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The ther mal-hy drau lic study pre sented here re lates to a chan nel of a nu clear re ac tor core. This 
chan nel is de fined as be ing the space be tween two fuel plates where a cool ant fluid flows. The
flow ve loc ity of this cool ant should not gen er ate vi bra tions in fuel plates. The aim of this
study is to know the dis tri bu tion of the tem per a ture in the fuel plates, in the clad ding and in
the cool ant fluid at the crit i cal ve loc i ties of Miller, of Wambsganss, and of Cekirge and Ural.
The ve loc ity ex pres sions given by these au thors are func tion of the ge om e try of the fuel plate,
the me chan i cal char ac ter is tics of the fuel plate’s ma te rial and the ther mal char ac ter is tics of the 
cool ant fluid. The ther mal-hy drau lic study is made un der steady-state; the equa tion set-up of
the ther mal prob lem is made ac cord ing to El Wakil and to Delhaye. Once the equa tion set-up
is val i dated, the three crit i cal ve loc i ties are cal cu lated and then used in the cal cu la tions of the
dif fer ent tem per a ture pro files. The av er age heat flux and the crit i cal heat flux are eval u ated
for each crit i cal ve loc ity and their ra tio re ported. The rec om mended crit i cal ve loc ity to be
used in nu clear chan nel cal cu la tions is that of Wambsganss. The math e mat i cal model used is
more pre cise and all the phys i cal quan ti ties, when us ing this crit i cal ve loc ity, stay in safe mar -
gins.
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IN TRO DUC TION 

Fuel plates are typ i cally used in light wa ter nu -
clear re ac tors with low op er at ing tem per a tures. The
study pre sented here deals with a ther mal-chan nel of a
nu clear re ac tor core. This chan nel is de fined as the
space be tween two fuel plates where the cool ant flows
in or der to re move heat. To ex tract this heat and to
avoid dis turb ing the in teg rity of the fuel, which is a cri -
te rion of nu clear safety, we have to know the tem per a -
ture dis tri bu tion in the fuel, in the fuel clad ding and in
the cool ing fluid. In fact the flow is sum ma rized in the
flow of wa ter be tween two flat plates with a given ve -
loc ity. Cal cu la tion of this ve loc ity is based on two cri -
te ria: the first is the vis i bil ity and the sec ond the crit i cal 
ve loc ity which should not be reached. The first ex pres -
sion for the crit i cal ve loc ity was es tab lished by Miller 
[1], it is given ac cord ing to the den sity of the fluid, the
ge om e try of the fuel and Young’s modulus of the ma te -
rial used. An other ex pres sion was es tab lished by
Wambsganss [2], which uses the same vari ables used
by Miller [1] and adds some oth ers to con sider the

math e mat i cal for mu la tion. A third ex pres sion was
pro posed by Cekirge and Ural [3], which is some what
sim pler and does not re quire many cal cu la tions, it con -
sid ers more of a re la tion ship be tween ma te rial and
fluid. Kerboua et al., [4] stud ied the crit i cal ve loc ity
in duced by a po ten tial flow on a plate. They de vel oped
a fi nite el e ment method to model plates and plate sys -
tems with ar bi trary bound ary con di tions sub jected to
forces in duced by the pas sage of a po ten tial fluid flow.
The method used is the hy brid method com bin ing the
fi nite el e ment method with the clas si cal the ory of thin
plates. In this method, the fluid pres sure on the struc -
ture is ex pressed in terms of the in er tia of the fluid of
the Coriolis force and cen trif u gal force. They found
that for low heights of fluid, the clamped-free plate is
most vul ner a ble to rel a tive static in sta bil ity com pared
to the plate clamped-clamped. 

Cui et al., [5] stud ied the vi bra tion and the sta bil -
ity in duced by the flow on a model of fuel el e ment as -
sem blies con tain ing par al lel plates, in or der to solve the
equa tions of the com plex mode-modal. To do this, they
used the method of vari a tion of fre quency. The re sults
are sub ject of the de sign of fuel el e ments for nu clear re -
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ac tors and nu clear safety. Fujimura and Kelly [6] stud -
ied the lin ear sta bil ity of shear flow in sta bil ity be tween
two hor i zon tal par al lel plates. They were able to solve
the eigenvalue prob lem nu mer i cally by us ing the ex -
pan sion method of Chebyshev poly no mi als. They
found that the crit i cal Ray leigh num ber in creases to
two-di men sional dis tur bances with in creas ing
Reynolds num ber. The re sult strongly sup ports the pre -
vi ous sta bil ity anal y sis and in some cases, a dis con ti nu -
ity in the crit i cal wave num ber oc curs due to the de vel -
op ment of two extrema in the limit of neu tral sta bil ity. 

Tang and Paidoussis (2007) [7] treated the dy -
nam ics of a plate sub jected to an ax ial flow on both sur -
faces. They have built a nu mer i cal model rel a tively
sim ple to con trol and mon i tor the vol a til ity of the
post-crit i cal be hav ior of the fluid-struc ture sys tem by
de vel op ing a non lin ear equa tion of mo tion of the plate
us ing the inextensible con di tion. The anal y sis of the dy -
nam ics of the sys tem was per formed in the time do -
main. They found that var i ous fac tors can af fect the dy -
nam ics of the sys tem such as damp ing ma te ri als, the
length of the cur rent seg ment and the vis cous drag.
Hence, they pro posed a model of evo lu tion wake to ex -
plain the phe nom e non of hys ter esis ob served in ex per i -
ments. Michelina and Llewellyn Smith [8] stud ied the
lin ear sta bil ity of N iden ti cal flex i ble plates with bound -
ary con di tions (uni form par al lel flow). Where the flow
vis cos ity is ne glected and the flow around the plates is
as sumed po ten tial. A Galerkin method is used to cal cu -
late the eigenmodes of the sys tem. Their in ter est was
about the ef fects of the num ber of plates and their dis -
tance from the sta bil ity prop erty in the static state. In
this work, we seek to know the de vel op ments of dif fer -
ent tem per a tures and the evo lu tion of the crit i cal heat
flux for each of the three ex pres sions for the crit i cal ve -
loc ity. Such in for ma tion will con trib ute to ex act
dimensioning of the ac tive part of the nu clear re ac tor
core.

THE CON CEPT OF
CRIT I CAL VE LOC ITY

Miller, Wambsganss, and Cekirge and Ural use
the equa tion of con ser va tion of mo men tum of a con -
tin u ous flat plate, elas tic, iso tro pic and built at the lat -
eral sides, sub jected to lon gi tu di nal vi bra tions un der
the ef fect of fluid flow, in com press ible and inviscid on

its faces. The ba sic equa tion of the bend ing of a flat
plate is given by
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where w is the de flec tion of the plate, A0 – the sec tion
out chan nel, A1 – the sec tion of chan nel 1, A2 – the sec -
tion of chan nel 2, t – the time, U – the in put fluid ve loc -
ity, rf – the fluid den sity, rm – the den sity of the ma te -
rial plate, p1– the lo cal pres sure on the face of chan nel
1, p2 – the lo cal pres sure on the face of chan nel 2, D  –
the ri gid ity of the flexion, c – the thick ness of the plate,
and n – the Pois son ra tio.

In fig. 1, front view and right view of the dis po si -
tion of fuel plates are pre sented. In this fig ure Z rep re -
sents the axis of the lon gi tu di nal ar row and X the axis
of the trans verse ar row. In that case, the ar row is ac -
cord ing to the axis X, the eq. (1) be comes
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CRIT I CAL VE LOC ITY
MOD ELS AND EQUA TION SET UP

Miller and Wambsganss build their model based
on a sin gle plate. The dif fer ence be tween the two mod -
els is that the for mer con sid ers only the first or der terms
of the equa tion for ap prox i mat ing the pres sure gra di ent, 
while the sec ond takes into ac count, in ad di tion to the
terms of the first or der, the terms of the sec ond or der.
This is pre sented in the fol low ing two points:
– Miller con sid ers only first or der terms in his study. 

The dis tri bu tion of the cross-sec tion is writ ten as

A w t H w x
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1
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2
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where H is the thick ness of the chan nel. The pres -
sure gra di ent af ter a Tay lor se ries ex pan sion is
given by
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Fig ure 1. Views of the
cross-sec tion of a
fuel  plate as sem bly
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– Wambsganss con sid ers, in ad di tion to the terms of
the first or der, sec ond or der ones
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The model used by Cekirge and Ural is based on
the same as sump tions as those made by Miller and
Wambsganss. The au thors use the ba sic eq. (4) of the
bend ing of flat plates in or der to build a sys tem of par -
tial dif fer en tial equa tions that meets the lin ear ity re -
quire ments and sat is fies the con di tions of the res o lu -
tion by the method of Galerkin. As the flow is
in com press ible and po ten tial, we ob tain the equa tion
of ve loc ity po ten tial in the chan nel i
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RES O LU TION 

Model of Miller and Wambsganss

Miller and Wambsganss used the method of sep -
a ra tion of vari ables by rep re sent ing the ar row as the
prod uct of two func tions, the one de pends on the po si -
tion and the other one de pends on time to ex tract the
first ap pro pri ate fre quency of the plate

w x t x T t( , ) ( ) ( )=y (11)

where T (t) is the gen er al ized co or di nate and y(x) is
the fun da men tal nor mal mode which sat is fies
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where l is a con stant pro por tional to the fre quency of
the struc ture. The method of Galerkin is ap plied by
sub sti tut ing eqs. (7)-(9) and by us ing eq. (11) in eq.
(4).  Af ter in te gra tion, fol low ing x, be tween 0 and a,
we ob tain the equa tion
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Equa tion (12) has to be sta ble, so it is nec es sary
that
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In the case where the terms of the first or der
(work of Miller) are taken into ac count, it is enough to
ver ify just the first con di tion be cause the sec ond one is
al ways in sured be cause N = 0
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With v0, the fluid ve loc ity in the chan nel and a a
con stant de pend ing on the mode of plate fix a tion, on
the ap pro pri ate fre quency and on the width of the
plate. If the sec ond or der is con sid ered, it is nec es sary
to ver ify also the sec ond con di tion on the gen er al ized
co or di nate.
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Us ing eq. (17) to re write the sec ond con di tion
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The crit i cal ar row is de fined by
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where vCR is the crit i cal ve loc ity of Miller and b is
given by
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We also de fine a co ef fi cient of de sign k which is
equal to the ra tio of the crit i cal ar row and the thick ness
of the chan nel

k
H

=
dCR (21)

The new crit i cal ve loc ity given by Wambsganss
is then writ ten

V vCR CR= g (22)
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Model of Cekirge and Ural

To use the model of Cekirge and Ural, one has to
solve eq. 10. To do this, bound ary con di tions must be
used on the ar row, fig. 2, and have to be ver i fied
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where a is the width of the fuel plate. The ar row at the
en trance and at the exit of the chan nel has fi nite val ues
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where b is the length of the chan nel.
The de flec tion can be se lected tak ing into ac -

count the three pre vi ous con di tions, eqs. (24)-(26) as
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where w, k, and wi
0  are the fre quency, the wave num ber 

and a con stant, re spec tively, and i is the com plex num -
ber such that: (i2 = –1). The ve loc ity po ten tial is writ ten 
as
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The bound ary con di tions for the ve loc ity po ten -
tial are
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where U is the fluid ve loc ity, at the chan nel en try, and d 
the chan nel thick ness. fi is writ ten as

f f fi ia ib= + (32)

The pres sure dis tri bu tion be low and above the
chan nel is de ter mined by ap ply ing the Bernoulli equa -
tion
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Sub sti tut ing eqs. (27), (33), and (34) in eq. (4) by 
us ing eqs. (29)-(31), ap ply ing the Galerkin method,
and in te grat ing eq. (4) fol low ing x be tween 0 and a,
one ob tains
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with  l  the  wave  length of  the  per tur ba tion,  k  = 2p/l,
w = 2pC/l, m = rb/rmh, U* = U/C0, C

*= C/C0, C the
wave ve loc ity, C0 = 2(D/rmhb2)1/2, e = d/b and w0 =
=.pC0/b.

For m plates with re cessed edges, we as sem ble
the fol low ing sys tem

Dw0 = 0 (39)

where D is the ma trix of di men sion (m ́  m) and w0 the
modal vec tor of m el e ments

Dw

B

A

A

B

A

A

B

B

A

A

B

A

A

B

0 0

0

0

0

0

0
=

é

ë

ê
ê
ê
ê
ê
ê
ê

ù

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

û

ú
ú
ú
ú
ú
ú
ú

é

ë

ê
ê
ê
ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú
ú
ú
ú

w

w

w

w
m

m

1
0

2
0

1
0

0

.

.

–

(40)

To have a so lu tion that is non-triv ial, it re quires
that the de ter mi nant of this sys tem is zero

det( )D = = - =- -D B D A Dm m m1
2

2 0 (41)

as D1 = B and D2 = B2 – A2

To solve eq. (39), one uses an it er a tive method
and ob tains the ex pres sion for C*
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Fig ure 2. Mode of fix ing of the fuel plate



To cal cu late the dimensionless pa ram e ter C* cor -
re spond ing to the first eigenmode that sat is fies eq.
(41), we have to de ter mine first the wave length l = b/ 2, 
be cause the plate is re cessed on both sides, one has just 
to get the first eigenmode and then do it er a tions on C*
un til the con ver gence of the cal cu la tions.

THER MAL EQUA TION SET UP 

To cal cu late the heat trans fer in a nu clear re ac tor
core chan nel one uses El-Wakil [9] and Delhaye [10]
equa tion set up. This equa tion set up was used by
Khedr [11] and it gave good re sults. The same ap -
proach is ap plied here af ter. At steady state, the heat
gen er ated in the fuel is trans ferred to the cool ant
through the clad. The tem per a ture dis tri bu tion of the
cool ant in the ax ial chan nel (i)
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The dis tri bu tion of the ax ial tem per a ture of the
clad Tc into the chan nel (i) is
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The ax ial tem per a ture dis tri bu tion of the meat, in 
the chan nel I, is
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where Ac is the cross-sec tion of the channel, Am – the
cross-sec tion of the meat, Cp – the spe cific heat of
cool ant, H – the chan nel thick ness, lh – the ac tive
length of the plate or fuel heated chan nel length, mch –
the mass flow, tc – the thick ness of the clad,  tm – the
thick ness of the meat, wm – the width  of the meat, z –
the ax ial lo ca tion of the chan nel which is equal to zero
at the cen ter of the chan nel, and Tf1 – the in let tem per a -
ture based cool ant. We note that the max i mum power
den sity in the chan nel is given by

¢ = ¢q i F i qc a( ) ( ) (46)

As ¢qc is the av er age power den sity base which is
the base power di vided by the vol ume of fuel and F (i)
– the fac tor of nu clear power. The mass flow  mch and
the ve loc ity of the chan nel Vch are given by

m
F W

FPTN
ch

d T f=
r

(47)

V
m

A
ch

ch

f ch

=
r

(48)

where Ach is the trans verse sec tion of the channel,
FPTN  – the to tal num ber of fuel plates, Fd – a fac tor
less than unity (Fd = 0.9), WT – the to tal vol ume flow,
and rf – the den sity of fluid.

HEAT FLUX AND CRIT I CAL
HEAT FLUX IN A CHAN NEL

When flow ing in the chan nel, the wa ter warms
up, thus Tf in creases as well as the tem per a ture of the
clad. If in a point, this last one reaches the value Tsat,
bub bles of steam will ap pear:  It is the lo cal boil ing. In
this re gion, the av er age tem per a ture Tf  of the wa ter re -
mains be low Tsat. The first cor re la tion giv ing the heat
flux was es tab lished by Mc Ad ams et al. [12] valid for
low pres sure, less than 0.63 MPa. An other cor re la tion
was given by Jens and Lottes [13], valid for pres sure
less than 14 MPa. An other cor re la tion valid for high
pres sure was given by Thom [14]. In this study, the
cor re la tion de vel oped by Bergeles and Rohsenow
[15], ap pli ca ble for low pres sures char ac ter is tic of re -
search re ac tors, is used.

Af ter this, the bub bles be come larger in the liq -
uid and unite in a nu cleus gas eous which leaves place
for a liq uid an nu lar flow. This last one aims to dis ap -
pear with the con tin u ous com ing of heat through the
solid wall: there is a dry ing re gion where the burn out
can hap pen, Ber nard [16]. In the area of nu cle ate boil -
ing, if the heat flow ex ceeds a given crit i cal value ¢qcr ,
a steam film is formed on the sur face of the clad and we 
have the phe nom e non of the boil ing cri sis. Typ i cally,
this sit u a tion has to be avoided be cause the heat trans -
fer co ef fi cient falls sharply. The heat pro duced in the
fuel will be badly evac u ated. It fol lows an in crease in
tem per a ture in the core of the plates which can lead to
the fu sion of fuel. The crit i cal heat flux can be cal cu -
lated by the cor re la tion es tab lished by Bernath [17]
valid for high pres sure and high fluid ve loc ity. For low
pres sure and low fluid ve loc ity, the cor re la tion of Sudo 
et al. [18] is rec om mended. One can find in the lit er a -
ture more cor re la tions. In this work two cor re la tions
will be used, the one of Mirshak et al. [19] and that of
Labunstov [20]. The ex pres sions giv ing the heat flux
and the crit i cal heat flux are pre sented in tab. 4.

The crit i cal heat flux ra tio is the ra tio of the crit i -
cal heat flux and the heat flux in the core. The mar gins
of nu clear re ac tor safety re quire that this ra tio should
at least be equal to 1.3 for proper re ac tor op er a tion.
The ra tio of the crit i cal heat flux or RFTC is given by

RFTC
q i z

q i z
=

¢

¢
cr ( , )

( , )
(49)

This ra tio al lows know ing the sit u a tion with re -
spect to the risk of burn out. It passes through a min i -
mum at a crit i cal height. In deed, it must be, held far
enough from the boil ing cri sis that could dam age the
fuel plates.

AP PLI CA TION AND RE SULTS

To know the ther mal hy drau lic per for mance, of a 
nu clear re ac tor whose flow is driven at a crit i cal ve loc -
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ity, an ap pli ca tion is made for a 10 MW nu clear re ac -
tor, the di men sions and char ac ter is tics of this nu clear
re ac tor are given in tab. 1 from TECDOC-233 [21].

One will plot the tem per a ture pro files to see how the
changes are in the fluid tem per a ture at the exit of the
nu clear re ac tor core and the lim its of the tem per a ture
of the clad ding, this on one hand. On the other hand,
we check the limit of the crit i cal flow for the proper
func tion ing of the nu clear re ac tor core. In tabs. 2 and
3, the bind ing modes of the plates and the prop er ties of
the clad ding ma te rial are pre sented.

FLUX CAL CU LA TION AT THE
ON SET OF NU CLE ATE BOIL ING AND
CRIT I CAL HEAT FLUX

To check the safety of the nu clear re ac tor core
from the ONB, On set of nu cle ate Boil ing, it is nec es -
sary to cal cu late the crit i cal flux and the av er age flux.
In tab. 4, the val ues of av er age heat flux and crit i cal
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Ta ble 1. Di men sions and char ac ter is tics of the 10 MW nu clear re ac tor, TECDOC-233 (1980) [21]

Property 10 MW Property 10 MW

No. of standard fuel elements (SFE) 23 No. of plates in SFE 23

No. of control fuel elements (CFE) 5 No. of plates in CFE 17

Channel heated width [cm] 6.64 Plate total length [cm] 62.5

Channel heated width [cm] 6.3 Channel thickness [cm] 0.219

Fuel plate heated length [cm] 60 Clad thickness [cm] 0.038

Core inlet temperature [°C] 38 Meat thickness [cm] 0.051

Core exit pressure (bar absolute) 1.566 Radial power factor 1.78

Clad thermal conductivity [Wm–1°C–1] 180 Axial power factor 1.4

Meat thermal conductivity [Wm–1°C–1] 53.6 Total core flow [mh–1] 1000

Channel velocity [ms–1] 2.97

Ta ble 2. Con stant de pend ent bind ing mode [1]

Deflection Longitudinal Transverse

Edge fixies a b a b

Pinned 2.03 0.409 2.5 0.616

Fixed 10.42 0.414 15.1 0.814

Cantilever 0.258 0.450 – –

Ta ble 3. Prop er ties of the ma te rial [1]

Type of cladding
material Characteristics

Aluminum alloy of
nuclear grade

Young's modulus [GPa] 100

Poisson coefficient 0.34

The density [kgm–3] 20×103

The design coefficient 0.5

Ta ble 4. Flux val ues cal cu lated and those given in TECDOC-233 (1980) [21]

Flux Correlation 10 MW

Qav [Wcm–2]

The correlation of Bergles and Rohsenow:

Q

T T
FQ

p

p

av

sat f
av

=

- +
æ

è

ç
ç

ö

ø

÷
÷

×

1 1 156

2165

9

923

2 1

0 0284

.
.

.

0 1005 FrL W

V HC W

F

h
mh

ch pr e

+

It er a tive com pu ta tion (fixed point method)

Present
study
32.11

Ref.
[21]:
35.9

Qcr [Wcm–2]

Tsat = 100 °C
Tfl = 38 °C
P = 1 bar

The correlation of Mirshak et al.

Q
V T T

cr
ch sat f=

+ + - +151 1 001112 1 000914 1 00001( . ) [ . ( )]( . 9

1
276

1 001112 1 00009

P

L W

V HC FdW
V Pm

)

.
( . ) ( . )- + +h

ch p t
ch

r

Present
study

247.91

Ref.
[21]:
266

The correlation of Labuntsov

Q

P
V

P

C T
ch

cr

p sa

=

+
æ

è

ç
ç

ö

ø

÷
÷

+1455 1
25

1
1512 0 25

. ( )
.

( )

. (
.

q
q

t f1-é

ë
ê

ù

û
ú

- +
é

ë
ê
ê

ù

û
ú
ú

T

P

P
V

P
ch

)

. ( )
.

( )

.

.

l

q
q

0 5

2 0

1455 1
25

25

0 5

0

151 20

099531

.

( ) .

.

C

P

L W

V HC W

P P

mp h

ch pl r

q

e

æ

è

ç
ç

ö

ø

÷
÷

= .

.

33

1 33

1-
æ

è
ç
ç

ö

ø
÷
÷

P

Pcr

Present
study

348.57

Ref.
[21]:
353



heat flux in the chan nel are cal cu lated us ing dif fer ent
cor re la tions for the 10 MW re ac tor. These fluxes are
cal cu lated us ing the same ve loc ity chan nel given in
tab. 1 and the ob tained re sults are com pared to those
given in Tecdoc-233 [21].

The av er age flux dif fer ence be tween this study
and ref er ence [21] is of the or der of 10.7%. The crit i cal 
heat flux cal cu lated with the cor re la tion of Mirshak
gives a rel a tive dif fer ence of about 6.8% com pared to
the ref er ence [21] and for the cor re la tion of Labuntsov
the dif fer ence is about 1.25%. The ob tained re sults are
ac cept able com pared to those given in ref er ence [21].
Once this val i da tion is done, the three crit i cal ve loc i -
ties are cal cu lated, in the case of the 10 MW nu clear re -
ac tor, and pre sented in tab. 5.

TEM PER A TURE PRO FILES AT
CRIT I CAL VE LOC I TIES 

The tem per a ture pro files cal cu lated us ing the
three crit i cal ve loc i ties are pre sented in figs. 3-5.

Fig ure 3 shows the tem per a ture pro file of the
cool ant in the chan nel for the three val ues of the crit i -
cal ve loc ity, that of Miller, that of Wambsganss and
that of Cekirge and Ural. In the three cases, we no tice
that  the  in let  fluid  tem per a ture  is  40 °C  and  it  is
con stant for the three cases. The tem per a ture of the
fluid in creases along the chan nel. The tem per a ture of
the fluid at the exit of the chan nel is re spec tively:
44.781 °C us ing Miller crit i cal ve loc ity, 45.976 °C us -
ing Wambsganss crit i cal ve loc ity and 50.566 °C us ing
Cekirge and Ural crit i cal ve loc ity. It is clear that the
out let tem per a ture of the cool ant us ing the crit i cal ve -

loc ity of Cekirge and Ural ex ceeds that of Miller and
that of Wambsganss.

In fig. 4 the pro files of the tem per a ture in the clad 
for the three crit i cal ve loc i ties are pre sented. The cal -
cu lated tem per a tures of the clad at the en trance of the
chan nel us ing the crit i cal ve loc ity of Miller, that of
Wambsganss and that of Cekirge and Ural are  51.021
°C, 50.96 °C, and 50.721 °C, re spec tively, the clad
tem per a ture in creases un til a max i mum value for the
three cases. The peak val ues us ing the crit i cal ve loc ity
of Miller and the one for Wambsganss are  93.851 °C
and 94.229 °C, re spec tively, lo cated at 1.25 cm from
the cen ter of the chan nel and 95.749 °C lo cated at 2.5
cm from the cen ter of the chan nel when us ing Cekirge
and Ural crit i cal ve loc ity. The very hot point of the
chan nel is sit u ated at these peaks. One ob served that
the peak tem per a ture moves to ward the cen ter of the
chan nel when the fluid ve loc ity in creases. So we can
say that the peak po si tion is in versely pro por tional to
the ve loc ity of the cool ant. Af ter these peaks, the tem -
per a ture of the clad, for the three crit i cal ve loc i ties, de -
creases un til the exit of the chan nel and the val ues are:
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Ta ble 5. Cal cu lated crit i cal velocities

The power of the core 10 MW

Critical velocities
[ms–1]

Miller Wambsganss Cekirge at Ural

10.48 8.38 4.78

Fig ure 3. Tem per a ture pro files of the fluid at crit i cal 
ve loc i ties

Fig ure 4. Tem per a ture pro files of the clad at crit i cal
velocities

Fig ure 5. Tem per a ture pro files of the meat at crit i cal
velocities



55.834 °C, 56.976 °C, and 61.359 °C, re spec tively, us -
ing crit i cal ve loc ity of Miller, Wambsganss, and
Cekirge and Ural. The last re mark is about the clad
tem per a ture us ing the crit i cal ve loc ity of Cekirge and
Ural: the clad is hot ter be cause of the small est crit i cal
ve loc ity used and then less heat is trans ferred com -
pared to the case when the two other crit i cal ve loc i ties
are used.

In fig. 5 the pro files of the meat tem per a ture for
three crit i cal ve loc i ties are pre sented. At the en try of
the chan nel, the cal cu lated meat tem per a tures are
51.53 °C, 51.478 °C, and 51.24 °C, re spec tively, when
us ing the crit i cal ve loc ity of Miller, that of
Wambsganss and that of Cekirge and Ural. For the
three crit i cal ve loc i ties, the tem per a ture in creases un til 
a max i mum of   96.258 °C and 96.636 °C lo cated at
1.25 cm from the cen ter of the chan nel when us ing  the
crit i cal ve loc ity of Miller and that of Wambsganss, re -
spec tively. In the case of the use of the crit i cal ve loc ity
of Cekirge and Ural, the tem per a ture peak is 98.145 °C 
and it is lo cated at 2.5 cm from the cen ter of the chan -
nel. The three peaks are the points where the meat is
very hot.  It is found, as for the clad tem per a ture that
the peak tem per a ture moves to ward the cen ter of the
chan nel when the fluid ve loc ity in creases. The same
con clu sion as for the clad is made about the pro por -
tion al ity be tween the peak po si tion and the cool ant ve -
loc ity. Af ter these peaks, the tem per a ture de creases in
the chan nel un til the exit and it is 56.353 °C, 57.494
°C, and 61.877 °C, re spec tively, when us ing the crit i -
cal ve loc ity of Miller, that of Wambsganss, and that of
Cekirge and Ural.

In fig. 6 the pro files of the crit i cal heat flux along
the chan nel when us ing the crit i cal ve loc ity of Miller,
that of Wambsganss and that of Cekirge and Ural are
pre sented. The crit i cal heat flux de creases along the
chan nel for all crit i cal ve loc i ties. This is due to the in -
crease of the cool ant tem per a ture along the chan nel.
The crit i cal heat flux pro file cal cu lated us ing the crit i -
cal ve loc ity of Cekirge and Ural is the low est one. Be -
cause of these low est val ues, nu cle ate boil ing can be
achieved and it can eas ily oc cur. When us ing the two

other crit i cal ve loc i ties, the crit i cal heat flux is raised
by about 40% to 50% and en sures a more safe be hav -
ior.

The pro files of the crit i cal heat flux ra tio are pre -
sented in fig. 7 when us ing the three crit i cal ve loc i ties.
The in ter est ing thing in each pro file is the min i mum
crit i cal heat flux ra tio reached. This ra tio is about
23.076, 19.760, and 13.989 when us ing, re spec tively,
the crit i cal ve loc ity of Miller, that of Wambsganss and
that of Cekirge and Ural. These ra tios are sit u ated at
0.625 cm from the cen ter of the chan nel. The three ra -
tio val ues are greater than 1.3, so they are suf fi ciently
far from the boil ing cri sis that could merge the fuel
clad ding plates

CON CLU SIONS

To in crease the cool ant ve loc ity in a chan nel of a
nu clear re ac tor core, us ing fuel plates, one has to choose 
the best crit i cal ve loc ity model. In this work three crit i -
cal ve loc i ties were pre sented, de vel oped and re solved.
The equa tion setup was val i dated on a 10 MW nu clear
re ac tor us ing fuel plates. To see the ef fect of each of the
crit i cal ve loc i ties on the heat trans fer in the chan nel, the
tem per a ture pro files of meat, clad and cool ant were
plot ted. The av er age heat flux and the crit i cal heat flux
were cal cu lated and their ra tio plot ted. The three crit i cal 
ve loc ity mod els are the one of Miller, the one of
Wambsganss, and the one of Cekirge and Ural. By an a -
lyz ing the evo lu tion of the ther mal-hy drau lic quan ti ties
to wards these three ve loc i ties, one sees that by us ing the 
crit i cal ve loc ity of Cekirge and Ural an in crease of the
cool ant tem per a ture is made much higher than with the
other two mod els. This model in creases also the clad
tem per a ture and this pres ents a risk of reach ing the
melt ing point of the clad ding ma te rial. Fi nally, it also in -
creases the risk of hav ing a boil ing cri sis. If the crit i cal
ve loc ity of Miller is used, one is sure that all the quan ti -
ties are safe. The model gives the high est value of the
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Fig ure 6. Crit i cal heat flux pro files at crit i cal velocities

Fig ure 7. Crit i cal heat flux ra tio pro files at crit i cal 
ve loc i ties



crit i cal ve loc ity. This is over-es ti mated be cause of the
math e mat i cal model ne glects the sec ond or der terms as
pre sented. The use of Wambsganss crit i cal ve loc ity is
rec om mended be cause the math e mat i cal model is more
pre cise, it takes into ac count the sec ond or der terms.
One can com pare the re sults ob tained when us ing
Miller’s crit i cal ve loc ity or Wambsganss’s one. For the
cool ant tem per a ture, the rel a tive dif fer ence is about
2.84 %. The rel a tive dif fer ence is less than 1% for the
clad or meat tem per a ture. The ra tio of the crit i cal heat
flux con firms that the Wambsganss crit i cal ve loc ity
main tains all the ther mal-hy drau lic quan ti ties in safe
mar gins.
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Kamel SIDI ALI, Zaki BUDALI, Ra{id SALHI

TERMOHIDRAULI^KO  PONA[AWE  FIZI^KIH  VELI^INA  PRI
KRITI^NIM  BRZINAMA  U  KANALU  JEZGRA  ISTRA@IVA^KOG

NUKLEARNOG  REAKTORA  SA  PLO^ASTIM  GORIVOM

Termohidaruli~ka studija ovde prikazana ti~e se jednog kanala u jezgru nuklearnog
reaktora. Kanal je definisan kao prostor izme|u dve plo~e goriva kroz koji proti~e hladilac.
Brzina strujawa hladioca ne bi trebalo da generi{e vibracije u gorivnim plo~ama. Ciq studije je
da se odredi raspodela tem per a ture u gorivnim plo~ama, u ko{uqici i u hladiocu pri kriti~nim
brzinama koje su definisane u radovima drugih istra`iva~a. Wihovi izrazi za brzine su funkcije
geometrije gorivne plo~e, mehani~kih karakteristika materijala u gorivnim plo~ama i
termi~kih karakteristika hladioca. Termohidrauli~ko prou~avawe obavqeno je za stacionarno
stawe, a osnovne jedna~ine termi~kog problema preuzete su iz odgovaraju}e lit er a ture. Po{to je
sistem jedna~ina potvr|en, tri kriti~ne brzine izra~unate su i potom kori{}ene za prora~un
razli~itih temperaturnih raspodela. Izra~unati su sredwi toplotni fluks i kriti~ni toplotni
fluks za svaku kriti~nu brzinu i prikazani su wihovi odnosi. Odre|ena je kriti~na brzina koju
treba koristiti u prora~unima nuklearnog kanala. Matemati~ki model je dovoqno precizan da sve
fizi~ke veli~ine izra~unate sa ovom kriti~nom brzinom ostaju u sigurnim granicama.

Kqu~ne re~i: nuklearni reaktor, jezgro reaktora, kanal reaktora, gorivna plo~a, kriti~na 
.........................brzina, toplotni fluks


