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Abstract
This paper presents CFD study of BIPV/T systems with forced
convection using air as a coolant with various air flow rates (air
velocities). Predictions of the PV’s back surface, the air inside the
channel and the insulation temperature profiles were compared with
experimentally obtained temperature profiles. COMSOL Multiphysics
finite element analysis (FEA) software was used to develop CFD models
for a BIPV/T system; and to investigate the accuracy of predictions of
temperature profiles using the k-ε and k-ω turbulence models. Turbulent
flows were considered with Reynolds number ranging from 2577 to 9392.
Predictions of the PV’s back surface temperature, the temperature of the
flowing air and the insulation temperature agreed very well with the
measured temperatures. The results indicate that CFD could be used to
obtain temperature profiles in order to establish relationships between the
average/local convective heat transfer coefficients and air flow velocity.
The relationships obtained will be useful for simple mathematical models
that facilitate the design and optimization of different parts of the BIPV/T
system.
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Introduction

Solar energy is inexhaustible and import-independent resource that enhances energy security
and sustainability, reduces pollution, lowers the cost of mitigating climate change, and keeps
fossil fuel prices lower than otherwise (Solar Energy Perspectives, 2011). Photovoltaic panels
with a heat recovery capability, integrated into the building envelope replacing the elements of
the roof or façade combine the possibility of cooling the PV panels, producing electricity and
heat (Pantic et al., 2010). Building integrated photovoltaic (BIPV/T) systems are arrays of
photovoltaic panels integrated into the building structures as facades and roofs that can produce
electricity and useful thermal energy (Pantic et al., 2010; Chen et al., 2007; Chen et al., 2010a;
Chen et al., 2010b; Candanedo and Athienitis 2008; Dembo et al., 2010). Heat recovery would
be accomplished by fluid circulation behind the array of photovoltaic modules, which heat up
when exposed to sunlight. The heat recovered by fluid circulation behind the photovoltaic panels
can be used for space and/or domestic water heating. BIPV/T systems have the potential to meet
all the building envelope requirements such as mechanical resistance and thermal insulation. In
addition to producing heat and electricity, the multiple functionality of BIPV/T system may
improve the cost effectiveness of residential construction as compared to add-on PV/T systems.
Various researchers have studied integration of PV panels into building structures such as roofs
and façades with a focus not only on the design of BIPV/T system themselves and evaluation of
their energy performance (Chen et al., 2010a; Chen et al., 2010b; Candanedo and Athienitis,
2008; Dembo et al., 2010; Safa, 2012; Candanedo et al., 2010; Mei et al., 2003; Infield et al.,
2004, 2006; Cartmell et al., 2004; Chow et al., 2007; Charron, and Athienitis, 2006; Getu et al.,
2013; Getu and Fung 2014).
For optimal electricity production and thermal energy recovery it is important to study the
fluid flow behaviour in the air channel of an integrated photovoltaic/thermal panels in order to
obtain detailed information on air velocity and temperature distributions, and determination of
convective heat transfer coefficients as a function of air velocity and air flow channel size. In
order to obtain reliable data it is important to address the coupled fluid flow and heat transfer
problem of the BIPV/T system. It is often difficult, if not impossible, to obtain closed form
solutions to the governing heat transfer and fluid mechanics equations through theoretical
calculations. Furthermore, in most cases, the obtained solutions contain infinite series and
transcendental equations, making their numerical evaluation a difficult task (Patankar, 1980). Full
scale experimental investigations are costly and some variables such as heat transfer coefficients
are impossible to measure directly. Computational fluid dynamics (CFD) can be used to obtain
relationships between the average and local convective heat transfer coefficients, velocity and
channel depth.
Liao et al. (2007) conducted a CFD study of heat transfer and fluid flow in a facadeintegrated photovoltaic-thermal system intended for single story application. They found that the
convective heat transfer coefficients to be generally higher than the predictions reported in
literature (Charron and Athienitis, 2006). They attributed this to the leading-edge effects and the
turbulent nature of the flow. The effects of flow rate and configuration in PV/T systems on the
overall system performance were studied using CFD simulation (Naewngerndee et al., 2011).
They found that for the same number of PV/T modules (16), a 4x4 configuration provided better
flow distribution, when compared to an 8x2 configuration. When the total number of PV/T
modules was reduced to 12, they found that a 3x4 configuration resulted in the most suitable flow
distribution, as compared to the 4x3 and 6x2 configurations. Gan and Riffat used FLUENT to
analyze air flow condition and temperature distribution in an atrium integrated with photovoltaics

(Gan and Riffat, 2004). They found that for effective cooling of the roof integrated PV arrays,
outdoor air should be introduced through an opening positioned close to the roof or through an air
channel underneath the roof. Corbin and Zhai conducted an experimentally validated CFD study
to determine the effect of active heat recovery by circulating water on the performance of PV
panels (Corbin and Zhai, 2010). Their parametric analysis showed that the PV efficiency
increased by 5.3% and that the water temperature was suitable for domestic use. A CFD study of
an open loop BIPV/T system was conducted in order to obtain convective heat transfer
coefficients under different mass flow rates and design conditions (Candanedo et al., 2008 and
2009). They found that the optimum airflow rate depended on the channel geometry and the
required outlet air temperature. From this brief review it is clear that CFD can be used to obtain
information related to flow dynamics, which is useful for establishing correlations that can be
applied in the design optimization of BIPV/T systems.
In this work, COMSOL Multiphysics FEA software was used to develop CFD models for an
open loop BIPV/T system. The aim is to compare predictions of PV’s backside, flowing air and
insulation temperature profiles with experimentally obtained profiles. This is done using two
commonly used turbulence models (k-ε and k-ω) with various air flow rates (air velocities).
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CFD Simulation

COMSOL CFD program was used to simulate the fluid and heat transfer phenomena for the
BIPV/T configuration. The COMSOL CFD package was selected because it integrates the
preprocessor (geometry and mesh generation) and the solver, whereas other packages such as
Fluent (a solver) require a preprocessor such as GAMBIT. Perhaps, the most important advantage
of COMSOL is that it provides multiphysics environment which facilitates solutions to coupled
physics problems such as fluid flow and heat transfer problems. In this work, a 2D model was
created that represents the geometry of the studied BIPV/T system.
Turbulence modeling
The COMSOL CFD module uses Reynolds Averaged Navier-Stokes (RANS) models which
divide the flow quantities into an averaged value and fluctuating part (COMSOL 4.3b). Once the
flow has become turbulent, all quantities fluctuate in time and space. It is extremely
computationally costly to obtain detailed information about the fluctuations. An averaged
representation often provides sufficient information about the flow (COMSOL 4.3b).
For the simulations, standard k-ε and k-ω turbulence models were used. The Non-Isothermal
Flow and Conjugate Heat Transfer were used in COMSOL. This module includes the NonIsothermal Flow predefined multiphysics coupling to simulate systems where density varies with
temperature. The formulation of the continuity and momentum equations for this physics are as
follows.
(1)
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where
ρ
is the density (kg/m3)
u
is the velocity vector (m/s)
p
is the pressure (Pa)

(2)

µ
is the dynamic viscosity (Pas)
F
is the body force vector (N/m3)
I
is the unit tensor
where µ depends only on the physical properties of the fluid, while µT is the turbulent eddy
viscosity which emulates the effect of unresolved velocity fluctuations u′. For the standard k ε model µT is given by Eq. 9.
The heat equation is
∂T
= ∇ ⋅ ( κ∇T ) + Q
∂t
where Cp is the heat capacity, κ is the thermal conductivity and Q is the heat source.
ρCp

(3)

The k-ω turbulence model
The k-ω model solves for the turbulent kinetic energy, k, and for the dissipation per unit
turbulent kinetic energy, ω, also commonly known as the specific dissipation rate. The CFD
Module has the Wilcox revised k-ω model (Wilcox, 1998).
ρ ( u ⋅∇ ) k = ∇ ⋅ ( µ + µ T σ∗k ) ∇k  + Pk − ρβ∗0 kϖ
ϖ
ρ ( u ⋅∇ ) ϖ = ∇ ⋅ ( µ + µ T σϖ ) ∇ϖ  + α Pk − ρβ0 ϖ 2
k
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where the production term, Pk is

(

)

2
2
T
2

Pk = µ T ∇u : ∇u + ( ∇u ) − ( ∇ ⋅ u )  − ρk∇ ⋅ u
3

 3
Note that the colon symbol designates matrix contraction.

(8)

The k-ε turbulence model
Eq. 2 is to be complemented by two additional convection-diffusion-reaction equations for
computation of k and ε (Eq. 8 and Eq. 11). The k-ε model is one of the most used turbulence
models for industrial applications. The standard k-ε model introduces two transport equations and
two dependent variables: the turbulent kinetic energy, k, and the dissipation rate of turbulence
energy, ε. Turbulent viscosity, µT, in is modeled by

µ T =ρCµ

k2
ε

(9)

where Cµ is a model constant.
The transport equation for k is given by:


µ  
ρ ( u ⋅∇ ) k = ∇ ⋅  µ + T  ∇k  + Pk − ρε .
σk  

where the production term, Pk is given by Eq. 8.
The transport equation for ε is given by:

(10)
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ε
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The model constants in Eq. 9, Eq. 10 and Eq. 11 are determined from experimental data (Wilcox,
1998) and the values are: Cµ =0.09, Cε1=1.44, Cε2=1.92, σk=1.0, σε=1.3
Radiation modeling
COMSOL provides two radiation models: hemicube and direct area integration methods.
Hemicube is the default method and uses projections to account for shadowing effects. This
method is suitable for complicated shapes which may have shadowing effect. On the other hand,
with direct area integration method COMSOL evaluates the mutual irradiation between surfaces
directly, without considering which face elements are obstructed by others. Direct area
integration method is fast and accurate for simple geometries with no shadowing. Since the
geometry of the BIPV/T system considered in this work is simple with no shadowing effect, the
direct area integration method was employed.
Meshing
Solving for fluid flow problem is computationally intensive. Usually, relatively fine meshes
are required. The aim was to use as simple a mesh as possible, while still capturing all of the
details of the flow. A physics-controlled meshing was used in this work. A physics-controlled
meshing uses sequences that examine the physics to automatically determine size attributes to the
problem. For the flow problem solved in this work, the velocity field changes quite slowly in the
direction tangential to the wall, but rapidly in the normal direction (Fig. 1). This situation
motivated the use of a boundary layer mesh. Boundary layer meshes (which are the default mesh
type on walls when using physics-based meshing) insert thin rectangles in 2D near the walls.
These high aspect ratio elements (Fig. 1) are suitable of resolving the variations in the flow
velocity normal to the boundary, while reducing the number of calculation points in the direction
tangential to the boundary (COMSOL 4.3b).

Figure 1 Part of the geometry showing the physics controlled meshing
Mesh sensitivity was checked by increasing the number of elements from 108,410 (normal) to
195,823 (fine). There was less than 1% error in predicted air temperature profiles for 1.5 m/s air
velocity.
Wall functions
The assumptions used to derive the k-ε model are not valid close to walls. The flow close to a
solid wall, for a turbulent flow, is different as compared to the free stream. In COMSOL,
analytical expressions, known as wall functions are used to describe the flow at the walls.
The wall functions in COMSOL multiphysics are such that the computational domain is assumed
to start a distance δw from the wall as shown in Fig. 2 (COMSOL 4.3b).

Figure 2: The computational domain starts a distance δw from the wall for wall functions.
The distance δw is automatically computed so that
δ+w =ρu τ

δw
,
µ

1

where u τ = Cµ4 k is the friction velocity, which becomes 11.06 (COMSOL 4.3b). This
corresponds to the distance from the wall the logarithmic layer meets the viscous sub-layer. δw is
limited from below so that it never becomes smaller than half of the height of the boundary mesh
cell. δ+w can become higher than 11.06 if the mesh is relatively coarse. In this work, δ+w was
maintained to the recommended value of 11.06 on of the walls. In case of the k-ω model wall

boundaries are prescribed by the same type of boundaries as for the k-ε model with Cμ replaced
ρk
by β*0 and the boundary condition for ω given by ϖ w = + .
κδ w µ
Boundary conditions
Inlet and outlet boundary conditions were based on the type of flow. In this case, for the
incompressible flow with Mach number less than 0.3 and turbulent flow with the Reynolds
number ranging from 2577 to 9392. The measured radiation was used as a boundary condition on
the PV’s top surface. For the inlet, the measured constant velocity profile was used. At the outlet,
the pressure, no viscous stress boundary condition was used with zero gauge pressure. This
boundary condition is numerically stable and it is common practice where no back flow is
expected (Candanedo et al., 2008). The measured inlet temperature condition was used.
Convective heat transfer coefficient for the top side of the PV was calculated using the Sharples
and Charlesworth correlation (Sharples and Charlesworth, 1998). In CFD simulations, it is also
necessary to specify values of the turbulence variables at the inlets. For example, when using a kε model it is necessary to specify values of k and ε at the inlets. Estimating the turbulence model
variables, like turbulent energy, dissipation or Reynolds stresses directly is difficult. Instead,
turbulence intensity and turbulent length scale or eddy viscosity ratio are used as inlet boundary
conditions. Fully turbulent flows usually have intensities between five and ten percent
(COMSOL 4.3b). In this work, a 5% turbulent intensity was selected. The turbulent length scale
LT is a measure of the size of the eddies that are not resolved. For free-stream flows these are
typically very small (in the order of centimeters). In this work, the turbulence length scale was
chosen to be 0.07xDh as recommended by COMSOL for two-dimensional flows, where Dh is the
hydraulic diameter. A natural convective heat transfer coefficient value (2.8 W/m2K) was used at
the back of the insulation.
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Experimental Setup

Experiments were conducted using a solar simulator (Fig. 3) that allows the testing of
building-integrated solar systems under a broad range of simulated outdoor temperature
conditions and solar radiation levels. Fig 4 shows schematic of the BIPV/T system and
experimental conditions. A BIPV/T system with 0.04 m channel height, 0.387 m width and 2.95
m length was used. A Solar Simulator (Atlas MTT GmbH) with MHG lamps that can generate a
spectral distribution very close to natural sunlight and meet the specifications of the relevant
standards EN 12975: 2006 and ISO 9806-1:1994 was employed. The PV assembly consists of
amorphous PV module (Solar Laminate PVL - 68) with 6.2% electrical efficiency which is
attached to a metal roof sheet by built-in adhesive. The insulation consists of a polystyrene
insulation material attached to a layer of plywood. T-type thermocouples (- 250 °C - 300 °C
measurement range) were used to measure temperatures at the back of the PV (Fig. 5), inside the
air channel (Fig. 6a) and at the insulation surface (Fig. 6b). Thermocouple coordinates are given
in Table 1, and Fig. 5 and Fig. 6 show the arrangement.

Figure 3: A BIPV/T system tested in the solar simulator
Qradamb
hwind
Measured radiation
PV assembly
QradPV
Measured
velocity and temp
QradINS

Insulation

hPV
Air flow

No viscous stress,
zero gauge pressure

hINS
Adiabatic
hinside

Fig. 4 Schematic of the studied BIPV/T system. Qradamb: surface to ambient radiation,
QradPV: surface to surface radiation (from PV), QradINS: surface to surface radiation (from
INS), INS: Insulation. hPV: convective heat transfer coefficient on the PV side, hINS:
convective heat transfer coefficient on the insulation side, hinside: natural convection.
Table 1 Thermocouple positions. PV and INS: Thermocouple positions for PV and
insulation temperature measurement (m), AIR: Thermocouple position for air temperature
measurement (m)
PV and INS 0.19 0.43 0.67 0.91 1.15 1.39 1.63 1.87 2.11 2.35 2.59
0
0.07 0.31 0.55 0.79 1.03 1.27 1.51 1.75 1.99 2.23 2.47 2.71 2.95
AIR

Figure 5 Thermocouple positions at the back of the PV

The Kipp & Zonen pyranometer with spectral range of 310 - 2800 µm and solar irradiance
measurement up to 4000 W/m² was used. Wind speed was measured with D12-65 transmitter
series with a measurement range of 0 - 10 m/s with an accuracy of ±0.1 m/s. The air flow rate
was measured with an orifice plate having a volumetric range of 30 - 530 m3/hr.

(a)
(b)
Figure 6 (a) Thermocouple in the middle of the channel for measuring air temperature and
(b) thermocouple for measuring insulation temperature
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Results and Discussion

Prediction of PV temperature
The temperatures at the back of the PV were predicted using the k-ω turbulence model. Fig. 7
–Fig 10 show the predictions. In all cases, the lines show CFD predicted temperature profiles
while the symbols show experimentally obtained ones.
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Figure 7 Temperature profiles for 2 m/s inlet velocity. PV: PV’s backside, INS: insulation.
SIM: CFD simulation, Exp: Experimentally measured.
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Figure 8 Temperature profiles for 1.5 m/s inlet velocity. PV: PV’s backside, INS: insulation.
SIM: CFD simulation, Exp: Experimentally measured.
It is seen from Fig 7 and Fig 8 that the predictions of the PV’s backside temperature profiles
are in a very good agreement with the experimentally obtained ones. As the velocity is decreased
from 2 m/s to 1 m/s and 0.5 m/s, the accuracy of prediction also decreases (Fig 9 and Fig 10).
The maximum error reaches 16 % for 0.5 m/s air flow rate (Last point in Fig 10). Perhaps, this
could be attributed to the low Reynolds number (2577 for 0.5 m/s air velocity as compared to
9392 for 2 m/s velocity). For such low Reynolds number it may be necessary to use the low
Reynolds Number k-ε turbulence model instead of the k-ω turbulence model. In this work, it was
not possible to investigate this turbulence model due to time constraints (long computational time
requirement). The k-ω model was found to yield better prediction of the PV’s backside
temperature profile as compared to the k-ε model (Fig 11). This is in agreement with the
observation that the k-ω model can in many cases give results that are superior to those obtained
by k-ε (Wilcox, 1998). However, there are two main drawbacks of the k-ω model. The first is that
the k-ω model can display a relatively strong sensitivity to free stream inlet values of ω. This may
be the possible reason for weak agreement with the experimental results for the PV’s back side
temperature profile at the inlet region (Fig. 7 and 8, the first points as compared to the rest of the
points). This reasoning is in agreement with the observations of Liao et al. (2007) who attributed
the higher convective heat transfer values to the leading-edge effects and the turbulent nature of
the flow.
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Figure 9 Temperature profiles for 1 m/s inlet velocity. PV: PV’s backside, INS: insulation.
SIM: CFD simulation, Exp: experimentally measured.

Temperature (oC)

70
60
50
40
30
20
10
0

Exp - PV Temp
Exp - Air Temp
SIM - Ins Temp
0

0.5

1

Exp - Ins Temp
SIM - Air Temp
SIM - PV Temp

1.5
2
PV Length (m)

2.5

3

Figure 10 Temperature profiles for 0.5 m/s inlet velocity. PV: PV’s backside, INS:
insulation. SIM: CFD simulation, Exp: experimentally measured.

Temperature (oC)

Prediction of insulation temperature
The temperature profiles for the insulation were predicted using the k-ε turbulence model. Fig.
7- Fig. 10 show the comparisons with the experimental results. It is seen that there is very good
agreement with the measured results. Again, the prediction accuracy decreases with decreasing
air flow velocity. While the k-ω turbulence model gave better prediction for the PV’s backside
temperature profile (Fig. 11), the k-ε turbulence model was found to give better predictions for
the air and insulation temperature profiles (Fig. 12 and Fig. 13, respectively).
70
60
50
40
30
Exp - PV Temp
20
SIM - PV Temp k-w model
10
SIM - PV Temp k-e model
0
0
1
2
3
PV Length (m)
Figure 11 Comparison of PV’s backside temperature profiles predicted using k-ω and k-ε
turbulence models for 2 m/s inlet velocity. SIM: CFD simulation, Exp: Experimentally
measured.
Prediction of air temperature
The air temperature profiles were predicted using the k-ε turbulence model. Fig. 7 - Fig. 10
show the comparisons with the experimental results. It is seen that there is very good agreement
with the measured results. Again, the prediction accuracy decreases with decreasing air flow
velocity.
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Figure 12 Comparison of insulation temperature profiles predicted using k-ω and k-ε
turbulence models for 2 m/s inlet velocity. SIM: CFD simulation, Exp: Experimentally
measured.
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Figure 13 Comparison of insulation temperature profiles predicted using k-ω and k-ε
turbulence models for 2 m/s inlet velocity. SIM: CFD simulation, Exp: Experimentally
measured.
For the air and insulation temperature profiles the standard k-ε model was found to give better
results as compared to the k-ω model (Fig. 12 and Fig. 13, respectively). The k-ε turbulence
model relies on several assumptions, the most important of which is that the Reynolds number is
high enough (Wilcox, 1998). This may be the reason why the predictions are less accurate at
lower air velocities (i.e. the Reynolds number decreased from 9392 to 2577 as the air velocity
was decreased from 2 m/s to 0.5 m/s). The model also considers that the turbulence is in
equilibrium in boundary layers, which means that production equal dissipation (Wilcox, 1998).
These assumptions have possibly limited the accuracy of the model because they are not always
true.
Discussion of the turbulence model limitations
In the k-ε turbulence model, k is the mean value of the kinetic energy of the turbulent
fluctuations around the mean value of the turbulent, fluctuating velocity, and ε is the dissipation
of the kinetic energy of the fluctuations, i.e. the rate at which the energy of turbulence is
dissipated. In k-ω turbulence model, ω is also associated with the dissipation of kinetic energy,
since it corresponds to a characteristic frequency of the turbulence decay process. The k-ω model
solves for the turbulent kinetic energy, k, and for the dissipation per unit turbulent kinetic energy,
ω. ω is also commonly known as the specific dissipation rate and has the dimensions of
frequency.

In the k-ε model, the eddy viscosity is determined from a single turbulence length scale. The
calculated turbulent diffusion occurs only at the specified scale, whereas in reality all scales
contribute to the turbulent diffusion. It is also important that the turbulence is in equilibrium in
boundary layers, which means that production equal dissipation. These and high Reynolds
number assumptions limit the accuracy of the model because they are not always true. It does not,
for example, respond correctly to flows with adverse pressure gradients (COMSOL 4.3b).
The k-ω model allows for a more accurate near wall treatment (COMSOL 4.3b). Although the
k-ω turbulence model performs much better than k-ε for boundary layer flows with strong wall
effects and separation, it can be sensitive to the free-stream value of ω. Possibly, this is the
reason why the k-ω performs well for prediction of temperature profiles near the PV’s backside
where there is high temperature gradient and wall effects are pronounced, while the k-ε model is
better suited for the free-stream flow in the middle of the channel. Probably, on the insulation
side, a leading-edge effect may have made the prediction less accurate when the k-ω model
turbulence was used (Liao et al. (2007)).
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Conclusions

CFD study of BIPV/T systems with forced convection of air with various air flow rates (air
velocities) was conducted to predict temperatures profiles of the back of the PV, the flowing air
in the middle of the channel and the insulation; and to investigate the accuracy of predictions of
the k-ε and k-ω turbulence models. The k-ω model yielded the best agreement with the measured
PV backside temperature profiles. The k-ε model yielded the best agreement with the measured
air temperature and the insulation temperature profiles. The agreement indicates that it is possible
to use the CFD predicted temperature profiles to obtain relationships between the average
convective heat transfer coefficients and velocity. The relationships obtained will be useful for
the development of simple mathematical models that facilitate the design and optimization of
different parts of the BIPV/T system.
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We thank the reviewers’ for their valuable comments. We have addressed their concerns as
follows, in italics.
Reviewer A:
Comments for author:
Major concerns:
This case study has significantly low Reynolds numbers. The flow is most likely in transition
from laminar to turbulent regime for V=0.5m/s. The accuracy of most RANS turbulence models
such as standard k-epsilon reduces as the Reynolds number decreases and they are not valid when
the flow field is not fully turbulent. This explains the deviations from experiment. In principle,
CFD with a RANS turbulence model is not a predictive tool for such a flow field (specially the
case with Re = 2577). Authors need to tone
down their conclusion.
Yes, the accuracy of most RANS turbulence models such as standard k-epsilon reduces
as the Reynolds number decreases. We agree with the reviewer’s concerns and we were aware of
it issue and we had stated this possibility in two places as follows:
“As the velocity is decreased from 2 m/s to 1 m/s and 0.5 m/s, the accuracy of prediction also
decreases (Fig 8 and Fig 9). Perhaps, this could be attributed to the low Reynolds number
(2577 for 0.5 m/s air velocity as compared to 9392 for 2 m/s velocity). For such low Reynolds
number it may be necessary to use the low Reynolds Number k-ε turbulence model instead of
the k-ω turbulence model. In this work, it was not possible to investigate this turbulence model
due to time constraints (long computational time requirement).” in Section 4, in the paragraph
just after Fig. 7
“The k-ε turbulence model relies on several assumptions, the most important of which is that
the Reynolds number is high enough (Wilcox, 1998). This may be the reason why the
predictions are less accurate at lower air velocities (i.e. the Reynolds number decreased from
9392 to 2577 as the air velocity was decreased from 2 m/s to 0.5 m/s).” in the paragraph above
Section 5.
In the future we plan to investigate the problem using Low-Reynolds Number k-epsilon
turbulence model for this case (i.e. 0.5 m/s air velocity).
Minor Comments:
1. The left-hand side of equation (3) is wrong. Also, does COMSOL solve an
equation for temperature or enthalpy?
We have corrected the equation. The Heat Transfer in Fluids physics solves this equation for the
temperature, T. The second part of the question is not clear. If the reviewer’s question was meant
to say if COMSOL can analyze heat conduction with phase change, then the answer is YES.
According to COMSOL 4.3b manual, the heat transfer with phase change node is used to solve
the heat equation after specifying the properties of a phase change material according to the
apparent heat capacity formulation. Instead of adding a latent heat L in the energy balance
equation when the material reaches its phase change temperature Tpc, it is assumed that the
transformation occurs in a temperature interval between Tpc − ΔT/2 and Tpc + ΔT/2. In this
interval, the material phase is modeled by a smoothed function, α, representing the fraction of
phase after transition, which is equal to 0 before Tpc − ΔT/2 and to 1 after Tpc + ΔT/2.
2. Authors did not mention anything about turbulence wall functions. In order to obtain the right

convective heat transfer coefficient, one needs to use turbulent wall functions. Even if the wall
boundary layer is resolved (y+ < 5), the underlying turbulence model has an inherent highReynolds number assumption that does not provide enough dissipation near the wall.
We have added the following entire Section on Wall Functions
“The assumptions used to derive the k-ε model are not valid close to walls because the flow close
to a solid wall, for a turbulent flow is different as compared to the free stream. In COMSOL,
analytical expressions, known as wall functions are used to describe the flow at the walls.
The wall functions in COMSOL Multiphysics are such that the computational domain is assumed
to start a distance δw from the wall as shown in Fig. 2 (COMSOL 4.3b).

Figure 2: The computational domain starts a distance δw from the wall for wall functions.
The distance δw is automatically computed so that
δ+w =ρu τ

δw
,
µ

1

where u τ = Cµ4 k is the friction velocity, which becomes 11.06 (COMSOL 4.3b). This
corresponds to the distance from the wall the logarithmic layer meets the viscous sub-layer. δw is
limited from below so that it never becomes smaller than half of the height of the boundary mesh
cell. δ+w can become higher than 11.06 if the mesh is relatively coarse. In this work, δ+w = 11.06
on of the walls as recommended by COMSOL. In case of the k-ε model wall boundaries are
prescribed by the same type of boundaries as for the k-ε model with Cμ replaced by β*0 and the
ρk
boundary condition for ω given by ϖ w = + .”
κδ w µ
3.Please add explanations for what the solid line and dashed line represent
in Fig.7. and Fig.9
We have fixed this mistake.
4.Please correct the captions for Fig.9. The velocity is 0.5 m/s not 1m/s
We have fixed this mistake.
5.Please correct the legend for Fig. 11. It reads “Exp - Ins Temp k-e
model”
We have fixed this mistake.

Reviewer C:
Comments for author:
- Carefully check the grammar of your paper.
We have gone through the entire paper to correct grammatical mistakes to the best of our
abilities.
- Could you describe, briefly, the differences between k-e and k-w turbulence models in terms of
accuracy or applicability to your problem? What makes k-w approximate the PV temperature
better than the k-e model? What makes k-e approximate the insulation/air temperature better? I
find this discussion much more relevant than including the explicit formulas for each model.
We have added a discussion Section just above Section 5, which reads as follows
“Discussion of the turbulence model limitations
In the k-ε turbulence model, k is the mean value of the kinetic energy of the turbulent fluctuations
around the mean value of the turbulent, fluctuating velocity and e is the dissipation of the kinetic
energy of the fluctuations, i.e. the rate at which the energy of turbulence is dissipated. In k-ω
turbulence model, ω is also associated with the dissipation of kinetic energy, since it corresponds
to a characteristic frequency of the turbulence decay process. The k-ω model solves for the
turbulent kinetic energy, k, and for the dissipation per unit turbulent kinetic energy, ω. ω is also
commonly known as the specific dissipation rate and has the dimensions of frequency.
In the k-e model, the eddy viscosity is determined from a single turbulence length scale. The
calculated turbulent diffusion occurs only at the specified scale, whereas in reality all scales
contribute to the turbulent diffusion. It is also important that the turbulence is in equilibrium in
boundary layers, which means that production equal dissipation. These and high Reynolds
number assumptions limit the accuracy of the model because they are not always true. It does
not, for example, respond correctly to flows with adverse pressure gradients (COMSOL 4.3b).
The k-ω model allows for a more accurate near wall treatment (COMSOL 4.3b). Although the kω turbulence model performs much better than k-ε for boundary layer flows with strong wall
effects and separation, it can be sensitive to the free-stream value of ω. Possibly this could be the
reason why the k-w performs well for prediction of temperature profiles near the PV’s backside
where there is high temperature gradient and wall effects are pronounced, while the k-e model is
better suited for the free-stream flow in the middle of the channel. Probably, on the insulation
side, a leading-edge effect may have made the prediction less accurate when the k-w model
turbulence was used (Liao et al. (2007)).”
- You claim, "The agreement indicates that it is possible to use the CFD predicted temperature
profiles to obtain relationships between the average convective heat transfer coefficients and
velocity, without conducting extensive and costly experimental measurements," but you did
perform an experimental measurement without which you could not have identified the
substantial errors in the k-w and k-e model simulations. I think this bears some discussion.
We have removed “without conducting extensive and costly experimental measurements.” from
the manuscript.

