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a b s t r a c t

The design of a nuclear reactor core requires basic thermal-hydraulic information concerning the heat
transfer regime at which onset of nucleate boiling (ONB) will occur, the pressure drop and flow rate
through the reactor core, the temperature and power distributions in the reactor core, the departure
from nucleate boiling (DNB), the condition for onset of flow instability (OFI), in addition to, the critical
velocity beyond which the fuel elements will collapse. These values depend on coolant velocity, fuel
element geometry, inlet temperature, flow direction and water column above the top of the reactor core.
Enough safety margins to ONB, DNB and OFI must-emphasized. A heat transfer package is used for
calculating convection heat transfer coefficient in single phase turbulent, transition and laminar regimes.
The main objective of this paper is to study the possibility of power upgrading of WWR-S research
reactor from 2 to 10 MWth. This study presents a one-dimensional mathematical model (axial direction)
for steady-state thermal-hydraulic design and analysis of the upgraded WWR-S reactor in which two
types of plate fuel elements are employed. FOR-CONV computer program is developed for the needs of
the power upgrading of WWR-S reactor up to 10 MWth.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

WWR-S reactors a cylindrical tank type, with a nominal thermal
power of 2 MWth and a maximum thermal neutron flux of 2 � 1013

n/cm2s. The reactor is using 10% enriched uranium, UO2 rod-type
fuel enclosed in aluminum clad (EK-10 type). Demineralized light
water is used to moderate, cooled and shield the reactor. The
reactor core is placed 5.145 m below the surface of the reactor tank.
The diameter of the tank is 2.30 m, and its height is 5.685 m [1].
After more than 50 years of operation, the power upgrading is one
of several options under consideration for the relicensing of WWR-
S reactor. As a first step in this study, the behavior of the upgraded
core is examined only for forced convection cooling mode with
down-flow direction during normal operating conditions.

The calculations have been performed considering both average
and hot channels and specifying appropriate nuclear and engi-
neering peaking factors. In order to satisfy the design basis for
uclear Reactors Department,

by Elsevier Korea LLC. This is an
steady-state operation, design limits are established with an
adequate margin to safety limits. The thermal-hydraulic objective
of the design is to safely remove the heat generated in the fuel
without producing excessive fuel temperatures or closing
approaching the critical heat flux. Under steady-state operating
conditions, local boiling should not be reached in any point in the
reactor core. A theoretical model has been developed for steady-
state thermal-hydraulic analysis of power upgrading for WWR-
Sreactorin which two types of plate fuel elements (UAlx-Al, U3O8-
Al) are employed. Table 1 shows the details of fuel element design
characteristics of the MTR plate type fuel elements [2,3]. The cross
section of MTR fuel element view is presented in Fig. 1, where the
important fuel element dimensions are presented. The important
physical properties of light water needed for the calculations are
presented in Table 2 [4].

Research reactors that are cooled and moderated by water are
limited from the thermal point of view, by critical phenomena
leading to boiling crisis and damage in the fuel elements [5,16,17].
Different phenomena can lead to the boiling crisis and they are
considered of importance to define the design criteria. These phe-
nomena relevant to the reactor safety are; Departure from Nucleate
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Table 1
Input values used in the Thermal-hydraulic calculations [2,3].

Reactor type MTR1 MTR2

Fuel enrichment 20% 19.7%
Fuel element UAlx-Al U3O8-Al

Number of elements in the Core:
Standard fuel elements 23 23

Number of fuel plates in fuel element 23 19
Fuel element cross sectional area, mm2 76 � 80 � 600 76 � 80 � 600
Fuel element nozzle diameter, mm 60 60
Fuel element nozzle length, mm 180 180
Clad thickness, mm 0.38 0.40
Fuel meat dimension, mm
Thickness 0.51 0.70
Width 63.0 60.0
Length 600 600

plate dimensions, mm
thickness 1.27 1.50
width 66.4 80
total length 665 670

Water channel dimensions, mm
Water channel thickness 2.238 2.75
Water channel width 66.4 70.0
Channel heated width 63 65.4
Flow direction downward downward

Fuel properties
Fuel density, g/cm3 4.45 8.10
Thermal conductivity, W/m oC 53.6 50.0
Specific heat, J/g K 0.728 1932.86 � Tþ2.14361 � 106

Clad properties
material Al (6061) Al (6061)
clad density, g/cm3 2.70 2.70
Thermal conductivity, W/m oC 180.0 180.0
Specific heat, J/g K 0.892 0.892

Young's modulus of elasticity, bar 0.7306 � 106 0.7306 � 106

Poisson's ratio 0.33 0.33
Water inlet temperature, oC 34 34
Core inlet pressure, bar 1.51 1.51
Temperature rise across core 9.6 9.6

Fig. 1. Sectional view of a standard MTR fuel element (dimensions in cm).

Table 2
The physical properties of light water [4].

Thermal conductivity/m K 0.648
Specific heat, J/g K 4.184
Density, kg/m3 983.2
Dynamic viscosity, kg/s m 4.66 � 10�4

Prandtl number(¼Cpm/k) 3.56
Heat of vaporization, J/g 2204.7
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Boiling (DNB), Onset of Flow Instability (OFI) phenomenon, Low
Flow Burn-out phenomenon (BO) and the critical velocity (Vcrit).
The only non-safety relevant condition for this design is the Onset
of Nucleate Boiling (ONB). The core velocity, thus designed is at the
optimum condition where fuel plates have the maximum margin
against the ONB, DNB and OFI. In the present study, for conservative
results, Dittus and Boelter correlation was selected for the single
phase heat transfer coefficient. For the determination of ONB,
Bergles and Rohsenow correlation was used. The heat flux at OFI
has been computed using bothWhittle and Forgan correlations. For
critical heat flux determination, Labunstov and Mirshak correla-
tions were employed [2,6]. The prediction of the critical velocity
and the maximum nominal coolant velocity are evaluated using
Miller's method [7]. The conservative value of 48 was taken for the
bubble detachment parameter (IAE A-TECDO C-643, 1992) [4].

The main objective of this work is to study the possibility of
upgrading the core power of theWWR-S reactor from 2MWth to 10
MWth. A steady-state FORTRAN program; FOR-CONV for the
thermal-hydraulic calculations have been written. The present
model covers the reactor operation in turbulent flow, extending the
flow regime to laminar, including transition regime. Based on the
calculations of the pressure losses, the optimum core velocity was
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determined. The program calculates the axial distribution of
coolant, clad and fuel meat temperatures, heat flux and core
pressure drop. Also, it uses well-known correlations for calculating
safety parameters andmargins against the critical phenomena such
as the ONB, the DNB and OFI. The program simulates the reactor
core as two channels, an average and a hot channel. Validation and
verification of the calculated results against IAEA 10 MW bench-
mark reactor published in IAEA-TECDOC-233 [2] have been carried
out.

The flow diagram of the primary loop is illustrated in Fig. 2. The
distilled water is circulated by centrifugal pumps and during its
passage through the core its temperature rises from 34 �C to 36 �C.
The heat transfer between the distilled water and themainwater in
the secondary loop takes place in two heat exchangers, each of
which has a surface area ¼ 95 m2. The fission product contamina-
tion of the distilled water is removed by filters containing specially
pretreated cationite, anionite and activated carbon. These filters are
connected into the loop only when fission product activity has been
detected in the distilled water.

2. Overall core theoretical model

2.1. Heat flux

The total desired reactor core thermal power (Qth) is 10 MWth,
on which all reactor core calculations are based. The average core
power density ðq000

aveÞ is given by,

q
000
ave ¼Qth=Vcore (1)

Where, Vcore is the fuel meat volume of the reactor core. The
maximum core power density ðq000

maxÞ is given by,

q
000
max ¼ Fhc � q

000
ave (2)

Where, Fhc is the hot channel factor given by

Fhc ¼ Feng � Fnuc (3)

Where Feng is the engineering peaking factor and Fnuc is the nuclear
peaking factor given by

Fnuc ¼ FA � FR (4)

Where FA is the axial peaking factor and FR is the radial peaking
factor. The axial and radial power peaking factors are defined as the
maximum power to the average power in the axial and radial
Fig. 2. A schematic diagram o
directions, respectively. The core axial power; q
000 ðzÞ distribution is

assumed to follow a cosine shape given by Ref. [5],

q
000 ðzÞ¼ q

000
max cos

�pz
H

�
(5)

Where, z is measured from the midpoint of the fuel element and H
is the total fuel element length (core height). There is negligible
variation in q

000
in the x- and y-directions of the plate element. The

axial distribution of heat flux is given by Ref. [11],

q0ðzÞ¼ q
00 ðzÞ
SVR

¼ wf � tf

2
�
wf þ tf

�q00 ðzÞ (6)

Where, SVR is the fuel meat surface to volume ratio,wf and tf are the
fuel meat width and thickness, respectively.

2.2. Temperature distribution

2.2.1. Maximum fuel centerline temperature
The fuel maximum centerline temperature is determined by

combining the heat transfer equations for the coolant bulk-
cladding outer surface, cladding outer surface-inner surface and
fuel outer surface-fuel centerline interfaces. These equations are
[5],

Tb ¼
1
2
ðTin þ ToutÞ (7)

Tco ¼
q

000
max � tf

h
þ Tb (8)

Tci ¼ Tco þ
q

000
max � tctf

kc
(9)

Tfc ¼ Tfs þ
q

000
max � t2f
4� kf

(10)

Where Tb is the bulk coolant temperature, Tin and Tout are the
reactor core coolant inlet and outlet temperatures, respectively, Tci
and Tco are the cladding inner and outer surface temperatures,
respectively, Tfs is the fuel surface temperature, Tfc is the maximum
fuel centerline temperature, h is the coolant heat transfer coeffi-
cient, kw, kc, kf are the coolant water, clad and fuel meat thermal
conductivities, respectively. Combining equations (7)-(10) and
f WWR-S cooling system.
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assuming perfect heat transfer across the fuel surface/cladding in-
ner surface interface (i.e. Tci ¼ Tfs); the following equation for the
centerline fuel temperature is obtained as follows

Tfc ¼ q
000
max

 
t2f
4kf

þ tctf
kc

þ tf
h

!
þ 1
2
ðTin þ ToutÞ (11)

2.2.2. Temperature along the coolant channel
The local temperatures of the coolant, clad outer surface and the

fuel surface at the distance z from the entrance of sub channel were
calculated with the local heat flux, the coolant mass flow rate and
the inlet temperature of the coolant. The bulk coolant temperature
as a function of position Tb (z)along the hottest channel is given by,

TbðzÞ¼ Tin þ
q

000
maxðzÞAf H
pGchcp

h
1þ sin

�pz
H

�i
(12)

Where Af is the cross-sectional area of the fueled portion of the fuel
plate, Gch is the coolantmass flow rate through the channel and cp is
the specific heat of the coolant water. According to equation (12)the
coolant temperature increases along the channel and reaches the
maximum value at the exit of the channel [8],

Tb;max ¼ Tin þ
2� q

000
maxVf

pGchcp
(13)

Where, Vf is the volume of the fueled portion of the fuel plate. The
clad outer temperature can be calculated as a function of position
along the channel as follows,

TcoðzÞ¼ Tinþ
q

000
maxVf

pGchcp

h
1þ sin

�pz
H

�i
þ q

000
maxVf Rh cos

�pz
H

�
(14)

Where,Rh is the resistance of convective heat transfer ¼ 1/hAp, and
Ap is the surface area of the fuel plate. The centerline fuel tem-
perature (Tfc) can be calculated by,

TfcðzÞ¼ Tin þ
q

000
maxVf

pGchcp

h
1þ sin

�pz
H

�i
þ q

000
maxVf Rt cos

�pz
H

�
(15)

Where, Rt is the total thermal resistance ¼ tf
2kf Ap

þ tc
kcAp

þ 1
hAp

and tc is
the clad thickness. The position of the maximum fuel temperature
(zf,max) is given by,

zf ;max ¼
H
p
cot�1

�
103 �pGchcpRt

�
(16)

Similarly, the position of the maximum cladding temperature
(zc,max) is given by,

zc;max ¼H
p
cot�1

�
103 �pGchcpRh

�
(17)

2.3. Critical velocity (Vcrit)

When a high-speed flow passes through a gradually narrowing
passage, the pressure head of the stream is converted into a velocity
head, which creates a suction force on the wall. If the wall is
movable or flexible, the flow area could be reduced to zero and the
flow stopped. As soon as the flow becomes stagnant, the stream
pressure increases, pushing the wall back, thus providing a wide
flow area again [6]. These suction and pushing forces can act
periodically and thus make the structure vibrate. These hydraulic
vibrations can result in a large deflection of the plates, causing local
overheating and possibly a complete blockage of the coolant
channels. Parallel fuel plate vibrations have been analyzed by
Miller, among others, who derived a formula for critical velocity
based on the interaction between the changes in cross-sectional
areas, coolant velocities and pressures in two adjacent channels.
According to Miller, the critical velocity (vcrit) for plate type fuel
elements is given by Ref. [9],

vcrit ¼
 
15� 105 E

�
t3p � tf

3
�
tw

r w4
ch

�
1� y2

�
!1=2

(18)

Where, r is the water density, y is the Poisson's ratio, E is the
modulus of elasticity, tpis the fuel plate thichness and tw is the
water channel thickness given by,

tw¼ ½te � 4ðtco � tciÞ�
Nf

� tf � 2tci (19)
2.3.1. Maximum nominal flow velocity
As a design criterion [6], the maximum nominal velocity of

coolant flow through the reactor core (vn,max) is recommended to
be � 2/3 of the critical velocity, i.e.:

vn;max � 2
3
vcrit (20)

Also, the maximum nominal coolant velocity can be estimated
by assuming the entrance to each fuel element is so orificed that the
temperature difference (DT ¼ Tin þ Tout) is the same in every
channel and hence the hottest channel needs the highest coolant
velocity. The hot channel is surrounded by the fuel plates which
operate at themaximum linear power (q0max) of the reactor core. For
the hot channel,

q0ðzÞ¼ q0max cos
�pz
H

�
(21)

The linear heat generation rate is defined as follows,

q0max ¼ q
000
maxtf wf (22)

Substituting equation (22) into equation (21) and integrating
from H/2 to eH/2 yields,

qhc ¼
2
p
tf wchHq

000
max (23)

Where, qhc is the total heat transferred to the coolant in the hot
channel. The heat removal rate by the coolant is given by,

qhc ¼10�3 � GchcpðTin þ ToutÞhc (24)

The total core coolant flow is divided into active flow passes
through the fuel elements and non-active flow passes through the
by-pass channels. Active core flow is determined bymultiplying the
total core flow by a factor less than one. From continuity, the
channel mass flow rate (Gch) is equal to:

Gch ¼Ucorerε=Nel (25)

Where 3is a correction factor equals 0.9. Substituting equations (24)
and (25) into equation (23) and rearranging yields the required
maximum nominal coolant velocity for the reactor core,



Fig. 3. Comparison between the axial average and hot heat fluxes of MTR-1 fuel.
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vn;max ¼ qhc
rAwcpðTin þ ToutÞhc

(26)

Water density r is evaluated as a function of coolant tempera-
ture; Aw is the coolant channel cross sectional area given by,

Aw ¼ twwch (27)

The volumetric flow rate (Ue) through an element is given by,

Ue ¼Nf vchwchtw (28)

The volumetric flow rate (Ucore) through the reactor core is given
by,

Ucore ¼Qth
�
rcpDT ¼ Ue � Nel (29)

Where, wch is the water channel width, Nf is the number of fuel
plates/element, Nel is the number of fuel elements/core and vch is
the channel coolant velocity is given by,

vch ¼Gch=Awr (30)

2.4. Coolant heat transfer coefficient (h)

To calculate the wall temperature of the fuel plate along the hot
channel it is necessary to calculate the heat transfer coefficient.
Depending on the cooling regime different correlations are used.
This study is focusing on the forced convection cooling mode. No
boiling is expected under reactor nominal steady-state operating
conditions.

2.4.1. Single-phase turbulent regime
The heat transfer coefficient of the coolant can be determined

using the familiar Dittus-Boelter equation [8], Reynolds > 10000.

Nu¼ 0:023Re0:8Pr0:4 (31)

Where Nu, Re and Pr are the Nusselt, Reynolds and Prandtl
numbers, respectively. They are defined as follows,

Nu¼ hDh

kw
(32)

Re¼ rvchDe

mc
(33)

Pr¼mccp
kw

(34)

Substituting equations (32)-(34) into equation (31) and rear-
ranging yields,

h¼0:023
�
kw
Dh

��
rvchDe

mc

�0:8�mccp
kw

�0:4
(35)

Where, Dh is the hydraulic diameter of the coolant channel and is
defined as,

Dh ¼
4Aw

Ph
(36)

Where, Ph is the heated perimeter ¼ 2wp, De is the equivalent
diameter of the coolant channel ¼ 4Aw=Pw, and Pw is the wetted
perimeter ¼ 2wpþ2tw.
2.4.2. Single-phase laminar regime
With the aim of calculating the heat transfer coefficient for the

forced laminar regime, the following empirical equation of Sieder
and Tate [8] is used, Pinlet

Nu¼1:68

 
Re� Pr

lf
.
De

!0:33�
mbulk
mwall

�0:14

(37)

Where, mwall and mbulk are the dynamic viscosity of the coolant at
thewall and fluid temperatures, respectively, and lf is the active fuel
plate element length for heat transfer.

2.4.3. Single-phase transition regime
To evaluate the heat transfer coefficient in the transition regime,

the correlation proposed by Kreith [10] was used

h ,Pr2=3 ,
ðmbulk=mwallÞ�0:14

rcpvch
¼Aw (38)

2.4.4. Saturated boiling
For low flow condition, an additional warning accounting for

maximum power is the Boiling Power Ratio, (BPR). It represents the
ratio between the power for the condition in which the exit tem-
perature reaches the saturation temperature and the equilibrium
quality is zero, and the integrated power in the hot channel. A
simple energy balance using the present mass flow rate of the
system is performed to calculate it [2]:

BPR¼103 � GchcpðTsat � TinÞ
Qi

(39)

Where, Qi is the integrated power in the hot channel and Tsat is the
saturation Temperature.

2.5. Core pressure drop

The pressure drop across the reactor core (DPcore) includes the
pressure drop across the fuel channel (DPch), in addition to the
nozzle pressure losses (DPnozzle), as well as the static pressure



Fig. 4. Axial centerline fuel, clad and coolant temperatures of the average channel of
MTR-1 fuel.

Fig. 5. Axial centerline fuel, clad and coolant temperatures of the hot channel of MTR-
1 fuel.

Fig. 6. Axial centerline fuel, clad and coolant temperatures of the average channel of
MTR-2 fuel.

Fig. 7. Axial centerline fuel, clad and coolant temperatures of the hot channel of MTR-2
fuel.
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difference between the core inlet and outlet (DPs), that is

DPcore ¼DPch þ DPnozzle þ DPs (40)

The channel pressure drop includes the pressure loss at the
entrance of the fuel channel (DPen), the friction loss in the fuel
channel (DPf), and the pressure loss at the exit of the fuel channel
(DPex), that is

DPch ¼DPen þ DPf þ DPex (41)

The entrance, friction, and exit pressure losses for single-phase
flow are defined as follows [11],

DPen ¼ krvch
2

� 10�5 (42)

DPf ¼
4fHrvch
2De

� 10�5 (43)

DPex ¼
r
�
vch � vch;o

�2
2

� 10�5 (44)
Where, vch,o is the coolant velocity immediately beyond the channel
exit. Assuming constant coolant density, then

vch;o
vch

¼ Ac

Ao
(45)

Where Ac is the total water channel cross-sectional area in the fuel
element and Ao is the cross-sectional area of the end box imme-
diately beyond the channel exit. A conservative value for the
entrance loss coefficient k is 0.5. Combining equation (42) through
(45) gives the following expression for the channel pressure drop
[12],

DPch ¼
rv2ch
2

"
kþ4fLH

De
þ
�
1� Ac

Ao

�2
#
� 10�5 (46)

The nozzle pressure losses include the entrance pressure losses
in addition the friction losses as follows,

DPnozzle ¼DPnoz;en þ DPnoz;f (47)



Fig. 8. Comparison between centerline fuel temperature, clad and coolant temperatures in average and hot channel of MTR-1 fuel.

Fig. 9. Comparison between centerline fuel temperature, clad and coolant temperatures in average and hot channel of MTR-2 fuel.
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DPnoz;en ¼ k

�
rv2noz
2

�
� 10�5 (48)

DPnoz;f ¼
4flnoz
De

�
rv2noz
2

�
� 10�5 (49)

Where, lnoz is the nozzle length and vnoz is the coolant velocity in
the nozzle. Combining equation (47) through (49) we can get the
following expression for the nozzle pressure losses

DPnozzle ¼
�
kþ4flnoz

De

��
rv2noz
2

�
� 10�5 (50)

The static pressure difference across the reactor core is given as
DPs ¼10�7gðHþ lnozÞ (51)

Where g is the specific weight for turbulent flow in smooth chan-
nels, the friction factor can be expressed

f ¼0:0791
.
R0:25e for 5000 < Re < 51094 (52)

¼ 0:0460
.
R0:20e for 51094 <Re (53)

2.6. Onset of nucleate boiling (ONB)

The Onset of Nucleate Boiling (ONB) is considered as the first
indication of the potential for critical phenomena, and the heat flux



Fig. 10. Comparison between the cladding surface temperature in the hot and average
channels.

Fig. 11. Comparison between centerline fuel for hot and average channels.

Fig. 12. Cladding surface temperature, saturation temperature and ONB temperature
as a function of reactor velocity.
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that initiates ONB, q
00
ONB is frequently used as a thermal design

constraint. The ONB is taken as awarning in steady state conditions
as it does not actually correspond to any critical event. q

00
ONB is

calculated by means of the Bergles-Rohsenow correlation [13]:

Tsat þ5
9

�
9:23FaFrq

00
ave

P1:156

�P0:0234=2:16

¼ Tin þ
FaFrq

00
ave

h
þ 20FrHwpq

00
ave

Gchtwcpwch

(54)

Where,wp is the effective fuel plate width, P is the absolute channel
pressure (bar). Iterations aremade on q
00
ave starting from the average

heat flux at nominal power. The value of q
00
ave at which the two sides

are equal is the average heat flux at which the onset of nucleate
boiling (q

00
ONB) starts. The ratio between q

00
ONB and q

00
ave is denoted by

ONBR. This ratio is usually used to define the margin against ONB
and its value must be > 1.0.
2.7. Departure from nucleate Boiling(DNB)

For reactor design purposes, an acceptable prediction method
for burnout heat flux is needed since Departure from Nucleate
Boiling (DNB) is potentially a limiting design constraint. The heat
flux leading to this situation is named DNB flux; q

00
DNB. In order to

prevent the penetration of the cladding at any point in the reactor
core due to the onset of film boiling, the reactor must be designed
so that heat flux q

00
is always below q

00
DNB. For this purpose, it is

convenient to define departure from nucleate boiling ratio (DNBR)
as,

DNBR¼ q
00
DNB

q00
actual

(55)

Where, q
00
actual is the actual surface heat flux at the same position of

the channel. For research reactor in steady state conditions, a
literature survey of DNB correlations applicable to low pressure and
low temperature narrow rectangular channel, Mirshak and Lab-
untsov correlations is recommended for assessing the DNBR. The
Mirshak is given as [14],

q
00
DNB ¼151� ð1þ0:1198vchÞð1þ0:00914DTsubÞð1þ0:19PÞ

(56)

While, the Labuntsov correlation is as follows [2],



Fig. 13. The DNBR curves for two types of MTR fuel elements.
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q
00
DNB ¼145:4w

0
@P

1
A 1þ 2:5v2ch

wðPÞ

!1=4�
1þ15:1cpDTsub

l
ffiffiffi
P

p
�

(57)

wðPÞ¼ o:99531P1=3ð1� P=PcritÞ4=3 (58)

Where, Pcrit is the water critical pressure and l is the water latent
heat. The water exit sub-cooling (DTsub) is given by,

DTsub ¼ Tsat � Tin�
20� lf wpq

00
DNB

rcptwwchFAvch
(59)

The burnout, or critical heat flux, is determined by making
Fig. 14. The heat flux at OFI versus core coolant inlet tempera
iterations on the value of q
00
DNB in equations (57) and (59), starting

from the maximum heat flux in the hot channel. When the differ-
ence between two subsequent iterations is zero, the value of q

00
DNB is

equal to the critical heat flux. This value should be greater than the
maximum heat flux in the hot channel and the ratio between them
represents the margin against DNB, denoted by DNBR.
2.8. Heat flux at onset of flow instability (OFI)

Flow instabilities must be avoided in heated channels as flow
oscillations affect the local heat transfer characteristics and may
induce a premature burnout. The burnout heat flux occurring under
unstable flow conditions was well below q

00
DNB for the same channel

under stable flow conditions. For practical purposes in plate-type
fuel design; q

00
DNB that leads to the onset of flow instability is

more limiting than the heat flux for stable burnout. The most
common flow instabilities encountered in heated channels with
forced convection are the flow excursion and density wave oscil-
lation types. In low-pressure subcooled boiling systems, the crite-
rion for the onset of flow instability has been obtained for
rectangular channels by Whittle and Forgan [13].

R¼ Tout � Tin
Tsat � Tin

¼ 1

1þ h Dhe
lh

(60)

Where the bubble detachment parameter (h) is defined as follows

h¼ vchDTsub=q
00 ðzÞ (61)

h is assumed to be 25. lh is the fuel heated length and Dhe is the
heated equivalent diameter of the channel given by Ref. [5],

Dhe ¼4
channel flow area

channel heated permeter
¼ 2twwch

tw þwp
(62)

The energy balance is given by,

qfiAH ¼ cpðTout � TinÞGch (63)

Where, AH is the channel heated area. From equations (62) and (64)
a following correlation is obtained for the average heat flux of onset
of flow instability (qOFI) as
ture for various volumetric core flow rates (MTR-1 fuel).



Fig. 15. The heat flux at OFI versus core coolant inlet temperature for various volumetric core flow rates (MTR-2 fuel).

Fig. 16. Redistribution ratio; RDR as a function of core volumetric flow rate for
different coolant inlet temperatures at 10 MW for MTR-1 fuel.

Fig. 17. Redistribution ratio; RDR as a function of core volumetric flow rate For
different coolant inlet temperatures at 10 MW for MTR-2 fuel.
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qOFI ¼Rcp
ðTsat � TinÞGch

AH
¼ Rrcp
wchtw
wplh

vchðTsat � TinÞ (64)

3. Results and discussions

The current study presents a steady-state thermal hydraulic and
safety analysis of the upgraded reactor core of WWR-S reactor. The
main objective is to guarantee that all important thermal hydraulic
parameters maintain margins far below the safety limits at full
power level (10 MWth). The most important constraint of the
thermal-hydraulic core design is that the core temperatures remain
below values inducing the clad rupture. As it is described in the
Safety Analysis Report (SAR) of our reactor, the maximum fuel
centerline temperature must remain �150 �C, the maximum
cladding surface temperature � 105 �C, which is the oxidation
temperature of Al. The criteria adopted for the core outlet tem-
perature is taken according to American regulations for research
reactors to be 56 �C (IAEA, 1992). The safety criterion concerns with
fuel blistering temperature. This value is considered to be 500 �C
according to American regulation (ANSI/ANS, 1974).

Using FOR-CONV program, the calculations for steady-state
forced convection conditions were carried out, providing the flow
velocity, the axial distributions of fuel, clad and coolant tempera-
tures, as well as the margins to ONB, DNB OFI, etc. FOR-CONV
program considers equal pressure drop for all channels of the
reactor core, and calculates the velocity distribution for fuel coolant
channels, using the dimensions of fuel elements as given in Table 1
inlet pressure of 1.512 (bar) was used in the calculations, which
corresponds to the static pressure of water from the top to bottom
of reactor channels. The coolingwater flows downward through the
reactor core, with inlet coolant temperature of 35 �C, while the
temperature difference between the core inlet and outlet is a round
9.1 �C with a volume flow rate calculated according to equation
(29). Calculations are made by using FOR-CONV program based on
the axial and radial power factor distributions obtained by Wims-
4B and CITATION codes with the last updated nuclear data
evaluations.

Fig. 3 shows a comparison between heat fluxes of the hot and
average channels at 10 MW for MTR-1 fuel as an example for
illustration.



Table 3
Comparison between FOR-CONVand IAEA 10 MW Benchmark MTR reactor.

Parameter MTR-1 MTR-2 IAEA-TECDOC-233 [2]

Average coolant velocity, m/s 3.9 4.1 2.79
Average heat flux, W/cm2 24.1 23.4 20.54
Average heat flux at ONB, W/cm2 37.4 36.3 35.9
critical heat flux by Labunstav, W/cm2 367 361 353
critical heat flux by Mirshak, W/cm2 261 267 266
Limiting heat flux at OFI by Forgan, W/cm2 210.3 207.9 208.2
Margin to ONB 1.55 1.52 1.75
Margin to DNB (Labunstav) 6.44 6.31 6.90
Margin to DNB (Mirshak) 4.51 4.48 5.20
Margin to OFI 4.06 4.02 4.08
Total pressure across channel, bar 0.226 0.231 0.193
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For the plate type fuel; MTR1, the distribution of fuel centerline
temperature, fuel cladding surface temperature and bulk coolant
temperature along the hot and average WWR-S fuel, coolant
channels as a function of axial distance are shown in Fig. 4 and
Fig. 5, respectively. Also, for MTR-2 fuel, the same thermal param-
eters for hot and average channels are calculated and drawn in
Fig. 6 and Fig. 7, respectively. It is shown from the figures that the
maximum clad surface temperature at the steady-state power level
would be 73 �C for MTR-1 (~32 �C below Tsat) and 82 for MTR-2 fuel
at 10 MWth (~23 �C below Tsat).

Comparison between centerline fuel temperature, clad and
coolant temperatures in average and hot channel for MTR-1 fuel
and MTR-2 respectively are shown in Figs. 8 and 9.

The axial distributions of the clad surface temperatures of the
hot and average coolant channels for MTR-1 fuel are illustrated in
Fig. 10. It is clearly shown that, the peak temperature of the clad in
hot channel is below Tsat by ~12 �C at the full upgraded power. Also,
the axial distribution of the centerline fuel temperatures of the hot
and average coolant channels for MTR-1 fuel are illustrated in
Fig. 11. It is shown that, the peak temperature of the fuel centerline
temperature in hot channel is below the limiting temperature by
~9 �C at the power level of 10 MW. The distributions of ONB tem-
perature, saturation temperature, fuel cladding surface tempera-
ture of WWR-S for the core power of 10 MWth as a function of
coolant velocity and according to reactor core design conditions
and operating limits are shown in Fig.12. In the condition of normal
operation, it is shown that coolant velocity of 3.9 m/s is the opti-
mum coolant velocity for MTR-1 fuel (Qth ¼ 10 MWth, Tin ¼ 35 �C,
TONB¼ 114 �C and, and Tsat¼ 105 �C). The temperature is shown as a
function of coolant velocity because the coolant velocity is the only
dominant variable to the fuel surface temperature. Both the ONB
temperature and the saturation temperature become lower with an
increase of coolant velocity because an increase in coolant velocity
gives lower local pressure according to the increase of pressure loss.
It should be noticed in Fig. 6 that the TONB is higher the fuel surface
temperature at the coolant velocity of 3.5e8 m/s. In this range of
coolant velocity, no boiling occurs in the coolant channel and on the
other hand, two-phase flow occurs with nucleate boiling at the
velocity less than 3.5 m/s. Therefore, 3.90 m/s should be adopted as
design velocity for the WWR-S reactor core fuel coolant channel
andwith total volume flow rate of 1000m3/h. At the design velocity
of 3.90 m/s thus determined, the pressure drop between the core
inlet and the bottom of WWR-S fuel coolant channel is about
0.226 bar. Fig. 13 shows the DNBR curve for the upgraded reactor
cores of MTR-1 andMTR-2 fuels at power level of 10 MWth. DNBR is
defined as the ratio of critical heat flux to the local heat flux. Ac-
cording to US regulations (NUREG, 1996) the minimum value of
DNBR should not be less than 2.0. From the figure it is clear that
upgrading the reactor power to 10MWwith the coolant flow rate of
1000 m3/h does not violate the safety criteria of DNBR.
Flow oscillations are undesirable, because they may cause un-
desirable mechanical vibration of components, system control
problems. Also, these oscillations may cause changes in heat
transfer characteristics. The heat fluxes for MTR-1 and MTR-2 fuel
types at onset of flow instability, q}OFI as a function of inlet coolant
temperature for different volumetric coolant flow rates are shown
in Fig. 14 and Fig. (15), respectively. The redistribution ratio (RDR)
corresponding to the ratio between the heat flux resulting in the
flow instability phenomenon, q}RD and the heat flux in the hot
channel q}max. RDR versus volumetric flow rate for different inlet
coolant temperatures for MTR-1 and MTR-2 fuels under the con-
dition; RDR ¼ q}RD=q

}
max � 2:0 are plotted in Fig. 16 and Fig. 17,

respectively. Finally, in order to validate the obtained results of our
model, Table 3 gives a comparison summary of the thermal hy-
draulic results for MTR-1, MTR-2 fuel types together with the re-
sults of IAEA-TECDOC-233, where satisfactory agreement was
obtained.

4. Conclusions

A mathematical model has been developed to study the possi-
bility of power upgrading ofWWR-S reactor core from2 to 10MWth
using two types of plate fuel elements. The thermal hydraulic
evaluation of the problem was done at different operating condi-
tion and with conservative safety criteria. A steady-state FORTRAN
program; FOR-CONV for thermal-hydraulic calculations have been
built. The program calculates the axial distribution of coolant, clad
and fuel meat temperatures, heat flux and core pressure drop. Also,
it uses well-known correlations for calculating safety parameters
and margins against the critical phenomena such as the ONB, the
DNB and OFI. The program simulates the reactor core as two
channels, an average and a hot channel. On the bases of the results
obtained using FOR-CONV program, we can conclude that, theo-
retically it is possible to upgrade the reactor power safely, without
violating the safety criterion up to 10 MW with a minimum flow
rate of 1000 m3/h.The FOR-CONV program is verified by comparing
its results with those published in IAEA TECDOC-233, where
satisfactory agreement has been found.
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Nomenclature

Ac Total water channel cross-sectional area
Af Cross-sectional area of the fueled portion of the fuel

plate
AH Channel heated area
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Ao Cross-sectional area of the end box immediately beyond
the channel exit

Ap Surface area of the fuel plate
Aw Coolant channel cross sectional area
cp Specific heat of the coolant water
De Equivalent diameter of the coolant channel
Dh Hydraulic diameter of the coolant channel
Dhe Heated equivalent diameter of the channel
E Modulus of elasticity
Ƒ Friction factor
FA Axial peaking factor
Feng Engineering peaking factor ¼ 1.2 [ ]
Fhc Total hot channel factor
FR Radial peaking factor
G Gravity acceleration
Gch Coolant mass flow rate through the channel
H Total fuel element length (core height)
H Coolant heat transfer coefficient
kc Clad thermal conductivity
kf Fuel meat thermal conductivity
kw Coolant water thermal conductivity
lh Heated length of the fuel
Life Active fuel plate element length of heat transfer
lnoz Nozzle length
Nf Number of fuel plates/element
Nel Number of fuel elements/core
P Absolute channel pressure (bar)
Ph Heated perimeter
Po Atmospheric pressure
Pw Wetted perimeter
Pcrit Water critical pressure
qhc Total heat transferred to the coolant
q0ðzÞ Axial distribution of heat flux
q

000 ðzÞ Core axial power
q

000
ave Average core power density

q
000
max Maximum core power density

Qi Integrated power in the hot channel
Qth Total reactor core thermal power
Rh Resistance for convective heat transfer
Rt Total thermal resistance
SVR Fuel meat surface to volume ratio
tc Clad thickness
tf Fuel meat thickness
tp Fuel plate thickness
tw Water channel thickness
Tb Bulk coolant temperature
Tin Reactor core coolant inlet temperature
Tout Reactor core coolant outlet temperature
Tci Cladding inner surface temperature
Tco Cladding outer surface temperature
Tfs Fuel surface temperature
Tfc Centerline fuel temperature
Tsat Saturation Temperature
Ucore Volumetric flow rate through the reactor core
Ue Volumetric flow rate through an element
vcrit Critical velocity
vch Channel coolant velocity
vnoz Coolant velocity in the nozzle
Vcore Fuel meat volume of the reactor core
Vf Volume of the fueled portion of the fuel plate
wch Water channel width
wf Fuel meat width
wp Effective fuel plate width
Wd Reactor's pool depth
Z Channel axial distance

Greek symbols
mwall Dynamic viscosity of the coolant at the wall
mbulk Dynamic viscosity of the coolant at the fluid
y Poisson's ratio
r Water density
xen Channel entrance friction coefficient
k Entrance loss coefficient ¼ 0.5
3 Correction factor ¼ 0.9
g Specific weight for turbulent flow in smooth channels
l Water latent heat

Subscript
ch Coolant channel
hc Hot channel
f Fuel meat
c Coolant
p Fuel plate
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