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 Abstract: 

In the design of exothermic systems where heat is generated, the designer is concerned about whether 

the heat is adequately dissipated such that the equipment will not be overheated to damage the 

components of the system. Normally the heat is removed by forced convection. Since that involves 

active systems such as man-made pumps and control systems which have the possibility of failure, 

the inherent safety is sought after by utilizing the processes of natural convection and boiling that 

avoid the possibility of system failure being governed by the law of nature.  

Here, as an example, the natural cooling of an exothermic helical tube is studied using the 

sophisticated ANSYS Fluent Computational Code. More specifically, the thermohydraulic behavior 

of water surrounding this helical system is studied by changing a wide range of design parameters of 

the helix. Note that in ANSYS Fluent there is no specific analytical solution for natural convection 

modeling but it emerges from direct solution of Navier-Stocks and energy differential equations. 

With the big picture of inherent safety and passive cooling in mind, we simplified and narrowed down 

the objective of this undergraduate project by excluding boiling and only focused on the process of 

natural convection, while learning about the utilization of this complicated code and get know-how 

about the types of problems and phenomena that can handle. 

With the aid of a wide range of analysis tools, such as contour plots, velocity vectors, and pathline 

plots, we were able to obtain optimum design parameters for maximum heat removal by natural 

convection. We also developed some comprehension about some system-related phenomena, such as 

chimney effect and thermal plume. 

Finally, we employed the least square regression method (LSM) to fit our computational results with 

an analytical solution. As a result, we proposed a multivariable nonlinear equation to estimate the 

Nusselt number of our helical system.  
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2. Introduction  

 

2.1.Convection heat transfer: 

 

Convection, one of the modes of heat transfer, occurs between a solid surface and a fluid phase 

adjacent to the solid surface. There are two types of convection, namely, natural convection and forced 

convection. Natural convection, also known as free convection, occurs due to fluid motion by natural 

means such as buoyancy. In forced convection, on the other hand, fluid is forced to move by external 

sources such as pump, fan, etc. A major difference between these two types of convection heat transfer 

is the fluid motion; higher fluid velocity in forced convection results in higher heat transfer rates, 

whereas in natural convection, velocities are noticeably lower and the heat transfer rates are 

consequently smaller. The advantage of using natural convection is that the fluid motion is generated 

naturally by density difference and buoyancy without the aid of any fluid mover [1]. 

 

2.1.1. Boundary layer of forced and natural convection: 

 

If a vertical hot plate is located in a lower temperature fluid, a boundary layer profile will be observed 

near the surface. The boundary layer of natural and forced convection for this case are shown in Figure 

1.a and 1.b. Temperature profile shows that the fluid temperature rises toward the late. Since density 

and temperature are inversely proportional, the fluid next to the plate is lighter and starts to move 

vertically upward as a result of buoyancy forces.   

In both forced and natural cases, the fluid velocity next to the plate is zero because of the no-slip 

condition. Nevertheless, the velocity profile increases monotonically in forced convection, but in the 

case of natural convection, the velocity is zero at the other end of the boundary layer due to the 

presence of stagnant fluid. The natural convection velocity profile is similar to that of an internal flow 

(Figure 1.c) with the difference that the velocity profile in an internal flow is symmetric, but for natural 

convection is not symmetric [1]. 
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Figure 1. Boundary layer profiles. a) Velocity and temperature profiles for external natural convection flow [1]. b) 

Velocity and temperature profiles for external forced convection flow. c) Velocity profile for internal flow 

 

2.1.2. Applications of natural convection: 

 

Heat transfer by natural convection is of great importance in many industries and engineering 

applications. Cooling of electronic components, crystal growth, geothermal systems, heat exchangers, 

nuclear reactors, metallurgical processes, heat storage equipment, and waste heat recovery systems, 

just to name a few [2]. Natural convection has many advantages over the forced convection. It is 

reliable, cost- and energy-efficient, with no noise pollution. Although this method has many benefits, 

it should not be overlooked that the heat transfer coefficient is significantly smaller than the force 

convection. Thus, in order to fulfill an effective heat transfer rate, extensive design investigation is 

needed to obtain suitable shape and arrangement of the equipment to minimize the required surface 

area [3]. 

 

2.1.3. Mathematical analysis of natural convection and the Grashof number [1]: 

 

Newton’s second law of motion for a control volume can be written as equation 1.   

𝐹𝑥 = 𝛿𝑚. 𝑎𝑥     (1)     
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Where 𝛿𝑚 is the fluid mass within the volume element and can be expressed as  𝛿𝑚 = 𝜌(𝑑𝑥. 𝑑𝑦. 1). 

Note that for simplicity, the equation is written for a 2D system (dz=1). 𝑎𝑥, the x-direction acceleration 

can be obtained by taking the total difference of velocity in x and y-direction and dividing it by dt: 

𝑎𝑥 =
𝑑𝑢

𝑑𝑡
=

𝜕𝑢

𝜕𝑥

𝑑𝑥

𝑑𝑡
+ 

𝜕𝑢

𝜕𝑦

𝑑𝑦

𝑑𝑡
= 𝑢 

𝜕𝑢

𝜕𝑥
+ 𝑣 

𝜕𝑢

𝜕𝑦
  (2)      

Where (𝑢 
𝜕𝑢

𝜕𝑥
+ 𝑣 

𝜕𝑢

𝜕𝑦
) is a steady-state form of acceleration.  

The next parameter in Newton’s second law of motion is force. The forces acting on a differential 

volume element are pressure forces that vertically act on top and bottom of the volume element and 

shear stresses that act on side surfaces. Besides, gravity also acts on this element. So the net surface 

force acting in the x-direction can be written as: 

𝐹𝑥 = (
𝜕𝜏

𝜕𝑦
𝑑𝑦) (𝑑𝑥. 1) − (

𝜕𝑃

𝜕𝑥
𝑑𝑥) (𝑑𝑦. 1) − 𝜌𝑔(𝑑𝑥. 𝑑𝑦. 1) 

= (𝜇 
𝜕2𝑢

𝜕𝑦2
−
𝜕𝑃

𝜕𝑥
− 𝜌𝑔) (𝑑𝑥. 𝑑𝑦. 1)    (3)      

The conservation of momentum equation in x-direction could be obtained from equations 1 to 3: 

𝜌 (𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = 𝜇

𝜕2𝑢

𝜕𝑦2
−
𝜕𝑃

𝜕𝑥
− 𝜌𝑔   (4)      

The pressure gradient in the x-direction can be defined as equation 5 for quiescent fluid outside the 

boundary layer. 

𝜕𝑃∞

𝜕𝑥
= −𝜌∞𝑔    (5)    

𝜌 (𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
) = 𝜇

𝜕2𝑢

𝜕𝑦2
+ (𝜌∞ − 𝜌)𝑔   (6)      

Non-dimensionalizing the simplified x-momentum equation results in equation 7. 

𝑢∗  
𝜕𝑢∗

𝜕𝑥∗
+ 𝑣∗

𝜕𝑢∗

𝜕𝑦∗
= [

𝑔𝛽(𝑇−𝑇∞)𝐿𝑐
3

𝑣2
]
 𝑇∗

𝑅𝑒𝐿
2 +

1

𝑅𝑒𝐿
 
𝜕2𝑢∗

𝜕𝑦∗2
    (7)       

Based on the above equation, the Grashof number (Gr) is defined to represent the natural convection 

effects.  
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𝐺𝑟𝐿 = [
𝑔𝛽(𝑇−𝑇∞)𝐿𝑐

3

𝑣2
]      (8)       

This dimensionless parameter, named after Franz Grashof, is the ratio of buoyancy to the viscous 

forces acting on an element of fluid. Reynolds number (the ratio of inertia forces to the viscous forces) 

is extensively used in forced convection analysis. In the studies of natural convection, Gr number 

substitutes the role of the Re number [1]. 

 

2.2. FBNR and inherent safety: 

 

The Fixed Bed Nuclear Reactor, FBNR, is a small nuclear reactor that works with Pressurized Water 

Reactor (PWR) technology.  FBNR is modular in design and can be generalized to any size of reactor 

models. The schematic design of the FBNR can be seen in Figure 2. 

 

Figure 2. Operational states of FBNR. a) The fuel elements reside inside the fuel chamber under subcritical 

and passively cooled conditions. b-d) Fuel elements are pumped to the cone and cylindrical reactor core, 

respectively. 

 

During the reactor operation, the spherical fuel elements are carried from the fuel chamber up into the 

core and held together by water flow, to form a suspended core. A pressurizer system is needed to 

keep the coolant fluid at constant pressure. Any signal due to any initiating accident will cut-off power 
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to the pump; the suspended core breaks down, and fuel elements fall back into the fuel chamber from 

the core by the force of gravity. At the moment of emergency, the fuel chamber gets filled up with 

water, and heat transfer occurs between fuel elements and water. Figure 3 shows the arrangement of 

the components of the passively cooled fuel chamber [4]. 

 
Figure 3. Schematic design of the passively cooled helical fuel chamber located in a water bath. 

 

To ensure the reactor safety, the heat must be removed at an appropriate rate so that the increase in 

temperature will not damage the system. Active cooling systems commonly do the cooling. i.e. 

cooling through forced convection. However, in FBNR, the inherent safety or total safety is achieved 

by passive cooling through the process of natural convection, without any mechanical and human 

intervention or taking recourse to engineering devices. Since active cooling may fail, this novel 

approach is proposed to achieve inherent safety by taking advantage of infallible laws of nature [4]–

[6]. One suggested design for the passively cooled fuel chamber of FBNR safety is a helical tube that 

will be discussed in detail.  
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2.3.Helical structure: 

 

In any natural convection model, several important parameters directly control the rate of heat transfer. 

According to the convection equation, increasing the heat transfer surface or temperature difference 

increases the heat transfer rate. Therefore, the helical structure was chosen to increase the heat transfer 

surface area. Also, this structure is widely employed because of high heat transfer efficiency, 

convenient cleaning, easy processing and production and compactness. Helical structures have many 

applications in different industries, such as heating, ventilating, and air conditioning (HVAC) heat 

exchangers, condensers, and evaporators. However, relatively little work has been done on the natural 

convection heat transfer of these types of geometries [7]–[9]. 

 

2.3.1. Engineering considerations in the design of helical cooling systems: 

 

One of the most important features of the helical structure, especially in the case of heat transfer, can 

be described in terms of a combination of two phenomena: Natural convection on the helix surface, 

as well as the additional fluid movements caused by the natural convection on lower turns, also known 

as thermal plumes. It is noteworthy that the thermal plume effect cannot only be described by the 

number of turns; the tube diameter and the pitch values also have a significant influence on the 

effectiveness of the thermal plume.  

Another consideration in the design of helical systems is the occurrence of the chimney effect. 

According to Heo and Chung [10], the chimney effect is dominant for 1.5 < P/D < 5.0 and increases 

with N. For other values of P/D ratio, the heat transfer behavior of the model changes. For example, 

when the P/D values are reduced, P/D<1.5, the heat transfer rates are reduced due to the overlap of 

boundary layers. 

In the design of helical heat removal equipment, the helix orientation is also of primary importance. 

It can be an either vertical, horizontal, or inclined helix, with different turning angles (𝜃). Several 

design parameters and their ratios play a significant role in heat transfer, including the diameter of the 

helical core, 𝐷𝑐𝑜𝑟𝑒, and the diameter of the tube, 𝐷𝑝𝑖𝑝𝑒, the total length, L, the helix height, h, pitch of 

the tube, P, the mean diameter of the helical structure, 𝐷ℎ𝑒𝑙𝑖𝑥, and the number of turns, N. These 

parameters are illustrated in Figure 4.   
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Figure 4. Schematic representation of the model and its physical dimensions 

 

Natural convection heat transfer behavior on inclined cylinders is more complex than that of either 

horizontal or vertical cylinders due to the circumferential and axial development of the boundary 

layers. Based on various experiments, heat transfer in a horizontal cylinder is highest and decreases 

with an increasing slope of the cylinder compared to horizontal. This slope depends on parameters 

such as the pitch and diameter of the turns. One of the most important reasons that justify the low 

value of heat transfer in horizontal orientation is because the thermal plume effect is not expected [7]. 

Finally, preheating of the surrounding fluids on higher turns by lower turns is reducing the temperature 

gradient between solid and fluid and consequently as a diminishing effect on heat transfer rate. This 

is also directly related to P/D. For higher P/D ratios, the preheating effect decreases until it disappears 

at high critical P/D ratio (P/D=5) [7], [10]. 
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3. Review of the Previous Works 

 

Helical structures have been widely used in the design of heat exchangers. Heretofore, extensive 

research has been done on this structure and its heat transfer characteristics. In the majority of these 

studies, however, an external fluid mover, resulting in forced convection heat transfer, has been 

considered. Hence, there are a limited number of studies that focused on the natural convection on the 

outer surface of a helix [11], [12]. 

In 1994, an experimental study by Ali [13] dealt with the subject of natural convection on the outer 

surface of a helical coil that was submerged in water. According to this study, two correlations were 

presented for the Nusselt number based on Rayleigh number for two different diameters, equation 9 

for 𝐷 = 0.012 m and equation 10 for 𝐷 = 0.008 m. 

𝑁𝑢𝐿 = 0.685(𝑅𝑎𝐿)
0.295               3 ∗ 1012 ≤ 𝑅𝑎𝐿 ≤ 8 ∗ 10

14   (9) 

𝑁𝑢𝐿 = 0.00044(𝑅𝑎𝐿)
0.516               6 ∗ 1011 ≤ 𝑅𝑎𝐿 ≤ 1 ∗ 1014   (10)   

The results of this study showed that higher tube diameters increased the heat transfer coefficient for 

the same Rayleigh number and tube length [13]. Furthermore, by using the height, H, as the 

characteristic length of the helix in Ra correlation, Ali proposed another correlation for Nusselt 

number, as shown in equation 11. In this case, both the pitch and tube diameter were considered. 

𝑁𝑎𝐻 = 0.257(𝑅𝑎𝐻)
0.323              6 ∗ 108 ≤ 𝑅𝑎𝐻 ≤ 3 ∗ 1011     (11)     [13] 

 

Xin and Ebadian [14], in 1996, criticized that it is inexplicable to describe the different behavior of 

the helical structures with varying diameters of the tube in Ali's correlations. They determined the 

natural convection heat transfer coefficients on the outer surface, by using three different helicoidal 

tubes, both vertically and horizontally. In their experimental apparatus, a high DC current was passing 

through the tube wall, providing a constant heat flux boundary condition. In this case, the outer 

diameter of the tube was chosen as the characteristic length in the calculation of the Ra number. The 

average Nusselt number correlations, for vertical helical structures (equation 12), and for horizontal 

(equation 13), are shown below. 
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𝑁𝑢𝑜,𝑑 = 0.290(𝑅𝑎𝑜,𝑑 )
0.293

          𝑤ℎ𝑒𝑟𝑒  4 ∗ 103 ≤ 𝑅𝑎𝑜,𝑑 ≤ 1 ∗ 105   (12)    

𝑁𝑎𝑜,𝑑 = 0.318(𝑅𝑎𝑜,𝑑)
0.293

              5 ∗ 103 ≤ 𝑅𝑎𝑜,𝑑 ≤ 1 ∗ 10
5   (13)  

 

Comparing two above correlations for vertical and horizontal helical structures show that, in the 

laminar regime, the average heat transfer coefficient of the vertical coil is about 10% higher than for 

the horizontal one. 

An assumption in Xin and Ebadian paper [14] that the middle turns of the coil represented the average 

behavior of the helix was criticized by Ali [15] in 1998. Moreover, he doubted the practicality of their 

correlation for the horizontal coil, since the end effects were not being taken into account. In his 

second study, Ali used four different horizontally oriented helical structures with the same tube 

diameter but with two different helical diameters, the number of turns, and heat flux values. Finally, 

he proposed several Nusselt number correlations for the different operating conditions. He concluded 

that equation 14 is valid for heat fluxes in the range of 1000 ≤ 𝑞” ≤  5000 
𝑊

𝑚2 . 

 

𝑁𝑢𝑥 = 0.9125(𝑅𝑎𝑥)
0.301               2.5 ∗ 103 ≤ 𝑅𝑎𝑥 ≤ 5 ∗ 106  (14)    [15] 

 

Another experimental study was done by Prabhanjan et al. (2004) on free convection over helically 

coiled tubes in water. They presented a number of Nusselt number correlations as a function of 

Rayleigh number based on the power-law equation (equation 15). In Rayleigh number calculations, 

different characteristic lengths were considered to obtain the most effective one. They concluded that 

the helical tube height is the best characteristic length to predict the Nusselt number.  

 

𝑁𝑢 = 𝑎(𝑅𝑎)𝑏     (15) 

The values of a and b that are calculated in this experiment are given in Table 1 [12]. 

 

Table 1. Correlation results of Nusselt number. [12] 

Characteristic length a b Rayleigh range Correlation coefficient 

Tube length 0.0098 0.3972 5 ∗ 1014 − 3 ∗ 1015 0.8684 

Coil height 0.0749 0.3421 9 ∗ 109 − 4 ∗ 1011 0.9306 

Normalized length 2.0487 0.1768 2 ∗ 106 − 3 ∗ 109 0.9341 
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In another work (Izadpanah et al., 2018), seventeen helical coils are studied, and an empirical equation 

was presented for the Nusselt number as a function of Rayleigh number as well as coil parameters 

(H/D). As a part of the investigation, they also considered different characteristic lengths and found 

out that the coil length was the most suitable one for Rayleigh and Nusselt numbers. Equation 16 

demonstrates the best correlation they found. 

𝑁𝑢𝐿 = (𝑅𝑎𝐿 )
0.3071  (

𝐻

𝐷
)
−0.1097

 5.01 ∗  1010 < 𝑅𝑎𝐿 <  7 ∗ 1011       

  0.3167 <
𝐻

𝐷
< 1.9429    (16)   [16] 

 

Figure 5. Nusselt Number equations from previous works 

 

Beside experimental investigations and calculations, numerical and modeling techniques can also be 

used in analyzing the natural convection phenomena on helical structures. Nonetheless, only a few 

studies have been performed so far.  In 2015, Neshat and Hossainpour [11] wrote their own CFD code 

in C language and simulated a helical coil, situated in a water bath, and studied the natural convection 

from the outer surface of them. This study aimed to model a transient natural convection system and 
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obtain the temperature of the bath and Nusselt number of the outer surface of a helical coil. For 

modeling the turbulence effects, SST 𝑘 − 𝜔 turbulence model, a combined model of  𝑘 − 𝜔 and 𝑘 −

𝜀, has been utilized. Statistical analyses were done on CFD results of about 27 different coils and a 

correlation formula was developed to calculate the fluid temperature. The advantage of this study is 

the developed correlation is valid not only for water but also for other fluids such as acetone, ethyl 

alcohol, etc [11]. 

 

Figure 6.  The time evolution of temperature distribution of water surrounding the helix [11]. 

 

On a broader view, others have studied different fluids (air [14], [15] and oil [17]) phase change 

phenomena [18], finned surfaces [19], and nano-fluids [20] but still our knowledge of this system is 

limited, and more detailed researches are required on the topic of outside natural convection heat 

transfer on the surfaces of the helical tube, involving different helical configurations and flow rates 

[12]. 
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4. Methodology 

 

In this study, we have used ANSYS Fluent code for our simulation purposes. ANSYS fluent is 

engineering simulation software, computer-aided engineering, CAE, and one of the most popular 

commercial CFD software packages. ANSYS Fluent has a vast number of capabilities that are 

developed by world-renowned experts and supported by extremely experienced engineers. ANSYS 

Fluent solves time-dependent Navier-Stokes equations using the finite volume methods (FVM) for 

the discretization of the computational domains [21]. 

In ANSYS Workbench, we started by selecting the type of our study “Fluid flow analysis (Fluent).” 

There are five main steps in system preparation and analysis of Fluent modeling, including geometry, 

mesh, setup, solution, and results. In the following sections, we will describe the details of our 

simulation setup.  

 

4.1.Governing equations:  

 

The governing equations of a mathematical model describe how the dependent variables change when 

one or more of the independent variables change. When heat transfer is also concerned, an additional 

equation of conservation of energy is also solved. Additional transport equations, with different 

degrees of complexity, are also solved when the flow is turbulent [22]. The explanation of these 

models are described below. 

 

4.1.1. Navier-Stocks equations: 

 

ANSYS FLUENT solves the following equations for mass balance, also known as the continuity 

equation:  

𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑣⃗) = 𝑆𝑚   (17)     [22] 
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This equation is the general form of the mass conservation equation that is valid for both 

incompressible and compressible flows. The source, 𝑆𝑚, is the mass added to the continuous phase 

from the dispersed second phase. In our modeling 𝑆𝑚 is zero. 

Conservation of momentum in an inertial reference frame is defined as,  

𝜕

𝜕𝑡
(𝜌𝑣⃗) + 𝛻. (𝜌𝑣⃗𝑣⃗) = −𝛻𝑝 + 𝛻. (𝜏 ) + 𝜌𝑔⃗ + 𝐹⃗    (18) 

Where p is the static pressure,  𝜏  is the stress tensor, and 𝜌𝑔⃗  and  𝐹⃗ are the gravitational body force 

and external body forces.[22] 

For a three dimensional system we will have three independent momentum equations for x, y, z 

directions. The combination of continuity equation and these three momentum equations are 

commonly known as Navier-Stocks equations. 

 

4.1.2.  Energy equation: 

 

In order to simulate a conjugated heat transfer problem, for example natural convection modeling, it 

is needed to consider the Energy equation. ANSYS Fluent solves the energy equation in the following 

form:  

𝜕

𝜕𝑡
(𝜌𝐸) + ∇. (𝑣⃗(𝜌𝐸 + 𝑝)) = ∇. (𝑘𝑒𝑓𝑓 ∇𝑇 − ∑ ℎ𝑗𝐽𝑗⃗⃗⃗𝑗 + (𝜏 𝑒𝑓𝑓. 𝑣⃗)) + 𝑆ℎ     (19)        

where 𝐾𝑒𝑓𝑓 is the effective conductivity and 𝐽𝑗⃗⃗⃗ is the diffusion flux of species j. On the right-hand side 

of the equation, respectively, the first term represents conduction energy transfer, the second the 

species diffusion, and the third the viscous dissipation. Lastly, 𝑆ℎ  includes the heat of chemical 

reaction [22]. 
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4.1.3. Turbulence modeling: 

 

Although turbulent flow is irregular and chaotic, they are governed by the Navier-Stokes equations 

[23]. This phenomenon is described by its characteristics as it is not possible to provide a complete 

definition of turbulent flows. The first characteristic of turbulent flow is that the fluid velocity field 

varies significantly and irregularly in both position and time. Due to this feature, there is no definite 

approach to solving turbulent problems, so it relies on statistical methods. The other feature is the 

ability to mix and increase rates of momentum much more effective than a comparable laminar flow. 

Turbulent flows occur at high Reynolds numbers. 

Given that Re number is the ratio of inertia forces to viscous forces, the instabilities are due to the 

interaction of viscous terms and nonlinear inertia terms in the equations of motion. Since high levels 

of fluctuating vorticity characterize turbulent flows, the next important characteristic is rotational and 

three-dimensional vorticity fluctuations. Turbulent flows are always dissipative and continuum that is 

governed by the equations of fluid mechanics. At last, turbulence is a feature of fluid flows, not of 

fluids [24]. 

 

4.1.3.1.Turbulence models in ANSYS Fluent: 

 

According to this fact that there is no universal, single acceptable turbulence model, the choice 

between these models depends on a number of considerations such as the physics of the flow, the level 

of accuracy required, the available computational resources, and the amount of time available for the 

simulation [25], [26]. ANSYS Fluent provides turbulence modeling capabilities in an unparalleled 

breadth of models. There are ten turbulence models available in the Fluent, described below. 

For inviscid models, there are no viscous (friction) forces, so the Navier-Stokes equations reduces to 

the Euler equations, by removing the diffusion term [23]. The next simplest turbulence model is a 

one-equation model called Spalart-Allmaras that solves a modeled transport equation for the 

kinematic turbulent viscosity. Several versions of the popular 𝑘-𝜀 and 𝑘 − 𝜔 models (2-equation 

turbulence models) are also available in Fluent. More advanced and complicated turbulence modeling 

such as Laminar-Turbulent Transition Models, transition k-kl omega, transition SST, Reynolds stress 

model for highly anisotropic flows are also included in the Fluent. Finally, some state-of-the-art scale-
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resolving turbulence models such as Detached Eddy Simulation (DES), Large Eddy Simulation (LES), 

and Scale- Adaptive Simulation (SAS) are also available in Fluent [27]. 

 For all purposes, we suffice for two-equation turbulence models, namely 𝑘-𝜀 RNG, which is discussed 

in more detail below. 

 

4.1.3.2.The 𝑘-𝜀 model: 

 

The κ-ε model is prevalent for external flow problems around complex geometries and also for 

industrial applications due to its reasonable convergence rate and relatively low memory 

requirements. However, it does not perform well in the areas of adverse pressure gradients, strong 

curvature to the flow, or jet flow. The basic idea of this model is to model turbulent kinetic energy, k, 

and dissipation rate of turbulent kinetic energy, 𝜀, and then relate the missing information of length 

and time scales to these quantities to compute eddy viscosity as an algebraic expression of these two 

parameters. The 𝑘-𝜀 model relies on the assumption that eddy viscosity can be connected to a time 

and length scale that indicates turbulence [28], [29]. 

The RNG k-ε turbulence model is a subcategory of 𝑘 − 𝜀 model,  derived from the Navier-Stokes 

equations, based on a mathematical technique called the renormalization group” (RNG).  

The two additional partial differential equations for RNG k-ε models are shown below: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇𝑢𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝜀𝜇𝑢𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
) + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
− 𝑅𝜀 + 𝑆𝜀   (20) 

Where parameters 𝐺𝑘 and 𝐺𝑏 represent the generation of turbulence kinetic energy, due to the mean 

velocity gradients for 𝐺𝑘 and due to buoyancy for 𝐺𝑏. The contribution of the fluctuating dilatation in 

compressible turbulence to the overall dissipation rate is determined by 𝑌𝑀. The quantities 𝛼𝑘   is the 

inverse effective Prandtl numbers for k and so 𝛼𝜀  is the inverse effective Prandtl numbers for ε. 𝑆𝑘 and 

𝑆𝜀  are user-defined terms [22]. 
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4.2.Geometry preparation: 

 

The geometry created using ANSYS DesignModeler is shown in Figure 7. The first step is to model 

a helical tube placed in a cube reservoir, as a water tank. 

 

Figure 7. Different modeling orientations in DesignModeler 

 

The dimensions of our main domain are 8*8*8 𝑚3 as shown in Figure 4. A considerable amount of 

this volume corresponds to the water around the helix. This had to be done to ensure the minimum 

boundary effects were imposed on the helix, and the numerical errors caused by the reverse flow on 

the outlet boundary condition are minimized.  

Further, along the path of our simulations, we noticed that the volume of our computational domain 

was extremely large; even Though our model was divided to almost 7 million cells, the average 

volume of each cell was about 67 𝑐𝑚3. Consequently, we were not able to reach appropriate 

convergence for mass balance (the continuity equation). Unfortunately, our computing power was 

reached its limits, and we could not refine our mesh any further. Therefore, we decided to scale down 

our computational domain with a scale of 0.1.  

With this modification, we were able to achieve better convergence: the convergence of the continuity 

residual that previously remained at about one has decreased to less than 10−2 under these conditions. 

The comparison between these two models is shown in Figure 8.  
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         a) b)  

Figure 8. Residual plots. a) original model b) 0.1 scaled model 

 

Note that size-independent parameters, such as heat transfer coefficient and heat flux, remain almost 

unchanged during this scale down process and can be utilized for analysis of the original model. For 

instance, the heat flux of the original model was 80.4 
𝑘𝑊

𝑚2 and the corresponding value for the scaled-

down model was 79.3 
𝑘𝑊

𝑚2 , with an acceptable relative error of 1.4%. 

Therefore, our studies have been generally performed on the scale down model. After finding the 

optimum design of our helix, in order to obtain size-dependent parameters, such as the maximum core 

temperature, we switched back to the original model and ran a few essential simulations. With this 

hybrid approach, we were able to greatly reduce the computational cost of our study, without losing 

any meaningful precision.  

 

4.3.Model discretization:  

 

After generating the geometry in the DesignModeler, it is imported to the ANSYS Meshing to perform 

the model discretization. Various element sizes are used for different domains of the model, depending 

on their importance and sensitivity. Different meshing features such as body and edge sizing, inflation 

and sweep are used to improve the quality of our mesh.  The tube outer wall surface, in contact with 

the cooling water, is a no-slip boundary. Therefore, the first layer of water that is touching the tube 

must be small enough to capture the proper velocity gradient for the fluid.  Therefore, the inflation 
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feature is used to generate a very thin boundary layer adjacent to the wall. Figure 9 shows the final 

grid for scaled-down geometry, consisting of almost 6,000,000 elements. 

a)   b)  

Figure 9.  Discretized model a) The 3D solid helix domain b) The cut plot of the helix in water. 

 

The boundary layer mesh is specifically important in our modeling, and this is remarkable since 

making very small changes in its size, many differences in the results. In order to accurately model 

our system, a fine near-wall mesh is required that is capable of resolving the viscous sublayer. One 

parameter that helps us determine the size of the boundary layer based on the model conditions is 

dimensionless wall distance that is also called y+, defined as [27]:  

𝑌+ ≡
𝑢∗𝑦

𝑣
  (21)    

Where y is the distance to the wall and the local kinematic viscosity of the fluid is shown by v, and 

u* represents the friction velocity at the nearest wall and described by: 

𝑢∗ = √
𝜏𝑤𝑎𝑙𝑙

𝜌
    (22)     [27] 

In our boundary layer meshing, we made the element size of the first layer (y) small enough (
1

4
 of the 

required y calculated from y+) to capture the viscous sublayer.  

After all of the considerations taken into account for meshing, we need to check the quality of the 

final mesh with the aid of ANSYS meshing reports. The quality of mesh plays an important role in 

the accuracy and stability of the numerical computation. Here, we examine the quality of our generated 

mesh. ANSYS Meshing offers various mesh metrics, including element quality, aspect ratio, skewness 

and orthogonal quality. 
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a) b)  

c)  d)  

Figure 10. Different mesh metrics. a) Element quality b) Aspect ratio c) Orthogonal quality and d) Skewness 

 

The element quality varies from 0 to 1, with one being the highest quality. By examining parts of the 

model that have poor element quality, shown in Figure 10.a, we found that they belong to the meshes 

around the tube, due to the inflation. However, the inflation was added intentionally to capture the 

velocity profile around the tube and cannot be considered as a flaw [22]. 

Aspect ratio, measure of the stretching of a cell, is another important indicator of the mesh quality. It 

is computed as the ratio of maximum value to the minimum value distances in a mesh. Distances were 

indicated are normal distances between the cell centroid and face centroids or nodes. Simply put, it is 

defined as the ratio of width to height. One is the ideal value for aspect ratio that represents perfectly 

cubic meshes. As one can see in Figure 10.b, the vast majority of our meshes possess reasonably small 

aspect ratios, indicating acceptable quality for this mesh metric [22]. 
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The orthogonal quality also varies from 0 to 1, with one being the highest quality. If the minimum 

orthogonal quality is below 0.01, fluent will not accept the incoming mesh. For fast convergence, 

however, it is expected to have a significantly higher average value, at least 0.7. The minimum 

orthogonal quality for our modeling is 0.147, with an average of 0.774. These parameters are well 

within the accepted range for orthogonal quality [22]. 

Skewness also varies from 0 to 1, with zero being the highest quality. It is defined as the difference 

between the shape of the equally-angled triangular/tetrahedral mesh, and the real mesh. Skewness for 

both triangular or tetrahedral meshes should be kept below 0.95 with a significantly lower average 

value. Higher values for skewness may lead to convergence difficulties [30]. As can be seen in Figure 

10.d, the skewness of our mesh ranged from 0.04 to 0.82, indicating acceptable skewness [22]. 

In Conclusion, the consideration of all four primary criteria for mesh quality has ensured that we have 

discretized our model sufficiently well. 

 

4.4.Setting up the desired physics in ANSYS Fluent:  

 

After generating the mesh and creating a named selection for all volume and surface bodies of the 

model, the mesh is updated and translated to Fluent. By clicking on set up, Fluent launcher opens in 

order to set some basic settings. The double-precision option allows for increasing the decimal place 

from 8 numbers to 16. We activated this option for a better convergence of the natural convection 

modeling. Thermal expansion coefficient, 𝛽, is usually a very small number but plays a significant 

role in natural convection modeling; using single precision may severely round up this parameter due 

to its small value and causes substantial errors in the results. At last, for parallel computing, the 

number of processors can be chosen to speed up the calculations. We used all 12 available cores of 

the CPU.  

In the general section of the Fluent setup, the type of the solver is selected as “pressure based” because 

this type is generic. In contrast, the “density-based” type is typically used for sonic and supersonic 

velocities and highly compressible fluids.  

Each system can be modeled either as a steady-state problem or a transient model. A major challenge 

in transient thermal design is the time scale. Natural convection processes occur typically in hour 
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scales. While the common commercial codes such as ANSYS Fluent tends to solve very small time 

steps due to the numerical stability requirement for natural convection. The issue of convergence in 

transient models is another challenge.  According to Fadi [31], neither steady natural convection nor 

an unsteady forced convection solution seems to have problems with convergence, while unsteady 

natural convection solutions are subject to restriction for convergence. Therefore, we decided to solve 

the model in a time-independent and steady-state manner.  

Modeling gravity is a must in natural convection modeling, since the fluid motion is created as a result 

of changes in density with temperature and, consequently, the buoyancy effect. Therefore, gravity is 

enabled and the gravitational acceleration of -9.806 
𝑚

𝑠2
  is entered in the y-direction due to the 

orientation of the model in the task page. 

The water in the bath is initially stationary, and there is no need for turbulence modeling. When the 

fluid starts to equilibrate with the helix, significant changes in density occur, velocity fluctuates, and 

the flow becomes exceptionally disordered. Here the fluid enters the turbulent regime. The point is 

fluid does not enter the turbulent zone suddenly. Instead, there is a transition state before it becomes 

fully turbulent. 

The existence of these laminar, transition and turbulent flow regimes can be seen in different 

phenomena, from cigarette smoke to dye injection in a glass tube. Fluctuations in velocities enhance 

the rate of heat and momentum transfer between fluid particles and finally would increase the friction 

force on the surface and the convection heat transfer rate [1]. 

 

Figure 11. The laminar and turbulent flow regime of candle smoke [1]. 

 

Furthermore, our system of interest has the Rayleigh number of 1011, within the known range of 

turbulent natural convection [22]. 
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4.4.1. Properties of materials added to the Fluent database: 

 

Water is available in the Fluent database, but its properties, including density, heat capacity, thermal 

conductivity, and viscosity are all constant values with no variation with temperature. Natural 

convection occurs only due to the density variations of fluid to make buoyancy-driven flows. As 

shown in Figure 12, if we assume the density is constant, heat can only be transferred symmetrically 

by the mode of conduction. 

 

Figure 12. Convection flow of incompressible fluids 

 

If the displacement in the fluid does not occur due to the constant density, the hot object is always 

exposed to the same high-temperature fluid and loses its heat transfer efficiency.  

Hence, it is apparent that for natural convection modeling we have to consider the fluid properties, 

including density, as a function of temperature. To achieve this goal, piecewise-linear functions for 

all water properties for the range of temperatures from 10 to 120 have been added to the database. The 

imported data for water was extracted from [1] and can be found in Table 2 below. 
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Table 2. Variable thermal and physical properties of water [1] 

Data 

point 

Temperature 

(℃) 

Density 

(
𝒌𝒈

𝒎𝟑) 

    Viscosity  

(
𝒌𝒈

𝒎𝒔
)  

Specific 

heat (
𝑱

𝒌𝒈.𝑲)
 

Thermal 

conductivity (
𝑾

𝒎𝑲
) 

1 10 999.7 1.307 ∗ 10−3 4194 0.580 

2 20 998 1.002 ∗ 10−3 4182 0.598 

3 30 996 0.798 ∗ 10−3 4178 0.615 

4 40 992.1 0.653 ∗ 10−3 4179 0.631 

5 50 988.1 0.547 ∗ 10−3 4181 0.644 

6 60 983.3 0.467 ∗ 10−3 4185 0.654 

7 70 977.5 0.404 ∗ 10−3 4190 0.663 

8 80 971.8 0.355 ∗ 10−3 4197 0.670 

9 90 965.3 0.315 ∗ 10−3 4206 0.675 

10 100 957.9 0.282 ∗ 10−3 4217 0.679 

11 110 950.6 0.255 ∗ 10−3 4229 0.682 

12 120 943.4 0.232 ∗ 10−3 4244 0.683 

 

For solid materials, such as the helix core and its surrounding tube, three parameters must be defined: 

density, thermal conductivity, and heat capacity. The tube is assumed to be stainless steel 304 that has 

known properties. The core, on the other hand, consists of the FBNR fuel element with limited 

availability of its properties (only its thermal conductivity was found in [5]). With a closer look at the 

conservation of energy equation, we noticed that the density and heat capacity of solids only appear 

in the time-dependent terms of the equation. Since we are only interested in the steady-state behavior 

of this system, we speculated that no difference would be seen in the final solution while changing 

solid densities and heat capacities. To check this hypothesis, we run the model many times, changing 

the unknown solid properties radically, but noticed that the final solution remained unchanged.  

The summary of the solid properties can be found in Table 3. 
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Table 3. Summary of material properties of the helical core and tube assumed in numerical simulation 

Material Density (
𝒌𝒈

𝒎𝟑) Specific heat (
𝑱

𝒌𝒈.𝑲
) Thermal conductivity (

𝑾

𝒎𝑲
) 

Stainless steel 7500 500 16.3 

Fuel element - - 12.5 

 

 

4.4.2. Cell zone and boundary conditions:  

 

In the cell zone condition, appropriate material (water, stainless steel, or FBNR fuel element) is 

assigned to different domains. Additionally, in the cell zone condition, it is possible to define frame 

and mesh motion, porous zone, fixed values, and source terms. In our simulation, we just deal with 

the source terms option to model heat generation.  

The next step is defining boundary condition settings. Four sidewalls of the water bath are described 

as walls at 20C. The bottom side of the domain is defined as a velocity inlet boundary condition. To 

ensure that heat is transferred by natural convection, we choose a much smaller value of velocity 

(0.001 m/s) for this boundary compared with the velocity that is created due to natural convection. As 

shown in Figure 13, the fluid velocity caused by natural convection is in the range of 0.1 m/s, which 

is 100 times higher than the inlet velocity. The boundary condition for the upper side of the domain is 

of the pressure outlet type, which is set to atmospheric pressure (the relative pressure of 0 Pa). 

 

Figure 13. Velocity contour 
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The helical tube is divided into two contact surfaces, the inner contact surface is the helical core 

surface that is in contact with the inner surface of the tube, and the outer contact surface is the external 

tube surface that is in contact with water. Both the helical core wall and tube wall are defined as 

coupled boundary conditions. So, “wall shadows” boundary conditions are created automatically by 

ANSYS for tube wall and core wall. Given that, the wall surface of the helical tube and also the 

domain walls are set as no-slip boundaries. 

 

4.5. Types of algorithms:  

 

The pressure-based solver employs an algorithm, wherein a pressure equation is solved to achieve 

mass conservation of the velocity field. This pressure equation is derived from the Navier-Stocks 

equations in such a way that the corrected velocity field by the pressure satisfies the continuity 

equation. Due to the non-linear nature of the governing equations and the interdependency of 

variables, an iterative approach is needed, wherein the governing equations are solved repeatedly until 

the solution converges. [22] 

There are four types of algorithms in ANSYS fluent to achieve pressure-velocity coupling: SIMPLE, 

SIMPLEC, PISO, and Coupled. The default algorithm in ANSYS Fluent is set to the SIMPLE 

algorithm. This algorithm is generally used for steady-state calculations [22].  One of the approaches 

we chose to ensure the accuracy of settings and mesh quality was to change these algorithms and 

compare the results. Since changing the algorithm must not affect the final results, the observation of 

dissimilarities between the results of different algorithms, is an indication of an ill-conditioned setup 

and subsequent convergence problems. Our investigations showed that the setup is independent of the 

algorithm. Note that during the initial stages of our research, when the boundary layer was not set up 

carefully, considerable variation in results was observed for different algorithms; these inconsistencies 

were significantly reduced after proper modifications [20].   

The results of two different algorithms, namely SIMPLE and Coupled, for a case study are shown in 

Table 4, indicating insignificant variations less than 3 percent, in parameters of interest.  
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Table 4. Results obtained from different methods. 

Method 𝒉(
𝑾

𝒎𝟐𝑲
) 𝑻𝒎𝒂𝒙,𝒄𝒐𝒓𝒆 (℃) 𝑻𝒎𝒂𝒙,𝒔𝒖𝒓𝒇𝒂𝒄𝒆 (℃) 

SIMPLE 1117.7 138.9 96.5 

Coupled 1089.3 140.2 99.1 

% Error  2.60% 0.93% 2.62% 

 

 

4.6. ANSYS Fluent report definitions and convergence criteria: 

 

The parameters needed to conclude and analyze the model have to be defined in the Report Definition 

section. In our studies, the numerical error of mass imbalance, the convective heat transfer coefficient 

on the helical tube surface, the surface Nusselt number, the maximum temperature of the helical core 

and the tube surface temperature are defined.  

ANSYS Fluent uses the iterative method to numerically solve the governing differential equations for 

each cell in the system. Evidently, the initial guess of this iterative method (known as initialization) 

is far from the exact values. Therefore, it is crucial to check whether the solution is converging to a 

physically meaningful solution or not. By default, the residuals of variables such as mass, x-, y-, z-

momentums, energy, and 𝑘-𝜀 are considered as convergence criteria. To be exact, Fluent will stop the 

simulation after each, and every one of the above-mentioned criteria reaches 0.001. The definition of 

the residuals in Fluent is shown below: 

𝑅𝑒𝑠 − 𝑚 (1)  = 
[𝑎𝑏𝑠 (𝑚(𝑛)− 𝑚(𝑛−1))]

𝑚(𝑛)
 

𝑅𝑒𝑠 − 𝑚 (2)  = 
[𝑎𝑏𝑠 (𝑚(𝑛)− 𝑚(𝑛−2))]

𝑚(𝑛)
…                               

 𝑅𝑒𝑠 − 𝑚(𝑁𝑝) =
[𝑎𝑏𝑠 (𝑚(𝑛)− 𝑚(𝑛−𝑁𝑝))]

𝑚(𝑛)
 

 Where: Res-m is the monitor residual [30]. 
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Although this is a powerful and straightforward tool to check the convergence of simulations, it is not 

sufficient. We must define a number of system-dependent criteria, for instance, the heat transfer rate 

in our case, to ensure only insignificant changes in those parameters are observed at the end of the 

simulation.  

The set of desired variables of q, h, and T for the helical tube surface, as well as mass imbalance and 

maximum temperature of the helical core, were decided to check the convergence of our solution.  

 

4.7. Verifying the accuracy of applied settings in simulation: 

 

Even if the solution converges, it may be far from reality. Thus, further investigations are needed to 

guarantee our modeling has been conducted well enough to represent a real physical problem. This 

can be done by two approaches, known as verification and validation.  

In verification, we check the sanity of our results with common sense, engineering judgment, and 

simple approximate hand calculations. In the validation stage, however, we need extensive 

experimental evidence to back up our results.  

For verification purposes, we started with hand calculations. Unfortunately, well-known and reliable 

relations for helical geometry were not available in engineering handbooks. Inevitably, a simpler 

geometry (cylinder) with well-established formulas were selected and modeled. The empirical and 

accurate Nusselt number relation for a horizontal cylinder is written below: 

𝑁𝑢𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 =

{
 
 

 
 

0.6 +
0.387 𝑅𝑎𝐷

1
6

(1+(
0.559

𝑟 
)

9
16)

8
27

}
 
 

 
 
2

     (23)      [1] 

The Rayleigh number range at which this correlation can be used is less than or equal to 1012. The 

diameter of the modeled cylinder was the same diameter as of the helix, 40 cm. The Rayleigh number 

relation for this geometry is given in equation 23. Based on the selected diameter, the Rayleigh number 

is within the permissible range of the above Nusselt number correlation.  
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By comparing a set of parameters, between the ANSYS Fluent modeling results and the hand 

calculations, we showed that reasonably acceptable accuracy was achieved. This set of parameters 

consists of heat transfer coefficient, total heat transfer rate, the maximum temperature of the center of 

the cylinder, and contact surface temperature between the cylinder and water.  The quantitative 

summary of this comparison can be found in Table 5.  

 

Table 5. Results obtained for sphere and cylinder models. 

Geometry 𝒉(
𝑾.𝒎𝟐

𝑲
) % 𝑬𝒓𝒓𝒐𝒓 𝒒 (𝑾) % 𝑬𝒓𝒓𝒐𝒓 

Cylinder 1.01e+03 30 1.23e+05 15.4 

 

 

4.8. A change in research objective: 

 

Before starting the result and discussion part of the thesis, we had to set up a goal for our case study. 

A thorough examination of our modelling setup pushed us to redefine our research objective, as 

explained in detail below. 

Initially, this project aimed to design an appropriate helical fuel chamber for the FBNR reactor and 

investigate the conditions under which the sufficient heat removal occurred by passive cooling and 

the inherent safety of the system during the emergency shutdown was achieved. To model this 

condition, we had to estimate the amount of heat generated by decay after shutdown. It is well known 

that the radiation decreases exponentially with time, as shown below.  

Table 6. Decay heat reduction [32]. 

time power 

0 7% 

1 hour 1% 

1 day 0.4% 
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In order to model the system at a steady-state condition, we considered the maximum amount of heat 

generation at the time of shutdown, which is 7% of the reactor operating condition.  During the reactor 

operation, the heat generation by FBNR fuel elements is assumed to be 33 Wcm3 (70 MW total). The 

safety condition for this part is to keep the maximum temperature of the fuel elements under the value 

of the safety parameter that is 1200℃ [32]. On the other hand, the helical tube packing, defined as the 

ratio of fuel elements to the total volume, is 60%, and the remaining 40% of the total volume of the 

helical tube is void space. 

For our simulation purposes, we assumed that the internal volume of the tube is homogeneously filled, 

and individual fuel elements are nor modeled. Note that 1,200,000 small spherical fuel elements are 

present in the fuel chamber, and modeling them individually is impractical. The rate of heat generation 

per unit volume of the fuel chamber is reduced to 1.4 
𝑊

𝑐𝑚3.  

We performed a short simulation with 1.4 
𝑊

𝑐𝑚3 heat generation. By checking the temperature of 

the outer wall of the helix, we found out that the temperature of the water had risen above its boiling 

point. Therefore, it became clear that some changes in the modeling process were needed. The 

advanced modeling of such a system required the consideration of the phase change (boiling) that was 

out of the scope of an undergraduate thesis. Hence, we modified the thesis statement to “how much 

heat can be extracted from the helix, with the constraint that the wall temperature must not exceed 

100C?”. This modification helped us to only focus on the natural convection process and avoid the 

complexity of a multiphase simulation. 

In order to find the proper heat generation rate that keeps the surface temperature below 100 degrees, 

was changed from constant q boundary condition (the second type of boundary condition, called 

Neumann boundary conditions that specify the normal derivative of the function on a surface) to 

constant temperature boundary condition (the first type, called Dirichlet boundary conditions that 

specify a constant value of the function on a surface) [1] [33].   
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5.  Results and Discussion 

 

5.1. Transient results: 

 

Steady-state modeling takes considerably less computational time than the transient method. So, all 

the reported results of our study in the upcoming sections are obtained from a converged steady-state 

solution. One practical approach to verify the accuracy of the model and ensure that the physics are 

modeled correctly is to compare the steady-state results with transient one for a single case study. 

Provided that the results of the transient modeling approach the steady-state results at long simulation 

times, we can be more confident about the accuracy of the steady-state results.  

A major challenge in transient thermal design is the time scale. Natural convection processes occur 

typically in hour scales. While the standard commercial codes such as ANSYS Fluent tends to solve 

very small time steps due to the numerical stability requirement for natural convection. The issue of 

convergence in transient models is another challenge.  According to Fadi [31], neither steady natural 

convection nor an unsteady forced convection solution seems to have problems with convergence, 

while unsteady natural convection solutions are subject to restriction for convergence [31], [34], [35]. 

To achieve numerical stability for our simulation, we started with small time steps (1 second) during 

the initial iterations and increased that to 10 seconds after reaching some stability and consistency.  

The results of transient modeling are presented below. Figure 14 shows the velocity contours at 

different times. At the beginning and after the initializing the model, velocity all over the domains is 

equal to the input velocity, 0.001 m/s, except near the walls, which is zero due to the no-slip condition. 

Over time, the changes in velocity and turbulence in the model start to increase the velocity around 

the helix and finally reaches steady-state condition at 5000 seconds (80 mins). We can see the velocity 

contour at 80 mins is very similar to that of the steady-state case (Figure 13). Note that the 

computational time required for the transient modeling was ten times longer than the steady-state 

modeling. Still, the same results were achieved, legitimizing our decision to continue with steady-

state modeling for the rest of the analyses.  
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Figure 14. The time evolution of velocity distributions caused by natural convection around the helix. 

 

For a quantitative comparison between the transient and steady-state modeling, two similar models 

with constant wall temperatures, 100C, are solved, and the outcome is presented in Table 7. Note that 

both convection heat transfer coefficient (h) and the total heat flux (q) differ only by less than 3 percent 

between the two models.  

 

Table 7. The comparison of heat transfer coefficient (h) and total heat flux (q) in transient and steady-state models. 

Model h (
𝑾

𝒎𝟐.𝑲
) q(

𝑾

𝒎𝟐) 

Transient 1.168e+03 99270.7 

Steady state 1.197e+03 101771.8 

% Error 2.4% 2.5% 
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5.2.The effect of tube thermal conductivity on heat flux: 

 

Before starting the analysis of natural convection analysis, it is worth studying the conduction through 

the tube. In our model, we have three domains, heat generation in the core, heat conduction through 

the tube wall, and finally, natural convection on the outside. The resistance caused by the wall 

conduction can hinder the heat transfer by natural convection. In other words, if the thermal 

conductivity of the tube wall is considerably small, it will be a liability of the whole system. Since our 

objective is to study the maximum amount of heat that can be removed by the natural convection, it 

is essential to eliminate the resistance of the wall as much as possible. 

 To have a quantitative understanding of the effect of tube conduction on the total heat flux, nine 

different thermal conductivities have been selected, ranging from 1 to 100 
𝑊

𝑚.𝐾
 . After simulating each 

case, the total amount of heat flux has been extracted and shown in Figure 15. 

 

 

Figure 15. Effect of thermal conductivity on the total heat flux. 
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As illustrated in Figure 15, the hindrance effect of thermal conductivity of the tube on the total heat 

flux is significant for lower thermal conductivities. As the thermal conductivity increases gradually, 

the total amount of heat flux also increases, and finally levels off for values higher than 10 
𝑊

𝑚.𝐾
.  

The concept of thermal resistance can justify this observation. Thermal resistance depends on the 

geometry and thermal properties of a medium. Ignoring the curvature of the tube, the resistance of the 

tube can be simplified and approximated as a cylinder. The equation for thermal resistance (R) of a 

cylinder can be expressed as equation 24. 

𝑅𝑐𝑦𝑙 =
ln(

𝑟2
𝑟1
)

2𝜋𝐿𝑘
     (24)     [1] 

Therefore, it is evident that the thermal resistance (R) is inversely proportional to the thermal 

conductivity of the medium (k).  At higher values of k, the denominator enlarges, and consequently, 

the thermal resistance decreases. At some point, the thermal resistance approaches zero and, therefore, 

the effect of thermal conductivity becomes insignificant.  

 

Figure 16. Thermal conductivity of different metals and alloys [36]. 

 

As shown in Figure 16, almost all metal alloys, except some titanium alloys, possess thermal 

conductivities above 10 
𝑊

𝑚.𝐾 
. Since in our model the thermal conductivity of stainless steel (16.3 

𝑊

𝑚.𝐾 
) 

is used, we can be confident that the conduction heat transfer has no significant effect on the total 

thermal resistance of our model.  
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5.3.Effect of helix dimensions on heat flux: 

 

Except for the size of the water bath surrounding the helix, the impact of other dimensions, including 

the thickness of the tube, the pitch and the mean diameter of the helical structure, on the heat flux are 

examined here. 

 

5.3.1.  Effect of tube thickness and pitch: 

 

As far as the effect of tube thickness and its pitch on the natural convection 

is concerned, they directly change the spacing between two consecutive turns 

of a helix, causing dramatic changes in the flow field around the helix. This 

effect can be seen in Figure 17, where any change P or T will directly change 

the S. Therefore, it is evident that the independent investigation of the effect 

of pitch and the tube thickness on heat transfer is not feasible. To analyze the 

impact of these two parameters on the heat flux, 13 different models with 

various thicknesses (0.02 to 0.04 m) and pitches (0.5 to 0.9 m) were studied. 

The results of this analysis are shown in Figure 18. 

 

Figure 18. Effects of pitch and thickness on the heat transfer rate. 

As shown in the contour above, the most amount of heat was removed from the helix in which the 

wall thickness was 0.03 m, and the pitch was at its lowest (0.5 m).  

Figure 17. Schematic 

representation of P, T, 

and S. 
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By checking the velocity vectors of these models, we noticed that by increasing the pitch, the chimney 

effect decreased, and the flow in the inner loop of the helix was able to escape and cool down more 

quickly. This observation can explain why the lowest pitch has the highest heat flux. Through a 

literature survey, we noticed that Shouwen et al. [8] also noted that with the reduction of the pitch, the 

heat transfer effect is enhanced. They related this trend to the enhancement in the turbulent effect 

caused by the spiral heating tube rotating structure. 

Regarding the thickness, however, we tried to explain why 0.03 m led to the highest heat removal, but 

we could not find a reasonable explanation. One possible explanation was related to the concept of 

the critical radius of insulation. In cylindrical and spherical solids, the thermal resistance contains two 

competing factors; as the radius of the object increases, the conduction resistance also increases. 

However, the increase in radius provides a higher surface area for the convection and subsequently 

decreases the resistance. If we plot the heat transfer as a function of the outer radius of the solid, shown 

in Figure 19, we obtain a bell-shaped graph with a maximum Q. The radius where the maximum heat 

is observed is known as the critical radius and can be calculated from equation 25. 

 

Figure 19. The variation of heat transfer rate with the outer radius of insulation [1] 

 

The concept of the critical radius is mostly used for insulator analysis, but in our case, the ratio of k/h 

might be comparable with the critical radius. By obtaining the heat transfer coefficient data from 

ANSYS Fluent, we calculated the critical radius, which was 1.25 cm and is shown below. 

𝑟𝐶𝑟,𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 =
16.3 (

𝑊
𝑚𝐾)

1300 (
𝑤
𝑚2𝐾

)
= 0.0125 𝑚 
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The calculated critical radius was very smaller than the outer radius of the tube (22 cm) and could not 

be used to explain our observed trend in the effect of wall thickness. 

 

5.3.2. Effect of the inner diameter of the helix, Dhelix: 

 

The upward heat flow in the space confined by the helix wall can be affected directly by the 
𝐷𝐻𝑒𝑙𝑖𝑥

𝐷𝑡𝑢𝑏𝑒
 

ratio; if the helix mean diameter (Dhelix) is comparable with the velocity and thermal boundary layer 

thickness on the helix surface; we may observe some interference, and accordingly, a decrease in the 

heat transfer efficiency [3]. The higher the ratio of 
𝐷𝐻𝑒𝑙𝑖𝑥

𝐷𝑡𝑢𝑏𝑒
, the more effective heat transfer we have.  

 

From Figure 20, It is clear that in our model, the effect of the inner diameter of the helix on heat 

transfers and temperature distribution is not comparable with the large Dhelix. The blue part in the 

middle of the helical structure indicates that the temperature at this position is low, which means there 

is no trace of the spiral side to the other. As mentioned in the above paragraph, if this distance were 

less and affected the boundary layer and its thickness, it would also reduce the heat transfer. But in 

this case, with this substantial value of the inner diameter of the helix, we may overlook the effect of 

the inner diameter of the helix on the heat transfer rate. 

 

Figure 20. Temperature contour in the XZ-plane 
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5.4.Velocity distribution: 

 

In natural convection phenomena, all three classes of fluid motion, namely laminar, transition, and 

turbulent, are expected. As a result, complicated velocity patterns can subsequently lead to interesting 

and unpredictable patterns. In Figure 21, the velocity distribution of our model is plotted. Figure 21.a 

illustrates a cut plot from the top view of the helix.  In the beginning, we were expecting a symmetrical 

velocity distribution over each circular cut of the helix. But, as one can see, the velocity of water, 

trapped in the inner loop of the helix, is much higher than the fluid velocity around it. However, the 

fluid out of the helical loop is in contact with a large reservoir of water that can dissipate the absorbed 

heat and remain cool. As a result, we see a significantly asymmetric pattern in velocity.  Further 

investigation showed that this phenomenon is also observed in a recent publication in 2020 by 

Brodnianská et al. [3], for helical structures, known as the chimney effect. 

Moreover, from pathlines shown in Figure 21.b, we can see that the up going heated water continues 

to heat up while being in contact with the upper turns of the helix and increases its velocity 

exponentially. This assisting flow phenomenon is also known as the thermal plume, which is enhanced 

considerably due to the helical structure of the heated system.  

 

                                           Figure 21. a) Velocity contour. b) Velocity pathline of the model                                  
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5.5.Effect of the thermal plume on heat transfer rate and surface Nusselt number: 

 

As mentioned in the introduction section, based on the ratio of P/D, lower turns of the helix may affect 

the heat flux on the higher turns. Based on the dimension of our model given in Figure 4, the P/D ratio 

is equal to 1.13. Since this value is less than the critical value of 1.5 [10], the heat transfers of the 

upper turns decreases. We defined two lines, and then plotted the temperature distribution over these 

lines in Figure 22.  As can be seen, the maximum temperature of the helical tube in the first and last 

turns, which is more in contact with colder fluid than the middle turns, are very close to each other, 

but the maximum temperature of the last turn is a little higher than the first one. This higher 

temperature indicates a decrease in heat transfer. On the other hand, the same result can be seen by 

comparing the tubes in the middle of the coil. Their maximum temperatures were also very close to 

each other, but with higher values of maximum temperature for upper turns. 

 

Figure 22. Temperature distribution of 2 different turns of the helix 

 

To investigate how the plume effect is affecting the Nusselt number of higher turns, we modeled a 

number of helices, with a different number of turns, including 1,2, 4, 6, and 7 turns. The average 

Nusselt number for each of these models were computed and shown in Table 8.    

According to what we discussed earlier, an increase in the number of turns can entail a propagation 

of velocity on the upper turns, hence, increasing the Nusselt number. This trend can be seen in Table 

8 as well. 
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Table 8. The Nusselt number in 3 helical tubes with different numbers of turns. 

Number of turns 1 2 4 6 7 

Nusselt number 1550.2 1595.0 1667.5 1768.8 1789.7 

 

To visualize the velocity effects, and also, the increase in Nusselt numbers of the upper turns, Figure 

23 and 24 are plotted. The direct impact of velocity on the Nusselt number is evident from Figure 23. 

Moreover, as shown in Figure 24 in the spacing between turns velocity is notably small due to the 

formation of eddy currents. In these areas, we have the lowest surface Nusselt number. Conversely, 

on the interior wall of the helix, the highest surface Nussel number value in each turn is observed that 

is consistent with the high-velocity sections in the velocity contour of Figure 21.a. 

                      

Figure 23. Surface Nusselt number contour for helical tube             Figure 24. Velocity vector between two turns  

                                               

For our vertical model, we conducted 18 variations of possible design parameters by changing the 

pitch (P), tube diameter (D), the total length of the helix (L), the total height of the helix (H), and 

number of turns (N). Finally, using nonlinear curve fitting and least square regression method (LSM), 

we are proposing a relation for estimating Nusselt number. The comparison between the estimated 

Nusselt number by our proposed equation and the CFD results are depicted in Figure 25. 

𝑵𝒖 = (𝟏𝟓. 𝟓𝟕𝟖 𝐥𝐧(𝑹𝒂𝑫𝑹𝒂𝑳𝑹𝒂𝑯) + 𝟒𝟏𝟏. 𝟏𝟓𝟖) × 𝑵
𝟎.𝟎𝟒𝟏𝟑   (26) 
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Figure 25. Results of the estimated Nusselt number equation 

 

Where 𝑅𝑎𝐷 is the Rayleigh number in which characteristic length is the tube diameter, 𝑅𝑎𝐿 , and 

𝑅𝑎𝐻 are Rayleigh numbers calculated based on length, and height of the helical tube, respectively. 

Also, N represents the number of helical turns. 

 

5.6.Horizontal helical tube: 

 

In the introduction and methodology section, the effect of the angle of inclination of the helix was 

discussed, and the heat transfers in horizontal and vertical helical structures were compared. Here, we 

examine the results of the simulation of a horizontal helix. In Table 9, the heat transfer rate and surface 

Nusselt number of the vertical and horizontal helical tube in constant temperature boundary conditions 

are compared. 

Table 9. The heat transfer rate and surface Nusselt number of the vertical and horizontal helical tube. 

Orientation 𝑄 (
𝑊

𝑚2
) Surface Nusselt number 

Vertical 118911.8 1992.54 

Horizontal 97392.9 1931.98 

% Difference 18.1% 3.0% 
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As discussed earlier, the increase in Nusselt number for upper turns is strongly influenced by the 

increase in velocity by lower turns due to the thermal plume effect. In a horizontal helix, nevertheless, 

this effect is diminished.  As opposed to the vertical configuration, in which the velocity decreased in 

the spacing between helical turns, in the horizontal orientation, the fluid flow increases in the spacing 

between the turns. 

In constant temperature boundary condition, the temperature of fluid adjacent to the helical tube in 

both vertical and horizontal models have the same value. So there is no difference in thermal 

properties, such as thermal conductivity and Pr number, of the water in these two cases. Consequently, 

the difference in Nusselt number values refers to different velocity effects.  

Based on the amount of heat flux, it can be concluded that the vertical configuration is more efficient 

for heat removal by almost 18%.  

 

a)  b)  

Figure 26. Contours of horizontal helical tube modeling. a) Velocity contour. b) Temperature contour.  
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6. Conclusion  

 

In many industrial applications, there is a need to remove undesired excessive generated heat. Natural 

convection, although weaker than forced convection, can be advantageous due to its simplicity and 

lack of any fluid mover that eliminates any chance of malfunctioning.  The main drawback of these 

passively cooled systems is their low heat transfer coefficient that requires extensive engineering 

investigations to optimize their performance to achieve maximum heat removal. Helical geometries 

are of particular interest in this field due to their compactness and high accessible surface area. 

In this project, we employed a computational fluid dynamics (CFD) package, ANSYS Fluent, to 

model and to study the thermohydraulic behavior of a passively cooled helical system with various 

design parameters. A wide range of analysis tools, such as contour plots, velocity vectors, and pathline 

plots, were utilized to develop an understanding of the natural convection phenomenon. For instance, 

the observation of interesting effects, namely chimney effect and thermal plume, helped us to explain 

the mechanism of natural convection on a helical surface and make informed decisions about optimum 

design parameters.  

Finally, using the least square regression method, we proposed a multivariable nonlinear equation to 

estimate the Nusselt number of our helical system, based on the obtained computational results.   
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7. Recommendations and Suggestions for Future Work 

 

For future students who are interested in related topics to this project, we proposed two research 

objective: 

As mentioned in the introduction, the FBNR reactor has a conceptual design idea to achieve inherent 

safety by passively cooling down the fuel chamber by immersing it in a water bath. In such highly 

exothermic systems, the boiling heat transfer will dominate the natural convection, and considerably 

higher amounts of heat can be dissipated. To properly model this phenomenon, advanced state-of-the-

art phase change models have to be implemented in ANSYS Fluent. In the future, one can employ our 

discretized geometry and only focus on modeling of the boiling event. 

One can also expand this simulation and solve the time-dependent model in which the water bath has 

a fixed amount (no inlet/outlet boundary condition), and the generated heat in the fuel chamber drops 

over time by the exponential decay relation. This study can determine the required water bath volume 

to ensure the inherent safety of FBNR.  
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