E. Hutli, ef al.: Thermal-Hydraulic Analysis of Light Water Reactors Under ...

276

Nuclear Technology & Radiation Protection: Year 2022, Vol. 37, No. 4, pp. 276-288

THERMAL-HYDRAULIC ANALYSIS OF LIGHT WATER REACTORS
UNDER DIFFERENT STEADY-STATE OPERATING CONDITIONS

Part 2 — Pressurized Water Reactor
by
Ezddin HUTLI ! and Ramadan KRIDAN *

! Institute of Nuclear Techniques, Budapest University of Technology and Economics, Budapest, Hungary
2 Department of Nuclear Engineering, Faculty of Mechanical Engineering, University of Tripoli, Tripoli, Libya

Scientific paper
https://doi.org/10.2298/NTRP2204276H

The 1-D computer code MITH was used in this paper to perform sub-channel thermal-hy-
draulic analyses of a typical (Westinghouse model) pressurized water reactor. Two typical
channels, hot and average, with the same flow rate and pressure drop, were tested under
steady-state operating conditions. In this analysis, the channel with the highest temperature
is designated as the hot channel. For the calculations, the channel model was divided into 20
parts. The thermal-hydraulic performance of the tested reactor was affected by power distri-
bution, power level, and coolant mass-flow rate. Temperature distribution profiles of the fuel
element and coolant are obtained for the average and hottest channels. A critical heat flux g,
analysis is also carried out and the heat fluxes in both channels were calculated. The W-3 cor-
relation is employed to examine ¢/, in the hottest channel. Some data from the pressurized
water reactor typical data sheet were used as input data, while others were used to validate the
code. The code faithfully reproduced the Westinghouse model reactor results, including cool-
ant, cladding, centerline, and surface fuel temperatures, quality and local heat flux ¢, , g,
and minimum departure from nucleate boiling ratio.
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INTRODUCTION

The reactor core is a critical component of a nu-
clear reactor that generates heat and displays the high-
est temperatures. Temperatures in the reactor core
must be predicted for a variety of reactor operating
conditions. Temperatures must be kept below specific
thermal limit values for various reactor constructions
and fuel materials to ensure safe reactor operation. The
specific limitation is that the core temperature compo-
nents must remain below the melting points of the ma-
terials used, primarily the fuel and cladding materials.
The limits are extended to the heat transfer rate be-
tween the fuel elements and the coolant, because the
q.. may be approached, resulting in a phase change
and partial film coverage of the clad surface. As a re-
sult, the cladding's temperature will rapidly rise.

In the nuclear reactor design stage, neutron and
thermal-hydraulic calculations must be validated to
ensure that the thermal limits — the melting tempera-
tures of the fuel and cladding, as well as the MDNBR
are within the specified limit [1].

In practice, the limit of the core operational
power is determined by a thermal-hydraulic study, cal-
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culation and analysis that determines the operational
condition to avoid structural and fuel deterioration. To
keep the core intact, the fuel, cladding, and coolant
temperatures, as well as the surface heat flux, must
stay within the proposed design limits [2-5].

The heat produced in nuclear reactors has an im-
pact on the core structure and the nuclear reaction pro-
cess. Under normal operating conditions, the heat pro-
duced causes variations in the temperatures and densities
of the core materials, causing the reaction rate to change
as a result. These variations have an impact on the bal-
ance of neutron production and destruction. Power and
reactivity temperature coefficients could indicate the im-
pact of these variations. These two variables are critical
for detecting reactor behavior [1, 3].

The goal of a reactor core's thermal-hydraulic
safety analysis, as is well known, is used to achieve ad-
equate heat transfer compatible with the core's power
distribution under various steady-state and transient
operating conditions and controlling the clad and fuel
temperatures to maintain them below their melting
points as will as to maintain the coolant conditions un-
changed [6]. One of the specified safety limits in pres-
surized water reactor (PWR) is the departure from nu-
cleate boiling ratio (DNBR). It is the ratio of the
critical heat flux (CHF) ¢, that causes departure from
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nucleate boiling (DNB) phenomenon to the actual lo-
cal heat flux ¢”, in the hottest channel, this ratio repre-
sents the margin against DNB. To preserve the fuel el-
ement, the ¢/, should be greater than the maximum
heat flux that created in the hot channel ¢/, . The DNB
is a critical phenomenon that must be avoided, it is a
complex phenomenon influenced by a variety of phys-
ical factors, including the design of the fuel assembly
and the distances between the fuel rods [7, 8].

Since PWR use only liquid phase coolant, the
4., is the main issue that needs to be controlled from a
reactor safety perspective. When a certain wall heat flux
is exceeded, the rate of heat transfer gradually decreases
because of the phase change process that produces a va-
por film on the surface; when the film appears, the rate
of heat transfer dramatically decreases [9].

Thermal hydraulics has played an important role
in the design, operation, performance, and safety of
nuclear power plants since the 1950’s [10]. Global re-
search and development (R&D) have significantly im-
proved the design, operation, and performance of nu-
clear power reactors, as well as our understanding of
thermal hydraulics. Increased coolant flow rates im-
prove heat transfer coefficients and allow for higher
limits of ¢, due to the mixing process between the
sub-channels and the changing velocity distribution in
the flow area. Higher flow rates, on the other hand,
will result in larger pressure drops across the core, ne-
cessitating larger pumping powers, which will result
in higher dynamic loads on the core components and
vibrate the fuel elements. The prediction of velocity
distribution and the evaluation of thermal-mixing per-
formance are essential in nuclear fuel assembly design
and thermal-hydraulic analysis. The pressure drops
and velocity distributions in the sub-fuel assembly,
which help predict the mixing process, the mass-flow
rates situation, and the coolant temperature profile are
the main parameters to be evaluated. The mechanisms
of the mixing process in the fuel assemblies are de-
picted as a cross and swirl flow between and within the
sub-channels. The mixing is required first to improve
the heat transfer process, which allows the reactor's
operating power to be increased, and second to obtain
a uniform outlet temperature profile for the reactor's
performance, for this purpose, the spacer grids associ-
ated with mixing vanes are taken into account during
the fuel assembly design stage; the spacer grids pri-
marily serve as a fixer and supporter to the fuel ele-
ments. In a nuclear power plant, optimal heat removal
from the surface of nuclear fuel elements is essential
for reactor thermal and safety margins. To have a uni-
form inlet temperature profile, the mixing phenome-
non as a process is also important in the primary loop
of the coolant. In the case of a loss of coolant accident
(LOCA), mixing is also required; more information on
the importance of the mixing phenomenon for nuclear
reactors in steady-state and accident conditions can be
found in the literature [11-17].

The use of a code for thermal-hydraulic analysis is
widely accepted as the framework for nuclear power plant

design and safety analysis. Because conducting experi-
ments in this field is prohibitively expensive, computer
codes are used to analyze the thermal-hydraulics of vari-
ous reactor parts under various operating conditions. The
codes use basic equations from fluid mechanics and heat
transfer, such as the continuity, momentum, and energy
transfer equations, to accomplish this task. Significant ef-
forts have been made over the last four decades to provide
reliable thermal-hydraulic system codes for the analysis of
transients and accidents in nuclear power plants. There are
three methods for analyzing the thermal-hydraulics of the
reactor core. The first is the single-channel method, and
the second is the subchannel method. These methods have
been used since the 1970's, and a third method, which ana-
lyzes parallel channel three- dimensional data, was re-
cently introduced. The averaged channel thermal-hydrau-
lic behavior is obtained using the single-channel analysis
code. To solve conservation equations, the sub-channel
method is commonly used [17, 18].

Because mixing flow is involved, sub-channel
codes provide more accurate modeling of the entire re-
actor core or a single assembly than single-channel
codes. To reduce the massive computational costs, de-
tailed pin-by-pin sub-channel modeling of an entire
core must be run in parallel. Many codes, including
RELAPS, COBRA-EN, and CTF [19-21], use such
models to accurately simulate the thermal-hydraulics
process. In addition to the codes mentioned, there are
others available, such as COBRA-3C/RERTR,
PARET, and COOLED-N. The COBRA and THINC
codes are the most commonly used for these purposes
[22-24]. The accuracy and adaptability of the codes
and methods used in the design and analysis stages are
essential for nuclear power plant safety and cost-effec-
tiveness. The high precision numerical reactor simula-
tions that include all relevant reactor physics require-
ments are also required [25, 26].

To understand the relationship between the main
parameters that affect the thermal-hydraulic perfor-
mance of PWR, MITH, a simplified thermal-hydraulic
computer code, was employed in this study. its
sub-channel code for steady-state operating conditions.
It was written in Fortran and provides axial and radial
temperature distributions, as well as DNBR distribu-
tions and other hydraulic calculations such as pressure
drop, all, while accounting for the reactor core's average
and hottest channel. The W-3 correlation was used for
these calculations, with the type of reactor taken into ac-
count. In this work, a typical PWR(W) (W among the
brackets indicates the Westinghouse company pro-
ducer) with uranium oxide (UO,) fuel is used as a case
study, with other typical reactor data presented in tab. 1
[27]. To validate the code, the obtained results were
compared to the thermal limits and safety parameters
specified in the tested reactor’s technical data sheet, as
well as the general thermal-hydraulic constraints of
PWR [1]. The code and results obtained for the tested
PWR are described. The description of the applied code
is presented in Hutli and Kridan (2022/2023) [3]. The
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Table 1. The input parameters for a typical PWR case study (Westinghouse design) [27]

Fuel assemblies Square
Assembly pitch [cm] 21.5
General data Value Assembly dimension [cm?
(Horizogtal cross-sec[tion)] 214214
Number of fuel /assembly 264
Thermal output [MW] 3411 Total number of fuel locations 501952
Electrical output [MW] 1150 Fuel element O.D. [cm] 0.95
Efficiency € [%] 33.7 Pitch/diameter 1.32
Fuel type U0, Clad thickness [cm] 0.0572
Coolant H,0 Fuel-pellet diameter [cm] 1.819
Structural material (cladding) Zir%;rrfiﬂr?ly;ﬁoy Pellet-clad gap [cm] 0.0082
Moderator H,0 Fuel enrichment 2.1/2.6/3.1
Core data
Active height [cm] 366 Thermal-hydraulic data
Equlval;g\i;ttl/\(/;aillr;iter [cm] 13:)79 System pressure (bar) 155
Active core volume (L) 32800 Coolant flow [10° kgh™] 62
Average core power density [kwL™] 104 Average linear power density [Wem ] 178
Fuel weight [kg] 90200 Maximum linear power density [Wem™] 426
Specific power [kW/kgU™] 37.8 Average heat flux [Wem 2] 68.5
Burnup [MWd/tU] 33000 Maximum heat flux [Wem™] 183
Conversion ratio 0.5 Minimum DNBR 13
Fuel assembly type Square bundle Inlet temperature [°C] 1.3
Number of fuel assemblies 193 Outlet temperature [°C] 332
Fuel elementary array 17 x 17 Maximum fuel temperature [°C] 1788

flowcharts of the code and the channel model are shown
in figs. 1(a) and 1(b).

CODE INPUT DATA

The input data are; thermal power output (MW),
mass flow rate [kgh™'], coolant inlet temperature [°C], in-
let pressure (bar, 1 bar= 100 kPa), number of fuel rods, the
outer diameter of fuel rod [cm], clad thickness [cm], un-
heated upper channel part [cm], unheated lower channel
part [em], pitch type, rod pitch [cm], active channel length
[cm], number of a discrete interval, the form factor for
spacer grids, profile power distribution, and radial number
hot channel factor. Also the thermal conductivity of fuel,
UO,, (0.0294 Wem!(°C) !, the thermal conductivity of
cladding, Zircaloy-4 alloy, 0.215 Wem™'(°C) ™, and the
heat transfer coefficient of the gas in the gap, Helium
25.94 Wem'(°C) .

AXIAL POWER DISTRIBUTIONS —
COSINE PEAKED

Figure 2(a)-2(d) depicts the effect of power ra-
dial peaking factors on the cladding and coolant tem-
peratures, as well as the temperature of the fuel ele-
ments (centerline and surface) in the average and hot
channels, respectively.

COOLANT TEMPERATURE

The coolant enters the core at the bottom and
flows upwards around the fuel rods, absorbing energy
from heat transfer caused by nuclear reactions.

Figure 2(a) depicts the coolant temperature pro-
file along the average and hot channels, respectively.
The analysis of the profiles in both channels reveals that
the temperature rises during steady-state operation. In
the average channel, the coolant temperature rises from
300 °C to 333.59 °C, resulting in an average cool-
ant-heating rate of 33.59 °C. The coolant outlet temper-
ature from the average channel does not differ too much
from the core outlet temperature (bulk temperature).
Assuming the pressure are equal in all channels of the
core, in this channel the coolant temperature did not
reach the saturation temperature at the operating pres-
sure (155 bar), which is 345.32 °C. This is a PWR fea-
ture, and it means that the coolant temperature is well
within the thermal-hydraulic limitations. In PWR, it is
necessary to prevent coolant bulk boiling.

The coolant temperature in the hot channel rises
from 300 °C at the channel inlet to 345.1 °C at the
channel outlet, resulting in a heating rate of 45.1 °C
along this channel. As a result, the outlet temperature
is equal to the saturation temperature at the core oper-
ating pressure, thus the boiling process can begin
somewhere along the hot channel and most probably
the outlet part. If this temperature is recorded at any



E. Hutli, et al.: Thermal-Hydraulic Analysis of Light Water Reactors Under ...
Nuclear Technology & Radiation Protection: Year 2022, Vol. 37, No. 4, pp. 276-288 279

. READINPUT

DATA
CALL HEAT FLUX
DISTRIBUTION Unheated length Outlet
] |
: I‘Jlemlm D
¥
: — C
[ LI
PRINT AVERAGE CHANNEL —— INT=20
¥ ap — L
CALCULATE HOT \J\l T INT-2
CHANNEL HEAT FLUX : ny
Cladding ! 1
I -
ADJUST HOT \ 3
CHANNEL FLOW : —
|
YES |
& 2
DNBR | e
+ N -
Unheated lcngth | : § 1
. | 13
PRINT HOT CHANNEL 10
RESULTS I — 0
v Channel centerline I
— MORE DATA \l S
| A
~ N0 : plenum

Fuel centerline

Figure 1. Flowchart of the code (a) and channel model (b)

point in the hot channel, it can be used as an indicator
of the risk that may appear if reactor power is slightly
increased or coolant mass-flow is decreased. In these
cases, the boiling process in the channel is expected.
It means that the coolant temperature in this
channel is not under the thermal-hydraulic limitations.
The fact that the result exceeds the limit in the techni-
cal data sheet for a typical reactor tab. 1 may be be-
cause the hot channel factor utilized in this calculation
is higher than the one used by the designer. This result
showed that at the coolant flow rate 62-10° kgh™! the
pressure drop is below 200 kPa (the pressure drop is
discussed at the end of the paper) and the MDNBR
above 1.30, but 7, at 345.1°C is above its 332 °C
limit, tab. 1. Based on this result in order to achieve an
operating state for this reactor that satisfies all of these
constraints, further sensitivity analysis is required,
which involves lowering the core inlet temperature 7,
from its reference value (300 °C) at a constant mass
flux of 62- 10° kghr! in order to lower core outlet tem-
perature 7, below 332 °C. Anyhow, it is generally
important to control the power generated in the hot
channel to avoid the occurrence of the ¢/, and its con-
sequences. This can be achieved by optimizing the re-
lationship: between heat generation and flow rate.

There are two ways to optimize the relationship: by
lowering power generation or increasing flow rate in
the channel.

The difference in heating rates between the two
channels is due to the hot channel's higher radial
power peaking factors as a consequence of its position
in the core.

Higher outlet coolant temperatures are preferred
for heat transmission, as is widely documented. Water
serves as both a coolant and a moderator in LWR, so
two competing mechanisms contribute to density feed-
back. As aresult, increasing the temperature of the cool-
ant has two opposing effects on reactivity. When the
temperature rises, the coolant density and boron solu-
bility decrease, while the reactivity increases due to the
slower absorption rate process. While decreasing cool-
ant density causes a decrease in the moderation rate pro-
cess, it also causes a decrease in reactivity [26]. The first
effect has a smaller impact on reactivity than the second
under normal operating conditions. As a result, increas-
ing the temperature of the coolant causes negative reac-
tivity feedback [1-4, 28-31].

Because the density of water decreases with
height, a better moderation process exists in the lower
part of the core. As a result, the power generation rate
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Figure 2. Axial temperature distribution at nominal power;
(a) coolant, (b) cladding outer surface, and (c), (d) fuel in the
average and hot channels, respectively, steady-state operation
at nominal power, cosine peaked-power distribution

inthe lower part of the core is expected to be higher. As
previously stated, it is also expected that the power
peak in the axial direction will be reduced by negative
reactivity feedback with an increase in power genera-
tion rate in the lower part of the reactor core due to the
high coolant density in that part of the reactor core
[26].

bubbles form on the surface of the cladding as a result
of partial boiling. This type of boiling is known as
subcooled boiling in the thermodynamic field. The
originated bubbles have high temperatures elaborated
from the surface due to the difference in density with
its surroundings and due to the continuous movement
of the coolant. The heat from these bubbles is trans-
ferred to the coolant, which causes them to collapse.
Because the hot channel has larger power peak-
ing factors due to its position in the core, the maximum
temperature positions in the channels differ, as well as
the time necessary to achieve the maximum tempera-
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ture. The maximum cladding temperature difference
between hot and average channel factors is 38.16 °C.

According to this result and from the standpoint
of reactor safety, it is necessary to regulate the power
produced in the hot channel in order to prevent the oc-
currence of the ¢/, and its consequences.

Figures 2(c) and 2(d) depict the temperature distri-
bution in the fuel centerline and fuel surface in the aver-
age and hot channels, respectively. The temperature pro-
files for the average channel's fuel centerline and fuel
surface fig. 2(c) are similar to the applied power distribu-
tion (cosine peaked). Both profiles show that the temper-
ature gradually increased, with the height reaching its
peak at 1296.19 °Cand 522.91 °C, respectively, at half of
the fuel element (channel). Following that, the tempera-
ture gradually began to drop to the fuel element's end
(channel outlet).

The temperature profiles in the hot channel fig.
2(d) resemble those in the average channel in shape and
behavior, but they are higher. Maximum temperatures in
the fuel centerline and fuel surface are also calculated,
with values at the center of the fuel element of 1772.48
°C and 599.23 °C, respectively. The highest recorded
temperature in the hot channel indicates that the fuel tem-
peratures are well within thermal-hydraulic margins.

As is well known, the reactivity coefficients es-
tablish the relationship between the power produced
by the fuel and the thermo-physical parameters of the
fuel and moderator [26, 27]. The temperature of the
fuel has a significant impact on the reaction rate in the
core as well as the power distribution. As nuclide tem-
peratures change, the Doppler broadening effect
changes the cross-sections of the resonance absorp-
tion, which has a negative feedback effect on reactiv-
ity. As aresult, the temperature of the fuel pin has a sig-
nificant impact on both reactivity and power
distribution. Furthermore, the fuel pin temperature has
a distinct radial distribution, and the fuel center tem-
perature is significantly different from the fuel surface
temperature [24]. Figures 2(c) and 2(d) clearly demon-
strate this distinction. In general, fuel pin temperature,
coolant temperature, and density all affect basic
cross-sections (particularly absorption) and thermal
scattering cross-sections. The resonance absorption of
the target nuclide with neutrons in specific energy re-
gions varies dramatically with temperature. Because
cladding temperature has little effect on neutron ab-
sorption, the neutronics and thermal-hydraulics feed-
back considers only three parameters: fuel tempera-
ture, coolant temperature, and density [26].

AXIAL POWER DISTRIBUTIONS —
BOTTOM PEAKED

Figures 3(a)-3(d) depicts the temperature distri-
bution in the cladding outer surface, the coolant, and
the fuel centerline and fuel surface in both average and
hot channels.
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Figure 3. Axial profile temperature distribution at
nominal power; (a) coolant, (b) cladding outer

surface, and (c), (d) fuel in the average and hot channels,
respectively, steady-state operation at nominal power,
bottom peaked power distribution

COOLANT TEMPERATURE

Light water reactors such as PWR and BWR em-
ploy water as both a coolant and a moderator that
slows down fast-traveling neutrons to become thermal
neutrons, which are required for thermal fission reac-
tions in the reactor core.
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The coolant temperature profile, as well as the av-
erage and hot channels, are depicted in fig. 3(a). The pro-
files show that as the coolant enters the channels during
steady-state operation, the average coolant temperature
rises across the core from 300 °C to 332.1 °C, resulting in
an average coolant heating rate of 32.1 °C. The average
channel coolant temperature is well within thermal-hy-
draulic limits because it is less than the saturation temper-
ature of the operating pressure, which is 345.32 °C. In
PWR, it is necessary to prevent coolant bulk boiling.

The coolant temperature rises from 300 °C at the
channel inlet to 350.1 °C at the channel outlet in the hot
channel, resulting in a heating rate of 50.1 °C. The out-
let temperature is higher than the saturation temperature
of the operating conditions, indicating that subcooled
boiling can begin somewhere in the hot channel. The
difference in heating rates between the two channels is
due to the hot channel having higher radial power peak-
ing factors due to its location in the core. The fact that
the result exceeds the limit in the technical data sheet for
a typical reactor, tab. 1. The reason for the deviation of
the obtained result from the given design limits is al-
ready mentioned in the previous case (axial power dis-
tribution-cosine peaked), as well as how to achieve a re-
sult that fits to the specified thermal limits.

TEMPERATURES AT THE CENTERLINE,
THE SURFACE OF THE FUEL, AND THE
CLADDING

Figure 3(b) shows the cladding outer-surface tem-
perature in the average and hot channels, respectively.
The analysis of fig. 3(b) for the average channel shows
that the cladding outer-surface temperature is equal to the
coolant temperature at the inlet of the channel, then be-
gins to increase with height and reaches its maximum
value of 380.70 °C at approximately the first third of the
channel then started to decrease.

The reason for the decrease in cladding tempera-
ture, as shown in fig. 3(b) has already been mentioned,
where in the last part of the channel the cladding tem-
perature arrives at the coolant temperature at the chan-
nel end.

According to the analysis of fig. 3(b), the clad-
ding temperature profile in the hot channel has the
same tendency as that in the average channel, but the
maximum cladding temperature in the hot channel is
recorded at the end of the first third of the channel. The
maximum temperature was 414.12 °C, which is higher
than the saturation temperature indicating the possibil-
ity of the subcooled boiling phenomenon. After the
highest temperature point in the profile, the tempera-
ture of the cladding decreases throughout the channel,
reaching to temperature degree nearly to the outlet
coolant temperature at the end of the same channel.

The positions of the maximum temperatures in
the channels differ, as does the time required to reach

the maximum temperature. It is due to the higher radial
and axial power peaking factors of the hot channel.
The calculated maximum cladding temperatures in the
average and hot channels differ by approximately
33.42 °C. And again, the hot channel’s power genera-
tion needs to be managed in order to prevent the ¢,
and its consequences.

Figures 3(c) and 3(d) show the temperature dis-
tribution in the fuel centerline and fuel surface in the
average and hot channels respectively.

In the case of the average channel, fig. 3(c) shows
that the temperature profile for the centerline and fuel
surface is identical to the shape of the power distribu-
tion (bottom peaked). Both profiles show that the tem-
perature at the inlet gradually increases with height,
reaching a maximum in the first third of the channel
(fuel element) of 1445.39 °C and 556.09 °C, respec-
tively. Following that, the temperature gradually began
to drop to the channel outlet. Because of the power dis-
tribution, the slope of the increasing part (the part be-
fore the maximum point in the profile) is greater than
that of the decreasing part (the part after the maximum
point in the profile) in both profiles.

The temperature profiles in the hot channel are
shaped similarly to those in the average channel, but
they are higher. The maximum temperatures at the
centerline and the fuel surface are 1985.17 °C and
636.85 °C, respectively. The large differences in maxi-
mum temperatures between the channels are due to the
hot channel's higher radial and axial power peaking
factors.

The maximum temperature recorded in the hot
channel is lower than the melting temperature of the
fuel (2878 £20 °C) [33]. The hot channel results show
that the fuel centerline, fuel surface, and cladding
outer surface temperatures are all well below their lim-
iting values for applied power distribution, indicating
that the fuel and cladding temperatures are well within
the thermal-hydraulic margins for power distribution.
In terms of safety, changes in the composition and
microstructure of the fuel caused by burnup effects
should be considered when determining its melting
point, as these will affect thermal conductivity in all
operational states. Taking uncertainties into account,
the peak fuel temperature should be lower than the fuel
melting temperature by a sufficient margin to prevent
the fuel from melting (see tab. 2).

CALCULATION OF ACTUAL LOCAL g, ,,
CRITICAL HEAT FLUX ¢/,, AND DNBR

According to the safety features of PWR, the de-
parture from the nucleate boiling ratio is the most im-
portant parameter of the safety limits. It is the ratio of
the g7, to the ¢/, at which DNB occurs. The DNB is a
complicated phenomenon influenced by a number of
physical and geometrical parameters related to fuel as-
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Table 2. The effect of power distribution on thermal-hydraulic parameters

Power distribution

Reference reactor

Parameter Cosine profile | Bottom profile [27] Melting temperature [°C]
Coolant temperature [°C] (average channel) 333 332.1 332 -
Clad maximal temperature [°C] 404.26 414.12 - 1850 °C [32]
Fuel centerline temperature [°C] 1772.48 1985.17 1788 2878 £20 °C [33]
MDNBR [-] 2.1538" 1.9872" 13"

*Calculated under the assumption that the reference 100 % power is 112 % power

**Calculated at 112 % power (transient) [1]

sembly. In this section of the work, the DNBR values
are calculated under steady-state nominal operating
conditions as well as other conditions. The minimum
departure from nucleate boiling ratio (MDNBR) val-
ues are determined in each case. The calculations were
carried out using the physical parameters while keep-
ing the geometrical parameters constant.

The MITH code uses a two-channel model with
hot and average channels. The temperatures in the
other channels, including the average channel, are
lower than the temperatures in the hot channel (the hot
channel has the highest temperature in the core). As a
result, the hot channel parameters are thought to be re-
liable predictors of reactor safety. If the hot channel
meets the safety limits so well, it stands to reason that
the other channels will do the same. This section pres-
ents and compares the results of both channels to help
the reader understand the difference between them.
The DNBR and MDNBR were calculated using the
hot channel results. It should be noted that the DNBR
calculation was carried out under the assumption that
the reference 100 % power is 112 % power (transient
condition) [1].

The W-3 correlation is used in MITH code for
critical heat flux ¢, calculations. The following is the
Westinghouse correlation form (W-3)

qgr ZQZr (pvxe sGaDh ’hf 9hin )=
:Kl (P,xe )'KZ (xe 5G)'K3 (xe 7Dh )'K4 (hf>hin )
(M
K, =1{(2022-006238p)+
+(01722-001427p)exp[(18177-05987p)x, 1} (2

K, ={(01484-159x, +01729x,|x,|)2326G +3271}

3)

K5 =[L157-0.869x, ][02664 + 0.8357exp(—~124.1D,, )]
“4)

K, =[08258+00003413(h, —h,)] (5

where ¢" [kWm ] is the critical heat flux ¢”,, p [MPa]
—the pressure, x,—the local quality, D;, [m] — the equiv-
alent heated diameter, A, [kJkg '] - the saturated liquid
enthalpy, and /;, [kJkg '] — the inlet enthalpy.

For both power distributions, the code results for
actual operating heat flux ¢ and ¢, profiles are
shown in figs. 4(a) and 4(b). The ¢, for the average
channel is also shown to demonstrate the difference
between the hot and average channels to the reader. In
general, the results show that the ¢, distribution in
both channels follows the distribution of applied
power. The difference in heat flux between the hot and
average channels is related to the hot channel's peak-
ing factor, i. e. the channels are in different positions in
the core, so the heat flux from the hot channel is greater
than that from the average channel.

The heat fluxes ¢, ,and g., for the symmetric
power distribution are shown in fig. 4(a). Curves 1 and
2in fig. 4(a) represent the ¢ ., profiles in both channels
(hot and average, respectively). Curve 3 in fig. 4(a)
represents the ¢, calculated by the MITH code using
the W-3 correlation equation, and line a-b in fig. 4(a)

represents the position of the MDNBR value (2.1538).
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Figure 4. The axial distribution of the critical and actual
local heat flux in the hot and average channels during
steady-state operation at nominal power; (a) cosine
peaked power distribution and (b) bottom peaked power
distribution
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The position is after the channel's midplane. Because
the coolant temperature rises with height, Curve 3 de-
creases with distance.

In the case of a bottom peaked power distribu-
tion, heat fluxes are shown in fig. 4. (b). In fig. 4(b),
Curves | and 2 represent the ¢, distribution in the av-
erage and hot channels, respectively. The maximum
value of ¢/, is located in the same location in both
channels, in the lower part of each channel.

The heat fluxes (¢, and g.,) for the bottom
peaked power distribution are shown in fig. 4(b).
Curves | and 2 in fig. 4(a) represent the g/, profiles in
both channels (hot and average, respectively).

Curve 3 in fig. 4(b) depicts the ¢, calculated by
MITH code using the W-3 correlation. The position of
the MDNBR value (1.987) along the channel is repre-
sented by lines a-b. MDNBR is measured in the lower
half of the channel height. Curve 3 continues to de-
crease with height as the coolant temperature rises
from point to point along the channel.

The MDNBR values obtained in both cases of
power distribution are well within the thermal-hydrau-
lic limits given in the datasheet of the tested reactor
[27]. The standard material temperature limits are
taken into account, 7,4 < 800 °C for Zircaloy-4 clad-
ding, and the fuel is not allowed to reach its melting
point of 2878 £ 20 °C (tabs. 1 and 2). Although zirco-
nium has a melting point of 1850 °C, zirconium alloys
are not suitable for use at extremely high temperatures.
At 810 °C, zirconium starts to undergo a phase change
from a close-packed hexagonal structure to a
body-centered cubic structure, and it is critical to
maintaining below this temperature. At these tempera-
tures, a reaction with UO, can occur at the zirconium
cladding inner interface. At the temperatures and
stresses typical of PWR reactor design, zirconium al-
loys exhibit significant creep. Creep rates increase sig-
nificantly with increasing temperature and are acceler-
ated by reactor irradiation. Zirconium chemically
reacts with steam at high temperatures (above 800 °C)
to produce hydrogen in an exothermic reaction. This
reaction must be taken into account when evaluating
any LOCA event that may expose the fuel elements to
steam. For the reasons stated, the cladding tempera-
ture should not exceed 800 °C to maintain nuclear
power plant safety limits [32-35].

The hot channel code analysis in this work dem-
onstrates that the maximum cladding temperature and
maximum fuel centerline temperature are both below
the limits. The core exit temperature T, is signifi-
cantly lower than the coolant limit (saturation temper-
ature of operating pressure). In PWR, the coolant's
thermal limit is the operating pressure's saturation
temperature. Based on the results and discussions, we
can conclude that the tested reactor meets the
steady-state thermal-hydraulic constraints.

Figures 5(a) and 5(b) show the variation of
DNBR with channel height (b). The power distribu-

tion affects the DNBR distribution along the channel.
Regardless of the power distributions used, the maxi-
mum values of DNBR are recorded at the channel's in-
let and outlet, while the lower values, including
MDNBR, are recorded in the distance between the in-
let and outlet of the channel. Figure 5(b) shows the
MDNBR position by enlarging the bottom parts of the
curves in fig. 5(a). The MDNBR position is logically
dependent on the power distribution. Because of the
effect of increasing fluid enthalpy on decreasing CHF,
the MDNBR occurs downstream from the maximum
heat flux position fig. 4(a,b) and fig. 5(b).

OPERATING CONDITIONS AND
THERMAL-HYDRAULIC PERFORMANCE

To evaluate the thermal-hydraulic performance
ofthe PWR, a steady-state hot channel analysis (HCA)
for a variety of operating conditions was performed by
investigating the thermal-hydraulic parameters under
different operating conditions. The MDNBR, maxi-
mum fuel and cladding temperatures, core exit tem-
perature, and pressure drop at various power distribu-
tions, power levels, and mass-flow rates (in kgs™)
were investigated. For the hot channel analysis, the
thermal-hydraulic constraints shown in tabs. 1 and 2
are used for comparison. Tables 3 and 4 show the re-
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Figure S. Influence of power shape on DNBR distribu-
tion in the hot channel; (a) DNBR is calculated using W-3
correlation for cosine and bottom peaked power
distribution and (b) enlarging the bottom parts of the
DNBR's curves in (a)
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Table 3. The effect of operating power level and mass-flow rate on thermal-hydraulic parameters

(bottom peaked power distribution)

Hot channel temperature [°C]
Power [%] Flow rate [%]| ding Fuel MDNBR | Ap[Psi] | g 10° [Wm2K™] | gl 10° [Wm™K™]
Surface | Centerline
100 100 414.12 636.86 1985.17 1.9872 10.99 5.6783 2.6347
100 90 415.05 636.86 1985.17 1.7988 9.92 4.7357 2.6347
110 100 420.02 709.92 | 2158.87 1.7095 10.02 4.9628 2.8959
110 90 420.90 711.27 2158.89 1.5233 10.23 4.412 2.8959

Table 4. The effect of operating power level and mass-flow rate on thermal-hydraulic parameters
(cosine peaked power distribution)

Hot channel temperature [°C]
Power [%]| Flow rate [%] , Fuel MDNBR | Ap[Psi] | g 10° [Wm2K'] | g 10° [Wm™K™]
Cladding -
Surface | Centerline

100 100 404.26 605.11 1772.48 2.1538 10.84 5.048 2.3451
100 90 404.86 605.09 1772.48 1.9205 9.73 4.5085 2.3451
110 100 410.64 652.27 1911.12 1.8216 10.85 4.7016 2.5779
110 90 411.74 625.54 1911.22 1.6106 9.93 4.1565 2.5779

sulting MDNBR values for various operating condi-
tions.

Itis essential to consider different operating con-
ditions ande ¢/, correlations when calculating core pa-
rameters for an accurate set of properties [36]. How-
ever, only the W-3 correlation was used in this study.
Tables 3 and 4 show that even in the worst case of oper-
ation, 110 % overpower and 90 % mass-flow rate, the
obtained MDNBR value is well within the US Nuclear
Regulatory Commission (NRC) limits (MDNBR > 1.3
at 112 % power-transient condition) [1, 36].

Regardless of power distribution configuration
(cosine or bottom peaked), higher core power and
lower flow rate levels promote higher surface heat flux
in the core, lowering MDNBR in the hot channel. Ta-
bles 3 and 4 show that the temperatures of the fuel cen-
terline, fuel surface, and cladding outer surface are in-
creased but remain below the temperature limits. The
pressure drop was not too erratic. The obtained result
is in good agreement with the reference data under
these operating conditions, tab. 1. The temperatures of
the fuel (centerline and surface) and the cladding are
more sensitive to the power level than to the mass flow
rate in both cases of power distribution.

Interms of heat flux, the ¢/, behaves similarly to
the temperature of the fuel and cladding. It makes
sense because the ¢/ ,is directly proportional to the
temperatures of the fuel and cladding. The ¢/, on the
other hand, is a function of many parameters, includ-
ing exit quality, inlet enthalpy, saturation enthalpy, and
mass flux. All of these factors are affected by the
power level, power distribution, and mass-flow rate.
As a result, the ¢/, is highly sensitive to changes in
power level and mass-flow rate.

Because pressure is an important parameter for
PWR thermal-hydraulic performance, the code calcu-
lates pressure drop as one of the thermal-hydraulic pa-
rameters. In a hot and average channel, the total pres-

sure drop is the sum of the pressure drops caused by
spacers and friction.

Equation (6) is used to calculate the resistance of
spacers

AP =AP

spacer —AP total with spacer (6)

total with spacer

The pressure drop at the spacer grid is related to
the fluid velocity ¥}, in the rod bundle (the subscript b
indicates the bundle)

AP, =C), §V£ (7)

where Cp is the drag coefficient of the spacer grid and
pis the fluid density.

The Reynolds number Re,, of the flow in the rod
bundle is expressed as

=0k ®

with D, the hydraulic diameter (D, =4A4/S), where A4 is
the flow cross-section, S — the wetted perimeter, and v
— the kinematic viscosity.

The frictional pressure drop can be calculated
using

Re,,

» L
— 9
D, ©)

ap =12,
where fis the friction factor, p [kgm ] — the fluid den-
sity, Vb2 [ms '] — the velocity, L [m] — the channel
length, and D), [m] — the hydraulic diameter.
For smooth pipes, Blasius (1913) has shown that
the friction factor (in a range of 3.000 < Re < 100.000)
could be computed by

0079

033 3000 < Re <100000
Re™

f=

(10)

However, in the case of Re > 10°, the following
equation is found to be more accurate
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0.046
Re0-20

In the code, the previous formulas were used to
show the relationship between pressure drops,
mass-flow rate, power distribution, and operating
power level. The effect of these parameters on total
pressure drops was investigated by calculating total
pressure drops with various values of each parameter
while holding the other geometrical and hydrody-
namic parameters constant. Tables 3 and 4 show the
outcomes. The results show a strong relationship be-
tween the tested parameters and total pressure drop.

There must be no melting of the fuel or cladding
and a low-fission gas release for safe operating condi-
tions. According to the literature, the fission gas can be
kept lower during steady-state operation by limiting
the average fuel temperature to 1673 K and the clad-
ding outer surface temperature to 1000 K (for zircaloy
-4). It is thought that imposing a 3123 K peak fuel cen-
terline temperature is more limiting than imposing an
average fuel temperature constraint [ 27, 36]. Tables 3
and 4 show that the surface fuel, fuel centerline, and
cladding outer surface temperatures in the hot channel
are below their limiting values for all test operating
power and flow rate cases [1, 25, 36].

f= (11)

CONCLUSIONS

A steady-state thermal-hydraulic study was con-
ducted using 1-D computer code to investigate the
high power density pressurized water reactor PWR
and identify the main thermal-hydraulic challenges
that characterize this reactor. Maximum fuel and clad-
ding surface temperatures, maximum surface heat
flux, MDNBR, and maximum core exit temperature
have all been determined to be within safe limits. Even
when the power is increased by 10 % of the nominal
operating power and the mass flux is reduced by 10 %
of the total mass flux, the thermal-hydraulic parame-
ters satisfy the thermal-hydraulic constraints. In gen-
eral, the calculation shows that control over power
generation in the hot channel is required in our tested
reactor to guarantee reactor safety. Furthermore, the
total pressure drop in the core is less than the safe limit.

The high level of agreement between the obtained
results and the data from the referenced reactor demon-
strates the code's validity and efficiency (PWR-W). The
minor discrepancies could be explained by differences
in the relevant physical parameters used in each method
of calculation. Furthermore, we can ensure that all ther-
mal-hydraulic safety parameters are within the thermal
design limits for steady-state operating conditions. As a
result, it is concluded that the referenced reactor
(PWR-W) is safe to operate under the aforementioned
tested operating conditions and remains within the ther-
mal design limits.
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Ezqun XYTJIN, Pamagan KPUJAH

TEPMOXUJIPAY/INYHA AHAJ/IN3A JTAKOBOJHOI PEAKTOPA
Y CTABMWJIIHUM PAJTHUM YCIOBHUMA
Jpyru geo — peakTop ca BOJOM N0/ IPUTHCKOM

Jegnonumensuonanuu pauyHapcku MITH nporpaM kopuimrheH je y oBOM pafy 3a U3BObewme
MOTKaHAJTHUX TEPMOXUIPpAYJIUNIHUX aHaJIn3a TUIITAIYHOT BeCTHHFXElYCOBOF MOJi€Jia p€aKTopa ca BOJOM IOJQ
OpUTHCKOM. [IBa KapaKTepHCTUIHA KaHala, BpyhH U MPOCEYHH, ca ICTAM IIPOTOKOM W HaJIOM IIPUTHCKA,
TEeCTUpaHa Cy Y CTAlIMOHAPHUM PAJTHUM YCIIOBUMa. Y OBOj aHAJIN3M, KaHAJ Ca HajBUILIOM TEMIIEPATYPOM je
O3HaueH Kao Bpyhu KaHaj. 3a mpopavyHe MOJies KaHaia je nofesber Ha 20 nenoBa. Ha Tepmoxupaynuyne
nepopmMaHce TECTHPAHOT peaKTopa YTHIAIH Cy pacloyiesia CHare, HUBO CHAre M MMPOTOK Mace pacxiiagHe
TeuHocTu. [Jo6mjeHu cy mpo iy pacnopesie TeMIepaType TOpUBHOT €JIEMEHTA 1 XJIaIoIa 3a IPOCCUYHH 1
Bpyhu kanai. Takobe je u3BplieHa aHaMM3a KPUTHIHOT TOIUIOTHOT (PIIyKca U M3PAUyHATH CYy TOILIOTHH
(nykceBu y o6a kanana. Kopemanuja W-3 xopunrheHa je 3a iCuTUBamhe KPUTUIHOT TOIUIOTHOT (hiIyKca y
HajToIUIMjeM KaHany. Heku nopauu u3 jgucre 3a THIIMYHYU peakTOp ca BOAOM IO/ IPUTUCKOM KopuutheHu cy
Kao yJIa3HM MOaI, AOK Cy Apyru KopuirheHn 3a Banmpanyujy kopa. [Iporpam je BepHO penmpomayKoBao
pe3ynrate BecTmHrxaycoBor Mojena peakTopa, YKIbydyjyhu TemiepaType XJIaguona, KOIIYJbUIE,
CpelMIIbE¢ JIMHUje U MOBPIIMHE TOPHBA, KBAJNUTET M JIOKAIHU TOIUIOTHH (PIyKC M KOe(HUIUjeHT
MUHUMAJIHOT OICTylIamka Of1 Kibydamba.

Kmwyune peuu: 2opuso, koulysuua, xaaouaau, iiemiepailypa, Gpuitiiucax, wouiotmHu paykc,
oocilyiiarbe 00 Ky4arba je3zpa




