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Abstract: The appropriate modeling of heat transfer phenomena
in Pressurized Water Reactors (PWRs) is very important from
the considerations of safety and performance analysis of the
reactor. 2D thermal hydraulic safety analysis code is developed
to analyze the core of a typical PWR. Code is validated against
experimental data and theoretical correlations available in the
literature for the flow field in a heating cylindrical pipe. This
code is used to simulate the flow field around the single fuel pin
of a typical PWR. Heat flux profile at the outer surface of the
clad (taken from 3D space-time kinetics code, TRIKIN) is used
as one of the boundary condition. Results obtained by this 2D
thermal-hydraulics model are compared with the 1d model
(used in old TRIKIN code). This code has been planned to be
extended to couple with the 3D space-time kinetics code
(TRIKIN).
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I. INTRODUCTION

Pressurized Water Reactors (PWRs) produce heat by
controlled nuclear fission in reactor core. The heat produced
in core fuel pins are cooled by pressurized light water.
Sub-channel codes have been used traditionally for design
and safety analysis of PWR core. These codes are considered
too coarse for analyzing the heat transfer phenomena near the
wall of fuel pins. The appropriate modeling of this heat
transfer phenomena is very important from the considerations
of safety and performance analysis of the reactor.

2D thermal hydraulic safety analysis code is developed to
analyze the core of a typical PWR. Navier-Stokes and energy
equations (unsteady, two-dimensional, axis-symmetric,
cylindrical co-ordinates) have been solved using Marker and
Cell (MAC) method [1]. Standard wall function k-ɛ
turbulence model is used to incorporate the turbulent
phenomena. The wall functions due to Launder and Spalding
[2] are used to mimic the near wall region of the
boundary-layers. Fluid (coolant) properties are considered to
be temperature dependent.

Code is validated against experimental data and theoretical
correlations available in the literature for the flow field in a

heating cylindrical pipe. Local Nusselt number profile,
friction factor and fully developed turbulent kinetic energy
profiles are presented and compared with the experimental
results.

This code is used to simulate the flow field around the single
fuel pin of a typical PWR. Heat flux profile at the outer
surface of the clad (taken from 3D space-time kinetics code,
TRIKIN [3]) is used as one of the boundary condition.
Temperature profiles are presented in the coolant region of
the channel. Nusselt number is calculated at the heating
surface between clad and coolant. Turbulent kinetic energy
and its dissipation rate profiles are also presented. This code
has been planned to be extended to couple with the 3D
space-time kinetics code; TRIKIN [3].

II. 3D SPACE-TIME KINETICS CODE 'TRIKIN'

TRIKIN is a 3D space-time kinetics code with thermal
hydraulics (T-H) feedback. Space and time dependent group
fluxes are factored in to space dependent shape functions and
time dependent amplitude function. Improved Quasi-Static
(IQS) approximation is used for this factorization. Shape
functions are calculated by solving multi-group diffusion
equation using center mesh finite difference method [4]. Core
thermal hydraulics is based on fuel pin simulation model. A
symmetric part of the core can be simulated by using the
reflective or rotational boundary conditions. Albedo
boundary conditions are applied at the outer surface of the
core to eliminate the reflector region form the computational
domain. Generalized Runge-Kutta [GRK] method [5] is used
to solve the kinetics equations. Core thermal-hydraulics has
been modeled using 1-D fuel pin simulation approach. Radial
fuel heat conduction and axial coolant transport equations are
solved in this 1D approach. Coolant transport (continuity,
momentum and energy) equations are solved by using
semi-implicit schemes.

An approximate model is available to handle the phase
change situations, without solving detailed two phase flow
equations. The coolant flow is modeled by defining a number
of T-H channels within the core and some hot channels with a
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given power peaking factors. Power-weighted scheme [6] is
employed to calculate the feedback parameters to all fuel
assemblies belonging to a particular T-H channel. More detail
about the code 'TRIKIN' can be found in [3], [6].

III. 2-D THERMAL HYDRAULICS MODEL

There are two major limitations in the present version of
thermal hydraulics model of the code TRIKIN. First
limitation is that detailed analysis of the coolant region cannot
be done by using this 1-D thermal hydraulics model. Second
limitation is the use of correlations of Nusselt number to
calculate the heat transfer coefficient for clad-coolant
interface. These limitations can be resolve by using 2-D
thermal hydraulics model for coolant region.

2-D thermal hydraulics model is developed in the present
work. This model is used to study the detailed analysis of the
coolant region of a fuel pin. Explicit schemes are used to
solve the coolant transport (continuity, momentum and
energy). Standard k-ɛ turbulence model is used to incorporate
the turbulent phenomena. The wall functions due to Launder
and Spalding [2] are used to mimic the near wall region of the
boundary-layers. Fluid (coolant) properties are considered to
be temperature dependent.

Governing Equations

In two dimensional polar co-ordinates (r, z), the governing
equations with variable properties can be written as
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IV. TURBULENCE MODEL

Standard wall function k-ε turbulence model is used to
incorporate the turbulence. Governing equations for turbulent
kinetic energy (k) and turbulent dissipation rate (ε) are given
as

where G is the generation of k and is given by

The turbulent viscosity is then related to k and ε by the
expression

Model constants are given below

More detail about this turbulence model can be found in [7].

V. BOUNDARY CONDITIONS

Proper boundary conditions for the velocity, temperature,
turbulent kinetic energy and its dissipation rate are mandatory
to uniquely define the problem of turbulent flow with heat
transfer. Uniform profiles of all the above quantities are
assumed at the inlet of the channel and convective boundary
conditions are assumed at the outlet. Symmetric boundary
conditions are assumed at the centre of pipe (for internal pipe
flow case) and at the outer surface of the channel (for PWR
channel case). Both components of the velocity, turbulent
kinetic energy and its dissipation have zero values at the pipe
wall/clad outer surface. Heat flux profile at clad-coolant
interface (taken from the code TRIKIN) is used as one of the
boundary condition for temperature. Under the above
assumptions, the boundary conditions are formulated as
follows:

(a) For the velocity field:
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(b) For the temperature field:
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(c) For the turbulent kinetic energy and its dissipation:

The turbulent kinetic energy and its dissipation at the inlet are
given as [7]

where qw(z) is the non-uniform heat flux at the clad outer
surface, is taken from the kinetics code TRIKIN.

VI. MODEL VALIDATION

Model is validated against the work performed by Rup-Wais
[8] on turbulent, incompressible pipe flow with isoflux wall
condition. Prandtl number is taken as 0.7 (air) and the
Reynolds number is 31,100 and 50,000 based on pipe
diameter (12 mm) and inlet velocity. The temperature at the
inlet cross-section is set as 313 K and pipe wall is heated by
uniform heat flux (qw = 12000 w/m2).

Local friction factor profiles at different Reynolds numbers
(31100 and 50000) are shown in Fig. 1. The friction factors in
the fully developed region, predicted by present model are
0.02380 and 0.02125 for Reynolds numbers 31100 and 50000
respectively. These values are satisfactorily matches with the
corresponding values given by the Blasius [9] and
Taitel-Dukler [10] correlations (Table I).

Table I. Prediction of friction factor
Reynolds

number (Re)
Present work

(f)
Blasius (f)

Taitel-Dukler
(f)

31100 0.02380 0.02383 0.02380

50000 0.02125 0.02116 0.02114
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Fig. 1 Axial profiles of local friction factor

Local Nusselt number profiles are shown in the Fig. 2. Nusselt
numbers predicted by present model in the fully developed
region are 87.0 and 126.8 for Reynolds numbers 31100 and
50000 respectively. These values are compared with the
Dittus-Boelter [11] correlation values (Table 2). The
deviation is found to be less than 1.5%.

Fig. 2 Axial profiles of local Nusselt number

The turbulent kinetic energy profile for Re = 50000, in the
fully developed region is shown in Fig. 3. It can be noted that
the profile is closely matches with the experimental data by
Laufer and numerical profile by Rup and Wais [8].

Table II. Prediction of Nusselt number
Reynolds

number (Re)
Present

work (Nu)
Dittus-Boilter

(Nu)
Deviation

(%)

31100 87.0 88.09 1.24

50000 126.8 128.36 1.22
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Fig. 3 Radial profile of turbulent kinetic energy in the fully
developed region (re = 50000)

VII. PROBLEM DESCRIPTION

Present study is based on the PWR data provided by Jain et.al.
[12]. Design parameters are given in Table III and more detail
can be found in [12], [13]. A fuel pin with non-uniform wall
heat flux is analyzed by assuming the reactor to be running
under normal operating conditions. The coolant properties are
taken as temperature dependent.

Simulations have been done by considering the reactor is
running at normal operating conditions. Neutronic
calculations are done by the 3D space-time kinetics code
‘TRIKIN’. The heat flux profile at the clad-coolant interface
for the average channel (getting from TRIKIN) is used as one
of the boundary condition for thermal-hydraulics code. It is
quite cumbersome to study flow and heat transfer in all fuel
pins of the reactor. The thermal-hydraulic flow field is
simulated along an average fuel pin of a fuel assembly. This is
done by assuming the flow area of the whole core is to be
homogenously distributed along each fuel pin. This
assumption enables to calculate the flow area around a fuel
pin.

A non-uniform grid with cells packed toward solid boundary,
to account near wall viscous effects, is generated. The y+
value of the near wall grid points is about 40.0.

Table III. Core data of NEA/OECD PWR benchmark

Nominal core thermal power 2775 MW

Active core height 367.3 cm

Net mass flow through core 12893 kg/s

Core pressure 15.5 M Pa

Coolant inlet temperature 286 0C

Total number of fuel assemblies (FAs) 157

Number of fuel rods per FA 264

Number of guide tubes per FA 25

Rod arrangement in a square FA 17×17

Fuel assembly pitch 21.606 cm

Fuel rod pitch 12.655 mm

Clad outer diameter 9.517 mm

Clad wall thickness 0.571 mm

VIII. RESULTS AND DISCUSSION

Fully developed, normalized axial velocity profile of the
coolant is shown in Fig. 4. It can be noted that the velocity
profile is flat in the central region with maximum value of
1.19 and it drops sharply near the clad wall. This depicts the
profile of turbulent flow (central velocity equals to 1.2, for
turbulent internal pipe flow). Normalized turbulent kinetic
energy profile in the fully developed region is shown in Fig. 5.
It is not compared with the experimental data, due to
unavailability of the data in the literature. Radial temperature
profile in the coolant, at maximum fuel centreline temperature
location is shown in Fig. 6. This figure shows that there is a
drop of 17 oC, which is comparable to coolant temperature
rise (27 oC). It shows that 1D thermal-hydraulics model (used
in old TRIKIN code) is not sufficient to describe the heat
transfer in the coolant region.
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Fig. 4 Fully developed coolant axial velocity profile

Axial profile of the local friction factor is shown in Fig. 7. It
shows that the friction factor is high near the inlet region and
it decreases very sharply and then slowly increases as one
move towards outlet. Its value is about 0.0131 in the fully
developed region, which is very close to 0.0121
(Taitel-Dukler [10] correlation value for smooth pipe flow)
with a deviation of less than 9%.

Local Nusselt number profile is shown in Fig. 8. It is clear that
the predicted profile (present work) is very close to the
Sieder-Tate correlation profile and away from the
Dittus-Boelter correlation profile [11]. This is because the
Dittus-Boelter correlation is not valid when there is a high
temperature variation, as in the present case. For such a high
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temperature variation case, Sieder-Tate correlation gives
better prediction of Nusselt number, as it includes the
property variation with temperature. Hence old TRIKIN code
may not give the correct prediction of temperature in the
coolant region, as it uses Dittus-Boelter correlation for
clad-coolant interface heat transfer.
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Fig. 5 Fully developed axial coolant velocity profile
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Fig. 6 Coolant temperature radial profile at maximum fuel
centerline temperature location
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Fig. 7 Axial profile of local friction factor

Axial profiles of coolant bulk temperature for 1D (used in old
TRIKIN code) and 2D (present model) thermal-hydraulics
model are shown in Fig. 9. It can be noted that both the
profiles are similar in trend, but 2D model predicts higher
outlet temperature (590.3 K) than the 1D model outlet
temperature (588.0 K). The difference is about 2.3 K. The
reason behind this difference may be the use of Dittus-Boelter
correlation to calculate the clad-coolant interface heat transfer
in old TRIKIN (1D model).
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Fig. 8 Axial profile of local Nusselt number

Fig. 9 Axial profiles of coolant bulk temperature

IX. CONCLUSION

A 2D thermal-hydraulics code has been developed and
validated against the experimental data and theoretical
correlations available in the literature. This code is used to
simulate a single channel of a typical PWR running at normal
operating conditions. Results obtained by this 2D model are
compared with the 1D model (used in old TRIKIN code)
results. Following points may be concluded from the above
results

1. It is observe that there is a temperature drop of about 17 oC
in radial direction of the coolant region. This suggests that
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the assumption of no radial heat transfer in the coolant
region, taken in the old TRIKIN code (using 1D model)
may not be correct.

2. Present model predicts the average friction factor value in
the fully developed region as 0.0131. This is in close
agreement (less than 9% deviation) of the Taitel-Dukler
correlation value (0.0121) for smooth pipe flow.

3. Local Nusselt number profile predicted by this model is
very close to the Sieder-Tate correlation profile and away
from the Dittus-Boelter correlation profile. This is because
the Dittus-Boelter correlation is not applicable for large
temperature variation problems, while Sieder-Tate
correlation includes property variation with temperature
and is more accurate for high temperature variation
problems (as like present problem).

4. Present model predicts higher outlet temperature (590.3 K)
than the 1D model (used in old TRIKIN code) by 2.3 K.
The reason behind this difference may be the use of
Dittus-Boelter correlation to calculate the clad-coolant
interface heat transfer in the old TRIKIN (1D model).
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