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Abstract
Objectives: A comparative numerical analysis is conducted, to emphasize the capability of an open source CFD package 
(OpenFOAM) over the commercial CFD package of ANSYS. Methods/Analysis: Buoyancy driven flows occurring within 
the vacuum tubes of gravity-assisted solar water heaters are analyzed. A scaled model of the ETC type solar water heater 
has been chosen for computation. The geometry and meshing of the model was done by using the ‘Design Modeler’ and 
‘ICEM-CFD’ packages available in ANSYS. The same configuration was also modeled in OpenFOAM to account for 3-D, 
transient, incompressible, laminar fluid flow analyses analogous to the available models in FLUENT. Findings: Boussinesq 
approximation is considered to be valid. Governing equations were discretized based on Finite Volume Method (FVM). 
The significance of the inlet velocity and varying incident solar radiation on the nature of flow and performance of the 
collector is examined. Mass flow rates have been varied from 0.0002 to 0.03kg/s while the solar insolation considered 
was in the range of 300 to 1000 W/m2. For a uniform heat flux, with decrease in velocity of the fluid entering the storage 
tank, temperature of the water obtained at the outlet was found to be higher. This is due to the prolonged interaction of 
the fluid with the tube walls, which facilitates a higher heat gain from the tube surface to the fluid. Similarly, as the heat 
flux increases, the magnitude of the tube surface temperature increases which results into a higher outlet temperature. 
The performance of ETC type solar water heaters is said to be more efficient at lower flow rates and the same is true 
at higher incident solar radiations. Applications/Improvements: Comparison of the results between OpenFOAM and 
FLUENT shows the wide reliability and urges the use of open source software like OpenFOAM for more complicated CFD 
modeling and computational studies.

Keywords: Finite Volume, Flow Rate, Heat Flux, OpenFOAM, Solar Water Heater

1. Introduction

Over the past century, there has been a dramatic increase 
in need for a much cleaner and an efficient source of 
energy, to account for the rising global energy demands. 
Solar energy proved to be a better substitute to cope with 
the non-renewable energy sources, due to its long term 
availability, longevity of solar equipment’s in terms of 
harnessing the energy and also due to the ease of main-
tenance. An inclined surface subjected to a constant heat 

flux, has been experimentally studied by Vliet1. Based 
on the nature of flow and non-dimensional parameters 
such as Grashoff and Prandtl number, a set of empirical 
correlations was put forth to find the heat transfer coef-
ficient. The analysis was further extended to study the 
turbulent characteristics, by using water flowing over a 
vertical plate subjected to a constant heat flux2. An exper-
iment to analyze the thermosyphonic flow within flat 
plate solar collectors made from galvanized steel tubes 
was demonstrated by3. It was inferred that, the water flow 
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rate is dependent on the solar insolation falling over the 
collector surface. A ‘Once-through’ flow type thermosy-
phonic system - a variant of the thermosyphon system 
was experimentally studied by4. Based on the simulation 
results obtained, a semi-empirical correlation compris-
ing of several key design parameters has been developed 
by5. On this basis, certain design rules were interpreted 
to improve the performance of a solar thermosyphon 
water heater. In6 put forth a simple measuring device, to 
account for the flow rates within a thermosyphon solar 
water heater. The device tested to render moderate suc-
cess, to account for the general characteristics, which 
were marked essential for a measuring device. 

In7 based on a transient simulation conducted using 
TRNSYS, tried to optimize the design parameters related 
with the thermosyphon solar water heater. It was con-
cluded that, optimum design conditions could improve 
the system efficiency as well as transform the system to 
be more compact and much economical. An improved 
multivariable optimization technique was incorporated 
in TRNSYS, which was then used for analysis by8. In their 
analysis, the effect of weather conditions, previously ana-
lyzed data and design configuration of the collector were 
considered. A simple model validation by using TRNSYS 
approach was also carried out by9. Using an analytical 
approach, the expected energy gain from a solar domestic 
hot water system based on the design and constructional 
aspects were discussed by10. In turn, this approach could 
be used for energy optimization in the design phase as well 
as to test the existing systems to improve its performance. 
In11 showed that the performance of a natural circula-
tion solar water heater depends upon the flow rate as well 
as the incident solar radiation. To measure the flow rate 
within a water-in-glass type vacuum tube collector, the 
effect of tank temperature, aspect ratio, inclination of the 
collector surface as well as the input solar radiation was 
taken into consideration12. In13 carried out a CFD based 
analysis on a modified evacuated tube type solar collector, 
using ANSYS-CFX. In14 based on an analytical approach 
and by using TRNSYS, investigated the performance of a 
solar evacuated tube collector. By using regression analy-
sis, linear curves were plotted relating the efficiency of the 
system with corresponding heat losses. 

This paper has two key aims. Foremost, it highlights the 
physics behind the natural convection occurring within 
the tube enclosures, under the influence of buoyant forces. 
Moreover, it assesses the significance of flow rate and the 
input solar insolation falling over the collector surface, 

which in turn helps to raise the water temperature within 
the storage tank15. Secondly, it explores the way by which 
open source software like OpenFOAM could be used as 
a effective CFD tool in handling more complicated flow 
problems in conjunction with ANSYS-FLUENT.

2. Methodology

2.1 Geometry of Model
A three dimensional geometry of a 200 liter vacuum 
tube type solar collector, has been modeled by using 
the ‘Design Modeler’ package available in ANSYS. To 
save the computational time and cost, a scaled model 
has been adopted for carrying out the present analy-
sis. The domain of the collector consists of an inlet, a 
cylindrical storage tank, an outlet and a certain num-
ber of inclined evacuated tubes. The outer diameter of 
the storage tank was 400 mm, while the inner diam-
eter was 300 mm. The annular space was filled with 
an insulation material (polyurethane foam) to avoid 
heat leakages and to ensure its structural integrity. The 
inner section was made up of stainless steel while the 
outer section of the tank was made up of plastic. The 
storage tank had a length of 1000 mm. The inlet was 
provided at the bottom end of the tank with a diameter 
of 30 mm, while a 28 mm diameter outlet was provided 
at the top end of the tank. The scaled model comprised 
of three inclined tubes, which were made from borosil-
icate glass. The tubes had an inner and outer diameter 
of 42 mm and 50 mm, with an inclination of 300 to 
the horizontal. Rubber pads were provided at the tube 
ends, which acted as insulation and protected them 
from external breakages. The domain of interest is as 
illustrated in the Figure 1. 

The main focus of the analysis was concentrated 
along the tubes and the outlet end of the storage tank. By 
using the ‘ICEM-CFD’ package provided by the ANSYS, 
the scaled geometry was equipped with a finer mesh for 
the inclined tube regions and the outlet end of the tank. 
Initially, surface meshing was carried out, based on which 
Delaunay scheme was used to render the volume mesh-
ing. An optimum number of mesh elements was chosen, 
based on a grid independence study. The scaled mod-
eled comprised of 1,40,878 tetrahedral elements with an 
orthogonal quality of 0.45 and a skewness ratio of 0.44. 
Figure 2 depicts, the surface meshing as well as the cross 
sectional view of the volume mesh.
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Figure 1. Domain of the scaled model used for 
computation.

Figure 2. Surface and volume mesh of the scaled 
model.

2.2 Conservation Equations
In this present study, as a comparative analysis has been 
proposed, the conservation equations used to model the 
solver were similar in both of the CFD packages. The 
governing equations were modeled based on Boussinesq 
approximation and the effect of buoyant forces within 
a non-pressurized vacuum tube type solar collector is 
examined. A transient, three dimensional, incompressible 
laminar solver have been adopted for the analysis. In gen-
eral, the conservation equations of mass, momentum and 
energy, incorporated for carrying out the present numeri-
cal analysis is as listed below:
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Where α denotes the thermal diffusivity and β stands 
for the volumetric coefficient of thermal expansion. Based 
on the Boussinesq relation, β can be expressed as: 
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Here 0ρ denotes the reference density, wT stands for 
the average temperature along the tube based on the aver-
age flux falling on the tube surface and refT signifies the 
reference temperature of the fluid entering the storage 
tank.

2.3 Boundary Conditions
Natural convection occurring within the tube enclosures 
facilitates in carrying the heat from the tube surfaces to 
the storage tank, thereby, raising the water temperature. 
The geometry as well as the mesh of the scaled model, 
built using various packages in ANSYS was imported 
into the OpenFOAM environment. Due to the adequate 
flexibility offered by the conversion utilities in-built in 
OpenFOAM, the mesh was successfully imported without 
any topological errors. At most care was taken to ensure, 
each of these boundaries were attributed with specific 
names so that, after importing into the OpenFoam frame-
work these boundaries were attributed with similar patch 
names. Depending upon the nature of boundaries, spe-
cific conditions were imposed among all these patches. 

The inlet was attributed as the velocity-inlet with a 
fixed value, corresponding to the desired Reynolds num-
ber. The cylinder tank and the tube ends were treated 
as adiabatic and no-slip condition was imposed. The 
inclined tubes were divided into two equal halves along 
the axial direction. It facilitated in assigning different 
values of heat fluxes, for the top and bottom sections of 
the inclined tubes. In OpenFoam, corresponding to the 
top and bottom sections of the tubes, a fixed Gradient 
condition along with the no-slip condition was used for 
carrying out the analysis. By default, it was assumed that 
only 25% of the radiations falling on the top side of the 
tube were set as the input to the bottom side. Thus, the 
top section of the tube facing the solar insolation received 
maximum radiations compared to the bottom section, 
which received radiations which are diffused and reflected 
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from the ground. In this analysis, based on the variation 
of mass flow rate and solar insolation, the resulting outlet 
temperature of water from the storage tank is examined 
by using ANSYS-FLUENT and OpenFOAM. In general, 
a mass flow rate of 0.02 kg/s and solar insolation (Q) of 
800 W/m2 were chosen as the default boundary condi-
tions for carrying out the present analysis. The reference 
temperature of the fluid was assigned to be 298 K. The 
thermophysical properties were chosen from standard 
data tables, based on the reference temperature. 

2.4 Numerical Schemes
Conservation equations were discretized by using the 
Finite Volume Method (FVM), in both of the CFD pack-
ages. A transient analysis based on Pressure Implicit with 
Splitting of Operator (PISO) algorithm, has been carried 
out. The transient terms were discretized by using the first 
order, implicit schemes with fixed time stepping approach 
in FLUENT whereas first order, implicit Eulerian schemes 
has been used in OpenFOAM for discretization of tran-
sient terms. The run-time discretization schemes in 
OpenFOAM were used to be discretized using Gaussian 
integration and flux interpolation schemes. In both cases, 
the divergence terms are solved by using bounded, sec-
ond order upwind differencing schemes. Gauss linear 
uncorrected schemes are bounded, non-conservative, 
first order differencing schemes used to solve the lapla-
cian terms in OpenFOAM. The variation of pressure is 
numerically computed using the Preconditioned (bi)-
Conjugate Gradient (PCG) schemes and the Diagonal 
Incomplete-Cholesky (DIC) scheme is used as a smoother. 
Preconditioned bi-Conjugate Gradient (PBiCG) were 
used to discretize velocity and temperature. Relaxation 
factors are set for velocity and pressure as 0.7 and 0.3, 
respectively.

3. Results and Discussion 

In the present analysis, parametric studies have been car-
ried out to inspect the role played by the gravitational 
forces, in assisting the natural convection occurring within 
the vacuum tube enclosures. Flow rates have been varied 
from 0.0002 to 0.03 kg/s by keeping the flux constant over 
the tube surface. Similarly, at a constant flow rate, the effect 
of variation in the collector performance at different solar 
intensities is also examined. The analysis was carried out 
using the same conservation equations, model geometry, 

mesh elements as well as similar boundary conditions 
in ANSYS-FLUENT as well as OpenFOAM. However, 
to ensure the accuracy of the results, it was necessary to 
establish that the solutions obtained during the numeri-
cal computations were independent of the mesh size. 
Therefore, a grid independence test was carried out with 
the mesh elements varying within the range of 97,936 to 
1,98,299. It was inferred that the results obtained with the 
mesh elements within the range of 1,40,878 to 1,98,299 
were similar. Hence, the scaled model with a mesh of 
1,40,878 elements were chosen as the optimum mesh for 
carrying out further numerical computations as shown in 
Figure 3. 

In order to study the effect of flow rate on the per-
formance of an evacuated tube type solar collector, a 
range of flow rates were chosen for analysis. By varying 
the velocity and keeping all other geometrical dimensions 
and thermophysical properties as constants, the analysis 
was conducted. Figure 4 shows the response of the varia-
tion in mass flow rate on the outlet temperature of water 
obtained for duration of 600s. Axial distance (z-axis) 
along the storage tank outlet has been chosen as the refer-
ence, for plotting the graphs. It can be inferred that for a 
lower mass flow rate, the temperature of water obtained 
at the outlet was higher for the same intensity of radia-
tion falling over the tube surfaces. As shown in Figure 4 
for a mass flow rate of 0.0002 kg/s, the outlet temperature 
obtained was 300.24 K and for a flow rate of 0.03 kg/s, 
the water outlet temperature was found to be 299.88 K. 
This can be accounted due to the fact that a lower flow 
rate facilitates greater interaction between the fluid and 
the tube surfaces. This results in a higher heat gain from 
the tube surface to the fluid, which eventually rises up and 
gets collected at the top of the storage tank, due to buoy-
ancy effects. 

Similar analysis was performed by using FLUENT, 
yet another FVM based solver package like OpenFOAM. 
Figure 5 shows the comparison of the results obtained at 
600 s, by using both CFD packages. It can be concluded 
that the trend of the outlet water temperature obtained 
by using either of the finite volume based solvers were 
identical. There is a slight variation in the values of 
temperature, which might have aroused due to the inter-
polation errors as well as due to the first order accuracy 
of the discretization schemes, used to solve the laplacian 
terms, in OpenFOAM. 

The above results can be visualized with the help of 
contours and vector plots, which helps to give an insight 
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onto the nature of flow occurring within the vacuum 
tubes of the collector. A cross sectional view of the center 
tube of the scaled model has been chosen for representa-
tion. Figure 6 illustrates the temperature contours plotted 
at different flow rates, for a time period of 600s. As shown 
in Figure 6 higher temperature gain is obtained corre-
sponding to lower flow rates than at higher mass flow 
rate. Moreover, these contours indicate the recirculation 
of the fluid, from the bottom end of the tube towards the 
top end of the storage tank. In addition, the rise in tem-
perature of water within the storage tank at different time 
instances corresponding to a mass flow rate of 0.03 kg/s is 
also depicted in Figure 7. 

The effect of variation of the incident solar radiation 
over the tube surfaces has been investigated, over a wide 
range of heat flux (i.e. 300 to 1000 W/m2). For carrying 
out this analysis, the mass flow rate has been kept con-
stant and only the magnitude of solar insolation has been 
varied. It must be noted that, the intensity of heat flux is 
proportional to the temperature along the tube surface. 
As the temperature increases, the heat gain by the fluid 
from the tube surfaces increases. This in turn, helps to 
raise the water temperature within the storage tank. 
Figure 8 depicts the variation in the outlet water tempera-
ture, at different values of solar insolation falling over the 
tube surfaces. It can be noted that, for a heat flux of 400 
W/m2 the water temperature rises up to 299.02 K, when 
subjected to a time period of 600 s. On the other hand, 
water gets heated to 300.81 K, when subjected to a solar 
insolation of 1000 W/m2. Similarly, the variations in the 
temperature of water within the storage tank, at different 
time instances are also shown in Figure 9. 

Figure 10 indicates comparison of the results obtained, 
by using FLUENT as well as OpenFOAM. Two cases of 
the solar insolation (i.e. 400 W/m2 and 1000 W/m2) at a 
fixed mass flow rate and for a time duration of 600 s have 
been considered for comparison. Similar to the analysis 
of variation in mass flow rate (i.e. Figure 5. both solvers 
yielded similar trend of results and it was found to be sat-
isfactory. 

Figure 11 illustrates the temperature contours along 
the cross section of the center tube, at different solar 
intensities and at a time instance of 600 s. It can be noticed 
that at a constant mass flow rate, the performance of the 
collector is better at higher solar intensities than at lower 
incident solar insolation over the tube surfaces. Moreover, 
the temperature contours at various time instances are 
also illustrated in Figure 12. Based on these contour plots, 

it can be well established that, as time proceeds the fluid 
flowing inside these vacuum tubes, recirculates under the 
effect of buoyant forces. Due to this phenomenon, hot 
fluid rises towards the top of the storage tank in-taking 
heat, while the cold fluid flows to the bottom of the tubes.

In addition to contour plots, vector plots helps to visu-
alize the recirculation occurring within the vacuum tube 
enclosures of the non-pressurized evacuated tube type 
solar collector. Figure 13 depicts the cross sectional view 
of velocity vector plot along the center tube at a mass flow 
rate of 0.0002 kg/s and a solar insolation of 800 W/m2. It 
can be clearly visualized that closer to the top side of the 
tube, water gains heat from tube surfaces and recirculate 
back towards the top end of the storage tank. Similarly, 
the cold water flows through the bottom side of the vac-
uum tubes towards the bottom end. Figure 14 illustrates 
a streamline plot of the storage tank, which indicates that 
the hot water gets collected at the top side of the tank and 
could be drawn off based on the requirement.

Figure 3. Grid independency test for the present analysis.

Figure 4. Flow rate variation at duration of 600 s.
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Figure 5. Comparison of results obtained at duration of 
600 s.

Figure 6. Temperature contours at different flow rates and 
at t – 600 s.

Figure 7. Temperature contours at different time instances 
and at 0.03 kg/s.

Figure 8. Heat flux variation at duration of 600 s.

Figure 9. Effect of heat flux variation at different time 
intervals.

Figure 10. Comparison of results obtained at duration of 
600 s
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Figure 11. Temperature contours at different Q and at  
t – 600 s.

Figure 12. Contours at different time instances and at Q – 
1000 W/m2.

Figure 13. Velocity vector plots at Q – 800 W/m2 and 
0.0002 kg/s.

Figure 14. Streamlines inside the storage tank at Q - 1000 
W/m2.

4. Conclusion 

This study set out to better understand how the perfor-
mance of a vacuum tube type solar collector is affected 
by flow rate as well as the incident solar insolation over 
the evacuated tube surfaces. It was evident from the 
analysis that natural convection phenomenon occurring 
within the tube enclosures driven by the buoyant forces 
helps to raise the temperature of water within the storage 
tank. Hence, at a lower flow rate and at a higher incident 
solar radiation, the outlet water temperature obtained was 
found to be higher when compared with all other pos-
sible combinations. Contours and vector plots showed a 
visualized representation of the recirculation, which in 
turn helped to strengthen the understanding of inclined 
natural convection within tube enclosures. In turn, this 
paper has also argued that open source software like 
OpenFOAM could be used as a potential CFD tool for 
carrying out complex flow problems. The results obtained 
by using two CFD based, finite volume packages such 
as ANSYS-FLUENT and OpenFOAM has been com-
pared. The results obtained were found to be satisfactory. 
Hence, the findings of this study suggest and urge the use 
of OpenFOAM as a potential tool for complicated CFD 
modeling and computational activities. 
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