[

Department of the Navy

ccm-

Classification: UNCLASSIFIED

Title: Research on the Use of Organic Coolants and
Moderators in Nuclear Reactors °

Issledovaniya po primeneniyu organicheskikh
teplonositeley-zamedliteley v vadernykh

Author: Yu.N.Aleksenko, A.M. Brodskiy

™

I\

ﬁ\

Q reaktorakh
¥

N\

\§

~ Page(s): 52 twp

Source: Papers of the Institute of Atomic Energy of the

USSR, 611 - 1964

Original Language: Russian

TRANSLATION NO. 2247

CLEARINGHOUSE
TECHN'CAL INFORMATION

FOR FEDERAL SCIENTIFIC AND

Hardcopy Microticq

$ 5.00 sO'éf’é}y

2!

/ BRCHIVE COPY

!fb:.a ik, f,

Anproved by: | T k.

Date 28 QOctober 19A4¢

JAN 16 1967

f\
3

|

) i ‘ .
~-;‘ L-J T




ANNOTATION

-
This paper is a review of the primary investigations

cf the use of high boilirg organic flulds as coolants and
noderators in nuclear reactors. Results of radio - -
-chenical, thermo-physical, corrosive and neutron -physical
investigations are discussed. The paper furnisnes data
coverirg the use of destructive hydrogenatlion for the rage-

reration of products of radiolysis of organic coolants.




-

INTRODUCTION

The specific economic and geographic peculiarities of
the Soviet Union dictate the need for construction of low=-
-cost, low power (500 - 10,000 kw) electric generating sta-
tions, Solution of this problem through the use of con-
ventional thermal (steam and diesel) electric generating
plants cannot be considered quite satisfactory, due to thre
high cost of the electric energy zenerated. This circua-
stance is attributable to the high fuel cost comporent ,
resulting from the high cost of fuel transportation to the
remote and almost inaccessible sites of these installatlorns.
(We refer to the remote regions of the Arctic and of

Siberia).

As shown by the technical-economic calculations of
U.I.Koryakin and of others, employment of nuclear power
plants under such conditions is found to be completely jus-
tifiable from the economic standpoint, even with thelr cur-

rent economic characteristics.

- In order to obttaln the maximum economlic benefit in that
case, 1t i1s most important to develop a nuclear power plant

having the lowest possible capital component of the cost of
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electrical energy generated, since in low power installations
of even non-nuclear type this cost component is very high
and, naturally, transition to nuclear power generation will
not have the effect of lowering it. In addition, a nuclear
pover plant designed to operate in remote and hard to reach
locations must have such characteristics as simplicity and
reliability of operation, small weights and dimensions of

equirment, to insure easz . transportation and so forth.

Tnese requirements made it expedient to devote attent-
ion to nuclear power plants utilizing organic coolants=-
- moderators, since this is one type of nuclear plant wrich
can, more or less.‘satisfy the specified conditions. Esta~
blished advantages of organic reactors (low pressures, low
actlvation of the heat transfer agent, ability to utilize
inexpensive structural materials and standard eguipment of
the "non-nuclear" type) furnished reasons to hope that their

use would be expedient in this particular case.

in view of this, various lahoratories of the USSR have
undertaken and are currently continuing a relatively wide
complex of investigations. These investigations are all
related to a single plan but vary widely, both in the nature
of subjects under study and in their scope (from "pure" an-
poullc studies of radiolysis to tne activation and trial
operation of an experimental organic 300 kw reactor at tne

Atomic Energy Institute in 1960.
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A practical embodiment of the results of these efforts
was the construction and'activation of the portable 750 kw

"Arbus" nuclear power plant in 1963,

This paper represents an attempt to describe briefly
and to draw inferences from some of the princlpal results

of these investigations.

RADIQ~ —————5- - CHEMICAL STUDIES.

At present 1t is commonly known fhat the aromatic hydro-
carbons possess the highest rad;dii;l;ﬁ"- thermal stability
among all of the organic compounds, However, their relati-
vely high melting points represent a serious shortcoming.

Que to the fact that the ultimate goal of our investigations,

as stated above, was the development of a low-power, largely

self~contained nuclear power plant, employment of pure poly-

phenyls as cooling a-2nts appeared unacceptable.

Taking into account the known protective effect of the
aromatic comﬁgpunds in various combinations with organic com=-
ponents of the non-aromatic type, we decided to investigate
the radio-—-—> = thermal stability of such compositionus.
From the standpoint of convenience and economy of operation
of a nuclear power plant utilizing an organic coolant, not

the amount, proper, of radio——> - chemical yleld of pro-

ducts of radiolysis per unit of energy absorbed by the coolant,

but the resulting level of radiolytic losses of the coolant
is of the greatest importance. This factor is deternined
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by both the coolant?!s stability and by 1its ability to re-
generate its products of radiolysis with assurance of mini-
mum loss. In addition, naturally, the cost and avallabillty
of the various organic coolants and the nature of the pro-
ducts formed during their radiolysis ( particularly, ten-
dencies to precipltate as insoluble particles or films ) are

the ilmportant factors to be considered.

Jith these considerations in mind, concurrently with
a series of investigations of radis ————>—=thermal stabi-
lity, we made studies of the possibility of destructive
regeneration of high boiling products of radiolysis which
furnished some very satisfactory results. Anong a nunber -
of alkyl - generating polyphenyls, we investigated indus-
trial monoisopropyldiphenyl and the vat residues from the
production of cumene ( isopropylbenzene ). Experiments
of U.N.Aleksenko and V,A.Khramchenkov with monoisopropyl -
diphenyl were performed in the VV2-2 reactor, wi 21 exXxpo-
suré of specimens made at temperatures ranging from room
temperature to 380° C in ampoules, also in loop instal-
lations at temperatures approximating 200° ¢ ( tenperature
at the surface of the <yl elements in this experinent
was approximately 320 - 350° c). In this experiment we
used an industrial plant product containing approxinately
15 % of unalkylated diphenyl and approximately 5 % of the
heavier products ( principally - diisonropyldiphenyl ).
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This product has the following characteristics:

Melting temperature - 40° C
Boiling temperature 270-290o C
Molecular weight 196

Ratio of carbon to
hydrogen contents (atonic) 0.95
Preliminary investigations of thermal stability of

1

monoisoprOpyldiphenyi in an industrial altrogen athSpheréL

! U.N.Aleksenko, V.A.Khramchenkov. Therwal stabllity

of monoisopropyldipnenyl. Atomic Energy, Vol. 13,

First Edition, p. 47 (1962).

have showvn that the pyrolytic process of thls substance pro-
grasses quite sluggisnly up to 350° C and that it is accon-
paanled by che formation of a small amount of high boiling
product and a seakx emission of gas. The rate of formaticn
of hilgh boiling products within this temperature range is
approximately constant with time and increases sligzntly wite

tne temperature.

Within the temperature range of 360-420o C the process
does not change qualitutively, but there 1s a notliceable
tendency toward an ex~-=ential increace in the rate of for-
mation of hign boil.: = [ oducts wita tilme and the eaerzy of
actlivation lncreases appreciatly. rirnally, at 420°% ¢ tacre
ls a qualitative change in the process, caaracteriseid by
tne start of violent liberation of gas, abrupt irncreasc in
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the rate of formation of hizh bolling products ana precirpl-
tation of insoluble coke =~ like particles, thils is , appa-
rently, the start of an intensive pyrolytic cracking pro-
cess of monoisopropyldiphenyl. The high boiling product

for..ad during pyrolysls has an averase molecular weight of
265, which is approximately a 1.5 « fold increase, coupa-

red to the molecular welgh* of the original substance.

Figure I shows the curves representing the accumula=-
tion of high boiling products of moroiscpronyldiphenyl,
for various dosages of exposure. A typical charazcteristic
of these results 18 the absence of retardation of format.on
of aigh boiling products as they accunulate. Trese results
also oconfirm the existance of a range of tenperaturcs
( ar»roximately 200-350° C ) in waich the rate of formation
of high boiling products is slower, On the basls of tris
data, Figure 2 shows the relation of the radio-
- chenlcal liberation of high boilinz products in nonoiso-
propyldiphenyl to the temperature of radiolysis ( 1in this
case, and from here on, tae caloulation of radio - ~
= chemical liberation of high bollirz products is maie for
the number of molecules of the original substance transfor-
med inte high bdolling products ). It nust be noted that,
in the cese of radiolysis at 380° C, the character ol the
process suffered a qualitative charge, acgquiring cnaracter-

istics similar to tnose of pyrolysis p:rocess at %20° ¢

( violent liberation of gas and precipitation cf insolutle
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particles ). Another interesting fact is that precipita-
tion of insoluble particles cannot be observed at once, btut
but only upon concentration of high tolling products cn tae
order of 15 - 20 ¥. An elementary analysis of these par-
ticles has shown that theil atomic ratio of cardon to hydro-

gen 1s 1.76 .

On this basis, and because of the nature of the inso-
luble product, we can assure that its basic composition

consists of condensed aromatic compounds.

Of real interest is the regularity of change in tne
average molecular weight of high boiling product witn in-
creased doses of exposure of monoisopropyldiphenyl at va-
rious temperatures, observed in the course of the experi-
ments. This is 1llustrated by IFig. 3. Irradiacion at
low temperatures produces an almost linear increase in tne
molecular weight of the high bolling product witn an increase
in dosaze, At the sane time, with radiolysis toxin: place
at 3?0° C. the molecular weignt of nizh toiling rroducts
decreases with the dosage, approachins a certain state of
equilidbrium, close to the nolecular weight of tetrapnenyl.
Characteristically, an extrapclation of both curves toward
a zero dosage produces the suine molecular weight, egqual to
twice that of the origiral product. Obtained ratics of tne
yield of righ diling product ané of its molecular wel: ht to
the texpe rature of radiolysis 1s inescanaktly tied 2o the ef-

fect of i1 decline in concentration of rizh boilir: proiuct
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and of its molecular weight during thermal treatment of the
irradiated monoisopropyldiphenyl ( see Figures & and 5 ).
Investization of the kinetics of the process of diminish-
ing concentration of high boiling products irn this case 1in-
dicates the existance of a monomolecular mecnanls:. AD-
parently there i1s a thermal destruction of the least stadle
component of the high bolling product. Triese results are
in close gualitative agreement with the data obtalned Ly

De xalas [2].

2.
oe dalas, Radiolytic and pyrolytic decomposi-~
tion of organic coolants [or reectors. Ieport
vo. 611 of the First General Conference for

Peaceful Usec of Atoml:c Znerzy.

Propylamine berzene, 1investigaz:ed by Z.A.iedzhibovskiy,
is also a mixture of alkyl - displaced polyphenyls, based,
apparently, on products whose nolecule contains 2 piaenyl
rings, interconnected by ar. isopropylic bridze arnd walchn
nas additional marxinil alkylic groups. Tnis procduct nas
a 310 - 365° C bolling point and an average nmolecular welgnit
of 214, It is stable theraally up to 375 - 405° 2. Fadio-
lysis of propylamine benzene spccirens toox place in the
reactor of the First Nuclear Electric Power 3Station and, due
to the fact that the reactor's caannel was ot equlipped wit
dosimeters, indicator specinens of zonoisopropyliipnenyl
were uged 1in all the experiments to obtaln cozparable data.
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In these tests specimens of propylamine benzene and of
monoisopropyldiphenyl were irradiated at various tempera-
tures by an integrated flux of thermal neutrons on the
order of 1018 I/cm2 ( the period of irradiation was about
20 hours ). The data obtalned agreed qualitatively with
the ratlo of yleld of high boiling products to the tempera-
ture of radiolysis, determined through experiments carried
out by U.N.Aleksenko and V.A.Khramchr nkov. In addition,
they furnished the basls for the assumption that the nature
ol tﬁis relationship ( including the area of reduced yields)
is more or less typical of alkyl - derived polyphenyls and
that it points toward the formation of thermally unstadle

prodnete of radiolysis. (See Taﬁhzl).

Mcasurements of yields of gaseous products of radio-
lysis have siown that for monoisopropyldiphenyl and for the
propylamine benzene the values are nearly the same and are
approximately 0.03 - 0.04 molecules/100 electron-volts .
The composition of gaseous products depends upon the inte-
gral dosage of ilrradiation and changes with an increase of
the latter teoward a comparative impoverishment of the hydro-
gen composition and its enrichment in gaseous hydrocarbons
( with small dosages the hydrogen conteat reaches approxi-
mately 85%, with dosages on the order of severzl thousands

of megarads it drops to 60 - 65 % ).

Thls regularity has been observed on many occasions in
the re. rts ¢l investigations of radiolysis of varicus
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polyphensls and of their derivatives made by other investi-
gators. This leads us to believe that, apparently, tcday
there is a real opportunity to utilize wastes or by=-products
of a number of chemical processes, involving alkylization
of aromatic compounds, for the production of organic

coolants,

Studles of K.P.Lavrovskiy, A.M.Brodskiy, N.V.Zvonov,
U.N.Aleksenko, V.A.Knramchenkov and others have included |
investigations of radi.o -  .-thermal stability of hydro-
verphenyl, a product of selective hydration of vat resi-
dues 1n the production of diphenyl, which are fundamentally
a mixture of lsomers of terphenyl ( the technology of se-
lective hydration was developed by an Associate Hember of
the Academy of Sciences of the USSR, KX.P.Lavrovskiy and

his assoclates ).

TABLE I
High boiling products content of specirens of pﬁiylamine
benzene and of monoisopropyldiphenyl irradiated by an in-
tegral flux of thermal neutrons 1018 I/cm2 at various tem=~

peratures ( in % by weight)

Product Temperature of radiolysis © C
irradiated
260 300 350 375 390
Propylamine benzene 7.7 4,57 3.56 2.28 3.38
lenisopropyldiphenyl - 5.94 3.85 L.s 5.16

=10=
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This coolart is a mixture of comé@nds whose molecules are
various combinations of petroleum and aromatic rings with a
heavy predominance of the latter ( the average number of
aromatic rings per molecule is 1.62 and of petroleum ones
0.96; the total content of aromatics amounts to 89.5 % )

and is characterized by the following parameters:

o

Melting point - 11 ¢C

Boiling point 250 - 370° ¢
;

Vapor pressure @ 350° C 2.93 kg/ en

Cyclohexyldiphenyl 1s the basic component of the mixture.

Investigations of the pyrolytic stabllity have shown
that the purely thermél influence leads chiefly to the des-
truction of hydroterphenyl and the formation of gaseous and
low bolling products. The pyrolysis, 1in this case, pro-
ceeded at a slow rate up to temperatures in the order of
420 - 450° C. There was no evidence of formation of fsolu~
ble precipitates. Experiments with radiolysils of hydro-
terphenyl were performed in the VVR - 2 reactor, under both
the ampoulic and loop conditions. Irradiations at room tem-
peratures produced a stralght line increase in concentration
of high boliling product with increased exposure, while tae

speed of the process was characterized by a radio - .

- cnemical yeleld

molecules
100 electron wvolts

G high boiling product 0.437

wil~
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( The curve depicting accrual of high boiling products 1is
shown in Fig., 6 ). At the same time, the molecular weight
of the high boiling product increases non-linearly, showing
a tendency toﬁ}d saturation at approximately 700 unlits.
Formation of low boiling product under such conditions does
take place, but only to an insignificant extent. In the
case of radiolysis at 360 - 380o C formation of gaseous
products, similarly to the case of room temperatures, |is

characterized by the constant

molecules
100 electron vecle

G = 0.39
r

however, wlth lengthening of the exposure, there is a no=-
ticeable change in the composition of gases, tending toward
a decreased concentration of hydrogen and an increased con-
centration of gaseous hydrocarbons. ( Concentration of
hydrogen for a dose of 200 megarads re¢-resents 84.5 %, and
for a dose of 1600 megarad - approximately 62%. Concentra-
tionspf methane and of ethane with ethylene, for a dose of
200 megarad, are 5.9 and 7 ¥ respectively, and at 1,600
megarad - 13 and 11.5 £. In addition, penthane begins to
appear in the mixture, beginning with a 1000 megarad dose,
while it cannot be detected at smaller dosages ). Formation
of high bolling and low bolling products and of unsaturated
hydrocarbons in the case of radlolycis at high tenperatures
1s characterized by a sudden decrease in yleld wiih increased

radiation doses ( curves showing the relation of ylelds to
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dosages are shown in Figure 7, 8 and 9 ). It should be
noted that, during the experiments with hydroterphenyl

( during both its pyrolysis and radioclysis ), there was
no perceptible precipitation of insoluble products and no
evidence of condensed aromatic, which is a most important
consideration, from the standpoint of its practical uti-

lization.

On the basis of the above findings we conclude that,
in the case of the radip-  .-thermal treatment of hydro-
terphenyl, dehydrogenation and cracking occur concurrently
with condensation. What is more, 1t appears that the
first two processes are caused primarily by the thermal ef-
fect, which explains the decreased yield of high boiling

product when radlolysls takes place at higher temperatures.

Finally, a third type of organlic composition investi=-
gated as a possible organic coolant was the hydrostabillzed
kerosene- gas oll petroleum fraction, wnick is a complex
mixture of aromatic, petroleum and paraffin nydrocarbons.
Investigations of hydrostabilized gas oil were made concur-
rently with those involving hydroterphernyl, by the sane

authors. Hydrostabilized gas oil can be characterized by

the following paraneters:

ielting point -66° ¢

Boiling point 200 - 350° ¢

Average molecular welight 200

Arozatic component content up to 357 (oy welizne)

-13-




Pyrolytic investigations of hydrostabilized gas oil re-
vealed that, up to 400° C, progress of thermal decomposition
is very slow and leads to the formation of both high and low
boiling products. In the course of this, formation of high_
boliling product progresses non-linearly'with respect to time
and trends toward saturation. The level of saturation be~
comes lower with increased temperatures of pyrolysis ( from
approximately 3% at 200° ¢ to 1% at 350° ¢ ). At 40O -

- 420o C the progress of pyrolysis assumes the characte-
ristics of the cracking process and is accompanied by both

a sudden increase in gas liberation and an increased rate of
formation of high boiling product. Radiolysis of hydro-
stabllized gas o0il, similarly to that of hydroterrheryl,

is characterized by formation of gases, 1low bolling product,
high boiling product and intermediate hydrocarbons, but the
quantitative natures of the processes are very different. In
the case of hydrostabilized gas oil accumulation of higih
boll.ng product in radiolysis trends toward saturation even
at room temperature, wnich produces a noticeatle decreczse
in the yield of radis - . - chemical high bolling product

as its concentration increases ( Fig. 10 ).

When the temperature of radiolysis is increased to 250-
- 300° C, there 13 a gradual increase in yield of nizh toil-
ing product and of gaseous products. At the same tire,

activation energies for both processes are almost eguel.
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Further increase in the temperature of radiolyslis leads to a
sudden change in the nature ci the process: activation
energy for the speed of gas formation increases abruptly,
while the yield of high boiling product begins t> decline
Just as rapidly, which indicates a preponderance of an in-
tensive destructive process in that temperature range { the
curves showing relation of temperatures to the initial ylelds
of high bolling and gaseous products are shown in Flgures

11 and 12 ). This nature of the temperature relation indi-
cates the start of a typical cracking process. Consicering
that, due to a purely thermal effect, cracking of hydro-
stabilized gas oil begins at approximately 400° C, we cax
state that in this case we are dealing with a sharply de-
fined radiational-thermal cracking, that 1s, with a lower-
ing of the temperature threshold of cracking, produced oy
radiation. A very abrupt lowering 6f the yleld of high
boiling and gaseous products with increases of the integrel
dose are typical of irradiation of hydrostabilized gas oil
at high temperature, as well as of its irradiation at roczu

temperature,

Figures 13 and 14 show the relationsnhip of tne yield of
high boliling products and gac=< to the dose, ottained during
rradiation of hydrostabilized -as oil at 330° C ( tris teaz-

perature appears at present to te tne maxinun possibdle ore

for the use of hydrostabilized gas oll as a coolan: ). The
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paths of the curves in these graphs differ noticeably:
decline in the yield of high boiling praducts with th- dose
progresses quite uniformly, while liberation of gases has

an area of abrupt decline at relatively small doses. This
result is in close agreement with the data obtained in the
analysis of exposed gas oil, in which we obtained an abrupt
decrease in paraffin hydrocarbon content and & slower de-
crease of petroleum fractions, accompanied by a certain in-
crease in aromatics. The preeminent radiolysis of paraffin
components, which, as we k.aow, leads basically toward a
destructive process with a massive liberation of gases, 1s
apparently the cause of the strong liberation of gases at
the start of radiolysis of gas oll and its subsequent rapid
decline at comparatively low dosages. Subsequent decrease
of radiolytlc ylelds is apparently caused by the lowered con-
centration of petroleum and a higher concentration of aro-
matic hydrocarbons. Consequently, because of the amounts
of initial ylelds of products of radiolysis, hydrostabilized
gas oil appears to be unsuitable as a reactor coolant, hou-
ever, even in the initial stage of radiolysis, 1its proper-
tles improve radically andc becone quite acceptable. Advanta-
ges offered by hydrostabilized gas oil are tne absence of for-
mation of condensed aromatics and of insoluble products. The
comparatively low cost and avalilability of this coolant also
make its use most attractive,

«1b-




As mentioned previcusly, concurrently with investi-
gations of radiation . stabllity of organic coolants,
K.P.Lavrovskiy, A.M.Brodskiy, D.V.Makarov and A.N.lezentsev
have initiated the development of the most effective metnod
of regeneration of products of radiolysis, The goal of
thls series of studies was to {ind the effective means of
decomposing the high boiling products and of simultaneous
hydration of unsaturated hydrocarbons, since the latter
have a strong tendency toﬁ?d radlatlon‘—.polymerization.
which can lead to the formation of insoluble products and
tar coatings on the heat radiating surfaces. ( Elimination
of gaseous and low bolling products presents no serious pfb-
blems ). To accomplisk this, we decided to employ de-
structive hydrogenation, in the course of which we could
insure, through the selectlon of a sultable catalyzer ancd
process regime, the destruction of hign bolling products
and hydration of the unsaturateds , without aprreciadle de-
composition of the aromatic components of the coolant. Lato--
ratory tests have shown that t..e course of such a process
can be insured with the use of the alumocotaltcmolibderlc
catalyzer, commonly used in petroleun chemlistry, at tempe-
ratures of 300-400° C and hydrogen pressures of 40-60 atzmo-
spheres ( the required temperature declires as the hydrozen
pressure irncreses ). To checx our solution, we constructed
a loop type regenerative installatior ( .3. 15 ), xnhose

continuous operation was tested at the tinme of ti a2 “00p
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experiment with hydroterphenyl, This apparatus functiored

under the following regime:

hydrogen pressure 60 atmosphéres
temperature in reactor 320° C
molar ratio of circulation

of hydrcterphenyl to that

o

of hydrogen 1

Figure 16 presents the curves depicting changes in the
concentration of high boiling product and of unsaturated
hydrocarboans within the circuit of the loop during continu-
ous regeneration and subsequent to its termination. The
results obtalined completgly confirmed the effectiveness of
our method of regeneration. Tne advantage of thls method
lies in the fact that a regenerative 1nstallat1§n of this
type can operate continuously on the by-pass line of the nu-
clear power lnstallatica circult, siace it does not require
prelizinary removal of high boiling products and unsaturated
hydrocarbons froa the coolant. Exployment of this, or a
sizilar method of regerneration of organic coolants substan-
tially broadens the number of sultabdle organic conpositions,
since the method imposes lower requirexents on their radia-

tlonf_'stabllltles.

In addition, the problem of traasportation ard subsa-
quent disposal of high bolling products, which ir: rlably
arises with the use of distillational purification, . =i..s:

18-
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non-existant in this case ( it is most important that distil-
lational ¢l ing does not solve the problem of removal of
unsaturated hydrocarbons from the circuit and those, as sta-
ted before, together with high boiling products are very
undesirable ). It should also be noted that development of
this method of regeneration permits the use of luexpensive
hydrostabilized gas oil as a coolant in the "Arbus" rplarnt,
which renders it equal to the more radiationally stable

coolants, on the basls of comparative cost inaexes.

TiHERMO - PHYSICAL IWVESTIGATIONS

Investigations of heat transfer characteristics of organ-

ic coolants were performed basically along these lines:

1) Investigation of the general nechanisn of cornvectlve
heat exchange during induced flow of an orzanic fluid;
2) Investigation of crisis of hneat removal durirns tne
surficial boiling of an organic fluid;

3) Investigation of the effect of radlolysis on the

heat transfer characteristics of a coolant.

During the serles of experiments relatinz to convective
reat excnange, periormed by U.n.Alexsenxo and X.I.Propletin,
using monolsopropyldiphenyl and ny2drostabiiized gas cil, it
was deaonstirated that the results vith an accuracy of z 204
are circumscribed by the well krown Zraussold criterial forza-

la. ( The results of these cmeasurements are depicted in the
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graph of Fig. 17 ). A similar result was obtained also
with monoisopropydirhenyl with a high boiling product coﬁ-
tent on the order of 10%. More painstaking investigations
performed by L.S.Stermen and V.V.Petukhov showed that, for
a more accuvrate calculation of heat emission to monoisopro-
pyldiphenyl and dip’ 2nyl, for various ranges of parameters
of the process, it 1s necessary to use various modifica-~

tions of criterial expressions of the same type,.

Experiment.l work of U.N,AleksenXxo, I.N.Vasif}ev and
B.E.Yaroslavtsev, related to changes in the thermo-prysical
parameters of monolsopropyldiphenyl, hydrostabilized zas
011 and hydroterphenyl during radiolysis has revealed that
the effect of radiolytic change on the conposition of orga-
nic coolants varies greatly, depending upon the nature of
the original product and associated specifics of the radlo-
lytic processes. In the case of monoisopropyldiphenyl, cha-
racterized by the formation of only gaseous and high boiling

products in the course of radiolysis, some general rules

were observed.

Specifically, 1t was established that the density; of
monoisopropyldiphenyl, as a function c¢f the teaperature and
high bolling product content, 'can be described with suffi-

clent accuracy by the following expression:




Y(t,c) =Y, ()t - x(c)(t-20]],
Yo(c) =o09s81+0.65-10°¢,
x(c) =0.810- z.stuééc,

3

where ¥ -~ density in grams / cm

C =~ concentration of high boiling product in %.

It should be noted that the experimenial results are
well described by this formula, regardless of the tempera-
ture prevailing in the process of radiolysis ( from room

temperature to 300° c).

Measurements of the thermal capacity of monoisopropyl-
diphenyl disclosed that the thermal capacity of tbe mixture
does not differ from that of the original product Ey more
than 5 Z, for any concentration of the high boiling pro-
ducts between 0 and 100 Z. |

Effects of high boiling products on the viscosity of
ponoisopropyldiphenyl appear to be more complex, due to
..the greater sensitivity of this characteristic with relation

to the composition of the created high boiling pr.ducts.

The latter, as mentioned before, depends to a large
extent on the temperature of radliolysis., In addition, it
was found that change in the temperature of radiolysis leads
not only to a change in the absolute value of viscosity for
an equal high boiling product content, but to a change in

the activation energy of the thermal viscosity ratio. For




the practically interesting range of radidysis temperatures
of 200 = 350° C, relation of Yiscosity to the temperature
and high boiling products content can be described by the

following expression:

3.640028C (1 _ 1 \,?
2 (1.0 erp{ 2K 35 °‘°Z“}9
-

where ?. - visceLity in centipoilse,

C - conéentration of high boiling product in Z.

The formula 1s accurate at temperatures above 100° ¢
(at lower temperatures the relation of viscosity o the tem-
perature deviates from an exponential one, and the higher

the boliling product content, the greater the deviation ).

In the case of hydrostabilized gas oil and hydroter-
phenyl, during whose radiolysis there 1is a formation of
substantial quantities of low beiling products of decompo-
sition, along with gaseous and high boiling products, 1t
appears ilmpossible to establish any general quantitative
rules for the change in thermo-physical characteristics,
particularly because the formation of low boiling products
is materially affected by the thermal regiue of radiolysis.
Even if it were possible to accomplish this on the basls of
ampoulic experiments, the results would be of little prac-
tical value, since in an actual installation there would

inevitably be a partlal loss of low boiling product vapors

-22=
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in combination with gaseous products released frou tiie clr-
cuit, and there would also be a continuous destructively
hydrogenational regeneration of the coolant, wlthout which
employment of hydrostabilized gas oil or of hydroterpheryl
does not appear justifiable. Because of this, the cor no-
sition of the coolant circulating in the systen will " mach
glven case have its own specifics which will to a large ex-

tent affect the changes in the thermo-pnysical characteristics.

Data obtained in the coufse of. the loop experinent witn
nydroterphenyl indicate that, with a proper selection ot
the thermal regime of radiolysis and the regime of removal
of gases and regeneration, which determine the relative con-
centrations of high and low boiling products in the coolant,
it 1s possible to achieve a stability, or even a certain
improvement of the heat transfer characteristics of a coolant

subjJected to radiolysis.

Investigations of critical thermal loads for organlc
coolants were performed by L.E.Hikhaylov and X.V.Naboychenko
( experiments in a ring gap with an inside diameter of 6 mm
and an external one of 10 mm ). and by L.S.Sternan and
V.D.Mikhaylov ( experiments in a tube ). For the first sec-
ries of experiments, using monolsopropyldiphenyi at pressuregs
of 2 - 9 atmospheres, velocities of 2 - 8 M / sac crnd fluic

o
temperatures of 100 - 300 C, and for those witn benzene at

-23-




pressures of 2.5 ~ 40 atmospheres, velocities of 4 - 21 M/sec
and temperatures ranging from room tcmperature to saturation
at each pressure, all results were adequately ( with an ac=~

curacy of £ 20 # ) described by the generalized formula [3].

3 L.E.MikhaYlov. Generalization of certain tests of
the crisis of boiling of a fluid during induced flow
on the basls of thermodynamic similarity. Journal
of Applied Mechanics and Technical Physics No. 3,
p. 130 ( 1963 ).

;:vkr Sk 3.0 (,..—)(|+67—)[|+08(!02 v ) ]

kilocalories

M2 nour

Q“P - critical thermal loading in

P, P«
W,Wg = velocity of fluld an velocity of sound at the

pressure and critical pressure in atmospheres

critical point in ¥ / sec.
~ latent heat of evaporation in kilocalories / kg

AL - underheating of the fluid up to saturation in
kilocalories / kg.

The graph of Fig. 18 represents the correlation in ac-
cordance with the above formula, of the resuits of thne moro-

isopropyldiphenyl test at 5 atmospreres.

Studies of L.S.Sterman and V.D.Kikhaﬁlov covered the
erisls of heat extraction for monoisopropyldiphenyl, deu-
terium and diphenyl in the pressure range of $.075 - .35 of

o

2l
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the critical pressure, underheat of fluid range of 0 - 200°C
and velocities of 4 ~ 15 M / sec. The tests werelmade in
tubes with a 10 mm inside diameter. L.E.Mikhaylov's proces-
l sing of these results in accordance with the above formula
also produced a satisfactory correlation, dowever, tne
authors of these latéer experiments recommend the use of a
system of formulas adapted to a more precise calculation of
critical thermal flows, Applicability of each one of these
formulas i1s limited by a definite rarze of iaput parameters.
For example, in order to calculate tne critical thernmal load
at zero underheat of the fluid, the use of the followirg ex~
pression 1s recomnended:
4 . !
Gxe (’ _zf‘)37
___V_———_—:—_-ZW =y = 0.0/45 [ F5 ¥ )
where - & - surfsce tension of tae fluid,

’ N
Y Y - fluld arnd vapor cdensities,

/
V42
f;- y,_a,__ - Frud's criterion,
9 &

This formula applies in the ranve of values of trne ccaplex

An examiration of the resuits of these rnieasurements snows

that an achievement of thermal loading in the order of

6
10 kilgcelories appears gquite feasitle, when surflclal
M€ hour

bollirg is utilized in .2 procesrs ol heat cxiraction with tiag

aid of organic coolants. Tnls fact 1o oyt important frown
[ & 2




the standpoint of the possibility of inereasing the reduc-
tion ol energy levels of reactors witn the aild of organic

coolants.
NEUTRON - PHYSICAL STULIES

Due to the fact that organic flulids uader investiga-
tion are typical hydrogen - c. 2taining nmoderators with nu-
clear densities of hydrogen, sufficlerntiy close to those of
water, 1in computing the parameters of multiplication of the

HER ~ of organic reac.oss, tae loglcal aprproach was to
resort to the methods anc prograns of nmacaine computing, de-
velopea and tested for water systems. The correctness of
thls assumption was confirmed by experimental results of

V.i.Mostovoy, V.S.Dikarev aré otners, related to the com-

«t

parative study of neutron  spectra in urarium-monoisopropyl-

diphenyl and uranium-water lattices |4]. 4iccording to this

4.
V.I.dostovoy, V.S.Dikarev and otrers. Ieasurement

of neutronic spectra in ur ..lum-wzt2r and uraniun-
-monoisopropyldipheryl lettices. itozic Energy,

Vol. 13, é-ta S3iticn, p. 47 (1342),

data, the monoisopropyldiphenyl luttice {5 cquivalent to that
of water, with a smaller pitch, .hich correspornds to the
szaller nuclear deasity of nydrogse. ia the =on isepropyl -
dipnenyl. ine spatiul distridbutics o neutrons in these two
systems nust also be identical, for tre saze ratios of nu-

clear densities of uraniuzs and rydroger. <t, in view of

=26~
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the fact that development of correct calculating programs

called for an input of a system of conctants applicable to

a broad class of organic moderators and also, taking 1into
account certain fluctuations of the elementary composition
of even the same product in different batches due to slight
variations of technological parameters of production, eand
the change in elementary composition during radiolysis, it
became necessary to develop a set of gereral rules for tne
change of constants, depending upon the correlation of the

hydrogen and hydrocarbon content.

The tendency toward a maximumr increase in power inten-
sity of the  core and comparatively low heat transfe
characteristics of organic fluids create the need for all
possible development of the specific surface of heat release

per unit volume of the core. . This consiceration
calls for selection of lattices with a comparatively tizht
plteh 1n the design of organic reactors. In this connect-
ion, 1in the course of our neutron -physicel studles, spe-~
clial attention was devoted to the determiration of the square
of the length of moderation of neutrons, a constant the ex-
act value of winich 1s of greatest importarce in the correct
calculation of critical parameters of the ernsemble in this
serles of steps. ihe graph in Fig. 19 snows the calcula-
ted curve of the relation of tine squasre cf the lerngth of mo-

deration to the nuclear density of hydrcgien, obttained with
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the ald of the widely~-known age tecnnigue, corrected for
loss of energy durin- the first collision. To acconplish

this we used the 30 - group system of ANL constants [5].

W
)

Handbook of the Argonne National Laboratory

Reactor Physics Coustants allL - 3800,

The same graph also shows the experinental magnitudes of the
square of the length of moderation for diphenyl, obtaired by

U.U.5r2dn [6] and for monolsopropyldip:enyl, obtained by

. U.U.braun. cxponential tests of an organic

noderator, Report No. 595 of the First Geneva

Conference.

L.N.Yurova in the course of her exverimental tests. The
figure for hydrostablilized gas o1l was obtained incirectly
by ii.N.Meshcheryakov and 1.V.Rogozhkin in processing the
results of critical experiments ( the experimental points

pPlotted in the grarh apply to a density value of 1 gm /caB).

Acreement o' experimental data with calcuiated values

1s quite satisfactory.

Experiments of L..,.Xurova covering trnc asasurezent of
diffusion of thermal neutrons in iipheayl ané in ronoiscpre-
pyldiphenyl rave shown that for all non~-crystalline rydrozser.-
-containing substances it is possidle tc usc tne calculatead
data, "iging the transport cross saectlorn of hydirogcaen

-26-
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which 1s equal to 35.7 barn at 0.0252 electron-volt, ac-
cording to Maxwell's spectrum. A nunber of critical tests
using monoisopropyldiphenyl and hydrostabilized gas oil as
moderators were performed by N.V.Zvonov, Yu.N.Aleksenko,
M.N.Meshcheryakov, I.V.Rogozhkin, B.E.Yaroslavtsev and others,

in order to verify their assumptions.

Tne monoisopropyldiphenyl tests were performed or tne

fuel viements™ = 77 777 of the VVE-C reactor. dydro-

stabilized gas oil tests were made on the  :ucl -
elements of the VVR-C and VVK-M reactors. iigure 20
presents thne calculated and experimental curves of the rela-
tion of the critical loading of the assembly for tne mornolso-
propyldiphenyl tests to the lattice pitch. AS seen froax
this diagram, calculations produce a very close agreement
with the experimental results in the zone of tignt lattlices.
In the zone of pitches larger than tne optimal, the agree-
ment 1s less satisfactory. The same rule prevalled 1ln tne

hydrostabilized gas oil tests,

The resulrs of the pnysical startup of the "Arbus"
reactor installation, made irn the suzmczer of 1963 and cove-
red by 4 separate report, also furnished excellent conlliraa-
tion of our adopted calculating tecaniques and constants, at
least for cores with use of lattlce pltches not much
greater ‘han the optinal ones.
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INVESTIGATIONS OF STAEILITY OF MATERIALS IN ORGANIC COOLANTS

The question of interaction of heat-liberating and structu-
ral materials with organic coolants appears to be very complex:
since under actual operating conditions the process of chemi-
cal interaction of these materials is inevitably assoclated
with a whole complex of physical-chemical processes. It 1is
also necessary tc take into account the radiolytic and pyro-
lytic reactions in the coolant, interaction of their products
with a given material, corrosive effect of tihe coolant and
of its admixtures on the material and finally, the effect
of the material itself and of its products of corrosion on the
physlcal-chemical processes within the coolant. Investiga-
tions relating to this problem were carried out simultaneous-
ly along several lines. The work of A.N.Razinov, Yu.F.
Bychkov and I.D.Laptey consisted of studies of interaction of
a numdber of pure metals and of thnelr combinations with pro-

ducts of pyrolysis of diphenyl.

c
The tests were performed at temperatures of 370°C. L13C
)
and 459 C, thus they covered both the pre-cracki=ng area &nd
the area of pyrolytic cracking. The speciners to be inves-

tigated were in powdered fornm.

The results of the tests perforamed on non-fissionabie
materials appear in Tadle II. The Tatle shows that of all of

the pure metals investigated only aluminum, iron and titaniuz

-30-
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can resist the effects of pyrolitic anydrogen generated. Howe=
ever, titanium is subject to carbidization, which progres-

ges visibly even at 370o C.

Among oxides investigated the only unstable one was :-Ioo3
which, placed in an organic medium, undergoes deoxidation

accompanlied by formation of molibdenum carbdile.

A number of heat-producing compositions were subjected
to similar tests. Table III presents the basiz results of
this series, Results show that uranium dioxide and uraniunm
carbide are completely stable, among all the uranium ccrnonads
tested under tne given coaditions. rnetalllc uranrniux becomes
completely hydrated by pyrolytic nydrogen at 3?0°C. Witn an
increase of temperature there 1s a t_ansition from nydrate to
carblde and at 45000 virtually th_. entire spacimen is trais-
forme. into uranium cartide. U308 is partially transfornmed
by pyrolytic nydrogen 1into uranium dioxid2 wini:zh, as pention-
ed above, 1s a completely statle coapound uader the existing
conditlons.

In the series of tests perforzmed by K.N..ixiti.:, testl:og
conditions of saxples approached the actual oaes. (ine ex-
periments were macde 1n industrial dipheryl wita a 3.01% A
water content and in zorolsopropyldiphenyl with a €.G25 &
water content; 1industrial nitrogen with an oxyzen contert up
to 0.5 X was the inert etmosphere in the azpou.cs; =zaterisl
samples were not powders, but were cut {ro- a snheetj. Tre

purpose of this series was investigation of cor..zlor of tne
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Table II

Chemical Interaction of Some Non-fissionable iMaterials with
Dipnenyl

Material Temperatuae Length of | State of material
investigated | of test ("C){test (hrs) | after test

1 2 3 | 4
Ae 410 _ 540 Ae |
450 240
Fe 410 540 Fe
370 . 500
450 240
TQ. 510 540 T« H
370 500
. 450 © 240
- Nb 410 540 NBH
370 500
450 250
742 410 540 ZiH
370 500
450 240 TiC
Tt 410 540 Te+TiC
370 500 T +TiC
450 240
[x0, 410 540 210,
370 500
, 350 240
ZiH 210 540 2vH
370 500
. 450 240 .
IO, al0 540 Ti0,
370 500

b




T T T T T T R T kN R

Material Temperature |Length of | State of material
investigated | of test (°C)}test (hrs) | after test
1 2 3 4
| 450 240 .
Ta, Og 410 540 T, 0¢
370 500 7
450 240 0.
Ne, Os 410 540 Nea%s
370 500
450 - 240 a
2,0, 40 540 ]
370, 500 |
/‘100‘3 410 540 - MoC+ MoO;
- 33 -
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Table III

Chemical Interaction of Some Fisslonable Materials and Diphenyl

L

Material Temperature |Length of | State of material’

investigated | of test (°C)|test (hrs) |after test

© 450 240 ue

7 W10 - - 540 UHy +UC
370 500 UH3
450 240 | -

Uo, 410 BT uo,
370 500 A

| 450 240

Uy 0, 410 540 Uo,
370 - 500 :
450 240

ue . 410 540 - uc
370 500

L
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same non-fissionable metals which were subjected to the tests
described above, also of Ix18N9T‘chrome-nickel stainless
steel and of zirconium alloy. In these tests the speclmens
remained in the organié medium for 500 hours at a temperature
of 400°¢C. This testing assignment included clarification of
the nature of the resulting products of corrosion and of thelir

effect on the pyrolytic process of the coolant,

Under these conditlons, the specimens investigated
showed the following increases in weight, which characterise

thelr tendency to corrode:

2

Aluminum, stainless steel and titanium 0.06 mz/cm
2

Nioblum and tantalum _ 0.3 mg/en
2

Zirconium and zirconium alloy 0.4~0.8 mg/cem

Corrosion of magnesium and iron was accompanied by a
decrease in weight of the specimen and transition of products
of corrosion inteo the medium. In the course of the experi-
ments, the nature of corrosion of materials investigated
differed widely. Similarly to the previous series of tests,
it was demonstrated that destruction of zlrconium, zlirconiun
alloy, niobium and tantalum takes place due to the formation
of hydrates of these materlals. At the same time, no in-
crease in hydrogen content could be detected in stalnless
steel, aluminum and titanium specimens. Thelir corrosion is
governed entirely by oxidizing processes which, apparently,

take place due to presence of water and dissolved oxygen in
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thé organic flulid. As mentioned before, products of oxi-
dation of magnesium and of iron blend readi.y with the orga-
nic medium, foulling it, and are thus very active catalyzers
in the pyrolytic decomposition of the medium (especially
magnesium oxide). In contrast, products of oxidizing cor-
rosion of aluminum produce a tight film on the surface of the
specimen and are catalytlcally passive. Tests have shown
that there is a complete correlation between the catalytlc
activity of the products of corrosion and the intensity of
deposition of insoluble products of pyrolysis on the surface
of a specilmen, Thls was also confirmed on specimens placed
in the experimental channel of the organic circult of the
VVR=2 reactor, 1in a medium of hydroterphenyl and gas 0il,
that is, 1in the presence of radiolytic decomposition of the
organlic coolant, And so, on the basls of these tests, we
consider aluminum-based materials to be the most suitatle

coatings for orgeanic reactor heat liberating elements.

A series of tests performed by A.A.Nevzorova investiga-
ted the comparative stability of various aluminum based alloys
under ampoullic conditions. These tests were made in gas oil
at 33000. in monoisopropyldiphenyl at 350°C and in hydroter-
phenyl at 370°%¢. Exposures of specimens varied from 1,000 to
5,000 hours. These tests demonstrated, first of all, that
the general rules of the process of interaction of materials

investigated with the medium wecre the same in all three cases,

-36-
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although the rates of corrosion of all specimens placed in

the above three media were different, The ratios for gas
0oil, monolsopropyldiphenyl and hydroterphenyl were 1:0.5:0.3,
respectively (the rate of corrosion was determined from ti -
weight increase of the specimens). Although all the speci-
mens of alloys investigated showed a fully satisfactory cor-
rosional resistance, it was observed that there was some

difference in the effect of alloying admixtures.

The strongest corrosion was observed on specimens with
admixtures of zirconium, nickel and molybdenum. On speci-
mens with magnesium additions there were no appreciable welght
changes, but a microstructural analysis disclosed the pre-
sence of a nntlceable intercrystalline corrosion and, during
the 3,000 hours of the experiment, the depth of cracks of
some specimens reacned 120 microns. The nature of trls
intercrystalline corrosion has not yet been clarifled no ap-
preclable change in tne mechanical properties of the speci-
mens was observed during this experiment. Speciel tests to
determine the effects of water content of the organic mediun
on the rate of corrosion of alumirum alloys were included 1in
the above series (these tests were made in monolsopropyldi-
phenyl at 350°C). It was determined that with a 1.0% water
content, the rate of corrosion of aluminu. a2lloys increases
100 fold, compared to that prevailiar in pure norolsopropyl-

diphenyl., A 0.5% water content increases tiie corrosion rate

10 - 20 times,
-37-
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Finally, with a 0.1% molsture content, the rate of
corrosion matches that observed when we used pure monoiso-
propyldiphenyl (according to the analysis made in pure mono-
isopropyldiphenyl subjected to an additional distillatlon,
the molisture content was approximately 0.025%). It must be
noted that in all of these tests the highest corrosional re-
sistance was that of the control specimens made of pure alu-
minum, without alloying admixtures, but its mecharical
propertlies at hlgh temperatures seriously limit the possibi-

lity of its use,

CONCLUSION

On the basis of results obtained we can affirm that
organic compounds of alkyl-displaced or partially hydrated
polyphenyl type, as well as various m'xtures witia sufficiently
high aromatic hydrocarbon content, can be readily used as

coolants in the primary circults. of nuclear power plants.

It appears possible that we can produce orgénic coolants
of this type by utilizing the comparatively simple reproces-
sing of by-products or waste products of a whole series of
chemical industrial processes. In this connection, the use
of destructive regeneration to free the coolant of undesirable
products of radiolysis seems currently to be the nmost pro:cres-

slve means of solving this problen. In this case the nunter
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of organic products that can be used as cooclants can be sub-
stantially inoreased, since the amount of radio -

- chenioal yield of high boiling product ceases to be the
main limiting faotor ( obviously. within reasonable limits).
The positive experience of smploying the directly distilled
petroleum fraction (hydrostabilized gas oil) as a coolant
confirms this assumption. The principal limiting factor of
organic coolants is the maximum permissible temperature.

Most serious attention should be devoted to the determination
of the permissible temperature for each given case, since
violation of this limitation can lead to serious conseqguences

(formation of insoluble products, tar coating of hot surfa-

ces, etc,). For the coolants which we have 1nvestigate§/the

following limiting temperatures (for the hottest point of the

reactor) are considered applicable:

monolisopropyldiphenyl 350°C
hydroterphenyl 380-&0000
hydrostabilized gas oil 330°¢

(For propylamine benzene the available results co far do not
permit us to establish a limiting temperature. It seeas

that it 1s close to that of monoisopropyldiphenyl).

On the basls of polyphenyls and thelir derivatives, it
does not seem possible to increase the above figures material-
ly. Solution of this problerm might be achieved on the basis

of elemental organic compounds.
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A very pressing problem is that of increasing tnhe spe-
cific energy level of the @ core  of orgaric reactors.

Results of investigations of the crisis of heat extraction

indicate that, from the thermotechnical standpoint, the use

of surficial boiling offers the best prospects 1». this area.
However, from the standpoint of radiation chemistry, the
problem remains unsolved, since it is not known what effect
such boiling will have on the surfaces of the fuel element,
the hottest and strongest reactive part of the  eore,

and on the radiolytic processes within the coolarnt. Tnis

circumstance requires careful experimentel checking.

Investigations of corrosive activity of organic coolants
show that, for temperatures assoclated with the use of poly-
phenyl based flulds, the best coatings for fuel elements are
aluminum based alloys or pseudoalloys. As to the choice of
structural materials for the equlipment and cornections of tne
primary circuit, our scant avallable operating experience in
the use of organic reactors has not as yet refuted tne pro-
priety of using conventional carbon steels of the perlite

type for these purposes.

However, this problem should be handled with certain
caution, considering the catalytic effects of 1lron oxides
on the processes of pyrolysis and radiolysis. In any case,
special attention must be devoted to.the cleanir_ of tnis
circuit prior to the introduction of coolant, both before
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initlal operation of a new installation and after completion

of overhaul involving drainage of the circuit.

Summarizing everything sald before, we can say that in
spite of the currently apparent specific features of opera-
tions related to the use of organic coolants, nuclear power
plants employing orranic reactors must be considered to te
very promising from the economic standpoint., Tneir use in
low-power installations appears especlally expedient, for in

such cases the capital component of the cost of electric power

plays an especially lmportant role.

41-




Fig.1.”” hate of accumulatior “of hign toiling nroduct
in monoisopropyldiprenyl for various tempe-
ratures of radiolysis.
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Fig,10. Change of yleld of high toiling product in

hydrostabilized gas oll with the irradlation
dosage at room temperature of radiolysis.
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'Fig 13, Relation of yield of hlgh boiling product in
hydrostabilized gas o0il to the irrgdiation dosage
at a radiolysis temperature of 330°C,
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Fig.l1l5. Main scheme of a looo regenerativp installation.
1 - Measuring hopper. 2 - Raw product pump.
3 - Reactor. & - Comdenser. 5 -~ High pressure
separator. 6 - Low pressure separator. 7 - Feed
~pump. 8 - Gas meter. 9 - Pressure regulator.
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and of unsaturated aydrocaroons in hja*outabilized
gas 01l in the loop during rereneration.

o - coincentration of high boiling product.
A - concentration of unsaturated hyarouarbons.
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Fig.17. Data processing of measurements . coefficlents

of heat transfer to monoisopronyldiphenyl and to
hydrostabilized cas oil, according to Kraussold

formula.
0 =~ monolisonropyldinhenyl.
A - hydrostabilized zas oil.
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Fig.18. Date processing of measurements of critical
thermal loadinzs during heat transfer to
nmonoisopropyldiphenyl iun a cyeclic zap, according
to the L.g.Mlkhaylov rocuula for a pressure of
5 atmospheres.
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Fuel Element and moderator -

Diphenyl (accordinz to U.U.Eraun).
Monoisopropyldiphenyl (according to L.

Hydrostabilized gas oil.
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