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Synopsis 

The goal of this research migration project is to use OpenFOAM to perform numerical simulations 

of natural convection through asymmetric two-dimensional vertical tubes. The blockMesh tool 

was used to create the geometry and mesh. In the simulation, a steady-state SIMPLE algorithm-

based buoyantSimpleFoam solver was utilized. As a reference, Prashant M Khanorkar et al. [1] 

used commercial CFD code Fluent to do their research. The geometry is 1 metre long and 16 

millimeters in diameter. 
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Figure (1): The Geometry  
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1 Introduction 

In the reference paper [1], an asymmetric Tube case was analyzed to compare numerical results against 

experimental data. CFD analysis of the vertical tube is conducted. A vertical copper tube having constant 

cross section area is used for representing the medium through which natural convection of water takes 

place. The current research is mostly applicable to the design of water tube boilers and solar water heating 

systems. For the formation of steam in these applications, vertical copper tubes are employed, with water 

flowing exclusively due to natural convection flow. For the heating of copper tubes in various applications, 

a steady heat flux is given. Copper is primarily utilized to provide the best heat transmission to water. As 

the temperature of the water inside the vertical tube rises due to the steady heat flux, the density of the 

water falls, making it lighter and allowing it to flow upwards. At the same time, cool liquid replaces the 

hot water. As a result, a natural convection flow in the upward direction is being created. After reaching 

steady state, we have a specific mass flow rate, velocity, and temperature at the outlet. At come to a 

conclusion, the velocity at outlet, temperature at outlet, and mass flow rate at outlet were all compared 

for three different values of heat flux. This CFD analysis can be used to perform the analysis of natural 

convection flow characteristics like velocity, temperature and heat transfer coefficients. 

 

2 Governing Equations and Models 

OpenFOAM software was used to replicate the results of Prashant M Khanorkar [1]. The 

simulation is governed by the Navier-Stokes equations for single-phase flows, the following are 

the governing continuity ,momentum, and energy equations for 2-D steady state incompressible 

flow . [2]  

 

2.1 Governing Equations  
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2.2 Boussinesq approximation (buoyancy) 

The Boussinesq approximation is employed in the field of buoyancy-driven flow in fluid dynamics 

(also known as natural convection). It ignores density differences unless they exist in terms 

multiplied by g, or gravity's acceleration. The Boussinesq approximation states that the difference 

in inertia is minimal, yet gravity is powerful enough to cause the specific weights of the two fluids 

to differ significantly.  

Nature (atmospheric fronts, oceanic circulation, katabatic winds), industry (dense gas dispersion, 

fume cupboard ventilation), and the built environment all have Boussinesq flows. For many of 

these processes, this approximation is highly precise, and it saves time. 

The Boussinesq approximation is used to solve problems when the temperature of a fluid 

fluctuates from one location to another, causing fluid movement and heat transfer. The fluid 

meets the principles of mass conservation, momentum conservation, and energy conservation. 

Variations in fluid properties other than density are neglected in the Boussinesq approximation, 

and density emerges only when it is multiplied by g, the gravitational acceleration. [3] 
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The buoyancy term  𝜌𝑔 written as: 

                        𝜌𝑔 = (𝜌0 + ∆𝜌)𝑔= 𝜌0( 1 − 𝛽(𝑇 − 𝑇𝑟𝑒𝑓) ) 𝑔                               (5) 

                           𝛽 =
1

𝑣
∗ (

𝑑𝑣

𝑑𝑇
)

𝑝
≈ − 

1

𝜌0
∗

𝜌−𝜌0

𝑇−𝑇𝑟𝑒𝑓
                                                     (6) 

This approximation valid only when: 

∆𝜌 <<  𝜌0 

Where: 

𝛽 ≡ Coefficient of thermal expansion  

𝑇𝑟𝑒𝑓 ≡ Reference temperature  

 

3 Simulation Procedure 

3.1 Geometry and Mesh 

The Geometry was created by using blockMeshDict utility, 7 vertices was specified to form the 

geometry as shown in Fig (2).Hexahedral block was used to connect the vertices and to create 

the geometry. Since the hexahedral block is three dimensional block, the faces that used to 

represent the third dimension (Z-axis) are kept as empty. The geometry consists of inlet, outlet, 

and walls. 
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         Figure (2): Vertices distributions  

Since the dimeter of the Tube (X-axis) is very small compere to its length, a structured grid 

consisting of 20×1000 cells was used. Simple grading with 0.2 expansion ratio was used for (Y-axis) to 

ensure accurate results at outlet. And since the geometry is asymmetric the tube has been converted to 

channel by using hydraulic dimeter concept [4]. Fig (3) shows the geometry and mesh in ParaView 

software. 
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Figure (3): Geometry and mesh in ParaView 

 

 

3.2 Boundary Conditions 
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There are four boundary conditions files for buoyantSimpleFoam solver, U-file, P-file, and P_rgh- file. For 

U boundary conditions, uniform fixed value of y-component velocity was taken from the paper at inlet, 

no slip conditions was specified for walls, and zero gradient condition was specified for outlet.  

For Pressure (P-file) all conditions were specified as calculated because pressure will be calculated from 

P_rgh file in this solver. 

For T boundary conditions, uniform fixed value was specified for inlet which was mentioned in the paper, 

zero gradient was specified for outlet, and fixed gradient was specified for the walls since 3 constant heat 

flux were provided to the walls. The value of this fixed gradient can be calculated from Fourier’s law of 

conduction: 

 

                                              
𝑑𝑇

𝑑𝑥𝑤𝑎𝑙𝑙
=

𝑞

𝑘𝑤𝑎𝑡𝑒𝑟
                                                (7) 

Where: 

q             = constant heat flux (796, 1194, 1592 w/m2) 

𝑘𝑤𝑎𝑡𝑒𝑟  = thermal conductivity of water at 20 C (0.59w/m k) 

 

For P-rgh file (pressure without hydrostatic pressure), fixed flux pressure was assigned to walls 

and inlet which implies zero gradient for P file, and prghPressure boundary condition was 

specified for the outlet to calculate prgh condition at that location by using value of P which was 

specified in the same file as zero(atmospheric condition).  

 

Table (1): Boundary conditions (case 1) 

 Initial Inlet Outlet walls 

U (m/s) 0 Uy=0.00315 zeroGradient noSlip 

T (K) 293 293 zeroGradient fixedGradient(1350 
k/m) 

P_rgh (Pa) 0 fixedFluxPressure prghPressure (0 
pa) 

fixedFluxPressure 

P (Pa) 0 calculated calculated calculated 
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 Table (2): Boundary conditions (case 2) 

 Initial Inlet Outlet walls 

U (m/s) 0 Uy=0.0039 zeroGradient noSlip 

T (K) 293 293 zeroGradient fixedGradient(2025 
k/m) 

P_rgh (Pa) 0 fixedFluxPressure prghPressure (0 
pa) 

fixedFluxPressure 

P (Pa) 0 calculated calculated calculated 
 

Table (3): Boundary conditions (case 3) 

 Initial Inlet Outlet walls 

U (m/s) 0 Uy=0.0043 zeroGradient noSlip 

T (K) 293 293 zeroGradient fixedGradient(2700 
k/m) 

P_rgh (Pa) 0 fixedFluxPressure prghPressure (0 
pa) 

fixedFluxPressure 

P (Pa) 0 calculated calculated calculated 
 

3.3 constants and fluid properties 

Table (4) shows the thermophysical properties of water at 20 C, since Reynolds number (Re) is 

very small, laminar flow will be consider. And since the ratio between Grashof number(Gr) and 

Reynolds number(Re) is much greater than one, then natural convection will be consider. 

 

Table (4): thermophysical properties of water at 20 C [5] 

property value 

Molecular Weight(g/mole) 18 

Density(kg/m3) 1000 

coefficient of thermal expansion(k-1) 2.1*10-4 

Specific heat at constant pressure(kj/kg.k) 4.180 

Thermal conductivity(w/m.k) 0.59 

Dynamic viscosity(Pa.s) 1*10-3 

Prandtl number(Pr) 7 

Reynolds number(Re) 50.4 

Maximum Grashof number(Grmax) 3.7*105 
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3.4 Solver 

The governing equations in the discretized domain are run using a steady-state for incompressible, 

turbulent flow-based buoyantSimpleFoam solver. buoyantSimpleFoam is steady state,one phase, 

turbulent, compressible solver employs the SIMPLE method (Semi-Implicit Method for Pressure Linked 

Equations). Boussinesq approximation has been used with this solver to make incompressible flow. 

[6] 

For the convergence, conditional strategy used with 5000 maximum iterations or 10-5 (10-4 for P_rgh) 

convergence criteria. The solution had converged at 1393, 1342, 1342 iterations for the three cases 

respectively.  

 

 

 

Figure (4): Convergence of simulation for case 1 

 

 

Figure (5): Convergence of simulation for case 2 and case 3 

 

 



 

11 
 

 

4 Grid independence test 

The grid independence test is a process used to find the optimal grid condition that has the 

smallest number of grids without generating a difference in the numerical results based on the 

evaluation of various grid conditions [7]. For that 3 different grid size were used with case 1 to 

find the optimal grid size. 

 

 

Figure (6): Grid independence test 

 

Since the grid size change not effected the maximum velocity for case 1, then the middle grid size 

was selected (20*1000) to save some computational costs. 

 

 

 

5 Results, Discussions, and Validation 

Table (5) shows the OpenFoam results for Average outlet velocity, Average outlet temperature, 

and mass flow rate and comparison of them with fluent as well as with experimental results. 

We can see that the CFD (OpnFoam) and experimental results are quite close, and there is only a 

small percentage of error.    

We noticed that when the heat flux increased, both the outlet velocity and the outlet temperature rose. 
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Table (5): Comparision between CFD Results and Experimental Results 

Parameters Heat 
Flux 

(W/m2) 

CFD 
Results(OpenFoam) 

CFD 
Results(FLUENT) 

Experimental 
Results 

% FLUENT 
Error with 
Experimental 

% OpenFoam 
Error with 
Experimental 

Average outlet 
velocity(m/s) 

796 0.003128 0.00322 0.00315 2.17 0.7 

1194 0.003875 0.00396  0.0039 1.5151 0.65 

1592 0.004274 0.00434  0.0043 0.921 1.54 

Average outlet 
temperature(K) 

796 302 319  314 1.6 4 

1194 304 323  320 0.93 6.25 

1592 306 328 328 0 7.20 

Mass Flow 
Rate(kg/s) 

796 0.000629 0.000644  0.000638 0.931 1.03 

1194 0.000779 0.000792  0.00079 0.2525 1.41 

1592 0.000859 0.000865  0.00087 0.578 1.28 
 

Figure (5) and (6) show the velocity contours for fluent and OpenFoam respectively. We can see 
Maximum velocity found at center of the pipe. Also we can see velocity gradually increases from bottom 

to top outlet. 

Figure (7) and (8) show the velocity profile along diameter for fluent and OpenFoam respectively. we 

can see outlet velocity profile along diameter is parabolic because of fully developed flow at outlet. 

 

 

Figure (7): velocity contour for case1 (Fluent)  
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Figure (8): velocity contour for case1 (OpenFoam) 

 

 

Figure (9): velocity profile along diameter for case1 (Fluent)  
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Figure (10): velocity profile along diameter for case1 (OpenFoam) 

 

6 Conclusion 

Natural convection flow though vertical tube was simulated for three different values of heat 

flux. The OpenFoam results had compared with experimental results as well as with fluent results 

and the errors found to be very small. We found that when heat flux increases both outlet 

temperature and velocity increase. We saw that velocity increased from bottom to top due to 
buoyancy effect.  

For residual control, 10-5 difference was selected for momentum and energy equations, and 10-4 for P_rgh 

(pressure without hydrostatic). 5000 maximum iterations was used and all cases had converged before 

reaching to 5000 iterations. 

Grid independence test was carried out to find the optimal grid condition and since all selected 

grid size had given same results, middle grid size was selected (20*1000) to save some 

computational costs.  
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