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The steady-state thermal-hydraulic analysis of the core of the Boiling Water Reactor
(BWR/6) at nominal operating conditions is presented in this paper. The BWR/6 is produced
by General Electric USA. The analysis' goal is to keep the thermal safety margin under control
and the core integrity intact under steady-state operating conditions. The effects of operating
conditions such as power distribution, power level, and coolant mass flow rate on the pro-
posed core's performance are investigated. For this purpose, the one-dimensional computer
code MITH was used. The code's reliability was tested using the General Electric benchmark
3579 MW reactor. Two-channel models were tested (the average and the hot channel). Ther-
mal-hydraulic parameters such as fuel-centerline, fuel-surface, outer clad surface and coolant
temperature, critical and actual local heat flux, critical and minimum critical heat flux ratio
and pressure drop are evaluated along the tested channels. Temperatures, as well as actual and
critical heat flux distribution profiles, were obtained. The tested operating conditions had a
significant influence on these parameters, and also on the thermal-hydraulic performance.
The obtained results are in good agreement with the data from the tested core. The obtained
results are well within the safety margins. The good agreement between tested reactor data
and MITH code calculation concerning the reactor demonstrates the reliability of the analysis
methodology from a thermal-hydraulic perspective.
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INTRODUCTION

In the design steps of nuclear reactors, the analy-
sis of the related experimental and calculation work is
considered. Also, the analysis of nuclear accidents
such as Three Mile Island, Chernobyl, and Fukushima
(1979, 1986, and 2011 respectively) are reviewed and
considered. The thermal-hydraulic analysis of light
water reactors (LWR) cores is concerned with the ther-
mal and hydraulic performance of nuclear fuel rod
bundles. It includes several analysis topics such as
pressure, core flow distribution, core void distribu-
tion, thermal margins (departure from nucleate boiling
ratio (DNBR), critical heat flux ratio (CHFR), and fuel
thermal performance) [1, 2]. The thermal-hydraulic
and reactor physics analysis are assumed as the main
tools used to ensure the safety of the nuclear reactor
under different working conditions [3]. The sub-chan-
nel analysis codes for thermal-hydraulic analysis to es-
timate different thermal-hydraulic safety margins.

The coolant flow rate, inlet temperature, pres-
sure, and thermal power and its distributions are con-
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sidered as the main parameters for sub-channel analy-
sis. The critical heat flux (CHF) is an important
phenomenon ,,parameter” related to the operation of
LWR, where cladding and core integrities must be
maintained and a safe operating power envelope and
margin must be established. The efficiency of nuclear
reactors is limited due to the CHF phenomenon. It is
essential for nuclear reactors not to reach CHF. The re-
actor's thermal design limits will be violated when the
departure from nucleate boiling (DNB) occurs at full
power, and the loss of fuel and cladding integrity is a
result. CHF causes an increase in surface temperature
due to adecrease in the heat transfer process. This tem-
perature change can be fast, as is the case for pressur-
ized water reactor (PWR) conditions fast dry out, or it
can be slow as for boiling water reactor (BWR) condi-
tions slow dry out [4]. Reaching and exceeding the
CHF can have serious consequences, in particular for
LWR. For this reason, CHF investigations became im-
portant since the mid 20 century, the earliest re-
searches were done by McAdams et al. (1949), and
Jens and Lottes (1951) [5, 6]. The long history and
state of the art of measuring and predicting the CHF in
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water-cooled systems are presented detailed in the lit-
erature [7]. The accurate estimations of the local con-
ditions of the sub-channels are required to predict fuel
temperature, CHF, DNB, CHFR, and critical power ra-
tio (CPR) [1].

Currently, there are hundreds of empirical corre-
lations to predict CHF. In the nuclear field, the CHF
has a complex mechanism and different scenarios,
thus no single correlation will ever be appropriate for
every scenario. Many authors presented a comprehen-
sive review of past, present, and future challenges in
the field of thermal-hydraulic analysis, covering vari-
ous aspects of experimental, analytical, and computa-
tional approaches [8]. The main factors affecting heat
transfer from the fuel element are geometrical config-
uration, neutron flux distribution, types of fuel, gas
gap and cladding used, and coolant flow conditions. In
addition, the non-uniform heat transfer conditions in-
fluence the temperature and heat flux distribution in
fuel and cladding [9].

To improve thermal-hydraulic characteristics of
the nuclear reactor core, a considerable amount of re-
search has been carried out to obtain an improved un-
derstanding of coolant flow and temperature distribu-
tions in rod bundle geometries. Many researchers have
been worked in this field among them, Yadigaroglu et
al. (2003) show the importance of both experiments
and numerical simulation techniques to ensure the
safety margin [10]. Chelemer et al. (1972) used the
sub-channel analysis code to estimate the CHFR,
CPR, temperatures of fuel (centerline, and surface),
cladding surface, maximum temperature, and a bulk
coolant outlet [11]. Cheng and Muller (2003) show
that the maximum operating power of the reactor is
limited by the CHFR, CPR, and fuel centerline tem-
perature [12]. Helmy et al., (2012) investigated the
thermal-hydraulic behavior of the KONVOI-PWR
under design extension conditions. Their results show
the importance of reactivity feed-back effects in
loss-of-coolant accidents on the total power, which are
considered as key parameters for controlling clad and
fuel temperatures to keep them below their melting
points [13]. Hutli and Kridan [14] investigated the ef-
fects of the axial power distribution on the main ther-
mal hydraulics parameters in PWR using one dimen-
sional sub-channel code [14]. Many other authors
have demonstrated the dependence of CHF values on
local fluid conditions such as pressure, temperature,
mass flux, quality, and geometrical parameters
[15-20].

The flow behavior in sub-channels under the two
types of mixing process; natural and forced mixing
was also aresearch point. The obtained results showed
that, the mixing process strongly affects the local fluid
conditions of the sub-channels, heat transfer coeffi-
cient, pressure drops and the outlet temperature profile
ofthe core [21-25]. For single-phase, coolant reactors,
the computational fluid dynamics (CFD) was used to

estimate pressure loss, predicting the CHF rod posi-
tion, and investigate the effect of spacer grade on CHF
ina 5x5 fuel rod bundle [26]. The convenience of CFD
modeling methodology and validation for steady-state
flow in PWR fuel assemblies for the normal operation
was investigated [27]. CFD analysis of the flow field
in sub-channels of VVER-440 fuel assemblies for a
triangular lattice was presented [28].

Because of the importance of the mixing process
for heat transfer, reactor thermal-hydraulics, reactor
performance, and reactor safety, many computational
and experimental studies have been conducted using
various techniques to investigate flow mixing behavior
in normal and transient PWR and fuel assembly models
(for single phase flow). The results of CFD, particle im-
age velocimetry (PIV), and planar laser-induced fluo-
rescence (PLIF) techniques revealed that the flow rate
has a significant influence on the mixing process, and
velocity and temperature distribution in the investi-
gated area can be obtained, which are important param-
eters in determining thermal fatigue and pressurized
thermal shock. Additionally, the results revealed that
the inlet temperature is an important parameter for the
PWR (for safety assessment) [21, 25, 29-31].

In the fluid flow field, two phase flow is consid-
ered complicated flow; as a result, designs of BWR
core are complicated. Inside a BWR fuel bundle, two
phase flow phenomena include coolant phase changes
and multiple flow regimes that directly influence cool-
ant interaction with the fuel assembly and, ultimately,
reactor performance [32]. CFD is also used for thermal
hydraulics analysis in BWR, with the CFD-BWR be-
ing developed to simulate two-phase flow phenomena
inside a BWR fuel bundle. New models have been de-
veloped and implemented in the CFD-BWR module to
describe the inter-phase mass, momentum, and energy
transfer phenomena specific to BWR. The obtained
results demonstrated that the good agreement between
computed and measured results provides confidence
in the accuracy of the models used [33].

For the two-phase flow condition, the TPFIT
(two-phase flow analysis code with an advanced inter-
face tracking method) was used to simulate steam-water
two-phase flow in a model of two sub-channels from an
actual BWR and Water Reactor for flexible fuel cycle
core. The obtained result demonstrates that fluid mixing
was detected between the sub-channels, that pressure
difference between fluid channels is responsible for fluid
mixing, and the inlet quality ratio of sub-channels is sig-
nificant for the mixing process [34].

The thermal-hydraulic analysis for the steady-
state operation of the BWR/6 core was performed in
this work (GE) [32]. The motivation for this work is to
establish the relationship between the various parame-
ters influencing the thermal-hydraulic performance of
BWRs. The typical reactor data of the tested BWR/6 is
given in tab. 1. The MITH is a one-dimensional
sub-channel computer code that is used to calculate the
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Table 1. Typical nuclear power reactor data - BWR/6 (General Electric producer (GE)) [32]

Assemblies Canned square bundles
Assembly pitch [cm] 30.5
General data Value Assembly dimension [cm?]
(Horizontal cross-section) 1414
Number of fuel /assembly 63
Thermal output [MW] 3579 Total number of fuel locations 46.116
Electrical output [MW] 1200 Fuel element O.D. [cm] 1.25
Efficiency [%] 33.5 Pitch/diameter 1.30
Fuel type U0, Clad thickness [cm] 0.0864
Coolant H,0 Fuel-pellet diameter [cm] 1.056
Structural material Zircaloy-2 alloy Pellet-clad gap [cm] 0.008
Moderator H:0 Fuel enrichment 2.1/2.6/3.1
Core data
Active height [cm] 376 Thermal-hydraulic data
Eqmval:lé\i:}::tl/\:ﬁaiiziter [cm] 13?)63 System pressure (bar) 72
Active core volume 63.910 Coolant flow [10° kgh’l] 47
Average core power density [kwL '] 56 Average linear power density [Wem '] 206
Fuel weight [kg] 138.000 Maximum linear power density [Wem™] 440
Specific power [kW/kgU] 25.9 Average heat flux [Wem ] 50.3
Burnup [MWd/tU] 27.500 Maximum heat flux [Wem™?] 111.5
Conversion ratio (C.R.) 0.5 Minimum CHFR 1.9
Fuel assembly type Canned-square bundle Inlet temperature [°C] 269
Number of fuel assemblies 732 Outlet temperature [°C] 286
Fuel elementary array 8x8 Maximum fuel temperature [°C] 1829

associated thermal-hydraulic parameters. MITH is a
steady-state code that was originally designed for
PWR thermal-hydraulics analysis before being modi-
fied for BWR analysis. The analysis was done in two
main steps. In the first step, thermal-hydraulic parame-
ters such as the temperatures of fuel (centerline and
surface), cladding, and coolant were calculated. Be-
sides, the actual local heat flux, CHF, CHFR in the av-
erage, hot channels of the reactor core, and the core
pressure drop were calculated. In the second step, the
investigation of the influences of power distribution,
and mass flow rate on the thermal-hydraulic parame-
ters was done. For the code validation, the data of the
GE typical BWR/6 reactor are considered as a refer-
ence, tab. 1. The code reproduced well the GE reactor
results, yielding detailed information such as pressure
drop in the channel, power distribution among the av-
erage and hot channels, coolant, clad and surface and
centerline fuel temperatures, quality, actual local heat,
and critical heat fluxes. The obtained results were
compared with thermal design limits to determine the
feasibility of the GE reactor core.

CODE DESCRIPTION

The code MITH is a thermal-hydraulic steady-
state computer program. It calculates the coolant con-
ditions (pressure, density, temperature, quality, efc.)

and fuel rod temperature in both an average coolant
channel and the maximum power coolant channel of
LWR and also the actual local heat flux in both chan-
nels, also CHF and DNB in hot channels. In the MITH
code, the application of the relations for conduction
and convection would yield temperature profiles as
shown later. The clad external surface, fuel centerline,
and surface temperatures are obtained using certain re-
lated equations in conjunction with the coolant tem-
perature distribution.

Three basic assumptions are made in formulating
the problem to be solved by MITH. The first assumption
that the channel flow in each coolant channel is constant
and equal. An option is also available to equalize the
pressure drop between the inlet and outlet of the
two-channel by iteration on the flow in the max-powered
channel. Thirdly it is assumed that the same axial power
shape exists in an average and hot channel.

There are four axial power distribution options in
MITH, the first three options require no additional input
as they are computed using the following relations:

Sine profile: P(z) =P, sin %

Bottom peaked profile: P(z) =P,

(L-z) . z
L

sin —
L

Top peaked profile: P(z) =P, (z)sin %
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Arbitrary profile is given as input the NAMELIST\
SHAPE.

In the code to avoid complexity, the entrance at
the bottom of the channel is assumed as a reference
point (z = 0) for the calculation, therefore the sine func-
tion is used instead of the cos function, however the cos
function is usually used in literature when the zero point
is assumed at the medial of the channel. Option number
four is used when the control rods are involved. Option
number 2 is more convenient for BWR.

Finally, it is assumed that to the extent that the
above assumptions are valid, one can define a limiting
power generation for anyone channel the operator
must then maintain the power distribution such that no
channel exceeds this limit. The hot channel factor rep-
resents the ratio of the maximum to average channel
power generation is an input parameter. Figure 1 (a)
and 1(b) represents the flowchart of the code and the
channel model respectively. Because the code was
originally designed for PWR (single-phase), enthalpy
was not a logical option while the vapor quality is cal-
culated by the code, so coolant temperature profiles
will be presented even though temperature is not a

.. READ INPUT
DA;IA

CALL HEAT FLUX
DISTRIBUTION

¥
CALL CHNL
¥
CALL ROD TMP
v

PRINT AVERAGE CHANNEL
RESULTS
[ ]

CALCULATE HOT
CHANNEL HEAT FLUX

v

ADJUST HOT
CHANNEL FLOW

YES
CALCUALTE
DNBR
v
CALL RODTMP
+
PRINT HOT CHANNEL /

\ RESULTS

+

MORE DATA

(a)

Unheated length

good indicator of the coolant's heat content in a
two-phase flow. The enthalpy profiles that will be pre-
sented later are calculated manually using thermody-
namic tables based on the coolant temperature and va-
por quality along the channel length. For the same
reason, the CHFR is used instead of CPR, and the
GE-correlation was added to the code algorithms to
calculate the CHF at high vapor quality, as in the case
of BWR. Figure 2 depicted the schematic diagrams of
the typical axial power profiles (relative power as
function of the sub-channel axial nod) [35].

CODE INPUT DATA

The input data are; thermal power output (MW),
mass flow rate [kgh™'], coolant inlet temperature [°C],
inlet pressure [bar], number of fuel rods, the outer diam-
eter of fuel rod [cm], clad thickness [cm], unheated up-
per channel part [cm], unheated lower channel part
[em], pitch type, rod pitch [cm], active channel length
[ecm], number of a discrete interval, the form factor for
spacer grids, profile power distribution, and radial num-

Outlet
! plemum [— D
Syl I
Fuel | INT=20
| — INT-1
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| ¢ — 2
B
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.o s — 1
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(b)

Figure 1. Flowchart of the code (a) and channel model (b)
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20 servatism, the sinusoidal axial power distribution is in-

& troduced as the first power profile to be tested, and

S e e then the bottom peaked power distribution as the sec-

; """" ond tested profile. The typical shapes of reactor power

840 profiles are in fig. 2.

= For the sinusoidal peaked power profile, the ax-
05|,/ Cosine peaked ial power was shaped as a cosine function as that in fig.
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Figure 2. Schematic diagram of the typical axial power
profiles [35]

ber hot channel factor. Also the thermal conductivity of
fuel UO, (0.0294 Wem°C1), the thermal conductivity
of clad zircaloy-2 (0.164 Wem™!' °C 1), and the heat
transfer coefficient of the gas in the gap helium (25.94
Wem! °C .

METHOD

The present analysis has been implemented for
the core of a typical nuclear reactor with specifications
presented in tab. 1. GE Boiling Water Reactor (BWR/6)
Model 6 Reactor Vessel produced by General Electric
Company (GE, USA).

The effect of the power distribution on the reac-
tor thermal-hydraulics has been investigated using the
computer code (MITH) and the results are analyzed.
The effects of an operating power level and the reduc-
tion in the coolant mass flow (the fraction of the total
mass flow rate) on the core thermal-hydraulic perfor-
mance and parameters have been also studied.

The calculation and analysis of the obtained re-
sults have been carried out for steady-state operating
conditions under the following situations:

— Axial power distribution is symmetric around the
midplane of the core.

— Axial power distribution is peaked below the core
midplane (bottom peaked distribution).

— Increasing and decreasing the operating power
level.

— Decreasing the coolant mass flow rate.

— Variation of operating power level and coolant
mass flow with the same percentage of their nomi-
nal values.

RESULTS AND DISCUSSION

Influence of power distribution

To show the dependency of the thermal-hydrau-
lic parameters on the axial power distribution in core
two typical axial power distribution profiles have been
tested. As the sinusoidal power is often used for con-

2, with ¢'(2) = ¢’ ux €0s (nz/H ) the power is distrib-
uted symmetrically around the center of the fuel with
the maximum power value is at the center. To achieve
this kind of power distribution, the control rods are
used to modify the neutron flux distribution. However,
the second case (bottom peaked power profile) is eas-
ier to achieve in the LWR. The BWR have a signifi-
cantly bottom-peaked axial power profile rather than
the other power profiles. The BWR have a natural ten-
dency to power shaping skewed toward the bottom be-
cause of the gradual boiling of the coolant. The boiling
means decreasing in water density and increasing in
both quality and void fraction with the elevation, thus
the power generation will be higher in the lower part of
the core than the upper part because the moderation of
the neutron flux is greater in this part, more explana-
tion is provided in the following sections.

COSINE PEAKED POWER
DISTRIBUTION

The coolant temperature in the
average channel

Coolant enters the bottom of the core, flows up-
ward around the fuel rods, and absorbs energy from
heat transfer originating from the nuclear process in
the fuel element. In fig. 3(a) the profile shows that the
coolant temperature started to increase as the coolant
enters the channel, arrives at its peak at a certain dis-
tance along the channel, then becomes a constant to the
channel end (core outlet).

In the case of BWR, the steady-state operating
system pressure is low to allow the boiling process to
be faster, and the inlet coolant temperature is not much
lower than the saturation temperature of the applying
pressure as it is presented in reactor data, tab. 1. In the
BWR the upward coolant flow leads to temperature in-
crease with the height, hence quality and void fraction
increase with the height.

The recorded coolant temperature at the channel
inlet and outlet was 268.9 °C and 287.64 °C respec-
tively. The difference between inlet and exit tempera-
ture was recorded as an 18.74 °C. The obtained outlet
temperature represents the saturation temperature for
reactor operating pressure (72 bar). According to the
thermodynamics principles, after the point where the
coolant phase started to change, any increase in the
heat does not lead to an increase in the coolant temper-
ature. The gained heat from the source is consumed to
complete the phase change process; hence, quality and
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Figure 3. (a) Coolant temperature distribution in the
average and the hot channel and (b) Coolant enthalpy
distribution in the average and hot channel (steady-state
operation at nominal power (cosine peaked power
distribution)

void fraction are increased as in fig. 6(c). (Figure 6(c)
is for bottom-peaked case). After the coolant liquid
phase completely changed to the vapor phase, the tem-
perature again starts to increase and we will have the
superheated vapor.

According to reactor physics, we assumed that
the cosine peaked power distribution is not realistic in
a BWR reactor. The cosine peaked profile is used in
this study to compare the effect of axial power distri-
bution shape on thermal-hydraulic parameters.

The core reactivity and core power are affected
locally and globally as a result of a significant drop in
coolant density with elevation in the core. The variation
of coolant density affects the neutron flux spectrum be-
cause the neutron moderation process decreases as den-
sity decreases, affecting power produced per unit length
of fuel rod. The presence of voids shifts the power to-
ward the core's bottom; the voids increase with the mag-
nitude of the peak and as the peak moves toward the
core's bottom. Similarly, the BWR has an inherent capa-
bility of self-flattening the radial power distribution due
to changes in coolant density [36]. Also, for precise
thermal-hydraulic analysis, the density waves in the
boiling region which normally exists should be consid-
ered because it leads to flow oscillations. The flow os-
cillations can affect the local heat transfer characteris-
tics. It may induce burnout, cause mechanical vibration
of components; and create system control problems

[37]. Regarding the previous discussion, for a continu-
ous heat removal process from the core, the coolant
should be physically and chemically stable under high
temperature and nuclear radiation, which is well con-
sidered in the LWR design [36, 38].

Generally, in the boiling channel flow such as that
in BWR, the coolant temperature rises as the heat is
transferred to the coolant with the distance (vertical or
horizontal flow), the distance after the temperature sat-
uration occurs, and coolant bulk boiling begins is called
boiling length. The distance before the coolant temper-
ature is started to change from sub-cooled to the satura-
tion temperature (bulk boiling begins) corresponding to
the operating core pressure is assumed as non-boiling
length (we assuming that the sub-cooled boiling length
is a component of non-boiling length). In BWR these
distances are important for the calculation and estima-
tion of some thermal-hydraulic parameters such as
quality, void fraction, heat transfer coefficient, CPR or
CHFR, power peak shape, pressure drops, etc.

The coolant temperature in the hot channel

In the design of areactor, a great deal of attention
is given to the determination of which channels have
the highest coolant temperature and at which points on
the fuel rods hot spots occur. The hot channel is de-
fined as the channel that recorded the highest tempera-
ture of fuel, cladding, and coolant in the reactor under
steady-state operating conditions. The other channels
in the reactors have temperatures lower than that of the
hot channel. Therefore, when the hot channel satisfies
the thermal limiting conditions, means the other chan-
nels are well with the safety limits. Hence the hottest
channels are considered as the indicator of the preser-
vation of safety margins. Ultimately, the power of the
reactor is limited by conditions at these channels.

The coolant temperature profile in the hot chan-
nel is presented in fig. 3(a) has the same shape and be-
havior as that in the average channel. The difference is
in the ratio between the lengths of boiling and
non-boiling length, it is smaller in the hot channel. In
the hot channel, the coolant reaches the boiling point
after a short distance short length and faster time,
which is related to the difference between the heat gen-
eration levels in the two channels. The outlet tempera-
tures are equal in both channels; it's a saturation tem-
perature of the core operating pressure. One can say
that, under the assumption of constant operating pres-
sure and the equal mass flow rate in the channels, the
ratio between boiling and non-boiling length and the
time needed to start boiling is depending on many
other factors such as the inlet coolant temperature, the
axial power distribution, and power level generated
within the channel.

Because the coolant is changing its phase, the
coolant temperature profile is not altogether descriptive
of coolant energy increase. To describe the status pre-
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cisely the enthalpy change must be utilized. The coolant
enthalpy continuously increases from core inlet to out-
let, with the largest rate of increase at the maximum
value of heat flux [39]. Because the code was mainly for
PWR calculations, the variation of the coolant enthalpy
with elevation was not calculated by the code. To de-
scribe the heat transfer status precisely the enthalpy
change was utilized. The coolant enthalpy profile for
both average and hot channel are presented in fig. 3(b).
The presented results in fig. 3(b) were calculated manu-
ally based on the quality distribution along the channels
which is calculated by the code, as in fig. 3(b) we as-
sumed that the sub-cooled boiling region is a compo-
nent of the non-boiling region (region (a), because de-
termining the boundary between the non-boiling region
and the subcooled boiling region in the channels is diffi-
cult. This assumption can be accepted if one considers
that, the thermal hydraulic analysis done here is for
BWR where the bulk boiling is necessary feature, while
in the sub-cooled boiling region the vapor quality is not
measurable value (it is very low). The temperature of
the most of the liquid (bulk temperature) in the
subcooled boiling region process is below the satura-
tion temperature, and bubbles formed at the surface
condense in the liquid. Then region (a) is extending
from the channel's inlet to the region where the coolant's
bulk temperature reaches the saturation temperature of
the applied pressure (region (b). Figure 3(a) are used to
approximate the border between these two regions (re-
gion (a) and region (b)).

Sub-cooled boiling may occur in this region. The
analysis of fig. 3(b) reveals that the enthalpy continu-
ously increases from the channel inlet to the outlet. At
the channel inlet, the enthalpy was constant, which
was equal to the enthalpy of the saturated subcooled
water. While by starting the boiling process and
change of the phase, the increase in the heat transfer to
the coolant will appear as an increase in the coolant
enthalpy. As the bulk boiling begins, the enthalpy con-
tinues to rise until it reaches its peak at the channel out-
let. The enthalpy profile behaves oppositely compared
with the coolant temperature profile. The amount of
heat generated in any channel in the reactor core can be
indicated by coolant temperature in the non-boiling re-
gion of the channel (assuming sub-cooled boiling re-
gion is a part of the non-boiling region), whereas cool-
ant enthalpy is a more reliable indicator in the boiling
region (bulk boiling region) of the channel.

Clad, fuel-centerline, fuel-surface
temperature in the average, and
the hot channel

The tested reactor's cladding material is strictly
defined in the datasheet [32]. It is zircaloy-2, which is
commonly used in BWR (zircaloy-2 (Grade R60802)
is composed of Zr-1.5 %, Sn-0.15 %, Fe-0.1 %,

Cr-0.05 % Ni). Zirconium alloys serve as the structural
material because they have excellent properties for use
as fuel cladding and other structural materials in nu-
clear reactors. Zirconium is a commercially available
refractory metal with excellent corrosion resistance,
good mechanical properties, and very low thermal
neutron cross-section, and can be manufactured using
standard fabrication techniques [40]. Also, the tested
reactor's fuel material is strictly defined in the
datasheet [32]. The fuel is uranium dioxide (UO,), it
is a ceramic refractory uranium compound, in many
nuclear reactors used as a nuclear fuel. It is a stable ce-
ramic that can be heated almost to its melting point
(2878 £ 20 °C), without significant mechanical deteri-
oration. [thas no significant reaction with water [41].
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Figure 4. (a) Axial temperature distribution in the
cladding (average and hot channels, (b) Axial tempera-
ture distribution in the fuel in the average channel, and
(c) Axial temperature distribution in the fuel in the hot
channel (steady-state operation at nominal power, cosine
peaked power distribution)
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In fig. 4(a) the cladding axial temperature pro-
files for the average and the hot channel are presented..
The analysis of fig. 4(a) shows that the cladding tem-
perature for average and hot channels increases with
distance arriving at its peaks 335.41 °C, and 367.7 °C
respectively, approximately at the half of the fuel ele-
ment half of the channel. Where the channel inlet is as-
sumed as a reference point. Then it starts to decrease
slowly with distance reaching the outlet coolant tem-
perature 287.64 °C at the top of the channel. The ob-
tained profile follows the applied power distribution in
the core (it is assumed that at the channel ends the
power is zero). The dissimilarity between the clad and
coolant temperature profiles is related to many reasons
such as the clad is near to the heat source (fuel) com-
pared with the coolant, the heat capacity of the coolant,
and other thermal properties for both cladding and
coolant, also the coolant is moving while the clad is
stationary. Regarding the safety point of view, the clad
maximum temperature recorded in the hot channel un-
der these working conditions is still below the thermal
limit, it is less than the melting temperature of the clad.

Figure 4(b) shows the axial temperature distri-
bution in the fuel-centerline and fuel surface in the av-
erage channel. The centerline-fuel temperature profile
shows that the temperature is increasing gradually
reaching the maximum temperature of 1340.56 °C
nearly at the medial of the channel Fuel element, and
then decreasing gradually again to reach the minimum
temperature at the end. The surface-fuel temperature
profile shows the same behavior as the centerline-fuel
temperature profile. The maximum temperature re-
corded on the fuel surface is 447.37 °C. The highest
temperatures of the fuel centerline and fuel surface oc-
cur at the center of the fuel element axial length. Thus,
the obtained temperature profiles have a similar shape
as that for the applied power distribution i. e. the sym-
metric profiles are established. The difference be-
tween the two profiles in fig. 4(b) is related to the heat
generation rate in the fuel pin itself. Also, the fuel sur-
face is the nearest to the coolant.

Figure 4(c) presents the axial temperature distri-
bution in the fuel-centerline and fuel surface in the hot
channel. The temperature profiles in the hot channel
presented in fig. 4(c) are similar in shape and behavior
to that in the case of the average channel, which is re-
lated to the applied power distribution. Generally, in
the hot channel, the fuel centerline, fuel surface, and
clad surface temperature profiles are higher than that
in the average channel. The difference between the hot
and average channels in the temperature levels of the
fuel element is related to the big difference in the heat
generation in the two channels as mentioned earlier. In
the hot channel, the maximum temperatures recorded
at the centerline fuel and the fuel surface are higher at
1756.98 °C and 507.23 °C, respectively. Regarding
the safety point of view, the maximum temperatures in
the hot channel under these working conditions are

still below the thermal limit. Because of the assump-
tion of zero neutron flux at the bottom and the top of
the channel the temperature of the fuel, the clad, and
the coolant are equal at these two ends.

CRITICAL, LOCAL HEAT FLUX
AND MCHFR

In the nuclear reactors, the steady-state power
should be kept at levels that allow margins to prevent
CHF conditions. The CPR in BWR reflects the CHF,
which is the ratio of the CHF to the actual heat flux of a
fuel rod. While CHF is reflected in PWR by the DNBR,
which is the ratio of the CHF (the heat flux required to
cause DNBR) to the local heat flux of a fuel rod. These
ratios take into account the phenomenon's margin [42].

The margins should be enough to allow for ex-
pected operational incidents. The ratios between critical
and actual parameters have many forms such as a mini-
mum critical heat flux ratio (MCHFR), minimum depar-
ture from nucleate boiling ratio (MDNBR), a minimum
critical channel power ratio (MCCPR), and a minimum
critical power ratio (MCPR). These ratios are much con-
sidered in the design of water-cooled reactors.

The CHFR is used here instead of CPR for three
reasons: first, the code was originally written for PWR,
and the algorithms for calculating CPR do not exist in
the code; second, the MCHFR is given instead of
MCPR in the data sheet of the tested reactor (tab. 1);
third, the CHFR is more convenient for plant safety
evaluations than the CPR, because CHFR values can be
determined at reactor operating power, whereas CPR
computation requires a search for the critical power
level [43]. As mentioned in the literature, The MCPR,
which is used as a limit to avoid the occurrence of the
dry-out phenomenon, has a corresponding value of
MCHFR. Typical thermal design limits presented by
US Nuclear Regulatory Commission (NRC) stated that,
MCPR 2 1.2 is the limit for BWR at 100 % power, and
its corresponding minimum critical heat flux ratio is
approximately1.9 [44]. It was also stated that the design
basis for water-cooled reactors isa MDNBR of 1.3 [45].

The CHF which limits the heat transfer capabil-
ity of boiling systems, and the actual local heat flux are
calculated. Two CHF correlations were employed in
the code (GE and W-3 correlations).

The calculated heat fluxes are presented in fig. 5.
The hot channel shows a higher actual heat flux com-
pared with the average channel (curve 1 and 2 in fig. 5
respectively) are presented to show the reader the dif-
ference between the channels. This difference is re-
lated to the hot channel factor (power generation in
each channel). The curve 1 and curve 2 in fig. 5 ap-
pears as identical at the core end points (bottom and
top). It does not mean that the two channels have the
same value of heat flux at their ends, but the drawing
scale displays them as equal. Because the hot channel
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Figure 5. Axial profile of critical and local heat flux
distribution in the hot and average channel (steady-state
operation at nominal power (cosine peaked power distri-
bution)

parameters are used to calculate CPR, the hot channel
must be considered in concepts of reactor safety.

Curves 3 and 4 are CHF profiles along the chan-
nel fuel element calculated using GE and W-3 correla-
tions, respectively.

Curve 3 shows that the CHF obtained using GE
correlation appears as a constant value with height for
the distance approximately half of the channel fiel ele-
ment. in the real it is not a constant, but the variation of
CHEF is small in the first half of the channel, this varia-
tion cannot be presented because of the used scale. Af-
ter the first half of the fuel element, the CHF starts to
decrease gradually. This is due to the start of the phase
change process, which results in an increase in vapor
quality. As a result, the film vapor will cover the sur-
face (partially or completely) and the heat transfer rate
in that region will decrease. The line cd between curve
2 and curve 3 represents the position of the minimum
ratio between the CHF and the local actual working
heat flux MCHFR. At that position the MCHFR is
2.024. The obtained MCHFR value is under the safety
margin proposed by safety regulation and design [44].
MCHFR position could be used as an indicator to de-
termine the point at which the melting phenomenon in
fuel and clad could occur. Therefore, the area within
the MCHFR value has a higher probability of fuel
damage compared to the other areas in the fuel element
itself. Generally, because of the higher local heat flux
in the hot channel compared with other channels in the
core, the higher probability of fuel damage will be in
the hot channel.

Curve 4 (W-3 correlation) represents the ob-
tained CHF profile obtained using the W-3 correla-
tion. The CHF profile shows that CHF is not constant,
it decreases slowly with a distance from the bottom
and then after approximately 70 % of the channel
length fuel element length starts to increase with the
height. The line ab between curve 2 and curve 4 repre-
sents the position of MCHFR. At that position the

valid for x < 0.15 in the hot channel.

Even though the W-3 result is within the design
basis for water-cooled reactors (MDNBR or MCHFR)
it does not meet the design limits presented by the de-
signer of the tested reactor (tab. 1)[32]. Because the
vapor quality is greater than the W-3 correlation appli-
cation limit (vapor quality limit) the CHF profile pro-
duced by the W-3 correlation will be deceptive in
terms of MCHFR value and position of the dray out
phenomenon. Because the vapor quality is higher in
BWR; x > 0.2, the GE correlation was incorporated to
the code, making it more suitable for BWR operating
conditions.

BOTTOM PEAKED POWER
DISTRIBUTION

The coolant temperature in the
average and the hot channel

The coolant temperature in the average and hot
channels are presented in fig. 6(a). Analysis of the pro-
files in fig. 6(a) reveals that, in both channels, the cool-
ant temperature starts to increase gradually with height
until it has arrived at its peak of 287 °C at a certain
point before the half of the channel. The 287 °C repre-
sents the saturation temperature of the operating pres-
sure. The temperature profiles have the same behavior.
The difference between the two channels is in the dis-
tance that needed to be traveled by the coolant to reach
the saturation temperature where the phase change
started. In the hot channel, the non-boiling distance is
less than that in the average channel, thus the time
needed to start the phase change process in the hot
channel is lower. Therefore, in the hot channel, the ra-
tio between the boiling and non-boiling distance along
the channel is bigger. The reason is related to the hot
channel factor (power level) because of the variation
of their positions in the core. Figure 6(b) represents the
coolant enthalpy profiles, the comments provided for
fig. 3(b) are valid for fig. 6(b). The large step of the
abrupt increase in the enthalpy value in fig. 3(b),
which is not seen in fig. 6(b), is due to the applied
power distribution. To understand the whole process
and the mechanism of the heat transfer in the channel
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and 3(b) and figs. 6(a) and 6(b). Figure 6(c) shows the
variation of the quality with the length, the non-boiling
part is presented by negative quality values while
when the bulk boiling is started the quality will have
positive values. We have to notice that, before the boil-
ing process starts there is no phase change happen

Figure 7. (a) Axial temperature distribution in the clad-
ding (average and hot channels), (b) Axial temperature
distribution in the fuel in the average channel, (¢) Axial
temperature distribution in the fuel in the hot channel
(steady-state operation at nominal power (bottom
peaked power distribution)
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temperatures of cladding and the coolant at the inlet
and outlet are matched this is because of the applied
power distribution as mentioned earlier (the power is
zero at the channel ends).

Figure 7(b) shows the temperature profiles at the
centerline fuel and fuel surface in the fuel element in
the average channel. The fuel centerline temperature
profile shows that the temperature increases gradually
with the distance arrived at its maximum (1507.52 °C)
at the distance before the half of the channel, then de-
creases gradually with the distance arrived nearly to
the outlet coolant temperature (287.64 °C). While in
the case of the fuel surface, the temperature profile has
the same shape and behavior as that for the centerline,
but the maximum temperature recorded along the fuel
surface is much lower (499.25 °C). The two profiles
have a similar shape as that for the applied power dis-
tribution (bottom peaked). Two profiles matched the
coolant temperature at the inlet and outlet. Figure 7(c)
shows the obtained profiles of the centerline and sur-
face fuel temperature in the fuel element in the hot
channel. The profiles have the same shape and behav-
ior as that of the applied power distribution, fig. 2. The
temperature profile at the fuel-centerline shows that
the temperature increases gradually reaching its maxi-
mum temperature (1896.49 °C) at a certain point be-
fore half of the fuel axial height, then decreases gradu-
ally with distance reaching the outlet temperature of
the coolant. The temperature profile at the Fuel surface
has a similar tendency to that for the fuel-centerline,
but generally, the recorded temperature on the fuel sur-
face is lower, thus the maximum temperature recorded
on the fuel surface is much lower compared with that
in the fuel-centerline (551.11 °C). Figures 7(a)-7(c).
7(c) show that at the channel inlet and outlet, the cen-
terline, fuel surface, and clad temperature are matched
the coolant temperature the reason is mentioned early.

Critical, local heat flux, and MCHFR

The obtained heat fluxes are presented in fig. 8,
Curve 1 and 2 represent the actual heat flux ¢, dis-
tribution in the average and hot channel respectively.
Even fig. 8 shows that the curves are identical at the
channel inlet and outlet, the used scale showed them
equally because the difference is not big at these ends

A Local heat flux-hot ch. A Local heat flux-Av.Ch.

Figure 8. Axial distribution of critical and actual local
heat flux in the hot and average channel (steady-state op-
eration at nominal power, bottom peaked power distri-
bution)

point, while as we moved from both sides toward the
center the difference is increase with distance. For
both average and hot channel, the maximum value of
4" sctual TeCOTded at the same position where the maxi-
mum fuel and clad temperatures were recorded.

As in Curve 4 (GE correlation), The obtained
CHF appears as constant values from channel inlet to a
certain distance along with the fuel element, because
its variation is small in the first half of the channel,
again the reason is the used scale. Approximately, after
the first half of the fuel element, the CHF starts to in-
crease gradually, as it is over mentioned. The line cd
represents the position of the minimum ratio between
the CHF and the local heat flux (MCHFR). The
MDNBR 1.99. The obtained value of MCHEFR is will
with the limit proposed by safety regulation and de-
sign.

In Curve 3 (W-3 correlation), the obtained CHF
profile shows that the CHF decreases gradually with
distance from the bottom and then begins to increase
gradually with distance after approximately half of the
channel length. The line ab represents the position of
the minimum ratio between the CHF and the local heat
flux (MDNBR). The MCHFR is 1.50.

The clear difference between GE and W-3 corre-
lations could be noticed from the shape of the obtained
CHF profiles and their behavior (curve 4 and 3). This
difference leads to a difference in the values of
MDNBR (1.99 for GE and 1.50 for W-3) and their po-
sition along with the fuel element, the reason is men-
tioned above. The comments made about the results of
the W-3 and GE correlations in the case of cos power
peaked are also acceptable here.

The comparison between fig. 5 and fig. 8 shows
the influence of power distribution on the actual and
CHF hence on MCHFR value and its position in the
fuel element. Therefore, the power distribution is an
important parameter for thermal-hydraulic analysis,
design, and determination of the thermal limits for
cladding and fuel i. e., the overall thermal-hydraulic
performance.
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Figure 9. Influence of axial power distribution and the
applied correlation on CHFR distribution in the hot
channel; (a, b) CHFR in cosine peaked power distribu-
tion case; (¢, d) CHFR in bottom, peaked power distribu-
tion case ((b) and (d) are anlarging the bottom parts of
the CHFR curves in (a) and (c), respectively)

The dependency of CHFR distribution and
MCHER position on the power distribution and the cor-
relation used for calculating the CHFR can be deduced
from fig. 9(a,c) and fig. 9(b,d) respectively. Because of

ence on the boiling and non-boiling region distance
along channel and time needed for the coolant to reach
its maximum temperature saturation temperature of
the operating pressure. It should be noted the power
level can be increased during normal operation easily
by increasing the coolant flow rate. Thus, the steam
will be decreased in the core giving greater modera-
tion and a higher thermal neutron flux. The increased
heat output causes more steam to be produced, and the
reactor settles down to a new, higher, power level [38].
The small difference that appears in saturation temper-
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Table 2. The influence of power shape on the maximum temperature of the fuel center line and the clad outer surface in the
hot channel, as well as the MCHFR value

P distributi
Parameter Cosine pzzfer d B goltlt(l)(r)rrllpeake d Tested reactor Melting temperature [°C]
Coolant temperature [°C] (average channel) 287.64 287.64 286
Clad maximal temperature [°C] 367.173 378.7 — 1850 °C [39]
Fuel centerline temperature [°C] 1756.98 1896.49 1829 2878 + 20 °C [40]
2.024 (GE) 1.992 (GE)
MCHFR 1.77 (W-3) 1.501 (W-3) 1.9

Table 3. Influence of variations of flow rate and power on temperatures and MCHFR (bottom peaked)

Average temperature [°C] Maximum temperature [°C]

Flow rate Power Coolant Clad Fuel-centerline Clad Fuel-centerline MCHFR
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

Table 4. Influence of variations power on temperatures and MCHFR at a nominal operating flow rate (bottom peaked)

Flow rate | Power Average temperature [°C] Maximum temperature [°C] MCHFR
[%] [%] Coolant Clad Fuel-centerline Clad Fuel-centerline
115 287.15 390 1776.94 391.2 2241.05 1.29
100 100 287.18 330.9 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
ature recorded values could be related to the accuracy _—
ofthe code. Table 4 represents the results of the second o
case, in this case, the power was changed and the o 2080 N
mass-flow rate and operating pressure were kept con- = i =
stant, decreasing in the power level leads to a decrease % Han .
in the temperature in the average and the hot channel g; 1130
and increasing in MCHFR values, the reason is over @ 830 °
mentioned. 530 < <@ 2
Figure 10(a) and fig.10(b) graphically show the 230 A A A A
(@ 60 80 100 120

influence of both power level and mass flow rate on
the fuel, clad temperatures, and the MCHFR respec-
tively at steady-state operating conditions. The influ-
ence of the power level was tested at 100 %, 75 %, and
50 % of the nominal value of the mass flow rate. For
each mass flow rate, the power was increased slowly to
see its influence on MCHFR. In all cases, as power is
increased, the CHFR is decreased. According to the
typical thermal design limits presented by the US Nu-
clear Regulatory Commission (NRC) for a 100 %
mass flow rate and 100 % nominal operating power,
the MCHEFR is within thermal-hydraulic limit [44].
While for 100 % mass flow rate it is found that the
110 % and 115 % operating power are allowable
power for fuel temperature but MCHEFR is less than
1.9. However, for a 75 % mass flow rate with 80 % and
85 % nominal power respectively the MCHEFR is with
the limit, then the MCHFR is started to be lower than
the thermal-hydraulic limit. In the case of 50 % mass
flow rate with all testing power levels the MCHFR is
bigger than the limit. As a result, under the proposed

Nominal power [%]

© Fuel (centre) temp. av. ch.
B Fuel (centre) temp. hot. ch.

4 Clad temp. av. ch.
A Clad temp. hot ch.
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E
T 260
Q
=
1.90 S
~
1.20 S~ L P ;
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0 20 40 60 80 100 120
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Figure 10. (a) Influence of power level on fuel (centerline
and surface) and clad surface temperature in the average
and hot channel, (b) Influence of power level and mass
flow rate on MCHFR value. (Calculations were done un-
der steady state operation — bottom peaked power distri-
bution)
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operating power (3579 MW), the nominal mass flow
rate is sufficient to provide adequate cooling for the
tested reactor core. while for 75 % and 50 % of nomi-
nal mass flow rate the operating power must be de-
creased and extreme care is needed to ensure the
proper cooling is existing.

INFLUENCE OF POWER AND MASS
FLOW ON PRESSURE DROP

To understand the dependency of the pressure
drop across the hot and average channels on the power
level and mass-flow rate the calculations were done
under the different values of operating power and dif-
ferent value of mass flow rate for study state condi-
tions. The obtained result is presented in tab. 5 and rep-
resented graphically in fig. 11. As coolant is forced
upwardly through a fuel bundle, there is a pressure
drop. A portion of this pressure drop occurs at the bot-
tom non-boiling portion of the reactor is the sin-
gle-phase pressure drop. The remaining portion of the
pressure drop that occurs in the upper boiling portion
of the fuel bundle is a two-phase pressure drop por-
tion. The two-phase flow pressure drop is higher than
that of single-phase flow and more complicated to cal-
culate it.

In the boiling water reactors, the pressure drop is
an important parameter for reactor safety, where both
thermal-hydraulic instability and coupled nuclear-
thermal-hydraulic instability are sensitive to the ratio
of the single-phase pressure drop to the two-phase
pressure drop in the fuel bundle.

Table S. Influence of power and mass flow on pressure
drops (bottom peaked)

Coolant
Power [%] 100 [%] 75 [%] 50 [%]
AP [Psi] AP[Psi] AP[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
107
o
8 Bg _________________
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Figure 11. Influence of power level and mass flow rate on
core pressure drop. (Calculations were done under
steady-state operation — bottom peaked power distribu-
tion)

In the literature, it is mentioned that the ther-
mal-hydraulic instability and coupled nuclear thermal
hydraulic instabilities can be reduced by decreasing
the two-phase flow pressure drop relative to the sin-
gle-phase flow pressure drop [46].

Figure 11 graphically shows the influence of
both power and mass-flow rate on the pressure drop.
One can notice that as the operating power is increased
and mass flow was kept constant, the pressure drop is
increased. For the same operating power, the pressure
drop decreases with decreases in mass-flow. By in-
creasing the power and keeping the mass-flow rate
constant, the length of the boiling region in the channel
is increased means that the non-boiling region in the
channel will be decreased. Thus, we have long dis-
tance (length) with two phases therefore the two-phase
pressure drop will increase. It means that as the power
is increased the ratio of the two-phase flow pressure
drop to the one-phase flow pressure drop is increased.
Regarding the mass-flow, when the operating power is
kept constant, the pressure drop decreases as the
mass-flow decreases.

CONCLUSIONS

The results obtained for the tested model BWR/6
reactor using the MITH one-dimensional thermal-hy-
draulic computer code show that there is very good
agreement between the computer code and the data of
the existing BWR/6 core's general design description.

The average and hot channel axial heat flux dis-
tributions are shown. There are some thermal-hydrau-
lic limits presented. The applied power shape dictated
the axial flux distribution. The radial peaking factor
was used as input data for the hottest channel in the
core. The CHFR is calculated along the channel using
two CHF correlations. When all other parameters are
held constant, the value of MCHFR and its position
along the channel are determined by the power distri-
bution. To determine the onset MCHFR value and po-
sition, the proper correlation is required. Because of
the high vapor quality in BWR, the GE correlation re-
sult is more reliable than the W-3 result.

It's found that the 110 % and 115 % operating
power are allowable power for fuel temperature and
not allowable for MCHEFR limit 1.9. It's found that the
75 % mass flow rate the maximum operating power
should exceed 80 % and 90 % of nominal operating
power to have MCHFR within the limit 1.9. In the case
of 50 % mass flow rate with all testing power levels the
MCHEFR is over the limit. Hence, it is shown that the
MCHFR is the governing factor in determining the
maximum operating power and minimum mass flow
rate. The pressure drop depends mainly on the operat-
ing power and mass flow rate. As a result of this study,
it is concluded that the computer code MITH is reli-
able and can be applied, with fairly a good degree of
confidence, to evaluate the thermal-hydraulic perfor-
mance of existing BWR cores.
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The good agreement between the obtained result
and the data of the referenced reactor demonstrates the
code's validity and efficiency (BWR-GE). The com-
parison of the code results and the data from the refer-
enced reactor revealed good agreement with minor
discrepancies, which could be explained by differ-
ences in the relevant physical parameters used in each
method of calculation. In addition, we can ensure that
all safety-related thermal-hydraulic parameters are
within the thermal design limits for steady-state oper-
ating conditions. As a consequence, the BWR (GE) re-
actor is safe to operate under the previously mentioned
tested operating conditions and remains within the
thermal design limits.
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E3pun XYTJUN, Pamagan KPUJIAH

TEPMAJTHOXUIPAYJINYHA AHAJINU3A JAKOBOOHOT
PEAKTOPA Y CTABUWIHUM PAJHUM YCIOBUMA
IIpBu geo — peakTop ca KIby4ajIoM BOOM

Y pany je mpukazaHa TepMOXHUApayJIudHA aHalIM3a cTanuoHapHor crama BWR/6 jesrpa
peakTopa ca KJbydyaJoOM BOJAOM IIpM HOMHHAJIHMM pajHuM ycnoBuma. BWR/6 peaxkrop npoussopu
Ilenepan Enexrpuk — CAJl. Llumb aHanu3e je ga ce MapruHa TepMUUKE CUTYPHOCTH Of[P>KH O] KOHTPOJIOM
U MHTCTPUTET je3rpa HETaKHYT y YCIOBHMAa CTaOWIHOTr pama. VMcnuraHu cy yTUIAju pajHUX yClIoBa:
pacroyesia cHare, HUBO CHare M MpoTOK Mace pacx/iajHe TEYHOCTH Ha IIephOPMAHCE IPEIJIOKEHOT je3rpa.
Y Ty cBpxy Kopuithes je MITH jeqHognMen3noHamHu KoMIjyTepcku Kofl. [Toy3gaHocT Kojia mpoBepeHa je
kopuiitheweM OeHuMmapka — Llenepan EnexTpux peaxkrtopa of 3579 MW. Tectupanu cy fABOKaHaJIHU
MOJIeNIH, TIpoceyaH U Bpyh KaHai. TepMoxXuapayIndHu IapaMeTpu, Kao IITO CY CPEANIIIha INHIja TOPUBA,
NOBPIIMHA TOPHBA, CHOJballllba MOBPIIMHA OMOTaya, TeMIEpaTypa XJaJHuolld, KPUTHYHU U CTBapHU
JIOKAJTHA TONIJIOTHU TOK, OfCTYIIakhe ¥ KPUTUYAH ¥ MUHUMAJTHO KPUTHYAH OJHOC TOIUIOTHOT (hIyKCa U Hafy
IPUTHUCKA, IPOLIEHEHN CY YK TecTUpaHuX KaHana. OfpebeHe cy Temneparype, Kao 1 CTBApHU U KPUTUUHU
npounn pacnofese TOMIOTHOT durykca. PagHn ycioBu Koju cy HCIUTHBAHM UMAIH CY 3Ha4ajaH yTHUIAj HA
OBe mapameTpe, Takobe W Ha TepMoxmapayindHe nepdgopmance. [lo6ujeHn pe3ynrtatu cy y Ao0poj
carjJacHOCTH ca MOofalyMa TECTHPAHOT je3rpa U Hajlase ce BajbaHO y IpaHHuliaMa curypHocru. Jobpo
cnaramwe u3Meby noparaka o TecTupaHoM peaktopy u npopauyHa MITH kopa koju ce Tudy peakTopa,
IoKasyje MOy3TaHOCT METONIOJIOTHje aHAIN3€E U3 TEPMOXUAPAYINIHE IEPCICKTHBE.

Kmwyune peuu: Zopuso, koulysuya, Xaa0uaay, CHaza, OUAOMHU PAYKC, MUHUMAAHO KPUILUYAH OOHOC
MouA0MIHOZ (hayKca




