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In this pa per, the sym met ric heat trans fer per for mance of so dium-cooled fast re ac tor fuel as -
sem blies was an a lyzed and stud ied.  The model is an a lyt i cally op ti mized based on sub-chan nel
cal cu la tions. The de vi a tions of the nu mer i cal sim u la tion re sults from the pre-ex ist ing ex per i -
men tal data in the lit er a ture are within 10 %, with an av er age de vi a tion of 2.5 %, which tested
the re li abil ity of the model. The cal cu lated re sults dem on strated that the dis tri bu tion of the
ax ial power, tem per a ture, and cool ant of the re ac tor core is ap prox i mately sym met ric
M-shape. The re ac tor core cool ant has a monotonic in crease in ax ial dis tri bu tion with the
clad ding tem per a ture and the tem per a ture peaks all ap pear at the re ac tor core out let. The in -
di vid ual fuel as sem blies' in ter nal tem per a ture is rel a tively sen si tive to the ax ial power dis tri -
bu tion, and there are troughs around the im ports and ex ports. The sim u lated re sults showed
that the cen ter tem per a ture of the hot test rod re ac tor core block reached 965.65 K. This pa -
per pro vides a better guide to un der stand ing the over all heat trans fer ef fect by op ti miz ing the
heat trans fer model.
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 INTRODUCTION

As one of the 4th-gen er a tion nu clear re ac tors, the 
so dium-cooled fast re ac tor has at tracted the at ten tion
of many schol ars in the world since it was pro posed.
Com pared with the ex ist ing re ac tor types, it has ob vi -
ous eco nomic and struc tural ad van tages [1]. For fast
re ac tors cooled by liq uid so dium metal, the study of
heat trans fer char ac ter is tics of re ac tor core fuel as sem -
blies has al ways been an in dis pens able part of the eval -
u a tion of the re ac tor core heat trans fer pro cess. In this
pa per, based on the lay out and op er at ing con di tions of
a the o ret i cally de signed sin gle-box fuel as sem bly of
the so dium-cooled fast re ac tor, the sub-chan nel anal y -
sis pro gram is used to model the heat trans fer pro cess
of the re ac tor core and eval u ate the pre lim i nary heat
trans fer per for mance, to lay a good foun da tion for the
sub se quent de sign op ti mi za tion of the heat trans fer
pro cess of so dium-cooled fast re ac tor fuel as sem bly.
The in flu ence of re ac tor sys tem pa ram e ters, in clud ing
sys tem pres sure, heat flux, and mass flow rate, on the
safety and ef fi ciency of re ac tor op er a tion is par tic u -
larly crit i cal [2]. Many schol ars at home and abroad
have an a lyzed the in flu ence of sys tem pa ram e ters on

wall tem per a ture and heat trans fer co ef fi cient in the
study of re ac tor core sub-chan nels. The good agree -
ment be tween tested re ac tor data and subchannel
model code cal cu la tion con cern ing the re ac tor dem on -
strates the re li abil ity of the anal y sis meth od ol ogy from 
a ther mal-hy drau lic per spec tive [3, 4]. Most of the ex -
ist ing stud ies an a lyze the heat trans fer char ac ter is tics
of the cool ant so dium flow pro cess for clad ding tem -
per a ture, heat trans fer co ef fi cient, and flow re sis tance
[5].

The equiv a lent ther mal re sis tance de fined based
on the dis si pa tion of entransy as a cor ner stone is an in dex
to eval u ate the over all heat trans fer per for mance of the
sys tem. Start ing from the com par i son of heat con duc tion
and con duc tive pro cesses, it is ap plied to mul ti di men -
sional, un steady, and com plex heat trans fer prob lems
with in ter nal heat sources [6]. A new phys i cal quan tity
cor re spond ing to the en ergy of a ca pac i tor is in tro duced,
entransy, which has the mean ing of en ergy and de scribes
the to tal ca pac ity of an ob ject to trans fer heat. Given that
it is 1/2 of the prod uct of tem per a ture and heat ca pac ity,
this phys i cal quan tity is called entransy [7]. The heat
trans fer pro cess is an ir re vers ible pro cess in which a cer -
tain amount of entransy is dis si pated. One of the ad van -
tages of the entransy equa tion is that it can be used to op -
ti mize the heat trans fer pro cess be cause the con di tions
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for its es tab lish ment re quire an equi lib rium equa tion so
that we can cal cu late its value through the entransy dis si -
pa tion func tion [8]. The equiv a lent ther mal re sis tance in
mul ti di men sional heat con duc tion prob lems is spec i fied
based on phys i cal quan ti ties of entransy dis si pa tion, thus
al low ing the ex treme value prin ci ple of entransy dis si pa -
tion of heat con duc tion op ti mi za tion to be sum ma rized as 
the prin ci ple of min i mum ther mal re sis tance for heat
con duc tion op ti mi za tion.

The phys i cal mean ing of the entransy cor re -
sponds to the to tal amount of heat trans fer ca pac ity and
the dis si pa tion rate of heat trans fer ca pac ity, cor re -
spond ing to the elec tri cal en ergy stored in the ca pac i tor.
Heat trans fer anal y sis shows that the entransy of an ob -
ject de scribes its heat trans fer ca pac ity, as the elec tri cal
en ergy in a ca pac i tor de scribes its charge trans fer ca -
pac ity [9]. The entransy dis si pa tion of sub stances dur -
ing heat trans fer oc curs as a mea sure of the ir re vers ibil -
ity of heat trans fer. The in tro duc tion of the ex treme
value prin ci ple of entransy dis si pa tion pro vides a com -
pletely dif fer ent per spec tive for heat trans fer op ti mi za -
tion and solves the pre vi ous lim i ta tions and back ward -
ness of heat as sess ment by en tropy gen er a tion and
ther mal re sis tance as eval u a tion in di ca tors [10].

The entransy dis si pa tion of the heat trans fer pro -
cess and the me chan i cal en ergy dis si pa tion gen er ated by
the fluid trans fer pro cess are iden ti cal [11]. The ex treme
value prin ci ple of entransy dis si pa tion pro vides a new
the o ret i cal ba sis for heat trans fer op ti mi za tion, dif fer ing
from the tra di tional tech niques of en hanced heat trans fer
pro cesses and the ex treme value of en tropy gen er a tion.
Now a days, the the o ret i cal ap proaches for en hanced heat
trans fer are broadly en tropy gen er a tion anal y sis method,
field syn ergy prin ci ple, and entransy dis si pa tion method
[12]. The entransy dis si pa tion method avoids the en tropy 
pro duc tion par a dox of the en tropy pro duc tion method
and is sim pler than the field syn ergy method. The phys i -
cal quan tity of fire prod uct is ob tained by ther mo elec tric
com par i son based on sim i lar ity in the mode of trans fer
and is used to de fine the strength of the heat trans fer ca -
pa bil ity of an ob ject [13]. There are two main ways of op -
ti miz ing the entransy dis si pa tion method for heat trans fer 
pro cesses: one is to find the best dis tri bu tion of vari ables
to min i mize the heat trans fer tem per a ture dif fer ence for a
given heat flow con di tion and this phe nom e non is the
min i mum entransy dis si pa tion and the other is to max i -
mize the heat flow trans ferred for a given tem per a ture
dif fer ence when the pro cess is ex pressed as the max i -
mum dis si pa tion of entransy. The com bi na tion of these
two cases is the ex treme value prin ci ple of entransy dis si -
pa tion [14].

The sub-chan nel pro gram can cal cu late the tem -
per a ture and ve loc ity dis tri bu tion of the fluid at the re -
ac tor core scale. How ever, it still has cer tain lim i ta -
tions. A lot of re search on the sub-chan nel pro gram is
needed to im prove the cal cu la tion ac cu racy of the

sub-chan nel pro gram. In this pa per, the sub-chan nel
pro gram has been used to sim u late the cool ing pro cess
of the fuel as sem bly of the so dium-cooled fast re ac tor.
The ther mal-hy drau lic anal y sis of the sub-chan nel and 
the study of the entransy dis si pa tion law un der the
steady state of the re ac tor has been car ried out, aim ing
to pro vide a heat trans fer eval u a tion method based on
the sec ond law of ther mo dy nam ics and fo cus ing on
the ther mal-hy drau lic char ac ter is tics of the re ac tor
core, in ad di tion to the ex ist ing con ven tional meth ods. 

NUMERICAL SIMULATION

Mathematical model

This pa per is aimed at the so dium-cooled re ac -
tor. The boil ing point of so dium is very high. Con sid -
er ing the de sign op er at ing pa ram e ters of the con cept
re ac tor, it will not reach the boil ing state. There fore,
the pro gram uses a sin gle-phase flow model and does
not con sider two-phase flow and heat trans fer [15]. In
the pro cess ing of tur bu lent mix ing, the equal-mass
model is used, that is, the ex change of en ergy and mo -
men tum be tween subchannels is con sid ered with out
con sid er ing the mass ex change. Since it is the main
fac tor af fect ing the enthalpy drop of the hot chan nel,
the in tro duc tion of this model can im prove the ac cu -
racy of the so lu tion [16]. This pro gram uses the di vi -
sion method of sub-chan nels formed by con nect ing
the cen ter line of the fuel rod, the ver ti cal pipe wall
line, and the in ner wall of the as sem bly. The fol low ing
is the an a lyt i cal model of the pro gram [17, 18]:

Mass con ser va tion equa tion can be ex pressed as
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where Ai, ri, mi, are the flow area, the cool ant den sity,
and the ax ial mass flow rate of subchannel i [19], wij –
the hor i zon tal flow, and ¶z – the height of ax ial con trol
vol ume.

En ergy con ser va tion equa tion can be ex pressed as
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where hi is the enthalpy, ¢wij – the tur bu lent mass flow

rate, h¢ – the tur bu lent enthalpy, qi  – the chan nel i

inline power, GD – the ther mal con duc tiv ity fac tor,  l –

the ther mal con duc tiv ity of ma te rial, sij – the length of

the gap be tween chan nels i and j, lij – the tur bu lence

length, and Ti, Tj, are the chan nel and ad ja cent chan nel

tem per a tures.
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Ax ial mo men tum con ser va tion equa tion can be
ex pressed as
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where U is the ax ial ve loc ity, p – the pres sure, g – the
grav i ta tional ac cel er a tion, q – the an gle be tween the flow 
and the ver ti cal di rec tion, f – the fric tional drag co ef fi -
cient, De – the chan nel hy drau lic di am e ter,  fT – the tur bu -
lent mo men tum fac tor, and U¢ – the tur bu lent cross-mix -
ing trans verse flow.

Trans verse mo men tum con ser va tion equa tion
can be ex pressed as
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where pi, pj are the ad ja cent chan nel pres sure, and KG –
the cross-flow re sis tance co ef fi cient.

Physical model

Fluid phys i cal model

The melt ing point of so dium at at mo spheric
pres sure is 370.95 K, and the flow char ac ter is tics of
liq uid so dium are close to those of wa ter, but its ther -
mal con duc tiv ity is two or ders of mag ni tude higher
than that of wa ter, mak ing it ex tremely ca pa ble of con -
duct ing heat. The boil ing point of so dium at at mo -
spheric pres sure is 1156.15 K, which is higher than the
de sign tem per a ture of the fast re ac tor and en sures its
safety, so liq uid so dium metal is a very good cool ant
for the fast re ac tor. By now, most of the fast re ac tors in
the world have been built us ing liq uid so dium metal as
cool ant. The phys i cal pa ram e ters of so dium used in
this study such as den sity, iso baric spe cific heat ca pac -
ity, ki netic vis cos ity, and ther mal con duc tiv ity are
shown in tab. 1 [20-22]

Con vec tive heat trans fer for mula

Liq uid so dium metal has a lower Prandtl num ber.
Com pared with or di nary flu ids, liq uid met als have high
ther mal con duc tiv ity. In con vec tion heat trans fer, mo lec -
u lar heat con duc tion is the main one. In the pro cess of
con vec tion heat trans fer, there is a phe nom e non of sep a -
ra tion of tem per a ture bound ary layer and ve loc ity
bound ary-layer. The heat trans fer char ac ter is tics are fun -
da men tally dif fer ent from those of con ven tional flu ids.
The Pr » 0.007 of liq uid so dium in di cates that in the con -
vec tive heat trans fer pro cess of liq uid metal so dium, the
heat con duc tion pro cess can not be omit ted rel a tive to the
mo men tum heat dif fu sion trans fer pro cess, and it can
even play a lead ing role un der in di vid ual con di tions [23]. 
This dif fer ence will even tu ally be re flected in the re la -
tion ship of the dimensionless Nu for heat trans fer. The
Dittus-Boelter re la tion ship, which ig nores the ther mal
con duc tiv ity of mol e cules, is only suit able for wa ter, not
for liq uid met als with low Prandtl num bers. The con vec -
tive heat trans fer re la tion ship for the pro cess of liq uid
metal so dium cool ing re ac tor core can be ex pressed as
[24]
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Scope of ap pli ca tion of this for mula: 1.15 £  P/D 
£ 1.30,10 £ Pe £ 5000. In eq. 5, P is the rod spac ing, D –
the outer di am e ter of the rod, and Pe is the Peclet num -
ber, which is a dimensionless value equal to the prod uct
of the Reynolds num ber and the Prandtl num ber [25].
When cal cu lat ing the Reynolds num ber in this sim u la -
tion pro cess, the char ac ter is tic length d is taken as the
equiv a lent di am e ter, and the char ac ter is tic ve loc ity is
taken as the flow rate of the re ac tor core cool ant.

Fric tion pres sure drop for mula

Novendstern pro posed a semi-em pir i cal model
for hex ag o nal wire-wound fuel rod as sem blies. In this
model, the wind ing is rep re sented by an ad di tional co -
ef fi cient of fric tion. The pres sure drop for a smooth
tube is first cal cu lated us ing the Blasius re la tion. The
wind ing prob lem is then ex plained by in tro duc ing a
mul ti plier M [26], i. e.

f M=
03164.

Re
(6)
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Table 1. Liquid sodium physical property relationship

Parameter Unit Value/Formula

Melting point K TM = 370.95

Boiling point K TB = 1156.15

Enthalpy of liquid Jkg–1
hs = –6.7511×104 + 1630.22T ± 0.41674T 2 + 1.54279×10–4 T 3

Density kgm–3
r = 10011.6 ± 0.22051T ± 1.92243×10–5 T 2 + 5.63769×10–9 T3

Isobaric specific heat J(kgK)–1
Cp = 1630.22 ± 0.83354T + 4.62838×10–4 T2

Kinetic viscosity Nsm–2 m = 10–2.4892 + 220.65 T–1 ± 0.4925 logm
T

Thermal conductivity W(mK)–1
l = 109.7 ± 6.4499×10–2 T – 1.1728×10–5 T2



where M is a func tion of flow pa ram e ters and struc -
tural pa ram e ters, which can be ex pressed as
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The ap pli ca ble range of the Novendstern model is
2600 < Re < 200000, 1.05 < P/D < 1.42, 8 < H/D < 96.

Subchannel model

Ac cord ing to the sys tem pa ram e ters of the fuel
as sem bly in so dium-cooled fast re ac tors, the op er at ing 
pres sure of the re ac tor is 0.43 MPa, the in let tem per a -
ture of the so dium cool ant from the bot tom of the re ac -
tor core is 633.15 K, and the in let flow rate of the so -
dium cool ant takes a uni form dis tri bu tion. China
Ex per i men tal Fast Re ac tor (CEFR)  adopts a hex ag o -
nal type for fuel as sem bly. The model is di vided into
an in let sec tion and an ac tive sec tion, as sum ing equal
in let pres sures in each chan nel. The power of each fuel 
rod of the as sem bly used in this pa per is equal and uni -
formly dis trib uted. The subchannels can be di vided
into in ter nal chan nels, side chan nels, and cor ner chan -
nels ac cord ing to their po si tions and shapes. The ba sic
pa ram e ters of the fuel as sem bly are given in tab. 2.

There are 61 fuel rods in a sin gle fuel as sem bly,
ar ranged in a tri an gu lar pat tern and po si tioned us ing
wire wrap. Each of the 61 fuel rods was num bered
coun ter clock wise in a cir cu lar fash ion from the in side
to the out side as shown in fig. 1. At the same time, the
cool ant chan nels in the fuel as sem bly are di vided into
dif fer ent subchannels, which are clas si fied as in ner
chan nel, cor ner chan nel, and side chan nel ac cord ing to 
the lo ca tion of the flow chan nels, and a to tal of 126
subchannels are clas si fied. Among all subchannels,

there are 6 cor ner chan nels, 24 side chan nels, and 96
in ner chan nels.

Entransy dissipation analysis model

Entransy dis si pa tion in the heat
trans fer pro cess

Un der the con di tion of the given pa ram e ters, ac -
cord ing to the ob tained op er at ing state, us ing the def i -
ni tion for mula of entransy flow, the entransy flow
caused by the heat trans fer of the fuel rod can be ob -
tained as

E CqT D ll c= p D (8)

where C is the ther mal cy cle co ef fi cient, q – the heat
flux den sity be tween the clad ding and the cool ant, Tc –
the clad ding tem per a ture, and Dl – the ax ial pitch.

Since the entransy dis si pa tion is a state quan tity,
the entransy dis si pa tion change of the so dium fluid is
cal cu lated ac cord ing to the flow pa ram e ters of the so -
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Table 2. Basic parameters of the fuel assembly

Parameter Unit Value/description

Full length m 2.592

Number of pins 61

Center distance m 7×10–3

Full length of cladding m 1.313

The outer diameter of the cladding m 6×10–3

The inner diameter of the cladding m 5.4×10–3

Coolant flow rate ms–1 <5

Cladding material CN-1515

Maximum temperature of cladding K 943.15

Inlet and outlet temperature K 633.15/803.15

Maximum line power density kWm–1 4.10

Fig ure 1. Sub-chan nel di vi sion of
fuel as sem bly



dium fluid, and the entransy dis si pa tion in cre ment of
the so dium fluid can be ex pressed as

E mlU C Tp f2
1 21

2
= - (9)

where m is the ax ial mass flux, l – the tur bu lent length,
U – the ax ial ve loc ity, Cp – the con stant-pres sure spe -
cific heat, and Tf  – the cool ant tem per a ture.

Entransy dis si pa tion in the flow pro cess

As sum ing that the flow of the so dium in the
chan nels is caused by the pres sure dif fer ence be tween
the out let and the in let, and the flow is adi a batic in a
steady state, ig nor ing the ef fect of the enthalpy change
for the entransy, it can be ob tained as

d de T p+
=

r
0 (10)

where r is the fluid den sity, p – the pres sure, and e – the 
spe cific entransy, that is, the entransy per unit mass of
fluid.

In the subchannels, only the entransy dis si pa tion
of the flow pro cess is con sid ered, the above for mula is
in te grated, and the av er age tem per a ture of the fluid is
used to ap prox i mate the tem per a ture of so dium, then
the entransy dis si pa tion caused by the fluid re sis tance
can be ex pressed as

E
T T m

P3
2

=
+in out

r
D (11)

RESULTS AND DISCUSSION

Com par i son of de vi a tion of sim u la tion re sults

The STAC subchannel pro gram was used to cal cu -
late the ther mal-hy drau lic pa ram e ters of the CEFR fuel
el e ments un der steady state con di tions and com pare
them with the ex per i men tal con trol val ues in the China
Ex per i men tal Fast Re ac tor Pro ject One-Cir cuit Main
Cool ing Sys tem Man ual and the safety anal y sis re port.
Ta ble 3 lists the com par i son and de vi a tion sta tis tics be -
tween the arith me tic cal cu la tion re sults of the subchannel 
pro gram and the ex per i men tal con trol val ues.

As can be seen from tab. 3, the data of subchannel
max i mum so dium tem per a ture, subchannel out let av er -
age tem per a ture, and subchannel max i mum so dium tem -
per a ture rise cal cu lated by the STAC pro gram have a
small de vi a tion from the ex per i men tal con trol value,

which is less than 2.5 %, and the cal cu lated re sults of
peak shell tem per a ture and peak fuel tem per a ture have a
slightly larger de vi a tion from the ex per i men tal con trol
value, which is less than 10 %. The com par i son re sults
show that the de vi a tion of the arith me tic re sults from the
ex per i men tal con trol val ues is less than 10 %, and the av -
er age de vi a tion of each re sult is close to 2.5 %. The mod -
el ing of the STAC subchannel pro gram in the set steady
state con di tion is ba si cally cor rect, and it can be used for
the an a lyt i cal study in the sub se quent chap ters in com bi -
na tion with entransy dis si pa tion the ory.

Thermal parameters analysis
of the subchannels

Power dis tri bu tion

Fig ure 2 shows the ax ial power dis tri bu tion of
re ac tor core, which is ap prox i mately a co sine func tion
dis tri bu tion, the power peak ap pears near the ax ial
height of 0.4 m, and the crest fac tor is about 1.234. Af -
fected by the ther mal in su la tion layer, the power at the
up per and lower ends of re ac tor core in creases, re sult -
ing in dif fer ent power val leys in the 0-0.1 m in ter val
and the 0.7-0.8 m in ter val.

Ax ial dis tri bu tion of cool ant tem per a ture

Fig ure 3 shows the ax ial dis tri bu tion of cool ant
in 12 groups of chan nels in the fuel as sem bly. It can be
ob served from the fig ure that the cool ant tem per a ture
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Table 3. Comparison of deviations of subchannel program results with experimental

Term of comparison Subchannel program temperature [K] Experimental temperature [K] Misalignment

Subchannel maximum sodium temperature 840.65 845.05 0.52 %

Average subchannel outlet temperature 800.55 811.45 1 %

Subchannel maximum sodium temperature rise 480.65 485.05 0.91 %

Peak shell temperature 853.25 885.95 3.69 %

Peak fuel temperature 965.65 990.35 2.50 %

Fig ure 2. Power dis tri bu tion



in the chan nels in creases con tin u ously with the ax ial
height and the max i mum tem per a ture value ap pears at
the exit of the chan nels. The exit tem per a ture of the
edge 1 chan nel and 126 chan nel as sem bly is slightly
lower than the other chan nels, which is due to the large
dif fer ence in the cir cu la tion area of the dif fer ent flow
chan nels within the as sem bly. The larger equiv a lent
di am e ter and the larger flow area of the subchannels
will lead to a better cool ing ef fect and lower tem per a -
ture of the subchannels.

Ax ial dis tri bu tion of clad ding tem per a ture

Fig ure 4 shows the ax ial dis tri bu tion of the outer
sur face tem per a ture of the clad ding for dif fer ent fuel rods.
It can be ob served from the fig ure that the in crease of the
clad ding tem per a ture is rel a tively flat in the in ter val of
0-0.1 m due to the change of ax ial power dis tri bu tion and
cool ant flow, in the in ter val of 0.1-0.8 m, the in crease of
the clad ding tem per a ture is sharp and then flat due to the
change of ax ial power dis tri bu tion and reaches the max i -

mum value at the exit. The tem per a ture of the clad ding of
fuel rods 57 and 61 is sig nif i cantly lower than that of fuel
rods 42 and 53 and is smaller than that of other fuel rods.
The rea son for this is that the better the cool ing ef fect is,
the lower the fuel rod cas ing tem per a ture is, and the cas ing
tem per a ture in the other chan nels also shows a large dif -
fer ence de pend ing on the chan nel type.

Ax ial tem per a ture dis tri bu tion of the hot test rod

Fig ure 5 shows the ax ial tem per a ture dis tri bu tion
of the hot test rod in fuel as sem bly. The ax ial tem per a ture
dis tri bu tion of the hot test rod in cludes the cen ter tem per -
a ture of fuel, the outer sur face tem per a ture of fuel, the in -
ner sur face tem per a ture of the clad ding, the outer sur face
tem per a ture of the clad ding, and the tem per a ture of the
cool ant. The peak tem per a ture of fuel pel let is 965.61 K.
The max i mum tem per a ture dif fer ence be tween the cen -
ter and outer sur face of the fuel rod oc curs at 0.45-0.55 m
with a value of 349.02 K. The im pact of ther mal stress fa -
tigue loss on the struc tural strength of the fuel pel let
needs to be fo cused on here. The tem per a ture at the top
and bot tom of re ac tor core in creases slightly due to the
in creased neu tron mod er a tion which leads to in creased
en ergy re lease from the fis sion re ac tion and in creased
power at the end points, re sult ing in slightly higher tem -
per a tures at both ends of the fuel rod. The peak tem per a -
ture of the clad ding is 853.18 K. The dif fer ence in the
fuel rod tem per a ture is large be cause of the in ad e quate
heat trans fer caused by the large ther mal re sis tance of the
air  gap  be tween  the  fuel  rod  and  the  clad ding. From
fig. 5, it can be seen that the in crease of rod tem per a ture at 
both ends has ob vi ous feed back on the clad ding tem per a -
ture, show ing the same trend of change. The tem per a ture
of the cool ant in creases monotonically with the ax ial
height, and the max i mum tem per a ture value ap pears at
the chan nel exit, with the value of 840.68 K.
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Fig ure 3. Ax ial dis tri bu tion of cool ant tem per a ture

Fig ure 4. Ax ial dis tri bu tion of clad ding tem per a ture
Fig ure 5. Ax ial tem per a ture dis tri bu tion of
the hot test rod



Entransy analysis of subchannels

Ax ial dis tri bu tion of frac tional
entransy dis si pa tion

Fig ure 6 shows the ax ial dis tri bu tion of frac -
tional entransy dis si pa tion for dif fer ent types of
subchannels. Three typ i cal chan nels are se lected in
this pa per, Chan nel 1 is the cor ner chan nel, Chan nel 55 
is the in ner chan nel, and Chan nel 124 is the side chan -
nel. The frac tional entransy dis si pa tion of each chan -
nel gen er ally shows the same trend, which de creases
in a lin ear trend in the range of 0-0.8 m. The dif fer ence
in the entransy dis si pa tion of flow frac tion is an a lyzed
due to the dom i nant in flu ence of the flow area and
mass flow rate of the side Chan nel 124. The mass-flow 
rate of the an gu lar chan nel is slightly faster than that of
the in ner chan nel, but the ef fect is not as fierce as the
tem per a ture pat tern of the in ner chan nel.

Ax ial entransy dis tri bu tion of
cool ant flow pro cess

As shown in fig. 7,  the ax ial entransy dis tri bu tion
of cool ant flow pro cess for dif fer ent types of
subchannels. The over all cool ant entransy flow in each
chan nel showed an up ward trend, and the cool ant
entransy flow in the side chan nel was larger. The
entransy flow in Chan nel 124 is sig nif i cantly higher
than in other chan nels. The rea son for this con di tion is
that the flow area and mass-flow of the side chan nel are
larger than those of the cor ner chan nel and the in ner
chan nel, the cool ant fluid tem per a ture and mass-flow of 
the cor ner chan nel are the small est, but the mass-flow
rate is higher than that of the in ner chan nel. 

Ax ial entransy dis tri bu tion of
heat trans fer pro cess

As shown in fig. 8, the ax ial entransy dis tri bu -
tion of heat trans fer pro cess of dif fer ent types of

subchannels. The entransy flow shows a sim i lar dis tri -
bu tion to the power due to the ax ial power dis tri bu tion
vari a tion and cool ant flow. It can be seen from the fig -
ure that the dis tri bu tion of entransy flow in Chan nel 1
is gen er ally lower than that in Chan nel 55 and Chan nel 
124. The rea son is that the heated per im e ter of the cor -
ner chan nel is smaller than that of the side chan nel and
the in ner chan nel, re sult ing in a small entransy flow.
The higher entransy of the side chan nel is due to the
poorer cool ing ef fect of the in ner chan nel than that of
the side chan nel.

Ax ial entransy dis si pa tion dis tri bu tion
of subchannels

As shown in fig. 9, the ax ial entransy dis si pa tion
dis tri bu tion of subchannels in dif fer ent types of fuel
as sem bly. It can be seen from the fig ure that the over all 
trend is greatly af fected by the power dis tri bu tion, and
the trend is rel a tively uni form. The entransy dis si pa -
tion of cor ner Chan nel 1 is the small est and the trend is
the most gen tle, in di cat ing that the entransy dis si pa -

Z. Dong, et al., Anal y sis on Heat Trans fer Per for mance Sub-Chan nels of ...
Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2023, Vol. 38, No. 3, pp. 145-154 151

Fig ure 6. Ax ial dis tri bu tion of frac tional entransy
dis si pa tion

Fig ure 7. Ax ial entransy dis tri bu tion of cool ant flow
pro cess

Fig ure 8. Ax ial entransy dis tri bu tion of
heat trans fer pro cess



tion in the heat trans fer pro cess of this chan nel is least
af fected by the power. Un der the same heated per im e -
ter con di tions, the entransy dis si pa tion of the side
Chan nel 124 is sig nif i cantly smaller than that of the in -
ner Chan nel 55, the rea son is that the wet per im e ter of
the side chan nel is larger than that of the in ner chan nel, 
re sult ing in neg a tive feed back.

Ax ial dis tri bu tion of the entransy
dis si pa tion rate 

As shown in fig. 10, the ax ial dis tri bu tion of the
entransy dis si pa tion rate for dif fer ent types of
subchannels of the fuel as sem bly. It can be seen that
the entransy dis si pa tion rate of the in ner Chan nel 55 is
sig nif i cantly higher than that of the side chan nel and
the cor ner chan nel. How ever, the trend of the entransy
dis si pa tion rate of the side chan nel and the cor ner
chan nel is ba si cally the same, and the chang ing trend
of the in ner chan nel is more mod er ate. The rea son for

this con di tion is that the com plex struc ture and lat eral
mix ing of the in ner chan nel are tak ing ef fect. The in -
ner chan nel has a larger heated per im e ter and a smaller
wet ted per im e ter, which leads to a larger entransy flow 
of heat trans fer pro cess and a smaller entransy flow of
flow pro cess, so the entransy dis si pa tion rate is larger
than that of other chan nels. How ever, the in ner chan -
nel dis si pa tion rate is least af fected by the power. The
entransy dis si pa tion of the side chan nel is larger, but
the dis si pa tion rate is the small est. The rea son for this
con di tion is the neg a tive feed back gen er ated by the
large mass flow rate.

CONCLUSIONS

The an a lyt i cal model of sub-chan nel is es tab -
lished with the sub-chan nel pro gram STAC as a tool
and CEFR as a re search ob ject, and its steady-state
ther mal pa ram e ters and the in let dis si pa tion law of
sub-chan nel are an a lyzed. The re sults show that:

· Based on the subchannel anal y sis pro gram STAC,
CEFR is cho sen as the model for core sym me try
subchannel anal y sis, and the subchannel steady-
state ther mal pa ram e ters and subchannel entransy
dis si pa tion law are an a lyzed. The re sults show
that the plu to nium en rich ment of the com po nent
de ter mines the ap prox i mate sym met ric co sine
func tion dis tri bu tion of re ac tor core ax ial power,
which fur ther af fects the com po nent tem per a ture
and cool ant flow. There fore, the dis tri bu tion of
ax ial power, tem per a ture, and cool ant flow is ap -
prox i mately sym met ric M-shaped.

· The re ac tor core cool ant and cas ing tem per a tures
in crease monotonically in the ax ial di rec tion, and
the tem per a ture peaks are found at re ac tor core
out let. The in ter nal tem per a ture of the in di vid ual
com po nents is sen si tive to the ax ial power dis tri -
bu tion, and there are val leys near the in let and out -
let. In ad di tion, the larger the equiv a lent di am e ter
of the cir cu la tion chan nel, the larger the cir cu la -
tion area and the better the cool ing ef fect. The fi -
nal cal cu la tion shows that the cen ter tem per a ture
of the hot test rod core reaches 965.65 K, which is
lower than the melt ing point of the nitride fuel.
The val i da tion shows that the re sults of the STAC
ther mal anal y sis pro gram are in good agree ment
with the lit er a ture data and can be ap plied to the
ther mal hy drau lic anal y sis of the so dium-cooled
fast re ac tor core.

· The entransy dis si pa tion of the subchannels is rep re -
sented by the com pre hen sive in flu ence trend of
power dis tri bu tion, mass-flow rate, and chan nel
struc ture. The cor ner chan nel is least af fected by
power and the entransy dis si pa tion is the least. The
in ner chan nel is af fected by the mass-flow rate and
chan nel struc ture re sult ing in the larg est entransy
dis si pa tion. Due to the com plex struc ture and lat eral
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Fig ure 10. Ax ial dis tri bu tion of the entransy
dis si pa tion rate

Fig ure 9. Ax ial entransy dis si pa tion dis tri bu tion of
subchannels



mix ing of the in ner chan nel, the entransy dis si pa tion
rate is larger than that of the edge chan nel. Due to the
in flu ence of the mass-flow rate, the side chan nel
shows the most ex cel lent heat trans fer per for mance
with a low entransy dis si pa tion rate cor re spond ing to 
a larger entransy dis si pa tion.
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Nomenclature

A Area [m2]
C Co ef fi cient of heated per im e ter
Cp Con stant-pres sure spe cific heat [kJkg–1K–1]
De Hy drau lic di am e ter [m]
e Spe cific entransy [WKkg–1]
E Entransy [WK]
GD Ther mal con duc tiv ity fac tor [Wm–1K–1]
f Fric tional drag co ef fi cient
h Spe cific enthalpy [Jkg–1]
KG Co ef fi cient of lo cal re sis tance
l Tur bu lent length [m]
m Ax ial mass flux [kgs–1]
M Ad di tional co ef fi cient of fric tion
Nu Nusselt num ber (= hll–1)
p Pres sure [Pa]
Pe Peclet num ber
Pr Prandtl num ber (= Cp ml

–1)
q Heat flux [kWm–2]
qi Chan nel i inline power [Wm–1]
Re Reynolds num ber (= UDn–1)
s Length of the gap be tween chan nels [m]
t Time [s]
T Tem per a ture [K]
U Ax ial ve loc ity [ms–1]
w Trans verse mass flux per unit length [kgs–1m–1]
z Ax ial height [m]

Greek symbols

r Den sity [kgm–3]

q An gle be tween flow and ver ti cal di rec tion [°]

l Ther mal con duc tiv ity [Wm–1K–1]

Sub scripts

c Clad ding
f So dium fluid
i Vol ume in ax ial di rec tion
j Layer in ra dial di rec tion
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Cenghao DUNG, \en}uen QU, ^ao HUANG, Sinji WU, Lihan HAJ

ANALIZA  PERFORMANSE  PRENOSA  TOPLOTE  POTKANALA
GORIVNIH SKLOPOVA  BRZIH  REAKTORA  HLA\ENIH  NATRIJUMOM

NA  OSNOVU  ENERGIJA  KONDENZATORA

U ovom radu analizirane su i istra`ene performanse simetri~nog prenosa toplote
gorivnih sklopova brzog reaktora hla|enih natrijumom i model je analiti~ki optimizovan na osnovu
prora~una potkanala. Odstupawa rezultata numeri~ke simulacije od ve} postoje}ih eksperi-
mentalnih podataka u literaturi u granicama su od 10 %, sa prose~nim odstupawem od 2.5 %, ~ime je
testirana pouzdanost modela. Izra~unate vrednosti pokazale su da su raspodele aksijalne snage, tem -
per a ture i rashladne te~nosti jezgra reaktora pribli`no simetri~nih M-oblika. Rashladna te~nost
jezgra reaktora ima monotono pove}awe aksijalne raspodele sa temperaturom omota~a i tempe-
raturnim vrhovim na izlazu iz jezgra reaktora. Unutra{wa temperatura pojedina~nih gorivnih
sklopova je relativno osetqiva na aksijalnu raspodelu snage, a oko ulaza i izlaza postoje padovi.
Simulirani rezultati pokazali su da je temperatura u centru najtoplijeg bloka jezgra reaktora sa
gorivnom {ipkom dostigla 965.65 K. Ovaj rad optimizacijom modela prenosa toplote pru`a boqe
uvide u  razumevawe ukupnog efekta prenosa toplote.

Kqu~ne re~i: brzi reaktor hla|en natrijumom, gorivni sklop, subkanalna metoda, disipacija
..........................energije kondenzatora


