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Abstract: The reactor operation performance and safety are strongly associated with its thermal-hydraulic
design. It is of great significance to thoroughly estimate the key thermal-hydraulic parameters (e.g., critical
heat flux) during the reactor design and safety analysis. The uneven and time-varying power distribution during
operation can result in various local thermal-hydraulic behaviors, which make it rather difficult to get a clear
picture of how the thermal-hydraulic characteristics in each subchannel are affected by the axial power shape
varying of certain fuel rods in a fuel assembly. In this paper, a 5>5 rod bundle was taken as the research object,
and a set of cases with various boundary conditions cases was designed to carefully research this phenomenon.
These cases were modeled and analyzed by the subchannel code CTF. Using the uniform axial power
distribution (APD) as the baseline, comparative analyses were conducted by altering the central rod APD (from
uniform to cosine, inlet or outlet peak distribution). Furthermore, the effect of radial power distribution was
taken into consideration to investigate whether the APD impact would be amplified or diminished. The results
show that under various central rod APDs, the thermal-hydraulic parameters like the void fraction, mass flux
in central subchannels are changed. The MDNBR value of central rod might be below the safety criterion
under certain APD pattern while its position notably shifts towards the power peak. Nevertheless, such effect
is non-global since the parameter variations in side or corner subchannel are neglectable. Additionally, the
impact of central rod APD varying almost remains stable as its power increases. The relative variation of
coolant mass flux in subchannels not adjacent to central rod are within 1.6%. Moreover, the central rod APD
varying has little impact on other solid region with the maximum cladding temperature variation of other rods
below 0.5<C.
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1. INTRODUCTION

In a light water reactor, the local coolant behaviors are closely associated with the local power and local
geometries. The full understanding of the relationship and interaction between the two is of great significance,
which could supply reactor design and safety analysis with accurate inputs [1]. However, the power
distributions of fuel rods in reactor assemblies are usually non-uniform (both axial and radial) and time-varying
(during the fuel life-cycle). In the open and narrow subchannel geometry, the axial power distribution (APD)
changing of fuel rod with a high-level heated power can lead to the obvious variations of thermal-hydraulic
(T/H) parameters in neighboring subchannels. In addition, such effect may propagate core-wide by the strong
dynamic interaction among subchannels [2]. Hence, it is of necessity and challenges to get a clear picture of
the power distribution impact on T/H parameters and its propagation in subchannels.

In recent years, the details of the local flow fields, convective and boiling heat transfers, flow induced
vibrations, inter-subchannel mixings, potential interactions among subchannels, as well as flow regime
transitions under non-uniform power distributions have been investigated in both experimental and numerical
ways.

Among numerous T/H phenomena, critical heat flux (CHF) has attracted extensive research interest since it
serves as the criterion of reactor safety limits. Yang et al. [3] conducted rod bundle experiments with uniform
and non-uniform APD to discuss the applicability of using rod bundle CHF data with uniform APD for CHF
correlation development of light water reactors with non-uniform APD. Based on the liquid sublayer dryout
mechanism, Liu et al. [4] proposed an improved CHF prediction model for non-uniform APD, where the local
T/H characteristic at boiling crisis point was determined by considering upstream non-uniform heating power.
The CHF under different types of APD were calculated and compared with the experimental data. Zhu et al.
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[5] simulated the distribution of local two-phase thermal hydraulic parameters and CHF in a radially non-
uniformly heated rod assembly. The researchers found that as the heating power increases from 0 to the critical
level, the quality and void fraction affected two-phase velocity, which determined the distribution of mass flow
rate in subchannels. Wang et al. [6] investigates the effect of power peak value and location on system
instability in rod bundle. The results showed that the backward shift and the increase of and power peak could
prolong the single-phase region, thereby stabilizing the system. With the intention of analyzing the power
distribution impact on the thermionic reactor's thermal-hydraulic and thermoelectric characteristics, Dai et al.
[7] developed a three-dimensional computational fluid dynamic (CFD) model of a full-scale thermionic space
reactor core. The T/H analyses indicated that compared with uniform APD, the maximum temperature in each
component of the reactor core was much higher under cosine APD, while the APD has little effect on the
output power and coolant temperature distribution.

Although much work has been done on the prediction of CHF under non-uniform APD, few studies focus on
the influences of APD changing on the thermal-hydraulic behaviors in subchannels and how such effect
propagates. In this paper, a 5 x5 rod bundle was modeled and several patterns of APD were designed to
analyze the diffusion of the power distribution impact on the subchannel thermal-hydraulic characteristics. To
study whether a high heated power level would amplify the effect propagation in the rod bundle, a preliminary
sensitivity analysis was also conducted. Moreover, the effects of axial power peak shifting and flattening on
thermal-hydraulic parameters were investigated.

2. DESCRIPTION OF RESEARCH OBJECTIVE

2.1. Nonuniform heated rod bundle model

The nonuniform heating power in a fuel assembly can result in various and complicated T/H characteristics in
subchannels, as shown in Figure 1. In particular, the narrow and different geometries of subchannels, as well

as the intense interaction among the open subchannel structure, make it rather challenging to obtain an accurate
analytical expression of the power distribution impact on T/H characteristics in subchannels.
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Figure. 1 The Impact of Various Power Dlstnbutlon on Thermal-hydraulic Characteristics in Subchannels
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As an attempt to analyze such effect, this paper proposes a both axially and radially non-uniform heated rod
bundle with different boundary conditions to cover various operating conditions. Meanwhile, considering the
effect of subchannel location and geometry, a 5>6 rod bundle is selected as a representative example. The
geometric and structural parameters derive from NUPEC PWR Subchannel and Bundle Test (PSBT) 5> rod
bundle test assembly, which will be introduced in section 4.1.

Table 1. Metrics of Power Distribution Impact

Parameter Thermal-hydraulic Phenomenon

Mass flux The match between the coolant flow and heating power affects
the reactor efficiency and safety

DNBR (MDNBR) Measures the margin to critical heat flux

Maximum Cladding | Affects the heat transfer from the fuel pellets to the reactor
temperature coolant, coolant boiling on surface and critical heat flux

Void fraction Provides an insight into the phase distributions (gas/vapor,
liquid), which affects the heat transfer, flow dynamics and
stability, etc.
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2.2. Metrics of power distribution impact on thermal-hydraulic characteristics

From the perspective of operation safety and performance of reactor, a set of T/H parameters that people
mainly concerned about have been selected as the metrics of the power distribution impact. Table. 1 presents
these metrics and the T/H phenomena that they characterize.

3. NUMERICAL METHODS
3.1. Subchannel analysis code CTF

After years of development, the subchannel analysis codes that can reflect the two-phase flow and heat transfer
phenomena in the rod bundle have become a widely acknowledged approach to reactor T/H analysis.
Researchers have developed corresponding subchannel codes for different types of nuclear reactors, for
instance, COBRA series codes for light water reactor [8], ASSERT for heavy water reactor (CANDU) [9],
SACOS-Na for sodium fast reactor [10] and so on. Given that this study focuses on the T/H analysis under
PWR operating conditions, the non-uniform heated rod bundle in this study is modeled by the subchannel code
CTF, which is an improved descendent of COBRA/TRAC code [11] and has undergone sufficient verification
and validation (V&V) work in the last decade [12].

The CTF code employs a two-fluid model that considers three separate fluid fields (liquid film, entrained
droplets, and vapor). Assuming that the liquid and droplet fields are in thermal equilibrium, the code solves
nine coupled conservation equations: mass conservation of the liquid, vapor, and droplets; momentum
conservation of the liquid, vapor, and droplets; and energy conservation of the liquid, vapor, and solids. A
form of the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) is applied to numerical solution
in CTF. Eq. 1-3 gives the generalized form of mass, momentum, energy conservation equations [11]:
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Where subscript k denotes the phase kind (liquid film, vapor, or entrained droplet); &, , p,, \7k, h, represent

the void fraction, density, velocity, enthalpy of k-phase respectively. On the right side of Eq. 1, the first term
denotes the mass transfer into or out of k -phase, while the second is the mass transfer in the mesh cell due to
turbulent mixing and void drift. On the right side of Eq. 2, the terms represent: gravitational force, pressure
force, viscous and turbulent shear stress, momentum source/sink due to phase change and entrainment,
interfacial drag forces, and momentum transfer due to turbulent mixing. The terms on the right side of Eq. 3
stand for: k-phase conduction and turbulence heat flux, energy transfer due to phase change, volumetric wall
heat transfer, and the pressure work term.

The conservation equations contain several terms due to physical phenomena like void drift and turbulent
mixing, which are dubbed “closure terms”. These terms must be defined to complete the solution. The closure
terms and corresponding modeling choices in this study are outlined as below. A more detailed discussion of
the closure terms can be found in the CTF theory manual [13].

® CTF adopts the Lahey and Moody approach to model turbulent mixing and void drift phenomena. Here,
the single-phase mixing coefficient is derived using an empirical correlation by Rogers and Rosehart. The
two-phase turbulent mixing is according to the Beus’ model [13].

® [or forced convection heat transfer, considering the pressure conditions and correlation applicability
range, the Thom model is utilized.
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® The interfacial drag force per unit volume between any two fields is assumed to be a function of the
relative velocity between both fields, and the interfacial drag coefficients depend on flow regimes and

bubble size:
Between continuous liquid and vapor: %ivap liq = K, vap tig Yvap tiq (@)
Between entrained liquid and vapor: 7, .o o0 = K| vap enYvap ent
® Wall friction is approximated using Eq. 5, considering the PSBT rod bundle material and structure:
A=max(1.691Re °* 0.117Re ™) )

® Noncondensible gases and the droplet phase are not modeled. Given the assumption that the unheated
section at the top of the rod bundle is adiabatic, it is not explicitly modeled in the code. Since the outer
casing of the experiment facility is assumed to be adiabatic, there is no heat loss to the environment.

3.2. Process of power distribution impact evaluation

In the current work, the analysis of the power distribution impact can be divided into three stages as follows.
Figure 2 depicts the details of the evaluation process.

Model validation: Benchmark the simulation results against the experimental data and reference numerical
data for given exercises in PSBT benchmark.

Influence of axial power shape: Design several typical APDs, including cosine, uniform, inlet and outlet peak
distribution; apply these APDS to the certain rods and analyze the parameter variation in each subchannel.

Comprehensive evaluation of axial and radial power distribution impact: Change the power level of the

heated rods with various APDs to investigate whether the axial power distribution impact would be expanded
or shrunk.

General axial power shape impact
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Figure. 2 Process of Evaluating the Power Distribution Impact on Subchannel Thermal-Hydraulic Characteristics
4. RESULTS AND DISCUSSION
4.1. Model validation

The nonuniform heated rod bundle in this study is modeled using data from a PSBT 5>& rod bundle (Test
assembly B5), whose main parameters are listed in Table. 2. The NUPEC PSBT benchmark is a critical
resource that provides essential data for the development and validation of T/H solvers.

To ensure the follow-up analysis is credible, a validation study of the numerical model has been conducted.
The numerical results are compared with the existing data, including the PSBT experimental data and the
simulation data from the CTF V&V report [12].

Figure 3(a) shows that the predictions of quality are in good consistency with the experimental data at different
elevations (lower, middle, and upper elevations; LE, ME, UE). It can be seen from Figure 3(b) that the void
fraction results are almost identical with the calculated values published on the CTF V&YV report. The dashed
lines depict the experimental uncertainty. The calculated results are basically within the dashed boundaries,
and agree well with the experimental data. Moreover, the root-mean-square error (RMSE) is utilized as a
comparison metric to indicate the magnitude of errors between calculated and measured results, as shown in
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Eqg. 6. Table. 3 gives the detailed RMSE results, and the general RMSE is acceptable. In summary, the
correctness of 5x5 rod bundle modeling has been confirmed.

19 2
RMSE:\/WZ(XCTFJ _Xexp,i) (6)
i=1
Table 2. Main Parameters of PSBT Test Assembly B5
Item Value
Number of heated rods 25 (5> rod array)
Heated rod outer diameter (mm) 9.50
Thimble rod outer diameter (mm) -
Heated rods pitch (mm) 12.60
Axial heated length (mm) 3658
Flow channel inner width (mm) 64.9
Radial power profile 0.85:1.00
Axial power profile uniform
Number of mixing vane spacers (pressure loss coefficient) 7 (1.00)
Number of non-mixing vane spacers (pressure loss coefficient) 2 (0.70)
Number of simple spacers (pressure loss coefficient) 8 (0.40)
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Figure 3. Comparison of PSBT Test Series 5 Results: (a) Thermal Equilibrium Quality; (b) Void Fraction

Table 3. Error comparison between simulation results and reference

RMSE Simulation results Reference
Lower Elevation 0.0364 0.0340
Middle Elevation 0.0575 0.0308
Upper Elevation 0.0346 0.0595

4.2. Influence of APD patterns on T/H parameters

In this section, four typical patterns of APD are designed to investigate the power distribution impact on T/H
characteristics in a systematic way, including cosine, uniform, inlet peak, and outlet peak distribution, as shown
in Figure 4a. Figure 4b illustrates the radial power distribution (type I) and the indices of subchannels and
heating rods. To cover a range of operating conditions, a series of cases are designed, from high pressure/inlet
mass flux/heating power to low pressure/inlet mass flux/heating power, as listed in Table. 4.

The APD of rods in the bundle are all originally uniform. By changing the axial power profile of central rod,
the single impact of APD varying on subchannel T/H characteristics can be captured. Figure 5-10 present the
comparison of local void fraction and mass flux in rod bundle with different central rod APDs.
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Figure 4. (a) Four APD Patterns; (b) Schematic of Subchannel Division and Radial Power Distribution

Table 4. Error comparison between simulation results and reference

Case Press [bar] | Win [106kg/hr m?] | Power [KW] Tin [T] Radia Power distribution
11 155.0 11.80 3000 268.0 I
21 120.0 8.80 2650 236.0 I
31 80.0 5.60 2000 230.0 I

It can be observed from Figure. 5 that under various APDs, the axial void distribution in adjacent channels
exhibits significant differences. For the outlet peak distribution of the central rod, due to the higher local heat
flux at the upper elevation, the void generated under subcooled boiling gradually increases and drifts upwards,
resulting in a significantly higher void fraction at the outlet compared to the inlet peak and cosine distribution.
What’s more, a variation on the void fraction in cold central subchannel (e.g., subchannel 8, 9) has been
observed, which could be attributed to the joint effort of central rod varying and subchannel interaction. The
results of Case 1 I is similar to those of Case 2 | However, under low pressure and low flow conditions (Case
3 1, Figure 6), due to the low subcooling degree, a large number of voids have already appeared in each channel.
At this time, the difference in local heating power at the top will not have a significant impact on the void

distribution.
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Figure 5. Local void fraction in rod bundle with various central rod APDs in Case 2 |
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Figure 7. Local mass flux in rod bundle with various central rod APDs in Case 2 |
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Figure 8. Local mass flux in rod bundle with various central rod APDs in Case 3 |

The variation of central rod APDs has a strong effect on the axial distribution of the mixture velocity in adjacent
channels. Moreover, such effect propagates with the interaction among the open and narrow subchannels. As
shown in Figure 7, the mixture mass flux in the hot central subchannels under the outlet peak distribution is
notably lower than that in the cold central subchannels compared to the inlet peak distribution. The results
indicate that the influence of axial power varying in T/H behavior in the channels have a certain propagative
nature. However, the global extent of this effect is not significant; in Case 2 | - 3 I, the mixture mass flux or
void fraction in the corner and side channels almost remain constant.

To investigate the power distribution effect on the solid region, the maximum cladding temperature Tciad,max Of
different rods are also selected as one of metrics. It can be seen from Figure 9 that although the variation of
the APD of the hot rod (central rod) does exert an effect on the Teiaq,max OF Other rods, the influence is actually
very slight. Specifically, the largest Tciag,max Variation of other heating rods is only 0.48 <C, and in most cases,
the Teiag,max Variations falls within the range of 0.3 <C. Compared to that of the central rod (the largest value
is 4.4 <C, Case 1 | in Figure 9), the Teaamax Variations of other rods resulted from central rod APD varying can
be considered negligible.
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Figure 10. DNBR distribution with different central rod APDs

As a critical safety criterion for assessing the performance and safety of nuclear reactor coolant systems, the
influence of APD varying in the distribution of DNBR (Departure from Nucleate Boiling Ratio) has also been
studied. From Figure 10, it can be seen that the value and location of MDNBR (Minimum DNBR) on the
surface of the central rod are remarkably influenced by its own axial power profile. The MDNBR location of
central rod obviously shifts towards the power peak. Additionally, under outlet peak distribution, the MDNBR
value decreases from 1.88 to 1.18, already below 1.3, which is a limit value under normal operating conditions
and anticipated operational occurrences in PWR designs. However, the varying central rod APD has almost
no effect on the MDNBR in other subchannels, regardless of the value or location. As for the DNBR
distribution in axial direction, compared to the significantly changed DNBR distribution of central rod with
various APDs, little variation is observed in DNBR distribution of non-central rods. This indicates that the
impact of APD varying on DNBR is local.

4.3. Influence of APD patterns on T/H parameters

In this section, the influence of radial power distribution (RPD) is also considered to achieve a comprehensive
assessment of the power distribution effect. That is, the power of the hot rod (central rod) gradually decreases
and thereby the RPD gradually flattens to observe whether the effect of APD varying on T/H characteristics
in subchannels is weakened or enhanced. Taking Case 2 as the study object, different types of RPD (I-1V) are
set, as shown in Fig. 11.
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Figure 12. Radial Power Distribution Patterns, from Convex to Even
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Figure 13. Maximum Cladding Temperature with Different RPDs And Central Rod APDs

Figure 12 illustrates the influence of central rod APD varying on the mixture mass flux in subchannels under
different RPDs. It can be seen that although the radial power shape becomes more convex as the central rod
power rises, the APD impact remains relatively stable rather than increases sharply. Except for channels
adjacent to the central rod, the relative variations of mass flux |JAG|/G in other channels are within 1.6%. These
results indicate that the impact of axial power distribution varying is non-global, although it does propagate
with interaction between subchannels. Figure 13 depicts the magnitude of the APD impact under different
RPDs. It can be observed that even for a completely uniform RPD (Case 2 1V), the central rod APD varying
still results in changes in other rods’ cladding temperature. However, as the central rod heating power increases
from 1.00 to 1.32, the maximum Tiagmax Variation of other rods does not exceed 0.1 <C. Only the Tciad,max Of the
central rod is changing drastically, which once again indicates the influence of APD varying on the solid
temperature in rod bundle is spatially local.

5. CONCLUSION

The study investigates the impact and propagation of axial power distribution (APD) varying on the thermal-
hydraulic characteristics in subchannels. The PSBT 5>5 rod bundle was taken as the research object. After
model validation, taking the uniform APD as the baseline, several T/H parameters were compared under
various central rods APD (uniform, cosine, inlet peak, or outlet peak distribution). Furthermore, the effect of
radial power distribution (RPD) was taken into consideration to observe whether the APD impact will be
amplified or diminished.

The results showed that the change of heating rod APD will significantly affect the DNBR distribution on its
surface. The MDNBR value might be below the safety limit under certain APD patterns, which indicates the
axial power profile is a key parameter to be considered in PWR design. The position of local hot-spot on the
cladding surface and the peak cladding temperature will correspondingly shift and fluctuate. Additionally, the
thermal-hydraulic behaviors in subchannels adjacent to heating rods whose APD varies will also be notably
affected, such as local void fraction and coolant mass flux. However, such influence tends to manifest as a
local effect. Even when the central rod APD transitions from uniform to extremely distorted shapes, the
variations in void fraction and liquid-vapor mixture mass flux in side or corner subchannels remains almost
unchanged. Moreover, the APD impact on solid region is limited. The variations in Tciadmax Of other rods fall
within the range of £0.5C. Combined analysis of axial and radial power distribution varying shows that
despite the intensification of non-uniformity in RPD, the influence of APD varying and its diffusion within the
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bundle do not exhibit significant changes. For instance, as the relative heating power of the central rod
increases from 1.00 to 1.32, the relative variation of mass flux in other channels are only 1.6%. In general,
considering both axially and radially power varying, the changes in thermal-hydraulic characteristics in rod
bundle induced by single rod APD varying are local and are confined to adjacent channels rather than violently
propagate within the rod bundle.
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