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Abstract: The development of new practices in nuclear research reactor safety aspects and opti-
mization of recent nuclear reactors needs knowledge on forced convective heat transfer within
sub-channels formed between several nuclear fuel rods or heat exchanger tubes, not only in the fully
developed regime but also in the developing regime or laminar flow regime. The main objective
of this research was to find a new correlation equation for calculating the convective heat transfer
coefficient in the vertical square sub-channels. Recently, a simulation study was conducted to find a
new heat transfer correlation equation for calculating the convective heat transfer coefficient within a
vertical square sub-channel in the developing regime or laminar flow regime for Reynolds number
range 400 ≤ Re ≤ 1700. Simulations were carried out using a computational fluid dynamics (CFD)
code and modeling already defined in the software. The novelty of the research lies in the analysis
of the entrance effect for the sub-channel by proposing a new empirical correlation that can then be
inserted into the STAT computer code. The surface temperature distribution around the tangential
direction of the active cylinders shows that the implementation of active and dummy cylinders in the
current study can simulate sub-channels that exist in a real nuclear reactor core. The current study
shows that the flow simulated in this study is in its developing condition (entrance region). A new
forced convective heat transfer correlation for the developing region in the form of Nu = 2.094(Gz)0.329

for the Graetz number range 161 ≤ Gz ≤ 2429 was obtained from the current study.

Keywords: CFD code; developing regime; convection; sub-channel; vertical cylinder

1. Introduction

Heating and cooling of fluids flowing inside conduits or around rod bundles in a
nuclear reactor core are among the most important heat transfer processes in engineering.
The design and analysis of heat exchangers or rod bundles in a nuclear reactor core require
knowledge of the heat transfer coefficient between the wall of the conduits or rod bundles
and the fluid flowing inside or around them [1–4]. Modeling the heat exchanger is very
important task so as to estimate the performance of the system in terms of heat transfer
and accordingly design the configuration [5]. Rod bundles are the heat exchange elements
of a nuclear reactor, where in the coolant that passes through the sub-channels extracts heat
from the surrounding fuel rods [6].

For a nuclear research reactor, many researchers have conducted theoretical [7–13] and
experimental study [14,15] on convective heat transfer for natural, laminar, and turbulent
flow in the sub-channel of a reactor core. In the theoretical study, RELAP5-3D was used
for all computational modeling during the thermal–hydraulic analysis. Meanwhile, in the
Bandung TRIGA research reactor, the STAT computer code was used [16,17] to study the
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essential safety parameters of the reactor. In actuality, the flow in the pool of the Bandung
TRIGA research reactor is complex; water exiting the reactor rises toward the top of the
pool where some part is removed to a cooling system and subsequently returned at the
point near the level of the bottom grid plate. The construction of the Bandung TRIGA
research reactor core is also made in such a way that the primary cooling water that comes
out at a speed of 2.8 m/s is assumed to have no effect on the flow velocity in the reactor
core. On the basis of this assumption, the heat transfer in the reactor core takes place by
a pure natural convection, and the thermal hydraulic parameter analysis can be carried
out via single-channel analysis without involving the outlet flow velocity from the primary
cooling system. The use of the computer code STAT gives a significant deviation to the
experimental data [16].

To improve the analysis using STAT computer code, it is necessary to carry out a three-
dimensional analysis and consider the effect of flow from the primary cooling system. One
method that can be used to overcome this problem is computational fluid dynamics [18–25].
Heat, mass, and momentum balance equations of the water are solved with the help of
numerical analysis [21]. CFD is a powerful technique for study of the complex flow [25],
and, compared to the experiment, results from CFD can often be obtained in a shorter
time and at a lower cost [22,25]. For the Bandung TRIGA research reactor, a thermal–
hydraulic analysis using CFD was carried out, both for the core according to the general
atomic design [23] and for the reactor core after modification [24]. The results of this study
indicated that the outlet flow from the primary cooling system has a significant effect
on the sub-channel inlet velocity. Moreover, the length of the sub-channel in the TRIGA
2000 reactor core is very limited (38 cm), such that the flow in the sub-channel is predicted
to be still in the developing regime. Research related to forced convection in sub-channels,
including in developing regimes, is limited [26–39].

Recently, a simulation study was performed in the search for a new heat transfer
correlation equation for calculating the convective heat transfer coefficient within a vertical
square sub-channel in the developing regime or laminar flow regime with Reynolds number
(Re) range 400 ≤ Re ≤ 1700. Simulations were carried out with computational fluid
dynamics (CFD) code using modeling already defined in the software. The novelty of this
research lies in the analysis of the entrance effect for the sub-channel by proposing a new
empirical correlation which can then be inserted into the STAT computer code.

2. Materials and Methods
2.1. Numerical Model

Vertical cylinders simulate a bundle of nuclear reactor fuel rods or heat exchanger
tubes. The size and the geometry of the vertical cylinder used in the current study specifi-
cally replicate the fuel rod of a nuclear reactor core with a pitch/diameter (P/D) ratio of
about 1.16. Sketches of the test section used in this study and its schematic vertical cross-
section are shown in Figure 1. The simulation test section was a model of the sub-channel
in the CFD computer code consisting of the following components: a test box, a main test
section, a cylinder assembly, a perforated plate acting as a flow distributor, a fresh water
inlet, and a warm water outlet.

The main test section and the test box were made of glass sheets so that they were
transparent. During a forced convection experiment, cooling water flows into lower part
of the main test section through the cooling water inlet. The water flows through the
perforated plates into the main chamber of the test section, where the cylinder assembly
is installed. The water flows through the sub-channels between the cylinders, and finally
leaves the main test section through the opening at the top of main test section. The
horizontal cross-section of the cylinder assembly is shown in Figure 2. The cylinder
assembly consisted of 16 vertical cylinders; four of them were active cylinders equipped
with electric heaters, while the remaining cylinders were dummy cylinders without electric
heaters. The sub-channel explored in this study was the main sub-channel formed by the
active cylinders, i.e., the blue sub-channel in Figure 2.
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The dummy cylinders were used to distribute the water flows through the sub-
channels such that the flow characteristics within the sub-channel were similar to those
of water flows inside the nuclear reactor core or vertical heat exchanger sub-channels
(Figure 3). One major characteristic of the flow inside a sub-channel in a reactor core is the
insignificant lateral flow, i.e., the water flow is dominated by its axial velocity. To ensure
that the tested sub-channel had this flow characteristic, the gap between the cylinder walls
and main test section walls had to be well designed. By using this arrangement, it was
expected that the water flows inside sub-channels in a nuclear reactor core could be well
simulated. This theoretical study analyzed the heat transfer in the main sub-channel using a
CFD (FLUENT) software package. The computational domain covered by the CFD analysis
consisted of the volume inside the test section main chamber filled with cooling water.
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2.2. Boundary Conditions

It was assumed that heat flux on the active cylinder surface was constant and uniform,
while the surface of the dummy cylinders was assumed to be adiabatic. Several other
important assumptions were considered in this study, as listed below:

a. The experiment reached its steady operating condition.
b. Since the test section was opened to the atmosphere, the pressure at the water surface

was constant at 1 bar, while pressures at other locations were hydrostatic pressures.
c. The fresh water inlet entered the test section at a room temperature of 300 K.
d. Gravity was taken as 9.8 m/s2.
e. The physical properties of water followed its temperature and were obtained from

the literature (Table 1).
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The theoretical CFD model assumed the boundary conditions shown in Table 2 in its
computational domain.

Table 1. Physical properties of water at temperature of 300 K [23,29].

ρ (kg/m3) µ (N·s/m2) Cp (kJ/kg·K) k (W/m·K)

996.59 0.000852 4.179 0.6

Table 2. Boundary conditions for the CFD model.

Boundary Type Parameter Value

Pressure outlet Gauge pressure 0 Pa
Backflow temperature 298 K

Wall (heater) Heat flux 100, 500, and 1000 W/m2

Wall (stainless steel) Heat flux 0 W/m2

Inlet Velocity inlet
Reynolds number (Re)

0.7–1.0 m/s
(400 ≤ Re ≤ 1700)

2.3. Governing Equations

The governing equations utilized in the theoretical study followed the governing
equations implemented in the CFD FLUENT. Basically, the equations consisted of a conti-
nuity equation, momentum equation, energy equations, and equations for the standard k–ε
turbulence model. These equations are expressed below [12,23,29].

Continuity Equation: The continuity equation, or equation for the conservation of
mass, can be written in the tensor notation as follows:

∇
(

ρ
→
v
)
= 0, (1)

where ρ is water mass density, and
→
v is velocity vector.

Momentum Equation: The conservation of momentum in an inertial (non-accelerating)
reference frame can be described by the following equation:

∇.
(

ρ
→
v
→
v
)
= −∇p +∇.

→
→
τ= ρ

→
g , (2)

where p is the static pressure,
→
→
τ is the stress tensor (described below), and ρ

→
g is the

gravitational body force. The stress tensor can be expressed as follows:

→
→
τ = −µ((∇→v +∇vT)− 2

3
∇.
→
v I), (3)

where µ is the molecular viscosity, I is the unit tensor, and the second term on the right-hand
side of Equation (3) represents the effect of volume dilation.

Energy Equation: The energy conservation equation can be expressed in the following
form:

∇. (
→
v ρ(h +

1
2

v2))= ∇. (κe f f∇ T), (4)

where κe f f is the effective thermal conductivity, i.e., the fluid thermal conductivity com-
bined with the turbulence thermal conductivity, κt is defined according to the turbulence
model being used, and T is temperature of the water.

2.4. Parameters of Forced Convective Heat Transfer

In the design and analysis of heat exchangers or rod bundles in a nuclear reactor core,
it is necessary to evaluate heat transfer coefficients for fluid flowing inside heat exchangers
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or around the rod bundles. If the heat transfer coefficient for a given geometry and specified
flow conditions is known, the heat transfer rate at the prevailing temperature difference
can be calculated using Equation (5) [2].

qc = hc A (Tsurface - Tfluid). (5)

From a dimensional analysis, the experimental results or the simulation results of CFD
obtained in forced convection heat transfer experiments in long ducts and conduits can be
correlated by the following equation [7]:

Nu = Φ(Re) Ө(Pr), (6)

where the symbols Φ and Ө denote functions of the Reynolds number and Prandtl number,
respectively. For heated fluid and turbulent flow, the Dittus–Boelter correlation [28,29,40]
is used to calculate the Nusselt number of flow in a circular tube.

Nu = 0.023 Re0.8Pr0.4, (7)

where
Nu = the Nusselt dimensionless number =

h.D
k

Re = the Reynolds dimensionless number =
ρ.V.D

µ

Pr = the Prandtl dimensionless number =
cp.µ

k
If the channel through which the fluid flows does not have a circular cross-section, it

is also recommended that the heat transfer correlation be based on the hydraulic diameter
(Dh), defined by

Dh = 4
A
P

(8)

where A is the cross-sectional area of the flow, and P is the wetted perimeter.
To express the forced convection correlation for fully developed flow in the sub-

channel, the Nusselt number is used as the product of the Nusselt number for circular tube
(Nu) with the correction factor formulated in Equation (9) [1,32].

Nu = ψ(Nu)ct, (9)

where Nu = the Nusselt number = h.D
k , (Nu)ct = the Nusselt number for flow in a circular

tube, and ψ = the correction factor. For ratios of length (L) to diameter (D) of circular tubes
greater than 60, and for 1.1 ≤ P/D ≤ 1.3, the correction factor ψ is

ψ = 1826 P/D − 1.043. (10)

For short ducts, particularly in laminar flow, the right-hand side of Equation (6) must
be modified by including the aspect ratio Dh

x .

Nu = Φ(Re) Ө (Pr) f (
Dh
x
), (11)

where f ( Dh
x ) denotes the functional dependence of the aspect ratio.

In addition to the Reynolds number and Prandtl number, another factor that can
affect the conditions of heat transfer by means of forced convection is the influence of
the developing region. For laminar flow, the influence of the developing region is very
important if the L/Dh ratio is <50 [2]. Some studies calculated the local and average
Nusselt numbers for laminar entrance regions of circular tubes for the case of a fully
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developed velocity profile, and results of these analysis were described in the literature
by introducing the Graetz number [2,3,41]. The forced convection heat transfer correlation
in the sub-channel in the developing region for constant heat flux can be formulated as
follows:

Nu = f (Re, Pr, Dh/x), (12)

Nu = f (Gz). (13)

The Graetz number is a dimensionless number that characterizes laminar flow in a
conduit or sub-channel. The Graetz number is equal to the product of the specific heat
capacity, diameter, characteristic length, characteristic speed, and mass density divided by
thermal conductivity and length.

3. Results and Discussion
3.1. Grid-Independent Test

According to Table 3, grid-independent testing was conducted in CFD FLUENT for
mesh sizes of 0.1, 0.2, 0.3, 0.4, and 0.5 mm. Grid-independent tests are run on physical
models to determine the best mesh size. Grid independence was investigated in this study
using various grid systems and five mesh sizes for pure water. Nusselt numbers were
estimated for all five mesh sizes, and the results were close. The remnants were properly
monitored throughout the recurrence process. All solutions were considered united when
all governing equations were less than 10−6. Lastly, when the CFD FLUENT iteration led
to a unified decision on the basis of a set of criteria, the results were available. At this stage,
the Nusselt number in mesh size could be found throughout the computing domain.

Table 3. Grid-independent testing with different mesh sizes.

Mesh Size (mm) Grid Element Nu Error (%)

0.1 1,381,804 104.0639 47.048

0.2 1,618,680 93.41835 32.006

0.3 1,952,379 89.07538 25.869

0.4 2,023,097 87.80597 24.075

0.5 2,086,436 74.35284 5.0652

The grid-independent Nusselt number versus Reynolds test was performed with
respect to all grid mesh sizes. All mesh sizes were considered, but the mesh size of 0.5 mm
was considered optimal in this study. Although any mesh size could be used for these five
cases, Figure 4 shows that a mesh size of 0.5 mm provided the best accuracy.
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3.2. Validation of Results

The validation process is critical for ensuring that the results are correct when using the
optimal size mesh model. This can be seen in Figure 5 as the Reynolds number increased
(Re). The results of the theoretical study are shown as dotted black lines, revealing a good
fit between the CFD results and the equation.
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3.3. Fluid Flow Contour and Distribution of Velocity

Figures 6 and 7 present the contour of fluid flow and the distribution of velocity
on forced convection heat transfer in the sub-channel. Figure 6 illustrates that forced
convection for the laminar flow regime had a more even velocity flow, with the highest
average velocity in the middle of the sub-channel, denoted by a light-blue color (0.108 m/s)
compared to a blue color (0.021 m/s). The velocity vector of the fluid flow near the
bottom area of the sub-channel distributor wall is illustrated in Figure 7. The velocity flow
distribution was evenly distributed along the sub-channel from the bottom to the top of
the model. This is because the flow in forced convection was not greatly affected by the
presence of heat, while the area in the middle of the sub-reed had the smallest shear stress
and, therefore, a high velocity.
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3.4. Temperature Distribution

By conductinga simulation using CFD, the surface temperature of the active cylinder
could be obtained. The surface temperature distribution of active cylinders at a surface heat
flux of 500 W/m2 is shown in Figure 8. The color bar in this figure shows the temperature
values of active cylinders in K. Water received heat from the active cylinders while it
flowed upward; therefore, as it rose higher, its temperature increased. As a result, the
surface temperature of the active cylinders was also higher at higher elevations. The same
condition also occurred for the water temperature field for a surface heat flux of 500 W/m2.
Figure 9 shows that the thermal boundary layer growth near the active cylinders and the
thermal boundary layer was thicker at higher elevations; therefore, it can also be expected
that the heat transfer coefficient would tend to be smaller at higher elevations.
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Figure 10a–e present that, at a certain elevation, the surface temperature varied with
its tangential location around the cylinder. The active cylinder surface regions that were
directly facing the other active cylinders had the highest temperatures. This is related to
the fact that the water in these areas had less freedom since the water gaps between these
areas were thinner compared to water gaps in other areas.

The cylinder surface regions that were directly facing the main sub-channel also
had relatively high temperatures, although their temperatures were not as high as the
temperatures of the surface regions that were directly facing the other active cylinders.
A similar tangential surface temperature distribution around the active cylinders is also
shown in Figure 10a–e, showing horizontal temperature fields at elevations of 0.60, 0.70,
0.80, 0.90, and 1.0 m from the fresh water inlet. Figure 9 also shows the thermal boundary
growth, as discussed at the beginning of this section. In this figure, it is obvious that
the whole thermal boundary layer inside the main sub-channel was practically still in its
developing region, since the temperature of the sub-channel axis area was still relatively
low and almost the same as the inlet water temperature.

3.5. Influences of Heat Flux

Averages of the fluid temperatures at various elevations of the sub-channel are plotted
in Figure 11 with surface heat flux as a parameter for the curves. The figure clearly shows
that there was a general tendency in the curves that the fluid temperature increased as the
elevation increased. This fact is consistent with what was discussed in the previous section.
The curves in Figure 11 also show that the temperature gradients in the sub-channel axial
direction decreased as the elevation increased. This happened because the influence of heat
transfer from the cylinder surfaces penetrated more deeply at higher elevations; therefore,
the transferred heat was distributed to a larger amount of water at higher elevations than at
lower elevations. An obvious fact clearly shown in the figure is that the water temperature
axial gradient increased as the heat flux increased.
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The average surface temperatures of the active cylinders at various elevations of the
sub-channel are plotted in Figure 12 with surface heat flux as a parameter for the curves.
This figure shows similar tendencies to Figure 11, i.e., the average temperatures increased as
elevation increased, the temperature gradients in the sub-channel axis direction decreased
with elevation, and the temperature gradients in the sub-channel axis direction increased
as heat flux increased. These phenomena occurred as a function of similar reasons to those
discussed in the previous paragraph.
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3.6. Heat Transfer Coefficient

Figure 13 presents the heat transfer coefficient (h) on a laminar flow regime with a
Reynolds number range of 400 ≤ Re ≤ 1700. The large variation or difference in heat
transfer coefficient at various positions was very large. Thus, for laminar flow, the heat
transfer coefficient used to determine correlation was the local heat transfer coefficient.
With the temperature difference still increasing as the altitude increased, the heat transfer
coefficient also continued to decrease as the altitude increased, as shown in Figure 13. This
is one indication that this test range was still in the developing flow region and was not
fully developed thermally. Figure 14 illustrates the Nusselt Number (Nu) plotted against
altitude. In the figure, it appears that the Nusselt number (Nu) still tended to decrease with
increasing altitudes; therefore, it can be concluded that the flow was indeed still growing
and not yet fully developed.
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3.7. Development of Forced Convective Heat Transfer Correlation

The local heat transfer coefficient on the active cylinder surface can be calculated by
using Equation (1). The value of heat flux is given as one of simulation inputs, the values
of surface and fluid temperatures at any observed elevation can be retrieved from the CFD
package. Therefore, the local heat transfer coefficient can be calculated. After calculating
the local heat transfer coefficients at several elevations, the average heat transfer coefficient
can be numerically calculated by using the following equation:

h =

∫
hdAs∫
dAs

≈ ∑ hAi

∑ hAi
(14)

where As is surface area, and Ai is surface area of the i-the integration.

3.7.1. Physical Properties and Nusselt Number (Nu)

The bulk average temperature of the fluid can be represented by the mass flow
weighted temperature average in the water square sub-channel, which can be retrieved
from CFD software. If the fluid bulk temperature of the sub-channel is known, then all
necessary fluid physical properties, such as thermal conductivity (k), dynamic viscosity (µ),
kinematic viscosity (ν), and mass density (ρ) can be evaluated. Then, the Nusselt number
can be calculated using its definition,

Nu =
h.Dh

k
, (15)

where Dh is the hydrodynamic diameter of the sub-channel.

3.7.2. Graetz Number (Gz)

The Graetz number (Gz) of the fluid flow inside the sub-channel is defined by the
following equation:

Gz = Re Pr
(

Dh
x

)
(16)

By using Equations (1) and (14)–(16), the relationship between the Graetz number and
Nusselt number can be plotted as shown in Figure 15. According to the data shown in
Figure 15, the correlation equation obtained from the current study can be written as

Log (Nu) = 0.329 Log (Gz) + 0.321,

Nu = 2.094 (Gz) 0.329, (17)

for the Graetz number range 161 ≤ Gz ≤ 2429.
Figure 15 shows the new convective correlation curves for the laminar flow regime

in the sub-channel vertical square using data of Log Nu and Log Gz. The error obtained
was less than 10% with the obtained equation Nu = 2.094 (Gz)0.329, for the Graetz number
range 161 ≤ Gz ≤ 2429. Figure 16 presents a comparison with the correlation equation
produced in [42]. Figure 16 shows that the equations generated from this research had the
same pattern and simulation results for the sub-channel arrangement of the square with a
P/D of 1.16 and Reynolds number (Re) in a range of 400 to 1700 with a laminar flow regime,
when compared with the results obtained by El-Genk for a P/D of 1.25.
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4. Conclusions

On the basis of the results obtained from the current simulation study, several conclu-
sions can be drawn. The surface temperature distribution around the tangential direction
of the active cylinders shows that the implementation of active and dummy cylinders in
the current study can simulate sub-channels that exist in a real nuclear reactor core. The
current study shows that the flow simulated in this study is in its developing condition
(entrance region). A new convective heat transfer correlation for the developing region or
laminar flow regime was obtained in this study for Reynolds number range 400 ≤ Re ≤ 1700
in the form of Nu = 2.094 Gz) 0.329 for the Graetz number range 161 ≤ Gz ≤ 2429.
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