ug/g, increased fouling is observed.

For a system operating at 400°C, where the bound oxygen is rapidly converted

to CO, the combined oxygen content should be < 10 ug/g.

6.5.4 WATER

Water was originally regarded as an undesirable impurity in

organic coolant. It was acceptable only in low concentrations (50 to 100

Ug/g)» to maintain a protective oxide layer on zirconium alloys that were

otherwise known to hydride. Subsequent studies showed that at 150 to 200

yg/g the coolant had a significantly lower fouling potential than at 30

to 50 ug/g<31). This was verified in the U-3 loop by direct measurement

of the increase in fuel sheath temperature due to fouling(3 )-
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The role of water in reducing fouling is still not clear.

Some investigators have shown that rapid polymerization of benzene,

biphanyl, and terphenyl occurs in the presence of a Lewis acid catalyst

and an oxidant(65>&f)) . Other workers have shown that a rapid cationic

polymerization of styrene and other aromatic olefins occurs under irra-

diat;ion(79>80) . Such a reaction would presumably be catalyzed by a

Bronsited acid. In both cases, the presence of water slowed or stopped the

polymerization. In the former, it hydrolyzed the catalyst and in the

latter it acted as a proton scavenger. (Water is a base in both the Lewis

and Bronsted definition.) If fouling species are produced by these or

similar polymerization processes, the water to catalyst ratio would have

to be high enough to poison all the catalyst. Such a concept would indi-

cate that higher water contents may be necessary in "dirtier" coolants

which may contain higher amounts of catalyst. Also, "clean" coolants

may not foul at all, even at low water contents.

This model was first proposed by Sullivan and

expanded by Sullivan'32' on the basis of the effect of water discovered

in the U-3 fouling studies. It explains the roles of water, radiation,

and Attapulgus clay if one assumes it removes the acid catalysts. Since

an oxidant is required in one of these reactions, the effect of increased

fouling after 02 contamination is also explained.

When WR-1 first started operation, a water concentration of

150 to 200 ug/g was sufficient to control fouling. However, over the years,

the concentration required to control fouling has increased until now it

is 600 to 800 ug/g. Such a high concentration is not desirable since it

increases the coolant vapour pressure and undoubtedly has scs- ••Tfoct

on corrosion, but a lower concentration results in foiling. The reason for

this is still not clear.
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6.6 PHYSICAL PARAMETERS AFFECTING FOULING

The effect of physical parameters such as cladding material,

cladding temperature, coolant bulk temperature, and coolant velocity on

the rate of fouling was studied at WNRE, CRNL, and elsewhere^55 >56 »68 >714) .

There is not complete agreement among all the investigators sc generally

only the AECL results and conclusions are discussed, although references

are made to other work. This lack of agreement suggests that many impuri-

ties cause fouling and each investigator was perhaps studying only one or

two. Effects of other unrecognized and uncontrolled impurities would

make interpretation of the results difficult. Possible interactions between

impurities could also lead to ambiguous conclusions.

AECL out-reactjr studies were conducted with the SPFT apparatus.

The probe was made of stainless steel. The nominal values of initial probe

temperature, coolant temperature, and average coolant velocity were 480°C,

300°C, and 3 m/s respectively.

6.6,1 CLADDING MATERIAL

The cladding materials investigated in in-reactor and out-

reactor experiments were stainless steel, SAP (Sintered Aluminum Product),

Zr-2.5% Nb, and Ozhennite. No measurable differences in the deposition

rate of the fouling film were observed. Whatever the initial material, it

soon ends up covered with a thin fouling film and further deposition occurs

on the initial layer, which is the same irrespective of the cladding mate-

rial and original finish. No material has been found which inhibits deposi-

tion.



6.6.2 CLADDING TEMPERATURE

Measured activation energies for the deposition of fouling

film range from 60 to 300 kJ/mole^59'68'127). This range corresponds to

a doubling of the rate of film deposition every 50 to 100 C. The range of

activation energies indicates that a variety of chemical reactions is

involved in the formation of fouling films. Each impurity must have its

own chemical reaction.

Sheath temperatures as high as 55O°C have not resulted in

fouling so long as the SPFT fouling potential is maintained below 5

rag/m2>h. Higher temperatures have not been tested.

6.6.3 COOLANT TEMPERATURE

Bulk coolant temperatures between 250 and 410°C have been

tested with no measurable effect on the rate of fouling. Other tempera-

tures have not been tested.

6.6.A COOLANT VELOCITY

At CRNL, Charlesworth found the organic fouling rate decreased

with increasing velocity, but the mass transfer fouling rate increased with

increasing velocity. In both cases, the rate was dependent on the velocity

raised to a power between 0.5 and 1.

At WNRE, out-reactor work has shown no appreciable change in

the SPFT fouling potential when the coolant velocity was charged from 3.0

to 1.5 m/s. However, in-reactor tests have shown a clear velocity depen-

dence. Several outer sites in WR-1 were throttled so the coolant velocity

was 3 to 5 m/s as compared to a normal value of 8.3 m/s. Since the power

was also lower in these sites, the maximum sheath temperature was about

the same as the normal flow, high power sites. Every six weeks, over a
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period of two years, one of the low flow tests was examined and compared

to a normal flow fuel. In general, the rate of film buildup was 2 to 4

times as great on the low flow tests. Also, particulate carbonaceous

deposits around the wire wraps appeared much earlier in the fuel lifetime

than on the normal flow fuel. This is consistent with the observations

of Charlesworth for organic type fouling.

Since chemical reactions seem to control the fouling process,

it is reasonable to assume that minor changes in the coolant velocity and,

therefore, minor changes in the mass transfer rate of impurities would have

a negligible effect on the rate of formation of fouling film. However, a

different mechanism may dominate at very low coolant velocity where the

boundary layer thickness increases and coolant decomposition products (not

necessarily the impurities) in the boundary layer may not be able to diffuse

into the bulk coolant. This is perhaps what happened in some instances

where low or no flow rates were employed and led some investigators to

believe that the high boilers and other decomposition products were the

fouling agents. Operation of WR-1 and other in- and out-reactor loops has

conclusively demonstrated that, provided a sufficient coolant velocity is

maintained across the fuel, up to 40% of the high boiler decomposition

products can be maintained in the coolant without any fouling problems.

6.6.5 RADIATION

High fouling coolant from WR-1 has been tested in out-reactor

loops and still been found to foul significantly. This indicates that

under certain circumstances fouling can occur ir. the absence of radiation.

However, SPFT measurements made during shutdowns generally give lower values

than those made while the reactor is operating. This indicates that radia-

tion does play some part in the fouling process.
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A series of tests designed to determine the effect of r.uli.i-

tion on fouling was conducted in the U-3 loop in 1965 C-̂  *) . The fouling

potential dropped sharply by a factor of about 3 when the reactor was

shut down and immediately climbed when the reactor started up again.

However, as shown in Table 6.6/1, when the reactor operated at 100% power

with dummy fuel in the U-3 loop, the fouling potential was also very low,

thus indicating that gamma rays play only a minor role in the formation

of fouling species. Fast neutrons apparently have a significant effect.

TABLE 6.6/1

FOULING POTENTIAL AS A FUNCTION OF ENERGY DEPOSITION RATE

MODE

Fuelled

Fuelled

Dummy Fuel

Out-Reactor

REACTOR POWER

(%)

100

0

100

ENERGY DEPOSITED IN
COOLANT, WATTS

GAMMA

3240

150*
50**

2700

0

7AST NEUTRON

4730

0

230

0

FOULING POTENTIAL

mg/m «h

11

5

2

3

* 1 hour after shutdown
** 1 day after shutdown

6.7 CONTROL OF FOULING

Basically, fouling control is accomplished by an empirical

approach based on years of operating experience with WR-1 and several in-

reactor loops, rather than by a theoretical knowledge of the fouling process.

The points which we consider most important are discussed in detail below.
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6.7.1 FEED COOLANT PURITY

Commercially available organic coolants are generally not

"clean" enough to ensure fouling rree performance. New coolant should be

purified before it is added to the main coolant system. The preliminary

purification system has three main functions:

1. Degasification to remove dissolved Og

2. Chlorine removal

3. Filtration to reduce particulate matter.

Degasification is accomplished by vacuum degassing and purging

with N2, chlorine removal by flowing the coolant through a bed of Pd-on-

alumina catalyst at 200°C, and filtration by passing the coolant through

1 pm glass spool filters.

The feed coolant purity specifications also apply to return

flows from secondary systems, such as the volatile recycle system, the

distillation system, and the collection tanks. These flows are treated as

necessary to,meet the required specifications.

6.7.2 CHEMICAL CONTROL

Chemical control of fouling implies the addition to the coolant

of certain chemicals to prevent or reduce fouling. Such chemicals

have not yet been found, but it is possible to control or reduce

fouling if certain specifications, relating to coolant chemistry and purity,

are maintained. These have been discussed in the previous sections but will

be summarized here.

1. Maintain Cl content at < 50 yg/kg-

2. Maintain combined oxygen content at < 200 yg/g.
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3. Maintain water concentration at 200 to 600 yg/g-

4. Maintain iron concentration at < 500 pg/kg.

5. Maintain particulate concentration at < 1000 ug/kg.

6.7.3 PURIFICATION BY ATTAPULGUS CLAY

It has been frequently demonstrated that Attapulgus Clay* puri-

fication is an economical and efficient means to reduce the coolant fouling

potential. It accomplishes this by removal of inorganic impurities which

are known to cause fouling, such as Fe, and by the removal of organic

compounds of unknown composition. When a used clay column is removed from

the circuit, its weight has increased by ^ 75%. After washing with a

solvent such as xylene to remove occluded coolant, the weight increase is

reduced to ^ 20%. The residual material is probably a high molecular weight

polar organic compound and cannot be removed by leaching. It is strongly

adsorbed. Even after many washings, the clay is still a deep black as

compared to the initial cream colour.

6.7.3.1 CLAY OPERATING CONDITIONS

The optimum operating temperature of the clay is 300 ± 25°C.

At higher or lower temperatures, the efficiency for removal of foulers is

reduced. There are also other advantages to operating in the vicinity of

300°C, At a lower temperature, the coolant viscosity increases significantly

and increases the pressure drop across the column. At higher temperatures,

the coolant decomposition rate increases. In an OCR where the volume of

coolant in the clay purification system is large, this can add significantly

to the coolant make-up cost.

* Supplied by Minerals and Chemicals Corporation of America, Menlo Park,
New Jersey. We use 30 to 60 mesh LVM (low volatile matter) with a
surface area of 125 m2/g.
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6.7.3.2 CLAY LIFETIME

Several tests have been conducted in both U-3 and WR-1 to

determine the useful lifetime of a clay column, but the results have been

ambiguous. All that can be said with certainty is that with a low fouling

coolant infrequent clay changes are necessary (up to six weeks in U-3) and

with a high fouling coolant frequent changes are necessary (as often as

once per day in WR-1). A few measurements of the fouling potential of the

clay effluent have been made, and they indicate that the clay reduces the

fouling by at least 60% even after a week or two of operation. However,

the electrical conductivity of the effluent coolant reaches a minimum after

approximately 12 hours, and then starts to increase. After a day or two,

there is no change in electrical conductivity across the column. This led

to the theory that the clay is saturated after a few hours and may even

become a source of foulers after saturation. Such a theory requires that

a fresh clay column be operated only for a few hours every week. The rest.

of the time it would be off line. This approach has not been tried.

A long-term clay test was tried in WR-1 'B' circuit in 1968.

One column was on line for nine months. During this period, the SPFT

probes were out of service. When the fouling potential was finally measured,

it war. approximately 500 mg/m2>h. The use of clay columns en a regular basis

was immediately reinstituted and the test has not been repeated. The fuel

did not foul significantly during this period because of relatively low

sheath temperatures (due to the low coolant outlet temperature of 3A5°C).

A run of 90 days with no clay purification was tried in 'A'

circuit in 1968 and this resulted in the catastrophic fouling and coking

incident previously discussed. When finally measured, the fouling potential

was > 1000 mg/mz-h.
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These two incidents confirm our belief th.it rontiinmns cl.iv

purification and repular clay changes are essential to ensure fouling tree

operation in an organic-cooled system. By January 1974, 'A1 circuit in

WR-1 had operated tor over 3H years at 400°C (outlet), essentially fouling

free. Initially, the clay was changed every three days, but the period

between changes has gradually been extended to six days.

Some details of the clay columns in three different operating

systems are given in Table 6.7/1. All columns are cylindrical with flow

from the top down. All systems have two columns in parallel but only one

is in use at a time. The data given in Table 6.7/1 are for one column

only.

TABLE 6.7/1

CLAY COLUMN DETAILS

PARAMETER

Total Coolant (kg)

Weight of Clay (kg)

Flow Rate Through Clay (kg/h)

Time to Process Total Coolant (h)

Average Time Between Clay Changes (days)

Height of Column (cm)

Diameter of Column (cm)

6.7.3.3 CLAY REGEKERATION

During the first few years of the organic coolant program,

such a small amount of clay was used that regeneration was not considered

necessary. However, it was recognized that power reactors would use many

tons of clay per year and, therefore, regeneration was considered neces-

sary both from an economic point of view and also to alleviate the disposal

WR-1
(ONE CIRCUIT)

11,500

95

1,700

6.7

s) 6

132

46

U-3

3,300

95

3,500

0.9

25

132

46

X-7

370

18

250

1.5

75

100

20
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problem. The results of the regeneration studies have been reported by

Hollies^78). He found that regeneration by solvent washing is not pos-

sible, but steam distillation to remove occluded coolant followed by

oxidation in air at 425 to 500°C for one to two days produces regenerated

clay which is indistinguishable in appearance from fresh clay. Batches

have bean recycled up to Ita times iu Leiicli-ocaie tests with no noticeable

reduction in surface area or the ability to reduce coolant fouling potential.

At present, the clay is regenerated in a large furnace in

the laboratory, but it is probably possible to design the purification system

in the reactor so that regeneration can be done in situ.

6.7.4 FILTRATION

The early experience in X-7(62) has shown that filtration

alone is insufficient to control fouling. However, glass spool filters

are still used in series with Attapulgus clay, partly to catch clay fines

and partly for general coolant filtration. They do slowly plug up with

time, indicating that some particles are being removed.

7. HEAT TRANSFER

7.1 FORCED CONVECTION

7.1.1 TERPHENYL MIXTURES

The first Canadian data on heat transfer in terphenyl coolants

were obtained by Rogers and Barns^81^. They measured the local heat transfer

coefficient for Santowax OM plus 30% HB using an annular test section and a

test section containing two heated elements and two dummy elements to give
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a flow configuration similar to that in a full scale bundle. Investiga-

tions were made using both plain and wire wrapped heat transfer surfaces.

Rogers and Barns expressed their data in terms of apparent local heat

transfer coefficients based upon the true surface temperature and the

radial average liquid temperature.

They also defined their data for the following conditions:

1. Unperturbed open-region heat transfer coefficients for areas
remote from the gap between test elements and remote from the
helical wire wrap.

2. Gap-region heat transfer coefficients.

3. Perturbed region heat transfer coefficients in the vicinity
of the helical wire wrap.

All unperturbed open-region coefficients for both the simple

annular geometry and the fuel bundle geometry were correlated by the

single equation:

Rogers and Barns N ^ = 0.00835 N R e°-
9 t^0-1*

In correlating the data, all physical property values were

evaluated at the coolant bulk temperature. No attempt was made to corre-

late data in terms of property values evaluated at the film or wall tempera-

tures. It was assumed that 0.4, the usual exponent of the Prandtl number

when properties are evaluated at the bulk temperature, would apply. Almost

all runs were made at a bulk temperature of about 370° 0 only, so that no

confirmation of the Prandtl number exponent was obtained.

For test sections without helical spacers, the heat transfer

coefficients at the throats of the gap-regions were lower than those for

the open regions by 43% and 21% for the smallest and largest gaps- respec-

tively. In the test sections with helical spacers, the reduction in heat
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transfer coefficient showed a velocity dependence, with the variation

decreasing as the velocity increased, approaching constant values at thf-

hiclier velocities. At velocities of about 5 meters per second, the

decrease was only 8% below the values for open regions.

The perturbed region coefficients were reduced below normal

values over an axial distance of about 40 to 50 spacer wire diameters

downstream of the spacers. The maximum reduction was about 16% within

10 diameters of the spacer.

Over the range of velocities covered by this investigation

(1.5 to 9 m/s corresponding to NRe of 1.5 x 10
14 to 1Q C J), the maximum

difference from the conventional Dittus-Boelter equation was 157.. At.

the average WR-1 Reynolds number of 5 x 101* the difference was less thrn

2%. Since the conventional Dittus-Boelter correlation had been used since

the earliest days of the organic program'^2) and since other investigators

found it gave a reasonable fit to their data'**-- , it was used as the

'reference' AECL heat transfer correlation. The correlation is:

Dittus-Boelter KL = 0.0243 ND °-
8 flL

Nu Re Pr

Using this correlation, the expected sheath temperatures on

the U-301 fuel test were calculated. This was the first irradiation of a

WR-1 prototype 19-element fuel bundle. The fuel sheath was provided with

integral helical ribs and in some cases these ribs carried thermocouples

down their centers. The agreement between measured and calculated tempera-

tures was excellent^81*'. Eight of the fourteen operating thermocouples

agreed with the calculated value to within ± 7°C and 13 of the 14 agreed

within + 12, - 7°C. On 10 of the 14, the measured temperature was higher

than the calculated temperature by an average of about 10°C.
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Excellent agraement was also obtained between measured and

calculated sheath temperatures with the U-305 and U-305 A-l fuel tesr(3?).

These were SAP clad UC tests with helical ribs in which the thermocouples

were buried.

In 1970, Jeffries reviewed the existing world data and

correlations for heat transfer to organic liquid coolants'85'. He recom-

mended that AECL continue to use the Dittus-Boelter correlation because it

appeared to give the best fit of all the data in the N^e range 10
1* to

5 x 1CP and in the Npr range 3 to 30.

Note that all correlations predict a decrease in the heat

transfer coefficient with increasing high boiler concentration, due to

changes in the coolant physical properties. This has had experimental

verification by many workers, including those at AECL.

7.1.2 HYDROGENATED TERPHENYL MIXTURES

The heat transfer characteristics of unirradiated HB-40 were

first determined by Rogers and Barns(8&). They used the test sections

described in Section 7.1.1. The measured values of open-region, forced-

convection, heat transfer coefficients were *r» excellent agreement with

values predicted by their correlation for terphenyl coolant. Open-region,

forced-convection coefficients for HB-40 at 370°C are 17% higher than for

terphenyl coolant. As for terphenyl coolant, they found a significant

decrease in the local heat transfer coefficient immediately downstream of

a helical spacer, but little or no effect immediately upstream.

For the reasons discussed in the previous section, the original

Dittus-Boelter correlation was retained as the reference correlation for

HB-40 coolant. Using this correlation, it was found that the measured

.sit
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temperatures on three differenc SAP-clad UC fuel strings were consistently

8 to 12°C higher than the calculated values. These were- finned rods and

the thermocouples were buried in the fins. The same discrepancy of • 10nC

between measured and calculated values was observed even though the coolant

was Santowax OM in one case and HB-40 in the other.

By 1967, AECL's interest had shifted to zirconium alloy clad,

UOj| fuel with thin wire wrap but no fins, so the thermocouples were brazed

to the surface. These thermocouples consistently indicated 20 to 40°C

lower than the calculated value. For several years it was assumed this was

because the thermocouples actually protrude into the coolant and "see" the

coolant temperature as well as the sheath temperature. Thus, they indicate

a temperature midway between the two. Work by Jeffries in the RD-4 loop

at WN3E in 1972-73(67) showed that the heat transfer coefficient for WR-1

coolant was much better than predicted by the Dittus-Boelter correlation.

Using imbedded thermocouples,he and Arrison determined the following corre-

lation for irradiated HB-40 coolant in tubular geometry (i.e. rodded

bundles) :

Jeffries-Arrison N = 0.0224 N\, °'8 ? N' °-'4. . Nu Re pr

For WR-1 fuel operating with a N R e of ^ 5 x 10
u, this correlation

brings the calculated sheath temperature to within 5 to 10°C of the measured

values. For the fuel in the U-3 loop, which operates at a N R e of ^ 2 x \0
s,

the revised calculated sheath temperature is 5 to 10°C lower than the

measured value. Both are well within the overall uncertainty of the correlation.

Values of NNy/Npj-0-1* (which is proportional to the heat transfer coefficient)

for various correlations are given in Table 7.1/1.

Jeffries and Arrison are the only workers who have studied irra-

diated HB-40 coolant and their measured heat transfer coefficients are

higher than those found with any of the other organic coolants. We believe

this increase is real, and is due in part to the higher Npr for HB-40
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coolant. In addition, the viscosity of HB-40 coolant probably is lower in

the high temperature boundary layer because of the presence of up to 82

volatiles which are not present in the Santowax coolants. The viscosity

cannot be measured at this temperature so a Seider-Tate type of correla-

tion (incorporating a Uwall^bulk term) cannot be used. Indeed, there is

some doubt whether the viscosity measured at 350 to 400°C is correct.

There may be a loss of volatiles (and hence a higher viscosity) durirg the

measurement. If the actual viscosity is lower than the measured viscosity

by 20 to 30%, the Dittus-Boelter correlation will give similar heat transfer

coefficients to the Jeffries-Arrison correlation.

TABLE 7.1/1

VALUES FOR FOR VARIOUS ORGANIC COOLANT HEAT TRANSFER CORRELATIONS

NRe

10"

5 x 104

105

5 x 105

Coolant

RB

33.2

141.5

264.0

1124.0

Irradiated
Santowax OM
New HB-40
Progil OM2

McA

36.4

132.1

230.0

833.4

Santowax R
Irradiated
Santowax
OMP
Irradiated
Santowax WR

DDW

37.7

148.0

266.7

1047.6

Santowax R
Irradiated
Santowax R

DB

38.5

139.6

243.0

880.6

Santowax R
Biphenyl +
HB

JA

46.8

178.0

316.4

1203.3

Irradiated
HB-40

RB = Rogers and Barns

McA= McAdams

DDW= Debbage, Driver , W a l l e r ( 8 0 )

DB = Di t t u s -Boe l t e r

JA = J e f f r i e s -Ar r i son

wNu

NNu

\ u

0.00835 N_Re

0.023 N_ ° 'Re

° - 0 1 5 NRe°*
0.0243 NRe°

0.0224 NRe°

Pr

Pr
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For forced ronvertion cooling using HB-40 conlant , Jeffries

and Arrison found that the Sieder-Tate equation gave an adequate fit.

Here the viscosity at the wall was known as accurately as the hulk visco-

sity.

Sieder-Tate N v = 0.021 N D °-
8 N_ •'(—• Nu Re Pr V n ,\ wa1I

7.2 BOILING HEAT TRANSFER

7.2.1 TERPHENYL MIXTURES

Essentially no work has been done in Canada on boiling heat

transfer with terphenyl coolants such as Santowax 0M. Rogers and Barns

conducted pool boiling studies with OM plus 30% HB but they were interested

in determining the DNB heat flux rather than studying boiler heat transfer.

The results of this work have been reported in a series of documents^'''~~:~)

and will be discussed in Section 7.3. They did determine that the change

from convective to boiling heat transfer is> gradual due to the multi-

component nature of the coolant. They also discovered that there is a sig-

nificant superheat before ONB occurs and there is a hysteresis effect upon

reducing power. All of these facts give rise to four different definitions

of ONB. These are given below and illustrated in the idealized Figure

7.2/1 from one of their reports^90).

Point 1. First indication of ONB during increasing heat flux. Probably
due to formation of gas bubbles.

Point 2. More significant boiling due to contribution of water and
possibly the terphenyls.

Point 3. Actual cessation of boiling during decreasing heat flux.

Point 4. Intersection of the linear extrapolation cf the boiling curve
with the natural convection curve.
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F I G U R E 7 . 2 / 1 : 11 LI'S T R A T I ON OF D I F F E R E N T D E F I N I T I O N S OF O N B

A

SATURATION POINT

INCREASING
FLUX



Points 1 and 2 sometimes coincided as did paints 3 and 4, but

the two pairs were always separated by 3 0 to 30°C. They attributed this

difference to the fact that once boiling starts at one site, it spreads

to adjacent sites which require less superheat to remain .̂ ntive once they

become vapour filled. Therefore, the mean wall superheat, and thus the wall

temperature, is reduced. They arbitrarily used point 3 as the definition

of ONB.

Superheats of 23 Lu 55°C were measured. The lower values inva-

riably occurred at the highest water and gas contents. Some other work

done in the USA with the pure terphenyl isomers also indicated 15 to 25°C

of superheat based on increasing flux only'95'. The curve for decreasing

flux was not measured. Workers in the UK^^' were unable to define an ONB

point because they observed no definable departure from the forced convec-

tion curve. They concluded that ONB in a multi-component mixture is complex

and the improvement 5_n heat transfer is small. In fact, in one case they

observed a well-documented decrease in the heat transfer coefficient after

ONB. This has not been duplicated in any of the Canadian studies.

7 . ?. , ? HYDROGEN^TED TERPHENYL MIXTURES

The first comprehensive series of simmering* tests in HB-40

coolant was performed by Sullivan et al in the U-3 loop at Chalk River in

1967-68(96). They successfully operated a full-size fuel string in the

simmering mode for several weeks at the conditions given in Table 7.2/1.

The fuel was instrumented with 18 sheath thermocouples. Simmering was

initiated by reducing system pressure until the highest indicated sheath

temperature started to drop. This was taken as the onset of simmering. The

pressure was further reduced until the desired degree of simmering was

* This is a term coined to describe the formation of bubbles on a heated
surface in an HB-40 coolant system. First bubbles of gas come out of
solution and these are followed by higher molecular weight components
as the temperature is increased. It is not a true boiling process as
in a single-component system.
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achieved, usually a 20 to 30°C drop on the hottest thermocouple. Prior

to the start of the test, the coolant vapour pressure was adjusted, by the

addition or removal of volatiles or water, so that simmering would occur

within the range of pressure reduction available. Several boiling runs

were then made on an electrically heated side-stream probe to obtain the

ONB temperature (or simmering temperature) as a function of pressure.

Although no special effort was made to refine the technique, the ONB

pressure for the fuel could usually be predicted to within ± 35 kPa (± 5 psi).

TABLE 7.2/1

CONDITIONS IN U-3 LOOP DURING SIMMERING TEST

Inlet Temperature (°C) 358

Outlet Temperature (°C) . 400

Outlet Pressure (bars) 8.62

Inlet Pressure (bars) 14.79

Flow Rate (kg/s) 14.5

Flow Velocity (m/s) 7.8

Maximum Heat Flux (kW/m2) 1050

Maximum Drop in Measured Sheath
Temperature Due to Simmering (°C) 35

The maximum decrease in film temperature drop (T w aj^ - T^u^)

was 33% which Sullivan et al assumed represented 50% improvement in the

heat transfer coefficient. The forced convection heat transfer coefficient

was ̂  11.5 kW/m2«°C so the simmering heat transfer coefficient was ̂  17 kW/mz«°C.

Boiling heat transfer studies were continued by Campbell et al^ 9 7'

in the U-3 loop in 1970-72. They used a higher power fuel string (4.0 MW vs

1.8 MW) so a higher coolant velocity was required to keep the sheath tempera-

ture reasonably low (14 m/s vs 7.8 m/s). At these conditions, in-reactor
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simmering was never confirmed, although in retrospect, it appear*- •. ̂n. • •.'. !

amount of simmering (5 to 10°C) may have been achieved. The expl-mat i< z1

given at the time was that.because of the higher velocitv, the iorrtd

convection heat transfer coefficient was higher (16 k W / m 2 - ° C ) . If there

was no corresponding improvement in the previously determined simmering

heat transfer coefficient of ̂  17 kW/m 2 oC, the drop in sheath temperature

at the onset of simmering would be small and difficult to detect. S i mr,i-r i n ;•

heat transfer coefficients were determined from the slope of the boil in,/

curve obtained by the side-stream electrically heated test prob.. m e MUPJ:

to be in the range 10 to 30 kW/m2-°C.

It was calculated that the fuel should have been V1"1' bc-y.i:̂ :

the OB point by using the Dittus-Boelter correlation. If, instead, the

Jeffries-Arrison correlation is used, the fuel was at most 5 to 10°C into

simmering. This latter correlation only became available some time after

the completion of the U-3 tests so the possible error in the sheath tem-

perature was not appreciated at that time. The failure to simmer was

initially attributed to the high coolant velocity in this test, but subse-

quent work in WR-1 and RD-4 showed that in the range 3 to 15 m/s, the ONB

point (i.e. the amount of superheat) is not a function of velocity. It now

appears that significant simmering was not achieved because the sheath

temperature was up to 25°C lower than thought at the time of the test.

Tests with the electrically heated side-stream probe in U-3

gave the same shape curve as shown in Figure 7.2/1, but here it was found

that point 3 coincided exactly with the saturation point. By roughening

the probe surface, the superheat could be reduced to zero. Then all four

points, plus the saturation point, were within a span of less than 5°C.

With no surface roughening, the distance between points 3 and 1 was typically

25 to 35°C. Point 1 was defined as the ONB point.



- 92 -

The next series of simmering tests was by Smee^MR~'°" in WR-1.

By throttling the inlet to one channel, the flow and centerllne pressure

were lowereu and the sheath temperature raised, so that when the entire

system pressure was reduced by 70 to 275 kPa, the selected fuel would go

into simmering. The other channels were sufficiently "far" from simmering

that •. . . re reduction would not cause them to simmer nor would it

cause pump cavitation- This technique was successfully used on several

occasions to simmer one fuel. A maximum reduction in measured surface

temperature of 25°C was obtained, representing a 16% decrease in the film

drop.

If the Dittus-Boelter correlation is used to calculate the

sheath temperature during these testst then superheat of 60 to 70°C was

required for ONB. If, however, the Jeffries-Arrison correlation is used,

the calculated temperature comes very close to the measured and the super-

heat was 25 to 35°C, the same as observed in the first U-3 test, on the side-

stream probe and during the pool boiling studies with Santowax OM coolant.

These results tend to support the use of the Jeffries-Arrison correlation

for the calculation of sheath temperatures in HB-40 coolant.

Considerable work in boiling heat transfer with HB-AO was done

by Jeffries et al, in the out-reactor RD-4 loop at WNRE^105'. Their goal

was to obtain a correlation for the ONB temperature as a function of the

saturation temperature, bulk temperature, velocity, and whatever other

parameters they found to affect it. They used WR-1 'A' circuit coolant of

the composition given in Table 2.2/3. Unfortunately, the scatter on any

two ONB determinations under supposedly identical conditions was as much as

90°C. This made correlation of the data exceedingly difficult. Several

dozen different correlations were tried, but none gave a satisfactory fit.

The best fit was obtained- when no velocity term was included and this led

to the conclusion that the ONB point is not a function of velocity. However,

the picture is far from complete and more work is certainly required.
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The correlations obtained were:

Tubular Geometr_y_

= 2 35 + 7 3 lnP +0.31

Annular Geometry

TONB ' 1I9 + 12? lnP + °'5 TBULK

where T = temperature at which ONB occurs (°C)
OISB
P = pressure (bars)

T_,TT1, = bulk coolant temperature (°C)
DU LIS.

T = /lnP -' 0.9454
V 5.568 x 10-6

The overall uncertainty of the correlations is t 12%.

However, based on all the ONB measurements which have been made

on heat transfer probes in both U-3 and WR-1, and on the in-reactor simmering

tests in these facilities, it is our opinion that at least as good an approx-

imation of the ONB temperature can be obtained by adding ^ 30°C to the

saturation temperature at the required pressure. It appears that this is

the "average" amount of superheat required to initiate simmering when the

velocity is from 1 to 6 m/s.



7.3 DEPARTURE FROM NUCLEATE BOILING

The critical heat flux (CHF) is that heat flux at which nucleate

boiling (or simmer ing)converts to film boiling (i.e. DNB, departure from

nucleate boiling). In the latter mode, heat transfer coefficients are low

and sheath temperatures rise rapidly, resulting in failure. Although both

WR-1 and ^he advanced OCR are not designed to permit nucleate boiling, much

less film boiling, the DNB heat flux must be known so the designer can

incorporate sufficient safety factors to ensure reliable operation u.ider

all conditions.

The first measurements of the DNB heat flux showed that because

of the multi-component nature, of organic coolants, DNB occurs at a far

higher heat flux than predicted from correlations for simple fluids. The

surface may be "burnt out" with respect to one or more components of the

coolant, but there is always another higher boiling component to provide

heat transfer by either forced convection or nucleate boiling. Eventually,

however, all components undergo film boiling and there is a rapid rise in

the sheath temperature at a constant heat flux. This is the DNB flux.

7,3.1 TERPHEKYL MIXTURES

Since these were the first organic coolants considered for use

in nuclear reactors, most of the early work on DNB in Canada and other

countries was done with these coolants. Two of the most widely uised corre-

lations were those obtained by Core and Sato using Santowax GMP^102' and by

Robinson and Lurie using Santowax R plus 35% HfiO03)# These correlations

are:
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Core and Sato

(q/A) D N B = 315. + 5.1

Robinson and Lurie

(q/A)DNfi = 1113. + 0.0270 A T b G0"8

where (q/A)r = LnB heat flux (kW/m2)

AT s u b - Sub-cooling (°C) (T8at

V = Velocity (m/s)

G = Mass flow (kg/s-m2)

The DNB heat fluxes calculated from these correlations at typical

velocities and AT g u b are given in Table 7.3/1. Note that the Robinson-

Lurie correlation gives consistently higher values for the DNB flux. This

is due to the presence of 35% HB which extends the range of nucleate

boiling as previously discussed.

;Rcjgers and Barns(93 >9t|) determined the sub-cooled, forced-

convection DllB'••'heat fluxes for Santowax OM plus 30% HB in an annular test

section. Their results were best correlated by the equation:

Rogers and Barns

(q/A) D N B =•• 1245.5 + (100.2 + 1.164 x lO^p) (G x 10"
8) AH g u b

where p = Pressure (Pa)

Sub-cooled enthalpy difference (J/kg) (Cp ATsub)



TABLE 7.3/1

COMPARISON OF CALCULATED DNB HEAT FLUXES

USING DIFFERENT CORRELATIONS AT WR-1 CONDITIONS

Velocity (m/s)

Mass Flow (kg/s-m2)

5

4,110

380

100

5

4,110

380

150

10

8,220

380

100

10

8,220

380

150

15

12,330

380

100

12,

15

330

380

150

AHsub (J/kg)

Pressure (MPa)

(q/A)nNB Core & Sato
(kW/m2)

(q/A)DNB Robinson &
Lurie (kW/m

(q/A)DNB Rogers &
Barns (kW/m

(q/A)DNfi Jeffries-
Arrison
(kW/m2)

279,000

1.275

1810

3210
2)

4100
2)

5060

430,600

1.930

2550

4260

6990

5850

279,000

1.275

2680

4770

6950

7730

430,600

1.930

3870

6600

12,740

954d

279,000

1.275

3420

6170

9800

10,700

,30,600

1.930

4970

8700

18,500

13,651

NOTE: Underlined values are interpolated; others are extrapolated.
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This is compared with the other correlations in Table 7.3/].

It gives considerably higher DNB fluxes than the Robinson-Lurie correlation,

but both are extrapolated to the conditions in the table. At values common

to both experimental investigations (e.g. pressure = 350 to 700 kPa, velo-

city = 2 to 7 m/s) and using the enthalpy data for Santowax OM rather than

HB-40, the two correlations agree very well. HB-40 has a significantly

higher enthalpy than Santowax OM ("̂  10%) and this results in an increased

DNB heat flux using the Rogers and Barns correlation, but has no effect on

that obtained using the Robinson-Lurie correlation.

7.3.2 HYDROGENATED TERPHENYL MIXTURES

Rogers and Barns made several DNB heat flux determinations with

fresh unirradiated HB-40 prior to the startup of WR-l(86). Although not

enough runs were made to obtain a correlation, they did determine that all

DNB heat fluxes were higher than those given by the Core and Sato - 2a*

line. Therefore, they concluded that the heat flux at which failure would

occur with HB-40 is at least as great for a given velocity and pressure as

that for Santowax OM coolant with 1% low boilers. WR-1 fuel was designed

so that the heat flux given by the Core and Sato - 2a line would not be

exceeded.

For several years no further work was done on DNB, but as fuel

heat ratings climbed they began to approach those given by the Core and

Sato - 2a line. It was noted, as well, that the power in an advanced OCR

would be limited if this criterion had to be met. Jeffries and Arrison ran

a series of DNB tests<10lt) in the RD-4 loop at WNRE using WR-1 'A' circuit

coolant With the composition given in Table 2.2/3. They obtained the

following correlation:

* a = 362. kW/m2
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Jeffries-Arrison

This correlation is compared with the others in Table 7.3/1.

The results are much higher than those obtained by Core and Sato, again

due to the much wider range of components present in the coolant. They

agree reasonably well with the Rogers and Barns correlation ("̂  10 to 20%),

particularly at the lower pressure which is within the range of their

experimental data. At the higher pressure, where the results are obtained

by extrapolation, the agreement is not so good (̂  20 to 35%).

The currently accepted DNB heat flux limit is the Jeffries-

Arrison correlation less 30%. For new HB-40 containing oo HB (e.g, during

the startup of an OCR), it is recommended that the Core and Sato correlation

less 2a be used. This may mean limiting reactor power for the first few

weeks or months after the initial startup until high boilerd accumulate.

8. BEHAVIOUR OF MATERIALS IN ORGANIC COOLANTS

8.1 ZIRCONIUM ALLOYS

The corrosion, oxidation, and hydriding behaviour of zirconium

alloys, both in- and out-reactor, have been well described by Boulton and

others^113"120). In summary, an acceptable lifetime can be obtained from

pressure tubes and fuel sheaths provided certain conditions are maintained.

These are as follows:

1. At least 50 yg/g water in the coolant to ensure integrity of
the oxide layer which acts as a barrier to hydrogen adsorption.
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?.. Low chlorine content (' 200 ug/kg). Chlorine is absorbed
into the oxide film and in some way destroys its protective-
characteristics.

Fortunately, these requirements are exactly the same as those

required to ensure low fouling. This is thought to be strictly fortuitous;

there does rot appear to be a direct connection between hydriding and fouling.

All in-reactor surfaces, including, the non-heated pressure tubes

and fuel hanger bars, become covered with a thin (5 to 25 urn), black, car-

bonaceous film after only a few months of operation. It does not increase

in thickness with time. Generally the ash content is 20 to 257, but

occasionally it is as high as 50%. It was first noted on the fuel hanger

bars and later discovered on the pressure tubes when measurements to deter-

mine the creep rate indicated negative creep. A procedure for removing the

film using a high pressure stream of glass shot was developed (1?1). It must

be emphasized that it is only necessary to remove the film to obtain accurate

measurements. It in no way interferes with normal operation of the reactor.

The film deposition is definitely radiation induced since it

only occurs in-reactor and is very different in character from the magne-

tite film observed on out-reactor piping and components (see Section 8.3).

The small inorganic fraction of the in-reactor film is probably occluded

corrosion products.

Maximum film thickness is reached after a few months. Pressure

tubes in-reactor for 2000 hours over a six month period have the same thick-

ness of film (5 to 25 urn) as those in-reactor for several years. It is not

known whether deposition stops due to the change in the nature of the surface

or if the erosion rate becomes equal to the deposition rate. This film

does not appear to be related to fouling nor is the buildup rate a function

of the fouling potential.
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A current theory is that the film forms because of a

surface charge phenomenon. For example, surface charging occurs under

irradiation because of the difference in radiation-produced electron

fluences in the materials on either side of the interface. Also,

radioiytic ions are generated in the liquid. These radiation effects

are superimposed on the intrinsic charging at the metal liquid interface

and the presence in the organic liquid of charged particles in

suspension. These additional effects result in the migration of charged

particles to the surface. The intrinsic potential difference between the

solid and liquid phases, the so-called Zeta Potential, is insufficient to

Cc*use particle migration since this film is not observed on out-reactor

surfaces. When the film grows somewhat thicker than the distance electrons

usually travel, surface charging through radiation effects at the film liquid

interface becomes much less than at the initial metal-organic liquid inter-

face and fila growth stops.

3.2 ALUMINUM ALLOYS

Sintered Aluminum Powder (SAP) products (aluminum containing

up to 15% alumina) were used in the early days of the organic program.

However, they undergo rapid corrosion in the presence of water (> 300

Vg/g)^ 1 3 2^ or chlorine (> 2 yg/g)(131). There have also been several clad-

ding failures at very low strain. These problems, when combined with the

difficulty of procurement of consistently good material, have resulted in

very limited use of SAP products in recent years. The zirconium alloys

appear to offer much more promise as cladding and pressure tube material

in organic reactors.
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8.3 CARBON STEEL

Carbon steel corrodes slowly in organic coolants. An exceedinp.lv

wide range of corrosion rates has been reported in the literature and

will be reviewed below. Only a few measurements have been made by AECL, but

it is our opinion that, provided adequate coolant chemistry conditions are

maintained (e.g. Cl < 0.2 ug/g, HoO ' 1000 ug/g, no 0:, contamination), the

corrosion rate is at least an order of magnitude lower than in high tempera-

ture water and is similar to that in steam. This is to be expected since

ionic dissolution and electrochemical processes which can occur in liquid

water are not possible in steam or organic coolant. There is no s-econd

layer growth by ionic solution transport as commonly found in liquid water.

Visual examination of mechanical components from both U-3 and

WR-1 indicates no localized corrosion or erosion even after ten

years of operation. All surfaces are covered with a thin shiny black film

showing measurable, but entirely inconsequentia1, uniform corrosion. The

main heat exchangers in WR-1 were examined after 6h years of service and

showed no signs of wear or pitting. The primary side had only a chin, shiny

black film and negligible fouling film. There has been no evidence of

pitting of valve stems or seats and no signs of erosion at pipe bends or T's.

End fittings examined after 6h years still show the original surface machi-

ning marks, indicating an exceedingly slow rate of film buildup. Machining

marks were also evident on components of the U-3 loop after being in service

for 46,000 hours over a ten year period.

The thin shiny black film mentioned in the preceeding paragraph

has been observed on all surfaces exposed to organic coolant. It was assumed

to be a carbonaceous film and analysis by Montfordv141*' showed a carbon

content of r^ 1.5 g m~2 which suggested an even layer thickness of 0.75 Um

of carbon. However, metallographic examination of the film indicated an
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iron oxide film of from ~\ to IS urn in thickness, with no distinct carbon

layer. An X-ray diffraction pattern from the pipe nurf.ice showed fhi-

fi lm to be predominantly magnetite with a trace 01 carbon. Later work by

Mclntyre using X-ray photoelectron spectroscopy^ll)'' • ̂ [<(y> showed a thin

carbonaceous layer (> 5 urn)* on top of a distinct magnetite layer. The

carbonaceous film appeared to have a hydrocarbon type structure on the

outer surface changing to an amorphous carbon deep in the film. The iron

content was 10 to 20% of that in pure magnetite and did not change

appreciably during film penetration until the magnetite layer was reached.

Oxygen also was detected in the film.

Examination of a carbon steel spool piece exposed to organic

coolant for only three weeks also showed a carbonaceous film but no under-

lying magnetite layer. It appears that the carbonaceous film reaches equi-

librium thickness very quickly and the magnetite layer forms by diffusion

of oxygen through it to the steel. It undoubtedly offers some degree of

protection against corrosion to the steel and is partly responsible for the

low corrosion rates in organic coolant.

The available data on corrosion of carbon steel pipe in organic

coolants are summarized in Table 8.3/1. The rates vary over a factor of

100, but in every case the high rates are characterized by oxygen or Cl

contamination or both. Many authors^77*122-129) pOint o u t that these

impurities can drastically increase corrosion rates.

Our estimate of the long-term corrosion rate in a clean organic

system is given in the last line of the table. It is 0.8 g/m2.month con-

verted to FeiQn and retained on the surface and 0.2 g/m2-month released to

the coolant for a total corrosion rate of 1 g/m2'month. This estimate

is based mainly on the WR-1 data but also takes into consideration the long-

Range observed: 1 to 30 pm but most samples had films < 10 vm thick.
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TABLE 8.3/1

SUMMARY OF AVAILABLE DATA ON CORROSION OF MILD STFEL IN ORGANIC COOLANTS

SOURCE

Euratom^1::-'^
(Loops)

P . i r k i n s ('••*)

(OMRE)

CORROSION RATE
AS DETERMINED BY

WEIGHT GAIN RELEASE RATE
g/m2.month g/m2-month

O.f) 0 1

0.07

TOTAL
CORROSION

RATE

g/m2-month

0 . 7

COMMENTS

400l)C, H 0 SOO ,,g./t',

Cl • 10 LR/R

Determined early in
operation before 0

contamination

Park ins <K'3)
(OMRE)

Newmark(12L>)
('.oops)

(OMRE Coupons)

(Coupons)

Italian/7 7)
(Coupons)

MakensO27)
(OMRE)

(WR-1)

AECLO28)
(WR-1)

(WR-1)

A E C L < 1 3 3 >
(WR-1)

AECL

0 7 - 0 8

3 5 - 3 5 0

0 3 - 1 6

0 8 - 1.3

0 8

0.6 - 1.2

0 1 - 1 0

0.2

0 . 5 - 2.5

0 . 6 - 1 . 2

0 5

0 4

1.0

2.5

0 1 - 0 4 0 4 - 1 9

1.0

'MR!.

Determined in OMRF a f c - '
contariination. Also
includes corrosion :̂,
reactor vessel and distil-
lation column, both of
which were much higher
than piping

Samples pre-washed with
CHC1-.. Cl content unknown
ri',0=100 to 1000 pK/'p-
315 to 400°C

360°C. Cl and H:0 unknown

400°C. Cl 5 to 500 yg/g,
H?0 10 to 500 ug/g. Time
only 100 hours

Overall estimate of corrosion
rate during OMRE lifetime

Calculated from Mn^'acti-
vity and Fe concentration of
particulates

Measured film thickness on
WR-1 pipe after 22,000 hours

Calculated from Fe content of
coolant assuming removal in
clay column. Efficiency of
clay for Fe removal is 10-50%

Measured film thickness on
VIR-1 outlet pipe. 10,000 hours
at 360°C plus 20,000 hours at
400°C

Best estimate for a clean system
over a long term (i.e. 10,000 -
50»000 hours)
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term OMRE data, the initial OMRE data before O2 contamination, and tho

Euratom loop tests which were conducted under "clean" conditions similar

to those in WR-1. The weight gain part of the corrosion results In a

film buildup rate of '* 2 ura/a (at 70% reactor operating efficiency).

This is slow enough that even after ten years of operation, the machining

marks would still be visible on the surface.

8.4 ACTIVITY TRANSPORT

The radiation fields around WR-1 and the organic loops are

several orders of magnitude lower than in pressurized water systems.

This is due to the lower corrosion rates, the low cobalt content of the

carbon steel, and the much lower mass transport coefficients of corrosion

products(*2g). Both the iron and cobalt content of the organic coolant

are higher than in a clean water system (up to an order of magnitude),

but their mobility is several orders of magnitude less. In a water system,

corrosion products are continuously being dissolved, precipitated i«-core,

activated, redissolved, and reprecipitated out-of-core, creating high

radiation fields. In the non-polar organic coolant, these processes

only occur at very low rates. The presence of the carbonaceous film men-

tioned in Section 8.3 will also tend to retard the movement of corrosion

products into the coolant. Therefore, there is little continuous movement

of material from out-core surfaces to in-core surfaces and back again.
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9. FLAMMABILITY

9.1 INTRODUCTION

Organic coolants will burn in air, and this has been a source

of concern to the reactor designer and operator. The fire hazard has been

recognized since the beginning of the organic coolant program but experience

in WR-L has shown that, provided pro ir precautions are taken, organic cool-

ants may be safely used. These precautions include the use <>f smoke detector.

temperature sensors, and automatic sprinkler systems in potentially haz^rdo.!

areas. A low probability of a fire starting can be achieved by provision and

maintenance of a leak-free circuit. This requires careful maintenance and

good housekeeping. If a leak does occur, then there should be no flame or

spark to ignite the hot coolant. Thus, in potentially hazardous areas, non-

incendlve equipment and wiring must be used. Intrinsically safe e .jipment

(i.e. incapable of releasing sufficient electrical energy to cause ignition)

is allowed but any equipment capable of causing ignition (i.e. light fixtures,

telephones, etc) must be explosion-proof. The amount of equipment in the

latter category is kept to an absolute minimum, partly to reduce the hazard

and partly because of the high cost of explosion-proof fittings. The necess-

ary fire fighting equipment must be provided.

There are four main types (or causes) of fires with organic

coolants. These are listed below and discussed in detail in the following

section.

1. Pools of burning liquid coolant.

2. Autoignition of hot coolant vapcur mixture.

'). Auto-oxidation of liquid coolant: in a hent-retn ining 1 oc.it inn.

4. Deflagration of a vapour cloud by an external ignition source.
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9-2 POOL BURNING

Pools of organic coolant burn relatively slowly and are easy

to extinguish. However, the copious quantities of thick black smoke emitted

make the use of hand lines by firefighters impossible due to the lark of

visibility. Automatic equipment such as a sprinkler system or CO? system

is mandatory. Commercially available equipment was evaluated and found

to be effective against this type of fire'l3&). Experience in WR-1 has

confirmed this evaluation.

9.3 AUTOIGNITION

The AIT (autoignltion temperature) is defined as that temperature

at which oxidation proceeds quickly enough that the rate of heat production

is greater than the rate of heat loss, and the coolant spontaneously ignites

without the application of a spark or other external stimulus. For several

years, ASTM procedure D28& was used at WNRE to determine the AIT. However,

a series of comprehensive investigations(*37»!38) showed that this did not

give a true minimum AIT. The AIT is dependent upon many variables such as

coolant temperature, air temperature, organic concentration, O2 concentration,

and composition of liquid and vapour. For example, HB-40 sprayed at 640°C

into ambient temperature air will not ignite even though its ASTM AIT is

395°C (see Table 9.3/1). However, coolant at 375°C sprayed into air at

375°G will ignite.

This led to the development of a new AIT procedure at

0.5 cm3 of coolant is injected into a 2 I flask which is completely enclosed

in a high temperature oven. If autoignition does not occur within an induc-

tion period of 15 s, the oven temperature is below the AIT. Ignition is
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easily delected audibly, visibly (through a glass cioor),and bv a large

sudden increase on the recorder monitoring the temperature. Experience

has shown that if ignition does not occur within 15 s, it will not occur

at all. Immediately after coolant injection, there is invariably a tempera-

ture increase corresponding to coolant oxidation. If this does not proceed

to ignition, the temperature returns to the oven temperature. A comparison

between the ASTM AIT and the WNRE AIT is made in Table 9.3/1.

TABLE 9.3/1

AUTOIGNITION TEMPERATURE OF HB-40 COOLANT

COOLANT

New HB-40

Irradiated Coolant

AIT (°C)

ASTM D286

395

440

WNRE PROCEDURE

37 5

420

1

This work was done in 1968-69 and since then a new ASTM AIT

procedure has been developed. ASTM D 2155 also employs a heated glass

flask into which the sample is injected, but up to 5 minutes is allowed for

ignition. It is similar to the WNRE method and to the method developed

and recommended by Setchkin 20 years

Table 9.3/1 shows that as HB-40 undergoes transformation by

radiation and pyrolysis to form reactor coolant, the AIT increases by 45°C.

This is not due to the buildup of high molecular weight material but to

the overall decrease in the amount of hydrogenation, as discussed in

Section 2.2. An increase in the concentration of volatiles does not reduce

the AIT since they generally have a higher AIT than the bulk of the coolant,
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Section S.J ot this report states that as the operating temperature of the

coolant is increased, there is an increase in the V,:\\ ratio dnr to .1 more

rapid dehydrogenation. Thus, om? would expect the coolant from a high

temperature system to have a higher AIT than that from a low temperature

system and this has in fact been observed. When the outlet temperature

in the U-3 loop was increased from 375°C to 400°C, the AIT increased by

10 to 20°f\ A similar increase was observed in WR-1 'A' circuit ^ 3 ) .

From the point of view of safety, the most important parameter

is the temperature of the air surrounding the hot piping, not the tempera-

ture of the coolant in the pipe. As long as the temperature of the surroun-

ding air is 50°C below AIT, ignition will not occur following an accidental

release of coolant. If AIT was the only consideration, therefore, we would

not hesitate to raise WR-1 outlet temperature to 450°C, provided the surroun-

ding air could be maintained below •*> 350°C (or higher if thfcre is an increase

in the AIT corresponding to the temperature increase). If this criterion

cannot be met in certain areas, then there is the added possibility of

dilution with an inert gas. If, for example, the Q2 content is lowered by

a factor of two, then autoignition will not occur at an ambient temperature

of 400°C.

9.4 AUTO-OXIDATION

Auto-oxidation refers to the spontaneous ignition of coolant

due to the heat generated by oxidation in a heat-retaining location. Pipe

lagging, for example, can become soaked with coolant from small leaks around

valves and fittings. If there is a source of air it can slowly oxidize and

eventually ignite spontaneously. Controlled laboratory teats have shown

that this type of fire can occur at coolant temperatures as low as 30QPcClltl

It can be prevented by promptly removing all coolant-soaked lagging and by

maintaining an air-tight outer covering on the insulation(ll*2^ .
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There have been several fires caused by this process in both

WR-1 and U-3, but they were extinguished without difficulty and produced

minimal damage.

9.5 VAPOUR DEFLAGRATION

This refers to the explosion of a cloud of organic coolant

vapour formed by the accidental release of a large amount of hot coolant.

This is not an autoignition process since an external ignition source is

required. The probability of occurrence is extremely low since, following

a release of hot coolant, a vapour deflagration requires the formation of

an explosive mixture (organic coolant vapour is explosive only in a very

narrow concentration band of 0.5 to 5.0 vol%(llt3)) and a simultaneous

source of ignition. As discussed in Section 9.1, normally there should

not be an ignition source in a potentially hazardous area.

This problem has been investigated thoroughly on a small scale ̂ll*3

and it appears that currently available commercial fire protection equipment

will reduce the probability of a large-scale deflagration to an acceptably

low value. In addition, an OCR containment building can be designed to

minimize the consequences of an explosion. For example, the building can

be subdivided into compartments interconnected by a vent-flame arrester

system. Thus, an explosion occurring in one compartment will have its pres-

sure dissipated among all compartments so that the final pressure will not

exceed the building design strength. The use of flame arresters in preven-

ting the propagation of a deflagration has also been investigated and it was

found that there are types of arresters available for this sort of applica-

tion.

There has never been an explosion of this type in an AECL organic

coolant facility, nor, to the best of our knowledge, anywhere else in the

world. The probability of occurrence of this sort of accident is xtremely
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low, and using currently available technology the consequences of such an

explosion can be reduced to such a low level that damage vfill be confined

to a small portion of the interior of the building. Although some work

remains to be done, we believe it will not be difficult to prevent serious

damage to the OCR containment.
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APPENDIX

METHODS OF NORMALIZING INDICATED SHEATH TEMPERATURES

1. NORMALIZED FILM FORMATION PARAMETER

N F F P .
 (TSH - TCOOL>
sin (irX/H) x QA

where T = measured sheath temperature (°C)

^COOL = calculated coolant temperature at thermocouple
location (°C)

QD = design power of fuel (kW)

QA = actual power of fuel (kW)

X = height of thermocouple above bottom of extrapolated
flux length (cm)

H = extrapolated flux length (cm)

The NFFP is actually a normalized film drop and has typical

values of 50 to 100°C. It is not normalized for changes in the heat transfer

coefficient brought about by changes in. the coolant temperature, physical

properties, or flow rate. However, in practice, these do not change signi-

ficantly and this is one of the most successful and widely used normalization

procedures. It does occasionally show unexplained trends over a period of

weeks or months, both up and down, when it is known that fouling is not

occurring. These are infrequent and do not greatly detract from the useful-

ness of the procedure. This is the method usually used for WR-1 instrumented

fuel.
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2. TEMPERATURE DIFFERENCE RATIO

TDR
TSHCAL " TCOOL

where TSH = measured sheath temperature (°C)
TCOOL ~ calculated coolant temperature at thermocouple

location (°C)
TSHCAL = calculated sheath temperature (°C)

This normalization procedure was devised to eliminate trends

brought about by changes in the coolant physical properties due to changes

in the coolant temperature and HB content. Normalization for reactor

power, moderator height, flow rate, coolant temperature, and properties

are all inherent in the procedure since all temperatures are measured or

calculated under identical conditions. Theoretically for new fuel the

TDR should have a value of 1.0 and then increase if the fuel fouls. In

practice, it is anywhere between 0.8 and 1.2 and shows much more day to

day scatter than the NFFF. It has not been widely used.

3. g PARAMETERS

T - T
SH COOL
T - T
OUT IN

where TgH - measured sheath temperature (°C)

TQQOL ~ calculated coolant temperature a
location (°C)

T0UT = channel outlet coolant temperature (°C)

- channel inlet coolant temperature (°C)

~ calculated coolant temperature at thermocouple
location (°C)
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This is a simple way of normalizing fuel sheath temperatures

for a given coolant in a reactor with a fixed moderator height. It is

used in the U-3 loop since NRU operates with a fixed moderator height. It

normalizes with respect to flow rate and power, but not physical properties

or temperature. In practice, the B parameter has proved to be very useful

since the latter variables do not change significantly. It has very little

day to day scatter and has indicated even low fouling rates^''.

The 8 parameter is a measure of the overall heat transfer coef-

ficient. When coolant conditions and flow are steady, it is a good measure

of the thermal resistance of the fouling film'32'.
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