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The steady-state ther mal-hy drau lic anal y sis of the core of the Boil ing Wa ter Re ac tor
(BWR/6) at nom i nal op er at ing con di tions is pre sented in this pa per. The BWR/6 is pro duced
by Gen eral Elec tric USA. The anal y sis' goal is to keep the ther mal safety mar gin un der con trol 
and the core in teg rity in tact un der steady-state op er at ing con di tions. The ef fects of op er at ing
con di tions such as power dis tri bu tion, power level, and cool ant mass flow rate on the pro -
posed core's per for mance are in ves ti gated. For this pur pose, the one-di men sional com puter
code MITH was used. The code's re li abil ity was tested us ing the Gen eral Elec tric bench mark
3579 MW re ac tor. Two-chan nel mod els were tested (the av er age and the hot chan nel). Ther -
mal-hy drau lic pa ram e ters such as fuel-cen ter line, fuel-sur face, outer clad sur face and cool ant
tem per a ture, crit i cal and ac tual lo cal heat flux, crit i cal and min i mum crit i cal heat flux ra tio
and pres sure drop are eval u ated along the tested chan nels. Tem per a tures, as well as ac tual and
crit i cal heat flux dis tri bu tion pro files, were ob tained. The tested op er at ing con di tions had a
sig nif i cant in flu ence on these pa ram e ters, and also on the ther mal-hy drau lic per for mance.
The ob tained re sults are in good agree ment with the data from the tested core. The ob tained
re sults are well within the safety mar gins. The good agree ment be tween tested re ac tor data
and MITH 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.
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IN TRO DUC TION

In the de sign steps of nu clear re ac tors, the anal y -
sis of the re lated ex per i men tal and cal cu la tion work is
con sid ered. Also, the anal y sis of nu clear ac ci dents
such as Three Mile Is land, Chernobyl, and Fukushima
(1979, 1986, and 2011 re spec tively) are re viewed and
con sid ered. The ther mal-hy drau lic anal y sis of light
wa ter re ac tors (LWR) cores is con cerned with the ther -
mal and hy drau lic per for mance of nu clear fuel rod
bun dles. It in cludes sev eral anal y sis top ics such as
pres sure, core flow dis tri bu tion, core void dis tri bu -
tion, ther mal mar gins (de par ture from nu cle ate boil ing 
ra tio (DNBR), crit i cal heat flux ra tio (CHFR), and fuel 
ther mal per for mance) [1, 2]. The ther mal-hy drau lic
and re ac tor phys ics anal y sis are as sumed as the main
tools used to en sure the safety of the nu clear re ac tor
un der dif fer ent work ing con di tions [3]. The sub-chan -
nel anal y sis codes for ther mal-hy drau lic anal y sis to es -
ti mate dif fer ent ther mal-hy drau lic safety mar gins.

The cool ant flow rate, in let tem per a ture, pres -
sure, and ther mal power and its dis tri bu tions are con -

sid ered as the main pa ram e ters for sub-chan nel anal y -
sis. The crit i cal heat flux (CHF) is an im por tant
phe nom e non „pa ram e ter” re lated to the op er a tion of
LWR, where clad ding and core integrities must be
main tained and a safe op er at ing power en ve lope and
mar gin must be es tab lished. The ef fi ciency of nu clear
re ac tors is lim ited due to the CHF phe nom e non. It is
es sen tial for nu clear re ac tors not to reach CHF. The re -
ac tor's ther mal de sign lim its will be vi o lated when the
de par ture from nu cle ate boil ing (DNB) oc curs at full
power, and the loss of fuel and clad ding in teg rity is a
re sult. CHF causes an in crease in sur face tem per a ture
due to a de crease in the heat trans fer pro cess. This tem -
per a ture change can be fast, as is the case for pres sur -
ized wa ter re ac tor (PWR) con di tions fast dry out, or it
can be slow as for boil ing wa ter re ac tor (BWR) con di -
tions slow dry out [4]. Reach ing and ex ceed ing the
CHF can have se ri ous con se quences, in par tic u lar for
LWR. For this rea son, CHF in ves ti ga tions be came im -
por tant since the mid 20 cen tury, the ear li est re -
searches were done by McAdams et al. (1949), and
Jens and Lottes (1951) [5, 6]. The long his tory and
state of the art of mea sur ing and pre dict ing the CHF in
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wa ter-cooled sys tems are pre sented de tailed in the lit -
er a ture [7]. The ac cu rate es ti ma tions of the lo cal con -
di tions of the sub-chan nels are re quired to pre dict fuel
tem per a ture, CHF, DNB, CHFR, and crit i cal power ra -
tio (CPR) [1]. 

Cur rently, there are hun dreds of em pir i cal cor re -
la tions to pre dict CHF. In the nu clear field, the CHF
has a com plex mech a nism and dif fer ent sce nar ios,
thus no sin gle cor re la tion will ever be ap pro pri ate for
ev ery sce nario. Many au thors pre sented a com pre hen -
sive re view of past, pres ent, and fu ture chal lenges in
the field of ther mal-hy drau lic anal y sis, cov er ing var i -
ous as pects of ex per i men tal, an a lyt i cal, and com pu ta -
tional ap proaches [8]. The main fac tors af fect ing heat
trans fer from the fuel el e ment are geo met ri cal con fig -
u ra tion, neu tron flux dis tri bu tion, types of fuel, gas
gap and clad ding used, and cool ant flow con di tions. In 
ad di tion, the non-uni form heat trans fer con di tions in -
flu ence the tem per a ture and heat flux dis tri bu tion in
fuel and clad ding [9].

To im prove ther mal-hy drau lic char ac ter is tics of
the nu clear re ac tor core, a con sid er able amount of re -
search has been car ried out to ob tain an im proved un -
der stand ing of cool ant flow and tem per a ture dis tri bu -
tions in rod bun dle ge om e tries. Many re search ers have 
been worked in this field among them, Yadigaroglu et
al. (2003) show the im por tance of both ex per i ments
and nu mer i cal sim u la tion tech niques to en sure the
safety mar gin [10]. Chelemer et al. (1972) used the
sub-chan nel anal y sis code to es ti mate the CHFR,
CPR, tem per a tures of fuel (cen ter line, and sur face),
clad ding sur face, max i mum tem per a ture, and a bulk
cool ant out let [11]. Cheng and Mul ler (2003) show
that the max i mum op er at ing power of the re ac tor is
lim ited by the CHFR, CPR, and fuel cen ter line tem -
per a ture [12]. Helmy et al., (2012) in ves ti gated the
ther mal-hy drau lic be hav ior of the KONVOI-PWR
un der de sign ex ten sion con di tions. Their re sults show
the im por tance of re ac tiv ity feed-back ef fects in
loss-of-cool ant ac ci dents on the to tal power, which are 
con sid ered as key pa ram e ters for con trol ling clad and
fuel tem per a tures to keep them be low their melt ing
points [13]. Hutli and Kridan [14] in ves ti gated the ef -
fects of the ax ial power dis tri bu tion on the main ther -
mal hy drau lics pa ram e ters in PWR us ing one di men -
sional sub-chan nel code [14]. Many other au thors
have dem on strated the de pend ence of CHF val ues on
lo cal fluid con di tions such as pres sure, tem per a ture,
mass flux, qual ity, and geo met ri cal pa ram e ters
[15-20].

The flow be hav ior in sub-chan nels un der the two 
types of mix ing pro cess; nat u ral and forced mix ing
was also a re search point. The ob tained re sults showed 
that, the mix ing pro cess strongly af fects the lo cal fluid
con di tions of the sub-chan nels, heat trans fer co ef fi -
cient, pres sure drops and the out let tem per a ture pro file 
of the core [21-25]. For sin gle-phase, cool ant re ac tors, 
the com pu ta tional fluid dy nam ics (CFD) was used to

es ti mate pres sure loss, pre dict ing the CHF rod po si -
tion, and in ves ti gate the ef fect of spacer grade on CHF
in a 5×5 fuel rod bun dle [26]. The con ve nience of CFD 
mod el ing meth od ol ogy and val i da tion for steady-state 
flow in PWR fuel as sem blies for the nor mal op er a tion
was in ves ti gated [27]. CFD anal y sis of the flow field
in sub-chan nels of VVER-440 fuel as sem blies for a
tri an gu lar lat tice was pre sented [28].

Be cause of the im por tance of the mix ing pro cess
for heat trans fer, re ac tor ther mal-hy drau lics, re ac tor
per for mance, and re ac tor safety, many com pu ta tional
and ex per i men tal stud ies have been con ducted us ing
var i ous tech niques to in ves ti gate flow mix ing be hav ior
in nor mal and tran sient PWR and fuel as sem bly mod els
(for sin gle phase flow). The re sults of CFD, par ti cle im -
age velocimetry (PIV), and pla nar la ser-in duced flu o -
res cence (PLIF) tech niques re vealed that the flow rate
has a sig nif i cant in flu ence on the mix ing pro cess, and
ve loc ity and tem per a ture dis tri bu tion in the in ves ti -
gated area can be ob tained, which are im por tant pa ram -
e ters in de ter min ing ther mal fa tigue and pres sur ized
ther mal shock. Ad di tion ally, the re sults re vealed that
the in let tem per a ture is an im por tant pa ram e ter for the
PWR (for safety as sess ment) [21, 25, 29-31].

In the fluid flow field, two phase flow is con sid -
ered com pli cated flow; as a re sult, de signs of BWR
core are com pli cated. In side a BWR fuel bun dle, two
phase flow phe nom ena in clude cool ant phase changes
and mul ti ple flow re gimes that di rectly in flu ence cool -
ant in ter ac tion with the fuel as sem bly and, ul ti mately,
re ac tor per for mance [32]. CFD is also used for ther mal 
hy drau lics anal y sis in BWR, with the CFD-BWR be -
ing de vel oped to sim u late two-phase flow phe nom ena
in side a BWR fuel bun dle. New mod els have been de -
vel oped and im ple mented in the CFD-BWR mod ule to 
de scribe the inter-phase mass, mo men tum, and en ergy
trans fer phe nom ena spe cific to BWR. The ob tained
re sults dem on strated that the good agree ment be tween 
com puted and mea sured re sults pro vides con fi dence
in the ac cu racy of the mod els used [33].

For the two-phase flow con di tion, the TPFIT
(two-phase flow anal y sis code with an ad vanced in ter -
face track ing method) was used to sim u late steam-wa ter
two-phase flow in a model of two sub-chan nels from an
ac tual BWR and Wa ter Re ac tor for flex i ble fuel cy cle
core. The ob tained re sult dem on strates that fluid mix ing
was de tected be tween the sub-chan nels, that pres sure
dif fer ence be tween fluid chan nels is re spon si ble for fluid
mix ing, and the in let qual ity ra tio of sub-chan nels is sig -
nif i cant for the mix ing pro cess [34].

The ther mal-hy drau lic anal y sis for the steady-
state op er a tion of the BWR/6 core was per formed in
this work (GE) [32]. The mo ti va tion for this work is to
es tab lish the re la tion ship be tween the var i ous pa ram e -
ters in flu enc ing the ther mal-hy drau lic per for mance of
BWRs. The typ i cal re ac tor data of the tested BWR/6 is
given in tab. 1. The MITH is a one-di men sional
sub-chan nel com puter code that is used to cal cu late the 
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as so ci ated ther mal-hy drau lic pa ram e ters. MITH is a
steady-state code that was orig i nally de signed for
PWR ther mal-hy drau lics anal y sis be fore be ing mod i -
fied for BWR anal y sis. The anal y sis was done in two
main steps. In the first step, ther mal-hy drau lic pa ram e -
ters such as the tem per a tures of fuel (cen ter line and
sur face), clad ding, and cool ant were cal cu lated. Be -
sides, the ac tual lo cal heat flux, CHF, CHFR in the av -
er age, hot chan nels of the re ac tor core, and the core
pres sure drop were cal cu lated. In the sec ond step, the
in ves ti ga tion of the in flu ences of power dis tri bu tion,
and mass flow rate on the ther mal-hy drau lic pa ram e -
ters was done. For the code val i da tion, the data of the
GE typ i cal BWR/6 re ac tor are con sid ered as a ref er -
ence, tab. 1. The code re pro duced well the GE re ac tor
re sults, yield ing de tailed in for ma tion such as pres sure
drop in the chan nel, power dis tri bu tion among the av -
er age and hot chan nels, cool ant, clad and sur face and
cen ter line fuel tem per a tures, qual ity, ac tual lo cal heat,
and crit i cal heat fluxes. The ob tained re sults were
com pared with ther mal de sign lim its to de ter mine the
fea si bil ity of the GE re ac tor core.

CODE DE SCRIP TION

The code MITH is a ther mal-hy drau lic steady-
state com puter pro gram. It cal cu lates the cool ant con -
di tions (pres sure, den sity, tem per a ture, qual ity, etc.)

and fuel rod tem per a ture in both an av er age cool ant
chan nel and the max i mum power cool ant chan nel of
LWR and also the ac tual lo cal heat flux in both chan -
nels, also CHF and DNB in hot chan nels. In the MITH
code, the ap pli ca tion of the re la tions for con duc tion
and con vec tion would yield tem per a ture pro files as
shown later. The clad ex ter nal sur face, fuel cen ter line,
and sur face tem per a tures are ob tained us ing cer tain re -
lated equa tions in con junc tion with the cool ant tem -
per a ture dis tri bu tion.

Three ba sic as sump tions are made in for mu lat ing
the prob lem to be solved by MITH. The first as sump tion
that the chan nel flow in each cool ant chan nel is con stant
and equal. An op tion is also avail able to equal ize the
pres sure drop be tween the in let and out let of the
two-chan nel by it er a tion on the flow in the max-pow ered
chan nel. Thirdly it is as sumed that the same ax ial power
shape ex ists in an av er age and hot chan nel.

There are four ax ial power dis tri bu tion op tions in
MITH, the first three op tions re quire no ad di tional in put 
as they are com puted us ing the fol low ing re la tions:
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Ta ble 1. Typ i cal nu clear power re ac tor data - BWR/6 (Gen eral Elec tric pro ducer (GE)) [32]

Gen eral data Value

As sem blies Canned square bun dles

As sem bly pitch [cm] 30.5

As sem bly di men sion [cm2]
(Hor i zon tal cross-sec tion)

14 ´ 14

Num ber of fuel /as sem bly 63

Ther mal out put [MW] 3579 To tal num ber of fuel lo ca tions 46.116

Elec tri cal out put [MW] 1200 Fuel el e ment O.D. [cm] 1.25

Ef fi ciency [%] 33.5 Pitch/di am e ter 1.30

Fuel type UO2 Clad thick ness [cm] 0.0864

Cool ant H2O Fuel-pel let di am e ter [cm] 1.056

Struc tural ma te rial Zircaloy-2 al loy Pel let-clad gap [cm] 0.008

Mod er a tor H2O
Fuel en rich ment 2.1/2.6/3.1

Core data

Ac tive height [cm] 376 Ther mal-hy drau lic data

Equiv a lent\ac tive di am e ter [cm] 366
Sys tem pres sure (bar) 72

Height/di am e ter 1.03

Ac tive core vol ume 63.910 Cool ant flow [106 kgh–1] 47

Av er age core power den sity [kwL–1] 56 Av er age lin ear power den sity [Wcm–1] 206

Fuel weight [kg] 138.000 Max i mum lin ear power den sity [Wcm–1] 440

Spe cific power [kW/kgU] 25.9 Av er age heat flux [Wcm–2] 50.3

Burnup [MWd/tU] 27.500 Max i mum heat flux [Wcm–2] 111.5

Con ver sion ra tio (C.R.) 0.5 Min i mum CHFR 1.9

Fuel as sem bly type Canned-square bun dle In let tem per a ture [°C] 269

Num ber of fuel as sem blies 732 Out let tem per a ture [°C] 286

Fuel el e men tary ar ray 8 ´ 8 Max i mum fuel tem per a ture [°C] 1829



Ar bi trary pro file is given as in put the NAMELIST\
SHAPE.

In the code to avoid com plex ity, the en trance at
the bot tom of the chan nel is as sumed as a ref er ence
point (z = 0) for the cal cu la tion, there fore the sine func -
tion is used in stead of the cos func tion, how ever the cos
func tion is usu ally used in lit er a ture when the zero point 
is as sumed at the me dial of the chan nel. Op tion num ber
four is used when the con trol rods are in volved. Op tion
num ber 2 is more con ve nient for BWR.

Fi nally, it is as sumed that to the ex tent that the
above as sump tions are valid, one can de fine a lim it ing
power gen er a tion for any one chan nel the op er a tor
must then main tain the power dis tri bu tion such that no
chan nel ex ceeds this limit. The hot chan nel fac tor rep -
re sents the ra tio of the max i mum to av er age chan nel
power gen er a tion is an in put pa ram e ter. Fig ure 1 (a)
and 1(b) rep re sents the flowchart of the code and the
chan nel model re spec tively. Be cause the code was
orig i nally de signed for PWR (sin gle-phase), enthalpy
was not a log i cal op tion while the va por qual ity is cal -
cu lated by the code, so cool ant tem per a ture pro files
will be pre sented even though tem per a ture is not a

good in di ca tor of the cool ant's heat con tent in a
two-phase flow. The enthalpy pro files that will be pre -
sented later are cal cu lated man u ally us ing ther mo dy -
namic ta bles based on the cool ant tem per a ture and va -
por qual ity along the chan nel length. For the same
rea son, the CHFR is used in stead of CPR, and the
GE-cor re la tion was added to the code al go rithms to
cal cu late the CHF at high va por qual ity, as in the case
of BWR. Fig ure 2 de picted the sche matic di a grams of
the typ i cal ax ial power pro files (rel a tive power as
func tion of the sub-chan nel ax ial nod) [35].

CODE INPUT DATA

The in put data are; ther mal power out put (MW),
mass flow rate [kgh–1], cool ant in let tem per a ture [°C],
in let pres sure [bar], num ber of fuel rods, the outer di am -
e ter of fuel rod [cm], clad thick ness [cm], un heated up -
per chan nel part [cm], un heated lower chan nel part
[cm], pitch type, rod pitch [cm], ac tive chan nel length
[cm], num ber of a dis crete in ter val, the form fac tor for
spacer grids, pro file power dis tri bu tion, and ra dial num -
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Fig ure 1. Flowchart of the code (a) and chan nel model (b)



ber hot chan nel fac tor. Also the ther mal con duc tiv ity of
fuel UO2 (0.0294 Wcm–1°C–1), the ther mal con duc tiv ity 
of clad zircaloy-2 (0.164 Wcm–1 °C–1), and the heat
trans fer co ef fi cient of the gas in the gap he lium (25.94
Wcm–1 °C–1).

METHOD

The pres ent anal y sis has been im ple mented for
the core of a typ i cal nu clear re ac tor with spec i fi ca tions
pre sented in tab. 1. GE Boil ing Wa ter Re ac tor (BWR/6) 
Model 6 Re ac tor Ves sel pro duced by Gen eral Elec tric
Com pany (GE, USA).

The ef fect of the power dis tri bu tion on the re ac -
tor ther mal-hy drau lics has been in ves ti gated us ing the
com puter code (MITH) and the re sults are an a lyzed.
The ef fects of an op er at ing power level and the re duc -
tion in the cool ant mass flow (the frac tion of the to tal
mass flow rate) on the core ther mal-hy drau lic per for -
mance and pa ram e ters have been also stud ied.

The cal cu la tion and anal y sis of the ob tained re -
sults have been car ried out for steady-state op er at ing
con di tions un der the fol low ing sit u a tions:
– Ax ial power dis tri bu tion is sym met ric around the

midplane of the core.
– Ax ial power dis tri bu tion is peaked be low the core

midplane (bot tom peaked dis tri bu tion).
– In creas ing and de creas ing the op er at ing power

level.
– De creas ing the cool ant mass flow rate.
– Vari a tion of op er at ing power level and cool ant

mass flow with the same per cent age of their nom i -
nal val ues.

RESULTS AND DISCUSSION

Influence of power distribution

To show the de pend ency of the ther mal-hy drau -
lic pa ram e ters on the ax ial power dis tri bu tion in core
two typ i cal ax ial power dis tri bu tion pro files have been 
tested. As the si nu soi dal power is of ten used for con -

ser va tism, the si nu soi dal ax ial power dis tri bu tion is in -
tro duced as the first power pro file to be tested, and
then the bot tom peaked power dis tri bu tion as the sec -
ond tested pro file. The typ i cal shapes of re ac tor power
pro files are in fig. 2.

For the si nu soi dal peaked power pro file, the ax -
ial power was shaped as a co sine func tion as that in fig. 
2, with   ¢ = ¢q z q z H( ) cos ( / )max p the power is dis trib -
uted sym met ri cally around the cen ter of the fuel with
the max i mum power value is at the cen ter. To achieve
this kind of power dis tri bu tion, the con trol rods are
used to mod ify the neu tron flux dis tri bu tion. How ever, 
the sec ond case (bot tom peaked power pro file) is eas -
ier to achieve in the LWR. The BWR have a sig nif i -
cantly bot tom-peaked ax ial power pro file rather than
the other power pro files. The BWR have a nat u ral ten -
dency to power shap ing skewed to ward the bot tom be -
cause of the grad ual boil ing of the cool ant. The boil ing 
means de creas ing in wa ter den sity and in creas ing in
both qual ity and void frac tion with the el e va tion, thus
the power gen er a tion will be higher in the lower part of 
the core than the up per part be cause the mod er a tion of
the neu tron flux is greater in this part, more ex pla na -
tion is pro vided in the fol low ing sec tions.

COSINE PEAKED POWER
DISTRIBUTION

The coolant temperature in the
average channel

Cool ant en ters the bot tom of the core, flows up -
ward around the fuel rods, and ab sorbs en ergy from
heat trans fer orig i nat ing from the nu clear pro cess in
the fuel el e ment. In fig. 3(a) the pro file shows that the
cool ant tem per a ture started to in crease as the cool ant
en ters the chan nel, ar rives at its peak at a cer tain dis -
tance along the chan nel, then be comes a con stant to the 
chan nel end (core out let).

In the case of BWR, the steady-state op er at ing
sys tem pres sure is low to al low the boil ing pro cess to
be faster, and the in let cool ant tem per a ture is not much
lower than the sat u ra tion tem per a ture of the ap ply ing
pres sure as it is pre sented in re ac tor data, tab. 1. In the
BWR the up ward cool ant flow leads to tem per a ture in -
crease with the height, hence qual ity and void frac tion
in crease with the height.

The re corded cool ant tem per a ture at the chan nel
in let and out let was 268.9 °C and 287.64 °C re spec -
tively. The dif fer ence be tween in let and exit tem per a -
ture was re corded as an 18.74 °C. The ob tained out let
tem per a ture rep re sents the sat u ra tion tem per a ture for
re ac tor op er at ing pres sure (72 bar). Ac cord ing to the
ther mo dy nam ics prin ci ples, af ter the point where the
cool ant phase started to change, any in crease in the
heat does not lead to an in crease in the cool ant tem per -
a ture. The gained heat from the source is con sumed to
com plete the phase change pro cess; hence, qual ity and 
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Fig ure 2. Sche matic di a gram of the typ i cal ax ial power
pro files [35]



void frac tion are in creased as in fig. 6(c). (Fig ure 6(c)
is for bot tom-peaked case). Af ter the cool ant liq uid
phase com pletely changed to the va por phase, the tem -
per a ture again starts to in crease and we will have the
super heated va por.

Ac cord ing to re ac tor phys ics, we as sumed that
the co sine peaked power dis tri bu tion is not re al is tic in
a BWR re ac tor. The co sine peaked pro file is used in
this study to com pare the ef fect of ax ial power dis tri -
bu tion shape on ther mal-hy drau lic pa ram e ters.

The core re ac tiv ity and core power are af fected
lo cally and glob ally as a re sult of a sig nif i cant drop in
cool ant den sity with el e va tion in the core. The vari a tion
of cool ant den sity af fects the neu tron flux spec trum be -
cause the neu tron mod er a tion pro cess de creases as den -
sity de creases, af fect ing power pro duced per unit length 
of fuel rod. The pres ence of voids shifts the power to -
ward the core's bot tom; the voids in crease with the mag -
ni tude of the peak and as the peak moves to ward the
core's bot tom. Sim i larly, the BWR has an in her ent ca pa -
bil ity of self-flat ten ing the ra dial power dis tri bu tion due 
to changes in cool ant den sity [36]. Also, for pre cise
ther mal-hy drau lic anal y sis, the den sity waves in the
boil ing re gion which nor mally ex ists should be con sid -
ered be cause it leads to flow os cil la tions. The flow os -
cil la tions can af fect the lo cal heat trans fer char ac ter is -
tics. It may in duce burn out, cause me chan i cal vi bra tion
of com po nents; and cre ate sys tem con trol prob lems

[37]. Re gard ing the pre vi ous dis cus sion, for a con tin u -
ous heat re moval pro cess from the core, the cool ant
should be phys i cally and chem i cally sta ble un der high
tem per a ture and nu clear ra di a tion, which is well con -
sid ered in the LWR de sign [36, 38].

Gen er ally, in the boil ing chan nel flow such as that 
in BWR, the cool ant tem per a ture rises as the heat is
trans ferred to the cool ant with the dis tance (ver ti cal or
hor i zon tal flow), the dis tance af ter the tem per a ture sat -
u ra tion oc curs, and cool ant bulk boil ing be gins is called
boil ing length. The dis tance be fore the cool ant tem per -
a ture is started to change from sub-cooled to the sat u ra -
tion tem per a ture (bulk boil ing be gins) cor re spond ing to 
the op er at ing core pres sure is as sumed as non-boil ing
length (we as sum ing that the sub-cooled boil ing length
is a com po nent of non-boil ing length). In BWR these
dis tances are im por tant for the cal cu la tion and es ti ma -
tion of some ther mal-hy drau lic pa ram e ters such as
qual ity, void frac tion, heat trans fer co ef fi cient, CPR or
CHFR, power peak shape, pres sure drops, etc.

The coolant temperature in the hot channel

In the de sign of a re ac tor, a great deal of at ten tion 
is given to the de ter mi na tion of which chan nels have
the high est cool ant tem per a ture and at which points on
the fuel rods hot spots oc cur. The hot chan nel is de -
fined as the chan nel that re corded the high est tem per a -
ture of fuel, clad ding, and cool ant in the re ac tor un der
steady-state op er at ing con di tions. The other chan nels
in the re ac tors have tem per a tures lower than that of the 
hot chan nel. There fore, when the hot chan nel sat is fies
the ther mal lim it ing con di tions, means the other chan -
nels are well with the safety lim its. Hence the hot test
chan nels are con sid ered as the in di ca tor of the pres er -
va tion of safety mar gins. Ul ti mately, the power of the
re ac tor is lim ited by con di tions at these chan nels.

The cool ant tem per a ture pro file in the hot chan -
nel is pre sented in fig. 3(a) has the same shape and be -
hav ior as that in the av er age chan nel. The dif fer ence is
in the ra tio be tween the lengths of boil ing and
non-boil ing length, it is smaller in the hot chan nel. In
the hot chan nel, the cool ant reaches the boil ing point
af ter a short dis tance short length and faster time,
which is re lated to the dif fer ence be tween the heat gen -
er a tion lev els in the two chan nels.  The out let tem per a -
tures are equal in both chan nels; it's a sat u ra tion tem -
per a ture of the core op er at ing pres sure. One can say
that, un der the as sump tion of con stant op er at ing pres -
sure and the equal mass flow rate in the chan nels, the
ra tio be tween boil ing and non-boil ing length and the
time needed to start boil ing is de pend ing on many
other fac tors such as the in let cool ant tem per a ture, the
ax ial power dis tri bu tion, and power level gen er ated
within the chan nel.

Be cause the cool ant is chang ing its phase, the
cool ant tem per a ture pro file is not al to gether de scrip tive 
of cool ant en ergy in crease. To de scribe the sta tus pre -
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Fig ure 3. (a) Cool ant tem per a ture dis tri bu tion in the
av er age and the hot chan nel and (b) Cool ant enthalpy
dis tri bu tion in the av er age and hot chan nel (steady-state
op er a tion at nom i nal power (co sine peaked power
dis tri bu tion)



cisely the enthalpy change must be uti lized. The cool ant 
enthalpy con tin u ously in creases from core in let to out -
let, with the larg est rate of in crease at the max i mum
value of heat flux [39]. Be cause the code was mainly for 
PWR cal cu la tions, the vari a tion of the cool ant enthalpy
with el e va tion was not cal cu lated by the code. To de -
scribe the heat trans fer sta tus pre cisely the enthalpy
change was uti lized. The cool ant enthalpy pro file for
both av er age and hot chan nel are pre sented in fig. 3(b).
The pre sented re sults in fig. 3(b) were cal cu lated man u -
ally based on the qual ity dis tri bu tion along the chan nels
which is cal cu lated by the code, as in fig. 3(b) we as -
sumed that the sub-cooled boil ing re gion is a com po -
nent of the non-boil ing re gion (re gion (a), be cause de -
ter min ing the bound ary be tween the non-boil ing re gion 
and the subcooled boil ing re gion in the chan nels is dif fi -
cult. This as sump tion can be ac cepted if one con sid ers
that, the ther mal hy drau lic anal y sis done here is for
BWR where the bulk boil ing is nec es sary fea ture, while
in the sub-cooled boil ing re gion the va por qual ity is not
mea sur able value (it is very low). The tem per a ture of
the most of the liq uid (bulk tem per a ture) in the
subcooled boil ing re gion pro cess is be low the sat u ra -
tion tem per a ture, and bub bles formed at the sur face
con dense in the liq uid. Then re gion (a) is ex tend ing
from the chan nel's in let to the re gion where the cool ant's 
bulk tem per a ture reaches the sat u ra tion tem per a ture of
the ap plied pres sure (re gion (b). Fig ure 3(a) are used to
ap prox i mate the bor der be tween these two re gions (re -
gion (a) and re gion (b)).

Sub-cooled boil ing may oc cur in this re gion. The 
anal y sis of fig. 3(b) re veals that the enthalpy con tin u -
ously in creases from the chan nel in let to the out let. At
the chan nel in let, the enthalpy was con stant, which
was equal to the enthalpy of the sat u rated subcooled
wa ter. While by start ing the boil ing pro cess and
change of the phase, the in crease in the heat trans fer to
the cool ant will ap pear as an in crease in the cool ant
enthalpy. As the bulk boil ing be gins, the enthalpy con -
tin ues to rise un til it reaches its peak at the chan nel out -
let. The enthalpy pro file be haves op po sitely com pared 
with the cool ant tem per a ture pro file. The amount of
heat gen er ated in any chan nel in the re ac tor core can be 
in di cated by cool ant tem per a ture in the non-boil ing re -
gion of the chan nel (as sum ing sub-cooled boil ing re -
gion is a part of the non-boil ing re gion), whereas cool -
ant enthalpy is a more re li able in di ca tor in the boil ing
re gion (bulk boil ing re gion) of the chan nel.

Clad, fuel-cen ter line, fuel-sur face
tem per a ture in the av er age, and
the hot chan nel 

The tested re ac tor's clad ding ma te rial is strictly
de fined in the datasheet [32]. It is zircaloy-2, which is
com monly used in BWR (zircaloy-2 (Grade R60802)
is com posed of Zr-1.5 %, Sn-0.15 %, Fe-0.1 %,

Cr-0.05 % Ni). Zir co nium al loys serve as the struc tural 
ma te rial be cause they have ex cel lent prop er ties for use 
as fuel clad ding and other struc tural ma te ri als in nu -
clear re ac tors. Zir co nium is a com mer cially avail able
re frac tory metal with ex cel lent cor ro sion re sis tance,
good me chan i cal prop er ties, and very low ther mal
neu tron cross-sec tion, and can be man u fac tured us ing
stan dard fab ri ca tion tech niques [40]. Also, the tested
re ac tor's fuel ma te rial is strictly de fined in the
datasheet [32]. The fuel is  ura nium di ox ide  (UO2), it
is a ce ramic re frac tory ura nium com pound, in many
nu clear re ac tors used as a nu clear fuel. It is a sta ble ce -
ramic that can be heated al most to its melt ing point
(2878 ± 20 °C), with out sig nif i cant me chan i cal de te ri -
o ra tion. It has no sig nif i cant re ac tion with wa ter [41].
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Fig ure 4. (a) Ax ial tem per a ture dis tri bu tion in the
clad ding (av er age and hot chan nels, (b) Ax ial tem per a -
ture dis tri bu tion in the fuel in the av er age chan nel, and
(c) Ax ial tem per a ture dis tri bu tion in the fuel in the hot
chan nel (steady-state op er a tion at nom i nal power, co sine 
peaked power dis tri bu tion)



In fig. 4(a) the clad ding ax ial tem per a ture pro -
files for the av er age and the hot chan nel are pre sented.. 
The anal y sis of fig. 4(a) shows that the clad ding tem -
per a ture for av er age and hot chan nels in creases with
dis tance ar riv ing at its peaks 335.41 °C, and 367.7 °C
re spec tively, ap prox i mately at the half of the fuel el e -
ment half of the chan nel. Where the chan nel in let is as -
sumed as a ref er ence point. Then it starts to de crease
slowly with dis tance reach ing the out let cool ant tem -
per a ture 287.64 °C at the top of the chan nel. The ob -
tained pro file fol lows the ap plied power dis tri bu tion in 
the core (it is as sumed that at the chan nel ends the
power is zero). The dis sim i lar ity be tween the clad and
cool ant tem per a ture pro files is re lated to many rea sons 
such as the clad is near to the heat source (fuel) com -
pared with the cool ant, the heat ca pac ity of the cool ant, 
and other ther mal prop er ties for both clad ding and
cool ant, also the cool ant is mov ing while the clad is
sta tion ary. Re gard ing the safety point of view, the clad
max i mum tem per a ture re corded in the hot chan nel un -
der these work ing con di tions is still be low the ther mal
limit, it is less than the melt ing tem per a ture of the clad. 

Fig ure 4(b) shows the ax ial tem per a ture dis tri -
bu tion in the fuel-cen ter line and fuel sur face in the av -
er age chan nel. The cen ter line-fuel tem per a ture pro file 
shows that the tem per a ture is in creas ing grad u ally
reach ing the max i mum tem per a ture of 1340.56 °C
nearly at the me dial of the chan nel Fuel el e ment, and
then de creas ing grad u ally again to reach the min i mum
tem per a ture at the end. The sur face-fuel tem per a ture
pro file shows the same be hav ior as the cen ter line-fuel
tem per a ture pro file. The max i mum tem per a ture re -
corded on the fuel sur face is 447.37 °C. The high est
tem per a tures of the fuel cen ter line and fuel sur face oc -
cur at the cen ter of the fuel el e ment ax ial length. Thus,
the ob tained tem per a ture pro files have a sim i lar shape
as that for the ap plied power dis tri bu tion i. e. the sym -
met ric pro files are es tab lished. The dif fer ence be -
tween the two pro files in fig. 4(b) is re lated to the heat
gen er a tion rate in the fuel pin it self. Also, the fuel sur -
face is the near est to the cool ant.

Fig ure 4(c) pres ents the ax ial tem per a ture dis tri -
bu tion in the fuel-cen ter line and fuel sur face in the hot
chan nel. The tem per a ture pro files in the hot chan nel
pre sented in fig. 4(c) are sim i lar in shape and be hav ior
to that in the case of the av er age chan nel, which is re -
lated to the ap plied power dis tri bu tion. Gen er ally, in
the hot chan nel, the fuel cen ter line, fuel sur face, and
clad sur face tem per a ture pro files are higher than that
in the av er age chan nel. The dif fer ence be tween the hot 
and av er age chan nels in the tem per a ture lev els of the
fuel el e ment is re lated to the big dif fer ence in the heat
gen er a tion in the two chan nels as men tioned ear lier.  In 
the hot chan nel, the max i mum tem per a tures re corded
at the cen ter line fuel and the fuel sur face are higher at
1756.98 °C and 507.23 °C, re spec tively. Re gard ing
the safety point of view, the max i mum tem per a tures in
the hot chan nel un der these work ing con di tions are

still be low the ther mal limit. Be cause of the as sump -
tion of zero neu tron flux at the bot tom and the top of
the chan nel the tem per a ture of the fuel, the clad, and
the cool ant are equal at these two ends.

CRIT I CAL, LO CAL HEAT FLUX
AND MCHFR

In the nu clear re ac tors, the steady-state power
should be kept at lev els that al low mar gins to pre vent
CHF con di tions. The CPR in BWR re flects the CHF,
which is the ra tio of the CHF to the ac tual heat flux of a
fuel rod. While CHF is re flected in PWR by the DNBR,
which is the ra tio of the CHF (the heat flux re quired to
cause DNBR) to the lo cal heat flux of a fuel rod. These
ra tios take into ac count the phe nom e non's mar gin [42].

The mar gins should be enough to al low for ex -
pected op er a tional in ci dents. The ra tios be tween crit i cal
and ac tual pa ram e ters have many forms such as a min i -
mum crit i cal heat flux ra tio (MCHFR), min i mum de par -
ture from nu cle ate boil ing ra tio (MDNBR), a min i mum
crit i cal chan nel power ra tio (MCCPR), and a min i mum
crit i cal power ra tio (MCPR). These ra tios are much con -
sid ered in the de sign of wa ter-cooled re ac tors.

The CHFR is used here in stead of CPR for three
rea sons: first, the code was orig i nally writ ten for PWR,
and the al go rithms for cal cu lat ing CPR do not ex ist in
the code; sec ond, the MCHFR is given in stead of
MCPR in the data sheet of the tested re ac tor (tab. 1);
third, the CHFR is more con ve nient for plant safety
eval u a tions than the CPR, be cause CHFR val ues can be
de ter mined at re ac tor op er at ing power, whereas CPR
com pu ta tion re quires a search for the crit i cal power
level [43]. As men tioned in the lit er a ture, The MCPR,
which is used as a limit to avoid the oc cur rence of the
dry-out phe nom e non, has a cor re spond ing value of
MCHFR. Typ i cal ther mal de sign lim its pre sented by
US Nu clear Reg u la tory Com mis sion (NRC) stated that, 
MCPR ³ 1.2 is the limit for BWR at 100 % power, and
its cor re spond ing min i mum crit i cal heat flux ra tio is
approximately1.9 [44]. It was also stated that the de sign
ba sis for wa ter-cooled re ac tors is a MDNBR of 1.3 [45].

The CHF which lim its the heat trans fer ca pa bil -
ity of boil ing sys tems, and the ac tual lo cal heat flux are 
cal cu lated. Two CHF cor re la tions were em ployed in
the code (GE and W-3 cor re la tions).

The cal cu lated heat fluxes are pre sented in fig. 5. 
The hot chan nel shows a higher ac tual heat flux com -
pared with the av er age chan nel (curve 1 and 2 in fig. 5
re spec tively) are pre sented to show the reader the dif -
fer ence be tween the chan nels. This dif fer ence is re -
lated to the hot chan nel fac tor (power gen er a tion in
each chan nel). The curve 1 and curve 2 in fig. 5 ap -
pears as iden ti cal at the core end points (bot tom and
top). It does not mean that the two chan nels have the
same value of heat flux at their ends, but the draw ing
scale dis plays them as equal. Be cause the hot chan nel
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pa ram e ters are used to cal cu late CPR, the hot chan nel
must be con sid ered in con cepts of re ac tor safety.

Curves 3 and 4 are CHF pro files along the chan -
nel fuel el e ment cal cu lated us ing GE and W-3 cor re la -
tions, re spec tively.

Curve 3 shows that the CHF ob tained us ing GE
cor re la tion ap pears as a con stant value with height for
the dis tance ap prox i mately half of the chan nel fuel el e -
ment. in the real it is not a con stant, but the vari a tion of
CHF is small in the first half of the chan nel, this vari a -
tion can not be pre sented be cause of the used scale. Af -
ter the first half of the fuel el e ment, the CHF starts to
de crease grad u ally. This is due to the start of the phase
change pro cess, which re sults in an in crease in va por
qual ity. As a re sult, the film va por will cover the sur -
face (par tially or com pletely) and the heat trans fer rate
in that re gion will de crease. The line cd be tween curve
2 and curve 3 rep re sents the po si tion of the min i mum
ra tio be tween the CHF and the lo cal ac tual work ing
heat flux MCHFR. At that po si tion the MCHFR is
2.024. The ob tained MCHFR value is un der the safety
mar gin pro posed by safety reg u la tion and de sign [44].
MCHFR po si tion could be used as an in di ca tor to de -
ter mine the point at which the melt ing phe nom e non in
fuel and clad could oc cur. There fore, the area within
the MCHFR value has a higher prob a bil ity of fuel
dam age com pared to the other ar eas in the fuel el e ment 
it self. Gen er ally, be cause of the higher lo cal heat flux
in the hot chan nel com pared with other chan nels in the
core, the higher prob a bil ity of fuel dam age will be in
the hot chan nel.

Curve 4 (W-3 cor re la tion) rep re sents the ob -
tained CHF pro file ob tained us ing the W-3 cor re la -
tion.  The CHF pro file shows that CHF is not con stant,
it de creases slowly with a dis tance from the bot tom
and then af ter ap prox i mately 70 % of the chan nel
length fuel el e ment length starts to in crease with the
height. The line ab be tween curve 2 and curve 4 rep re -
sents the po si tion of MCHFR. At that po si tion the

MCHFR is 1.77, i. e., the ob tained value of MCHFR is
un der the safety mar gin pro posed by safety reg u la tion
and de sign. There is a clear dif fer ence be tween the two 
pro files of CHF (curves 3 and 4). The vari a tion in the
shape of pro files and their be hav ior leads to a dif fer -
ence in MCHFR val ues (2.024 for GE and 1.7 for W-3) 
and MCHFR po si tion along the chan nel.

The dif fer ences in the value and the po si tion are
re lated to the va lid ity of the W-3 for the re ac tor op er at -
ing con di tions and lim i ta tions such as pres sure, tem -
per a ture, and cool ant con di tions. Among the cool ant
con di tions is the va por qual ity x, the W-3 cor re la tion is
valid for x £ 0.15 in the hot chan nel.

Even though the W-3 re sult is within the de sign
ba sis for wa ter-cooled re ac tors (MDNBR or MCHFR) 
it does not meet the de sign lim its pre sented by the de -
signer of the tested re ac tor (tab. 1)[32]. Be cause the
va por qual ity is greater than the W-3 cor re la tion ap pli -
ca tion limit (va por qual ity limit) the CHF pro file pro -
duced by the W-3 cor re la tion will be de cep tive in
terms of MCHFR value and po si tion of the dray out
phe nom e non. Be cause the va por qual ity is higher in
BWR; x ³ 0.2, the GE cor re la tion was in cor po rated to
the code, mak ing it more suit able for BWR op er at ing
con di tions.

BOT TOM PEAKED POWER
DIS TRI BU TION

The cool ant tem per a ture in the
av er age and the hot chan nel

The cool ant tem per a ture in the av er age and hot
chan nels are pre sented in fig. 6(a). Anal y sis of the pro -
files in fig. 6(a) re veals that, in both chan nels, the cool -
ant tem per a ture starts to in crease grad u ally with height 
un til it has ar rived at its peak of 287 °C at a cer tain
point be fore the half of the chan nel. The 287 °C rep re -
sents the sat u ra tion tem per a ture of the op er at ing pres -
sure. The tem per a ture pro files have the same be hav ior. 
The dif fer ence be tween the two chan nels is in the dis -
tance that needed to be trav eled by the cool ant to reach
the sat u ra tion tem per a ture where the phase change
started. In the hot chan nel, the non-boil ing dis tance is
less than that in the av er age chan nel, thus the time
needed to start the phase change pro cess in the hot
chan nel is lower. There fore, in the hot chan nel, the ra -
tio be tween the boil ing and non-boil ing dis tance along 
the chan nel is big ger. The rea son is re lated to the hot
chan nel fac tor (power level) be cause of the vari a tion
of their po si tions in the core. Fig ure 6(b) rep re sents the 
cool ant enthalpy pro files, the com ments pro vided for
fig. 3(b) are valid for fig. 6(b). The large step of the
abrupt in crease in the enthalpy value in fig. 3(b),
which is not seen in fig. 6(b), is due to the ap plied
power dis tri bu tion. To un der stand the whole pro cess
and the mech a nism of the heat trans fer in the chan nel
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Fig ure 5. Ax ial pro file of crit i cal and lo cal heat flux
dis tri bu tion in the hot and av er age chan nel (steady-state
op er a tion at nom i nal power (co sine peaked power dis tri -
bu tion)



from the fuel el e ment to the cool ant figs. 6(a) and 6(b)
should be con sid ered. As it is men tioned ear lier the ra -
tio be tween the non-boil ing and boil ing re gions de -
pends on many fac tors. Since here only power dis tri -
bu tion was changed, com pared with the pre vi ous case
(co sine dis tri bu tion) the ra tio of the boil ing to
non-boil ing dis tance is big ger in this case. Also, the
time which is needed to start the boil ing pro cess is ex -
pected to be smaller, i. e. the boil ing starts faster. This
can be de duced by the com par i son be tween figs. 3(a)
and 3(b) and figs. 6(a) and 6(b). Fig ure 6(c) shows the
vari a tion of the qual ity with the length, the non-boil ing 
part is pre sented by neg a tive qual ity val ues while
when the bulk boil ing is started the qual ity will have
pos i tive val ues. We have to no tice that, be fore the boil -
ing pro cess starts there is no phase change hap pen

there fore the neg a tive val ues of the qual ity that ap pear
in fig. 6(c) are mis lead ing and could be used as a good
in di ca tor for the non-boil ing length of the chan nel.
Also, the qual ity pro files show the dif fer ence be tween
the hot and the av er age chan nel. Fig ure 6(c) is given
here just as a piece of ev i dence for the dif fer ence in the
heat gen er a tion level in both chan nels and also to show 
the vari a tion of the cool ant den sity with length.

Clad, fuel-cen ter line, and fuel-sur face
tem per a ture in the av er age and the
hot chan nel

Fig ure 7(a) pres ents the dis tri bu tion of the clad
tem per a ture in the fuel el e ments in the av er age and hot
chan nels. The anal y sis of fig. 6(a) re veals that in both
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Fig ure 6. (a) Cool ant tem per a ture dis tri bu tion in the
av er age and the hot chan nel, (b) Cool ant enthalpy
dis tri bu tion in the av er age and hot chan nel, and
(c) Vari a tion of the qual ity along the chan nel in both
chan nels (steady-state op er a tion at nom i nal power
(bot tom peaked power dis tri bu tion)

Fig ure 7. (a) Ax ial tem per a ture dis tri bu tion in the clad -
ding (av er age and hot chan nels), (b) Ax ial tem per a ture
dis tri bu tion in the fuel in the av er age chan nel, (c) Ax ial
tem per a ture dis tri bu tion in the fuel in the hot chan nel
(steady-state op er a tion at nom i nal power (bot tom
peaked power dis tri bu tion)



chan nels (av er age and hot) the clad ding tem per a ture
in creases with height ar riv ing at the max i mum val ues
(330.09 °C and 378.7 °C, re spec tively) then de creases
grad u ally ar rived to value near the out let cool ant tem -
per a ture Tout. The po si tion of the max i mum tem per a -
ture in the clad sur face is re corded at the dis tance be -
fore the half of the chan nel (fuel el e ment). The
dif fer ence in the po si tion of the two chan nels is a rea -
son for the big dif fer ence be tween the ob tained pro -
files. The clad tem per a ture dis tri bu tion in both chan -
nels is sim i lar to the ap plied power dis tri bu tion. The
tem per a tures of clad ding and the cool ant at the in let
and out let are matched this is be cause of the ap plied
power dis tri bu tion as men tioned ear lier (the power is
zero at the chan nel ends).

Fig ure 7(b) shows the tem per a ture pro files at the
cen ter line fuel and fuel sur face in the fuel el e ment in
the av er age chan nel. The fuel cen ter line tem per a ture
pro file shows that the tem per a ture in creases grad u ally
with the dis tance ar rived at its max i mum (1507.52 °C)
at the dis tance be fore the half of the chan nel, then de -
creases grad u ally with the dis tance ar rived nearly to
the out let cool ant tem per a ture (287.64 °C).  While in
the case of the fuel sur face, the tem per a ture pro file has
the same shape and be hav ior as that for the cen ter line,
but the max i mum tem per a ture re corded along the fuel
sur face is much lower (499.25 °C). The two pro files
have a sim i lar shape as that for the ap plied power dis -
tri bu tion (bot tom peaked). Two pro files matched the
cool ant tem per a ture at the in let and out let. Fig ure 7(c)
shows the ob tained pro files of the cen ter line and sur -
face fuel tem per a ture in the fuel el e ment in the hot
chan nel. The pro files have the same shape and be hav -
ior as that of the ap plied power dis tri bu tion, fig. 2. The
tem per a ture pro file at the fuel-cen ter line shows that
the tem per a ture in creases grad u ally reach ing its max i -
mum tem per a ture (1896.49 °C) at a cer tain point be -
fore half of the fuel ax ial height, then de creases grad u -
ally with dis tance reach ing the out let tem per a ture of
the cool ant. The tem per a ture pro file at the Fuel sur face 
has a sim i lar ten dency to that for the fuel-cen ter line,
but gen er ally, the re corded tem per a ture on the fuel sur -
face is lower, thus the max i mum tem per a ture re corded
on the fuel sur face is much lower com pared with that
in the fuel-cen ter line (551.11 °C). Fig ures 7(a)-7(c).
7(c) show that at the chan nel in let and out let, the cen -
ter line, fuel sur face, and clad tem per a ture are matched
the cool ant tem per a ture the rea son is men tioned early.

Crit i cal, lo cal heat flux, and MCHFR

The ob tained heat fluxes are pre sented in fig. 8,
Curve 1 and 2 rep re sent the ac tual heat flux q"

ac tual dis -
tri bu tion in the av er age and hot chan nel re spec tively.
Even fig. 8 shows that the curves are iden ti cal at the
chan nel in let and out let, the used scale showed them
equally be cause the dif fer ence is not big at these ends

point, while as we moved from both sides to ward the
cen ter the dif fer ence is in crease with dis tance. For
both av er age and hot chan nel, the max i mum value of 
q"

ac tual re corded at the same po si tion where the max i -
mum fuel and clad tem per a tures were re corded.

As in Curve 4 (GE cor re la tion), The ob tained
CHF ap pears as con stant val ues from chan nel in let to a 
cer tain dis tance along with the fuel el e ment, be cause
its vari a tion is small in the first half of the chan nel,
again the rea son is the used scale. Ap prox i mately, af ter 
the first half of the fuel el e ment, the CHF starts to in -
crease grad u ally, as it is over men tioned. The line cd
rep re sents the po si tion of the min i mum ra tio be tween
the CHF and the lo cal heat flux (MCHFR). The
MDNBR 1.99. The ob tained value of MCHFR is will
with the limit pro posed by safety reg u la tion and de -
sign.

In Curve 3 (W-3 cor re la tion), the ob tained CHF
pro file shows that the CHF de creases grad u ally with
dis tance from the bot tom and then be gins to in crease
grad u ally with dis tance af ter ap prox i mately half of the
chan nel length. The line ab rep re sents the po si tion of
the min i mum ra tio be tween the CHF and the lo cal heat
flux (MDNBR). The MCHFR is 1.50.

The clear dif fer ence be tween GE and W-3 cor re -
la tions could be no ticed from the shape of the ob tained
CHF pro files and their be hav ior (curve 4 and 3). This
dif fer ence leads to a dif fer ence in the val ues of
MDNBR (1.99 for GE and 1.50 for W-3) and their po -
si tion along with the fuel el e ment, the rea son is men -
tioned above. The com ments made about the re sults of
the W-3 and GE cor re la tions in the case of cos power
peaked are also ac cept able here.

The com par i son be tween fig. 5 and fig. 8 shows
the in flu ence of power dis tri bu tion on the ac tual and
CHF hence on MCHFR value and its po si tion in the
fuel el e ment. There fore, the power dis tri bu tion is an
im por tant pa ram e ter for ther mal-hy drau lic anal y sis,
de sign, and de ter mi na tion of the ther mal lim its for
clad ding and fuel i. e., the over all ther mal-hy drau lic
per for mance.
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Fig ure 8. Ax ial dis tri bu tion of crit i cal and ac tual lo cal
heat flux in the hot and av er age chan nel (steady-state op -
er a tion at nom i nal power, bot tom peaked power dis tri -
bu tion)



The de pend ency of CHFR dis tri bu tion and
MCHFR po si tion on the power dis tri bu tion and the cor -
re la tion used for cal cu lat ing the CHFR can be de duced
from fig. 9(a,c) and fig. 9(b,d) re spec tively. Be cause of

the ef fect of in creas ing fluid enthalpy on de creas ing
CHF, the min i mum oc curs down stream from the max i -
mum heat flux po si tion (fig. 5, fig. 8, and fig. 9(b,d). Be -
cause of the high va por qual ity is cre ated in BWR, the
GE cor re la tion re sult is more re li able than the W-3 cor re -
la tion re sult.

Ta ble 2 is in tro duced to re lays the in flu ence of
the power dis tri bu tion on max i mum fuel, clad ding,
cool ant tem per a ture, and MCHFR val ues. Also, the
data of the ref er ence re ac tor is in tro duced to see the de -
vi a tion of the ob tained re sults.

IN FLU ENCE OF FLOW RATE AND POWER
VARI A TIONS ON TEM PER A TURES AND
MDNBR VALUE

The in ves ti ga tion of the in flu ence of the power
and the mass-flow vari a tions on the fuel (cen ter and
sur face) and clad ding tem per a ture and MCHFR was
done for two cases un der the as sump tion of steady-
state re ac tor con di tions. In the first case, the power and 
the cool ant mass-flow rate were changed by the same
per cent age re gard ing their nom i nal val ues tab. 1. In
the sec ond case, the power was changed and the mass
flow rate was kept con stant. The tem per a tures and
MCHFR were cal cu lated un der those con di tions.

Ta ble 3 rep re sents the ob tained re sult of the first
case. The re sults re vealed the tem per a tures are de -
creas ing in both av er age and hot chan nels when the
power and mass-flow rate are de creas ing with the
same per cent age, how ever, the MCHFR is in creas ing.
This is be cause the de crease in the power us ing con trol 
rods or other ab sorb ers leads to a de crease in fis sion re -
ac tion rate in fuel, i.e. the ther mal power gen er a tion
from the fuel de crease hence the clad tem per a ture will
de crease and the ac tual lo cal heat flux de crease as con -
se quence. It is also true when the mass-flow de crease,
the cool ant den sity is changed faster, lead ing to a de -
crease in the mod er a tion rate, there fore the fis sion re -
ac tion rate will be de creased i. e., power gen er a tion de -
creases, hence the ac tual heat flux de creases. While
un der the as sump tion of con stant core op er at ing pres -
sure, the cool ant tem per a ture stays a con stant equal to
the sat u ra tion tem per a ture as the phase change is
started as men tioned ear lier. It is ex pected that the vari -
a tion of power and the mass-flow rate have an in flu -
ence on the boil ing and non-boil ing re gion dis tance
along chan nel and time needed for the cool ant to reach 
its max i mum tem per a ture sat u ra tion tem per a ture of
the op er at ing pres sure. It should be noted the power
level can be in creased dur ing nor mal op er a tion eas ily
by in creas ing the cool ant flow rate. Thus, the steam
will be de creased in the core giv ing greater mod er a -
tion and a higher ther mal neu tron flux. The in creased
heat out put causes more steam to be pro duced, and the
re ac tor set tles down to a new, higher, power level [38].
The small dif fer ence that ap pears in sat u ra tion tem per -

E. Hutli, et al., Ther mal-Hy drau lic Anal y sis of Light Wa ter Rec tors Under ...
270 Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2022, Vol. 37, No. 4, pp. 259-275

Fig ure 9. In flu ence of ax ial power dis tri bu tion and the
ap plied cor re la tion on CHFR dis tri bu tion in the hot
chan nel; (a, b) CHFR in co sine peaked power dis tri bu -
tion case; (c, d) CHFR in bot tom, peaked power dis tri bu -
tion case ((b) and (d) are anlarging the bot tom parts of
the CHFR curves in (a) and (c), re spec tively)



a ture re corded val ues could be re lated to the ac cu racy
of the code. Ta ble 4 rep re sents the re sults of the sec ond 
case, in this case, the power was changed and the
mass-flow rate and op er at ing pres sure were kept con -
stant, de creas ing in the power level leads to a de crease
in the tem per a ture in the av er age and the hot chan nel
and in creas ing in MCHFR val ues, the rea son is over
men tioned.

Fig ure 10(a) and fig.10(b) graph i cally show the
in flu ence of both power level and mass flow rate on
the fuel, clad tem per a tures, and the MCHFR re spec -
tively at steady-state op er at ing con di tions. The in flu -
ence of the power level was tested at 100 %, 75 %, and
50 % of the nom i nal value of the mass flow rate. For
each mass flow rate, the power was in creased slowly to 
see its in flu ence on MCHFR. In all cases, as power is
in creased, the CHFR is de creased. Ac cord ing to the
typ i cal ther mal de sign lim its pre sented by the US Nu -
clear Reg u la tory Com mis sion (NRC) for a 100 %
mass flow rate and 100 % nom i nal op er at ing power,
the MCHFR is within ther mal-hy drau lic limit [44].
While  for 100  %  mass  flow  rate it is found  that  the
110 % and 115 % op er at ing power are al low able
power for fuel tem per a ture but MCHFR is less than
1.9. How ever, for a 75 % mass flow rate with 80 % and
85 % nom i nal power re spec tively the MCHFR is with
the limit, then the MCHFR is started to be lower than
the ther mal-hy drau lic limit. In the case of 50 % mass
flow rate with all test ing power lev els the MCHFR is
big ger than the limit.   As a re sult, un der the pro posed

E. Hutli, et al., Ther mal-Hy drau lic Anal y sis of Light Wa ter Rec tors Un der ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2022, Vol. 37, No. 4, pp. 259-275 271

Ta ble 2. The in flu ence of power shape on the max i mum tem per a ture of the fuel cen ter line and the clad outer sur face in the
hot chan nel, as well as the MCHFR value

Pa ram e ter
Power dis tri bu tion

Tested re ac tor Melt ing tem per a ture [°C]
Co sine peaked Bot tom peaked

Cool ant tem per a ture [°C] (av er age chan nel) 287.64 287.64 286

Clad max i mal tem per a ture [°C] 367.173 378.7 – 1850 °C  [39]

Fuel cen ter line temperature [°C] 1756.98 1896.49 1829 2878 ± 20 °C [40]

MCHFR 2.024 (GE)
1.77 (W-3)

1.992 (GE)
1.501 (W-3) 1.9

Ta ble 3. In flu ence of vari a tions of flow rate and power on tem per a tures and MCHFR (bot tom peaked)

Flow rate Power
Av er age tem per a ture [°C] Max i mum tem per a ture [°C]

MCHFR
Cool ant Clad Fuel-cen ter line Clad Fuel-cen ter line

115 115 287.15 390 1776.94 391.3 2235.43 1.5921

100 100 287.18 330.9 1507.52 378.7 1896.49 1.99

85 85 287.20 302.4 1377.84 366.1 1733.27 2.5323

70 70 287.23 258.1 1175.99 353.4 1479.35 3.0038

50 50 287.26 199.0 906.79 336.5 1140.70 3.0917

25 25 287.28 125.1 569.99 370.5 717.03 7.1138

Ta ble 4. In flu ence of vari a tions power on tem per a tures and MCHFR at a nom i nal op er at ing flow rate (bot tom peaked)

Flow rate
[%]

Power
[%]

Av er age tem per a ture [°C] Max i mum tem per a ture [°C]
MCHFR

Cool ant Clad Fuel-cen ter line Clad Fuel-cen ter line

100

115 287.15 390 1776.94 391.2 2241.05 1.29

100 287.18 330.9 1507.52 378.7 1896.49 1.99

85 283.82 305.0 1377.84 366.11 1733.3 2.7

70 283.31 258.1 1175.99 353.38 1479.31 3.3129

Fig ure 10. (a) In flu ence of power level on fuel (cen ter line
and sur face) and clad sur face tem per a ture in the av er age 
and hot chan nel, (b) In flu ence of power level and mass
flow rate on MCHFR value. (Cal cu la tions were done un -
der steady state op er a tion – bot tom peaked power dis tri -
bu tion)



op er at ing power (3579 MW), the nom i nal mass flow
rate is suf fi cient to pro vide ad e quate cool ing for the
tested re ac tor core. while for 75 % and 50 % of nom i -
nal mass flow rate the op er at ing power must be de -
creased and ex treme care is needed to en sure the
proper cool ing is ex ist ing.

IN FLU ENCE OF POWER AND MASS
FLOW ON PRES SURE DROP

To un der stand the de pend ency of the pres sure
drop across the hot and av er age chan nels on the power
level and mass-flow rate the cal cu la tions were done
un der the dif fer ent val ues of op er at ing power and dif -
fer ent value of mass flow rate for study state con di -
tions. The ob tained re sult is pre sented in tab. 5 and rep -
re sented graph i cally in fig. 11. As cool ant is forced
up wardly through a fuel bun dle, there is a pres sure
drop. A por tion of this pres sure drop oc curs at the bot -
tom non-boil ing por tion of the re ac tor is the sin -
gle-phase pres sure drop. The re main ing por tion of the
pres sure drop that oc curs in the up per boil ing por tion
of the fuel bun dle is a two-phase pres sure drop por -
tion. The two-phase flow pres sure drop is higher than
that of sin gle-phase flow and more com pli cated to cal -
cu late it.

In the boil ing wa ter re ac tors, the pres sure drop is
an im por tant pa ram e ter for re ac tor safety, where both
ther mal-hy drau lic in sta bil ity and cou pled nu clear-
ther mal-hy drau lic in sta bil ity are sen si tive to the ra tio
of the sin gle-phase pres sure drop to the two-phase
pres sure drop in the fuel bun dle.

In the lit er a ture, it is men tioned that the ther -
mal-hy drau lic in sta bil ity and cou pled nu clear ther mal
hy drau lic in sta bil i ties can be re duced by de creas ing
the two-phase flow pres sure drop rel a tive to the sin -
gle-phase flow pres sure drop [46].

Fig ure 11 graph i cally shows the in flu ence of
both power and mass-flow rate on the pres sure drop.
One can no tice that as the op er at ing power is in creased 
and mass flow was kept con stant, the pres sure drop is
in creased. For the same op er at ing power, the pres sure
drop de creases with de creases in mass-flow. By in -
creas ing the power and keep ing the mass-flow rate
con stant, the length of the boil ing re gion in the chan nel 
is in creased means that the non-boil ing re gion in the
chan nel will be de creased. Thus, we have long dis -
tance (length) with two phases there fore the two-phase 
pres sure drop will in crease. It means that as the power
is in creased the ra tio of the two-phase flow pres sure
drop to the one-phase flow pres sure drop is in creased.
Re gard ing the mass-flow, when the op er at ing power is 
kept con stant, the pres sure drop de creases as the
mass-flow de creases.

CON CLU SIONS

The re sults ob tained for the tested model BWR/6 
re ac tor us ing the MITH one-di men sional ther mal-hy -
drau lic com puter code show that there is very good
agree ment be tween the com puter code and the data of
the ex ist ing BWR/6 core's gen eral de sign de scrip tion.

The av er age and hot chan nel ax ial heat flux dis -
tri bu tions are shown. There are some ther mal-hy drau -
lic lim its pre sented. The ap plied power shape dic tated
the ax ial flux dis tri bu tion. The ra dial peak ing fac tor
was used as in put data for the hot test chan nel in the
core. The CHFR is cal cu lated along the chan nel us ing
two CHF cor re la tions. When all other pa ram e ters are
held con stant, the value of MCHFR and its po si tion
along the chan nel are de ter mined by the power dis tri -
bu tion. To de ter mine the on set MCHFR value and po -
si tion, the proper cor re la tion is re quired. Be cause of
the high va por qual ity in BWR, the GE cor re la tion re -
sult is more re li able than the W-3 re sult.

It's found that the 110 % and 115 % op er at ing
power are al low able power for fuel tem per a ture and
not al low able for MCHFR limit 1.9. It's found that the
75 % mass flow rate the max i mum op er at ing power
should ex ceed 80 % and 90 % of nom i nal op er at ing
power to have MCHFR within the limit 1.9. In the case
of 50 % mass flow rate with all test ing power lev els the 
MCHFR is over the limit. Hence, it is shown that the
MCHFR is the gov ern ing fac tor in de ter min ing the
max i mum op er at ing power and min i mum mass flow
rate. The pres sure drop de pends mainly on the op er at -
ing power and mass flow rate. As a re sult of this study,
it is con cluded that the com puter code MITH is re li -
able and can be ap plied, with fairly a good de gree of
con fi dence, to eval u ate the ther mal-hy drau lic per for -
mance of ex ist ing BWR cores.
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Fig ure 11. In flu ence of power level and mass flow rate on
core pres sure drop. (Cal cu la tions were done un der
steady-state op er a tion – bot tom peaked power dis tri bu -
tion)

Ta ble 5. In flu ence of power and mass flow on pres sure
drops (bot tom peaked)

Power [%]

Cool ant

100 [%] 75 [%] 50 [%]

DP [Psi] DP[Psi] DP[Psi]

115 8.4224 7.1599 6.4505

100 8.1221 6.875 6.0459

85 7.6667 6.7175 5.4822

70 7.3274 6.5 5.2776



The good agree ment be tween the ob tained re sult 
and the data of the ref er enced re ac tor dem on strates the
code's va lid ity and ef fi ciency (BWR-GE). The com -
par i son of the code re sults and the data from the ref er -
enced re ac tor re vealed good agree ment with mi nor
dis crep an cies, which could be ex plained by dif fer -
ences in the rel e vant phys i cal pa ram e ters used in each
method of cal cu la tion. In ad di tion, we can en sure that
all safety-re lated ther mal-hy drau lic pa ram e ters are
within the ther mal de sign lim its for steady-state op er -
at ing con di tions. As a con se quence, the BWR (GE) re -
ac tor is safe to op er ate un der the pre vi ously men tioned 
tested op er at ing con di tions and re mains within the
ther mal de sign lim its.
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TERMALNOHIDRAULI^NA  ANALIZA  LAKOVODNOG
REAKTORA  U  STABILNIM  RADNIM  USLOVIMA

Prvi deo ‡ reaktor sa kqu~alom vodom

U radu je prikazana termohidrauli~na analiza stacionarnog stawa BWR/6 jezgra
reaktora sa kqu~alom vodom pri nominalnim radnim uslovima. BWR/6  reaktor proizvodi
Xeneral Elektrik ‡ SAD. Ciq analize je da se margina termi~ke sigurnosti odr`i pod kontrolom
i integritet jezgra netaknut u uslovima stabilnog rada. Ispitani su uticaji radnih uslova:
raspodela snage, nivo snage i protok mase rashladne te~nosti na performanse predlo`enog jezgra.
U tu svrhu kori{}en je MITH jednodimenzionalni kompjuterski kod. Pouzdanost koda proverena je
kori{}ewem ben~marka ‡ Xeneral Elektrik reaktora od 3579 MW. Testirani su dvokanalni
modeli, prose~an i vru} kanal. Termohidrauli~ni parametri, kao {to su sredi{wa linija goriva,
povr{ina goriva, spoqa{wa povr{ina omota~a, temperatura hladioca, kriti~ni i stvarni
lokalni toplotni tok, odstupawe i kriti~an i minimalno kriti~an odnos toplotnog fluksa i pad
pritiska, proceweni su du` testiranih kanala. Odre|ene su tem per a ture, kao i stvarni i kriti~ni
profili raspodele toplotnog fluksa. Radni uslovi koji su ispitivani imali su zna~ajan uticaj na
ove parametre, tako|e i na termohidrauli~ne performanse. Dobijeni rezultati su u dobroj
saglasnosti sa podacima testiranog jezgra i nalaze se vaqano u granicama sigurnosti. Dobro
slagawe izme|u podataka o testiranom reaktoru i prora~una MITH koda koji se ti~u reaktora,
pokazuje pouzdanost metodologije analize iz termohidrauli~ne perspektive.

Kqu~ne re~i: gorivo, ko{uqica, hladilac, snaga, toplotni fluks, minimalno kriti~an odnos
.........................toplotnog fluksa


