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ABSTRACT 
 

Controlled cooling of the fuel channels in a 
calandria based reactor is important to avoid any 
hazardous aftermath. On the other hand, efficient 
cooling of the fuel channels can also ensure better 
utilization of the fuel in electricity generation. In this 
regard, simple modifications which can cause 
significant increase in the efficiency are appreciable; 
in particular, in the case of existing nuclear reactors. In 
this paper, we have discussed (a) the thermal and flow 
characteristics of the heavy water inside the traditional 
calandria based reactor and, (b) the effect of the 
introduction of a splitter near the heavy water inlet on 
the cooling efficiency. It is observed that the mass flow 
rate and inlet orientation have a significant effect on 
the convective heat transfer from the fuel channels to 
the heavy water. The underutilization of the heavy 
water in cooling the fuel channels in the traditional 
calandria design was speculated from the CFD 
analysis. The effect of introduction of a simple splitter 
(aerofoil shaped body) near the inlet was hence studied 
by carrying out CFD simulations. The latter seems to 
cause considerable decrease in the temperatures inside 
the calandria. The comparative analysis has shown that 
the splitting of the flow near the inlet can keep the 
calandria operating temperature under the safe limits 
for the same mass flow rate but for higher thermal 
power output. 
 

INTRODUCTION 
 

The nuclear reactor primarily consists of 
Calandria, Steam Generator, Emergency Cooling 
System, and, primary and secondary moderator 

 
 
 
 
 
 

(heavy water) circulation system. Calandria is a high 
pressure reactor vessel made of stainless steel. Inside 
the calandria, hundreds of horizontal fuel channels are 
arranged in a hexagonal pattern. The fuel channels 
contain the fuel (uranium) in the form of fuel bundles. 
Due to fission reaction, a large amount of energy is 
released in the form of heat. Primary fluid carries part 
of this energy (heat) to the boiler where it converts 
ordinary water into steam whereas the secondary fluid 
which is circulating around the fuel channel is mainly 
acting as a moderator. The fuel channels must be 
always under the safe operating conditions and hence, 
heat loss by convection to the surrounding heavy water 
is important. 

 
To understand the flow phenomena inside the 
calandria, both experimental and numerical studies are 
being carried out. The important and preliminary 
observations of the operation of CANada Deuterium 
Uranium (CANDU) reactors were reported in [1]. The 
authors conducted a series of experiments at Sheridan 
Park Engineering Laboratory. These experiments 
could provide the basic idea of thermal fluid flow 
characteristics inside the calandria. Similar 
experiments were reported in [2, 3] to identify the 
effect of inlet mass flow rate and internal heating on 
flow and temperature distribution inside the calandria. 
Experiments under isothermal conditions were 
reported in [4] to understand the flow characteristics. 
However, it is difficult to carry out the experimental 
studies on the full scale calandria model and hence, the 
numerical analysis can be economic and informative. 
In this paper, we discuss the details of the CFD 
analysis of the calandria. 
 
Some of the past CFD studies were carried out using a 
simplified geometry model and by approximating 
porous media for the matrix of the calandria tubes 
inside the calandria [5, 6 and 7]. In [6] the authors have 
mentioned that the flow inside the calandria can be 
either momentum dominated flow, or buoyancy 
dominated flow, or mixed type of flow. The flow 
pattern depends on the heat load and inlet mass flow 
rate. A series of numerical simulations for the analysis 
of CANDU reactors were carried out using Canadian 
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Algorithm for Thermo-hydraulics Network Analysis 
(CATHENA) [6]. This algorithm is capable to 
simulating transient two phase flow with accounting 
solid conduction. The numerical study was three 
dimensional and was to understand moderator 
circulation for CANDU-6 reactor accounting radial 
and axial power distribution. The prediction of 
maximum temperature of the moderator for a given 
moderator flow rate was possible. The detailed thermal 
and fluid flow characteristics were reported in [8] 
based on the CFD analysis of the calandria. The 
information can be used effectively during the initial 
stages of design. The capacity of a moderator to 
remove heat from the calandria is depends on its 
geometric parameters, two different inlet and outlet 
locations have been analyzed by Arsene et al [9] for 
CANDU reactor and shown that there is an increased 
heat removal rate for modified configuration. However, 
not much work has been done in this direction. Hence, 
the effect of calandria inlet and outlet orientations, 
moderator inflow rate, and flow distribution on the 
cooling of fuel channels need to be studied. The 
analysis can help us make the reactors more safe and 
efficient. 
 
In the present study, the numerical experiments were 
planned to understand (a) the effect of inlet orientation 
(θ) and moderator flow rate on the fuel channel 
temperature, and numerical simulations for the cases 
of 1200MW and 1800MW thermal loads have been 
carried out. And, (b) the effect of splitting of the flow 
near the inlets of the calandria for the two different 
thermal load cases. Rationale behind these numerical 
simulation was to make a remark on the cooling 
enhancement due to the splitting of the flow near the 
inlets. The present work is a continuation of previous 
study on the effect of moderator inflow angle on the 
performance of calandria [10]. The study has 
suggested the limits for inlet angle for a given inlet 
flow rate. From our previous study it was found that 
the inlet angle between 30°–60° (with respect to the 
horizontal) gives optimum heat removal for all 
considered heat loads. 
 
 

DETAILS OF THE CFD MODEL 
 
The schematic view of the considered calandria model 
is as shown in figure 1. The figure also shows the 
placing of a splitter plate near the inlet. Due to the 
splitter plate, the total moderator mass flux at the inlet 
(ṁ) splits into two parts, i.e., the mass flow from below 
the splitter (ṁL) and from above the splitter (ṁU) as 
shown in figure 1. There are total 553 fuel channels 
(diameter = 0.132 m), equally spaced (square pitch = 
0.288 m) and are always surrounded by the moderator. 
The calandria is 8m in diameter and 8m in length. 
Inlets are located on the two sides of the calandria 
symmetrically opposite to each other and outlet is 

located at the bottom. Splitter plate has a NACA0012 
airfoil shape to reduce any pressure loss and is placed 
near the center of the inlet opening. Its distance from 
the calandria center is 4m (refer to figure 1). The CFD 
simulations have been carried out for various splitter 
plate orientations (β) which are given in the table 2. 
 

 
The simulations have been carried out for steady state, 
incompressible conditions considering both convection 
and radiation inside the calandria. Reynolds-averaged 
Navier–Stokes equations (RANS) are solved for the 
water domain (refer to equations from 1, 2, and 4). 
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Where ρ is the density of the fluid, ui represents 
velocity vector, xi represents the axis in Cartesian 
coordinate system, fi is the body force term and is non-
zero only in the gravity direction in the present case. 
The outlet was considered to be at atmospheric 
pressure. No-slip wall conditions were specified for all 
the solid walls. τ represents the shear stress due to the 
velocity gradients, and p is pressure. 

Boussinesq model has been used to take buoyancy into 
consideration. The Boussinesq model is used when the 
density variations are driven by the temperature 
variation. The buoyancy source term is approximated 
as, 
 

)(= refTTtrefref −−− βρρρ              (3) 

 

 
 
Fig. 1. Detailed view of calandria geometry 
considered for present study and a side inset 
indicates the placing of splitter with respect to the 
inlet angle (θ). 
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A standard k-ε turbulence model (equations 5-10) has 
been used as it has been validated for the past few 
calandria case studies [8, 11, and 12]. The convergence 
criteria was set as 10-4. 
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Where, Ym represents the contribution of fluctuating 
dilatation in compressible turbulence to the overall 
dissipation rate. This is zero in the present work as the 
fluid is water (incompressible). 
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Turbulent viscosity, 
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Model constants are,  

1.3=1.0,=0.09,=
0.33,=31.92,=21.44,=1

εσσµ
εεε

kC
CCC −

  (10) 

Heat flux boundary condition is specified for fuel 
channel surface, corresponding to 1200 MW and 1800 
MW thermal power. The simulations were carried out 
for different mass flow rates, and, different inlet and 
splitter orientations. Inlet temperature is considered as 
44.2 °C based on a previous case study [13]. The 
details of boundary conditions are tabulated in table 1. 
 
In this study, body fitted unstructured grid is generated 
using ANSYS Meshing as the domain was complex to 
go for a structured grid. However, the validation and 
grid dependence studies for the unstructured grid has 
been reported in [10]. Higher grid density regions were 
created near the walls with the help of prism layers. The 
grid dependence studies were repeated for five 
different grid sizes (control volumes) (refer to table 3). 
The maximum fuel channel temperature and 
temperature at three selected sections (refer figure 3) 
were observed as criteria for grid independence. The 
variation in theses temperatures due to increase in the 
number of elements from 3.5 to 4.6 million (refer table 
3) was about 1 °C for the applied heat flux being in 
terms of megawatts. Compromising with the time and 
memory space requirements for simulations, mesh size 
of 3.5 million (mesh 2) was considered (refer table 3) 
for further analysis. The solution process was an 
iterative one. Numerical simulations were performed 
with an Intel machine (core i7-3770, 3.40 GHz). For 
one complete calculation with 3.5 million mesh size 
required 7-8 h. 

Because of the geometrical symmetry in the 
construction of calandria, only half portion was 
modeled. In the present work, phase change process 
has been neglected for simplicity. The heating of the 
fuel channels is assumed to be uniform throughout the 
considered fluid domain. 
 
Validation 
 
The numerical model was validated with the available 
isothermal and non-isothermal literature experimental 
observations. Velocity and temperature distribution 
along the centerline were compared. Figure 2a shows 

Table 1. Details of applied boundary conditions. 
 
Boundary type Assigned 

condition 
Value 

Inlet Mass flow Varying ‘Re’ 

Outlet Static pressure ‘0’ atm 
(Relative 
pressure) 

Fuel channels No slip, 
Constant heat 

flux 

654 × 103 and 
981 × 103 

[W/m2] 
Calandria wall No slip, 

Adiabatic 
q = 0 
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the comparison of vertical velocity variations along 
the vertical center line of the calandria between present 
simulated results and the isothermal experimental  
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(b) 

 
Fig 2. Validation of numerical model with the 
literature experimental work: (a) Vertical 
velocity comparison along a vertical centre line 
[3], and (b) Temperature comparison along a 
vertical centre line [1]. 
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work [3] for the mass flow rate of 2.4 kg/s. The 
negative velocity values indicate that the fluid moving 
in a downward direction. For isothermal case, the 
present simulated values match well with the 
experimental work. The present numerical model was 
also validated with a non-isothermal experimental 
case study by koroyannakis et al  [1], where the heat 
load was 100 kW and mass flow rate was 2.4 kg/s 
(refer to figure 2b). 
 

RESULTS AND DISCUSSION 
 
The analysis of the basic geometry (without splitter 
near the inlet) with the fuel channels subjected to a 
heat flux value of 654 KW/m2 which corresponds to 
the thermal power output of 1200MW is discussed first. 
This analysis was carried out to arrive at the values of 
the mass flow rate and the inlet angle where the 
efficiency can be improved. Further analysis was 
carried out at these values and in the latter case, the 
heat flux at the fuel channel surfaces was increased to 

1.5 times (981 KW/m2) which corresponds to 
1800MW). The simulations were carried out for 
different mass flow rates. This analysis essentially 
answers which mass flow rate for 1800MW case can 
cause similar temperature values as that of the 
1200MW without splitter plate. Further, the 
introduction of splitter plate was analyzed to 
determine the possibility of lowering the requirement 
of higher mass flow rate for 1800MW to operate under 
the similar conditions as that of the 1200MW case. 
 
Basic calandria geometry (without splitter near the 
inlet): 
 
This analysis has been carried out for the case of 
1200MW thermal power. Figure 4a shows the 
variation of ΔT (temperature difference between inlet 
and outlet) for different inlet orientations and different 
mass flow rates. It is observed that any increase in the 
inlet angle above 40° with respect to the horizontal 
(clockwise) has negligible effects on the resultant 
temperature difference. Apart from this, it is also 
observed that lower mass flow rate cases have higher 
temperature differences. The corresponding maximum 
temperatures of the fuel channel surfaces are as shown 

 

(a) 
 

(b) 
 

Fig. 4. Temperature difference and maximum 
temperature variation for different inlet angles 
(θ), 1200MW thermal power: (a)Temperature 
difference (ΔT), and (b) Maximum temperature 
(Tmax). 
 

Table 3. Mesh parameters and maximum fuel 
channel temperature for grid sensitivity study 

 
Case Inlet 

angle 
Inlet Total 

number 
of 

elements 

Maximu
m TCT 

 (θ) Re (106) (million) (°C) 
Mesh 1 75 2.1 2.0 69.8 
Mesh 2 75 2.1 3.5 70.4 

Mesh 3 75 2.1 4.6 71.6 

Mesh 4 75 2.1 5.8 71.1 

Mesh 5 75 2.1 7.1 71.1 

 
 
 
 
 
 
 
 
 
 
 
 

 
Table 2. Inclination of splitter (β) with     
respect to inlet (θ = 60°) for 1800 MW     
thermal power 

 
Inlet angle Mass flow rate splitter angle 

(θ) (ṁ) [kg/s] (β) 

60° 80 60 
60° 80 80 
60° 80 100 
60° 80 120 
60° 80 140 
60° 80 160 
60° 80 180 
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in the figure 4b. Some of the fuel channels either in the 
top region or below the inlet close to the calandria wall 
attained maximum temperature values greater than 
100 °C for the lower mass flow rates (60kg/sec and 
80kg/sec) and is not under the safe limits. But the 
lower mass flow rates ensure low pumping power 
requirements. Hence, there was an opportunity to 
optimize the operating temperature. In this regard, 
further analysis has been carried out for 80kg/sec mass 
flow rate with inlet angle 60°. 
 Case 2: Similar analysis for thermal power = 
1800MW and comparison 
 
As a first case study, a different set of simulations were 
carried out to see the extent to which the ΔT  and 
maximum temperature values change if the thermal 
power would be increased from 1200MW to 1800MW. 
A comparison of the simulated results for 1200MW 

and 1800MW is as shown in the figure 5. The 
maximum temperature values in the case of 1800MW 
thermal power were greater than 100 °C even when the 
mass flow rate is doubled. The streamlines and the 
local temperature variations along the streamlines for 
the two cases are as shown in the figure 6. It is 
interesting to note that, the incoming heavy water goes 
towards the top of the calandria along the calandria 
surface and then comes down due to gravity. This has 
a major drawback that the incoming cooler heavy 
water does not flow close to most of the fuel channels 
in the calandria. It was also observed that the volume 
of high temperature region of the fluid in the lower half 
of the calandria increased in size, due to the increase 
in the thermal power. 
 
Introduction of splitter plate near the inlet 

 
The idea of using the splitter plate was to split the mass 
flow to make the cooler incoming heavy water to flow 
close to as many fuel channels as possible. This can 
ensure enhancement in the heat transfer. For splitter 
angles β = 60° and β = 80°, the mass flux from the 
bottom of the splitter (ṁL) was not effective and the 

flow was along the calandria wall; whereas for higher 
β values (i.e. β > 80°), part of the incoming cooler 
heavy water (ṁL) is coming in contact with some of the 
fuel channels as shown in figure 7. For β > 100°, the 
mass flux from the upper and lower sides of the splitter 
plate (ṁU) join together and flow towards the upper 
part of the calandria and the region below the inlet 
close to the calandria wall is negligibly affected by the 
flow (refer figure 7). For all considered splitter angles 
the flow diverting towards the bottom part of the 
calandria can be seen only in splitter angles β = 60°, 
80°, and 100°. Hence, for further analysis of volume 

covered by the mass flux (ṁL) only these three cases 
have been considered. 

 
 
Fig. 5. Variation of maximum temperature and 
temperature difference between inlet and outlet 
for different mass flow rates. 
 

 

 
Fig. 6. Stream lines with temperature values (a) 
1200MW, (b) 1800MW. 
 

 
 
Fig. 7. Amount of volume covered by the stream 
line for different splitter angles (β) where, blue 
region indicates the volume covered by the mass 
flux coming from below the splitter (m𝐿𝐿̇ ) and 
red region indicates the volume covered by the 
mass flux coming from above the splitter (m�̇�𝑈) 
for 1800MW, θ=80o , ṁ=80kg/sec. 
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The average temperature of the fuel channels is as 
shown in the figure 8. The fuel channels crossing the 
temperature of 100 °C are highlighted with red color 
and it can be seen that there is only one fuel channel 
falling between the temperature range of 80 °C to 100 
°C and remaining are below 80 °C for splitter angle of 
β = 100°. For all the considered splitter orientations, 
the temperature of the fuel channels in the upper part 
of the calandria and close to the surface of the 
symmetry are less than 60 °C. This indicates that the 
inlet mass flux effectively cools the upper part of the 
calandria, close to the surface of the symmetry 
irrespective of the splitter angle. Figure 9 shows the 
effect of splitter angle on the maximum temperature 
and temperature difference between inlet and outlet. 
The maximum temperature is higher in β = 80 °C and 
it is found to be minimum for β = 100 °C and from the 
figure 8 we can see that for β = 100° only one fuel 
channel fall in the average temperature range of 80 °C 
to 100 °C. If we increase splitter angle further the 
maximum temperature also increases. The 
temperature difference was relatively lower in case of 
β = 60° and β = 80° as compared to that in case of β = 
100°; this indicates relatively lesser heat transfer in 
case of the former two β values. However, for safe 
operation of calandria based reactor, it is 
recommended to have the temperature difference 
below 18 °C [13]. All the considered cases do satisfy 
this condition as shown in figure 9. But the one with 
relatively higher temperature difference, lower 
temperatures in the whole calandria volume, and lower 
water mass flow rate is preferable. Unlike β = 60° and 
β = 80° cases, the temperatures were much lower in 
case of β = 100° (Refer figure 9). This ensures better 
safety and lower temperatures of operation with β = 
100°. 
 
The percentage of volume covered by the flow for 
different splitter orientations is shown in figure 10. 
The percentage of volume covered by the mass flux ṁL 
in the case of β = 60°, and 80° is not effective as none 
of the fuel channels come under this volume (refer to 
figure 7). The case of β = 100° being the optimum as 
compared to other splitter plate orientations. Further, 
the percentage of volume covered by cooler heavy 
water is more in the case of β = 100° as compared to 
that in the case of without splitter plate (refer to figure 
7). From the average fuel channel temperature plot 
(refer figure 8) it was observed that for β = 140° the 
temperature distribution was not uniform and the 
maximum temperature was found to be 140 °C for the 
same (refer figure 9). The percentage split of inlet 
mass flux [% = {ṁL/ṁ}×100] where, ṁ is the inlet 
mass flow rate (80 [kg/s])} for splitter angle β = 100° 
is around 50%. The percentage of fuel channels fall 
within the streamline is proportional to the volume 
covered by it. 
 

 
(a)               (b) 

Fig. 8. Average fuel channel temperature for 
different splitter angles (β). 
 
 

 
Fig. 9. Variation of maximum temperature and 
temperature difference with respect to splitter 
angle (β). 
 

Fig. 10. Percentage of volume affected by the 
mass flux coming from below the splitter (m𝐿𝐿̇ ). 
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        CONCLUSION 
 
In the considered existing calandria design, the 
incoming heavy water seems to flow along the surface 
of the calandria towards the top and then flow down 
due to gravity. The inlet angle has least effect on the 
heat transfer for angles greater than 40°. If the thermal 
power output has to be increased then it demands 
corresponding increase in the heavy water flow rate. 
The present work has shown that the use of splitter 
plate near the inlet of the calandria can considerably 
increase the cooling efficiency for the same heavy 
water flow rate. Splitter plate orientation has strong 
influence on the streamline pattern and the temperature 
distribution within the calandria. Splitter plate 
orientation close to 100° with respect to the inlet is 
found to be optimum. The inlet mass flux is effectively 
moving upwards for splitter angle greater than > 100° 
which is not favorable in this case.  

Present studies show that the maximum 
temperatures inside the calandria can be reduced to 
about 25 °C without increasing the mass flow rate and 
hence, no accidental risks. Increase in the percentage 
of volume covered by the cooler water flow is possible 
with the introduction of splitter plate. Thus the heat 
transfer enhancement between fuel channels and the 
heavy water could be achieved. It is found that the mass 
flux ratio required to keep the fuel channels’ operating 
surface temperature within the safe limit is around 50%. 
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