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Abstract

Achieving thermal comfort inside buildings with large
glass facades is challenging, especially concerning the
total energy consumption required for maintaining the
desired cooling and comfort. The solar load constitutes a
major contributing factor in the total load of the system.
The semi-transparent glazing material or coating is
applied on glass walls to reduce energy consumption. In
CFD, the solar load is modelled by combining the solar
calculator with the ray-tracing
algorithm and applying the load on the surfaces that
directly exposed to the sun. The inbuilt solar load model
that comes with OpenFOAM is not suitable for indoor
HVAC simulations. Additionally, it has no support for
semi-transparent glass walls, and it is also not compatible
with convective heat flux boundary conditions. Therefore,
this paper focuses on overcoming the shortcoming of
inbuilt solar load model by developing our in-house codes
and methodology to model the solar load accurately. The
current solar load module can cope with transient
conditions resulting from the apparent sun motion, but it
does not support the glass walls' incident angle-dependent
glazing properties. The code implementation and its
results are validated with the ASHRAE handbook and
Solpos NREL code. To further evaluate our model
qualitatively and quantitatively, software comparison
case studies are performed with ANSYS FLUENT
software. The results show that our implementation is
correct and is in good agreement with the commercial
software package results.

Key Innovations

e An inhouse solar load module developed based
on OpenFOAM for indoor HVAC CFD
applications

e Modelling of semi-transparent glass walls using
a single value of glass transmittance and its
compatibility with convective heat flux
boundary conditions

Practical Implications

This paper outlines the limitations of the inbuilt solar load
module of OpenFOAM software w.r.t indoor HVAC CFD
simulations, discusses how to resolve the issues and
finally suggests the best CFD practices to perform fast and
accurate simulations.

Introduction

In cities, large building towers with facades are very
common which provides a physical and visual connection
to the outside. It also improves the health of the occupants
by allowing the natural sun lights entering into the space.
The solar radiation entering the buildings through glazing
plays major role in the total heating/cooling demands and
the indoor thermal comfort (Buratti et al., 2013). The
solar load contributes nearly 50 - 70% in the total energy
load of the system for throughout the year. Therefore, the
effective ways to reduce the solar load is by choosing the
high-quality glazing glasses with proper size and best
location becomes very important. In addition to this the
incoming solar radiation increases the mean radiant
temperature (MRT) and create a local thermal discomfort
pockets there by disturb the overall thermal comfort the
space (Buratti, Palladino and Moretti, 2017).

The most common CFD models used in building design
are based on steady-state thermal conditions and do not
consider the transmitted solar radiation, solar heat gains
and the outdoor temperature variations. Therefore, proper
modelling of solar radiation is essential to evaluate
buildings' thermal comfort and energy performance. With
the latest advancement in computational technologies, it
can accurately predict the sun path throughout the year
(Reda and Andreas, 2004). It also incorporates other
buildings' presence by detecting the direct hit faces which
expose to the sun and shadow region as well. Then it
calculates and applies a load on the corresponding faces.
Nowadays, these technologies are extensively used in
daylight saving calculations (Aries and Newsham, 2008),
energy load estimation on the building, and further it is
used in evaluating the human indoor/outdoor thermal
comfort evaluation by using CFD (la Gennusa et al., 2007;
Altan et al., 2009).

The standard algorithm in the ASHRAE Fundamental
Handbook (2001) calculates the sun position accurately
throughout the day for the whole year. Later applies solar
load by following the ASHRAE Fair Weather Conditions
method or Theoretical Maximum method proposed by
NREL's solar position and intensity code (Solpos) (Loschi
et al., 2016). The incident solar radiation is further
decomposed into three components: direct normal solar
irradiation reaching the earth's surface, sky diffuse solar
irradiation falling on vertical and horizontal surfaces, and
ground reflected diffuse solar radiation again falling on a
vertical surface. By following the above methods and
solar ray tracing algorithms, the solar load contribution is
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applied on the respective surfaces, which can be modelled
as a heat flux boundary condition or added directly in the
first cell of the adjacent boundary face to solve with
energy equation for the CFD simulations.

Currently, many commercial software such as ANSYS
FLUENT and Star CCM+ support solar load modules.
Similarly, it is also available in the most famous and
widely used open-source OpenFOAM software.

The present paper aims to show how to perform the indoor
HVAC CFD simulations with OpenFOAM and presents
the drawbacks of the inbuilt solar load model that comes
with the same. It is specially developed for buoyancy-
assisted external flows, which can be used to evaluate the
Urban Heat Index (UHI) and outdoor thermal comfort
parameters. According to current implementations, all
diffuse components of solar flux radiations, by default,
directly add on all inner wall surfaces, which is a high
value; instead, the walls absorb a small portion of the
radiation. It is also called solar heat gain on the roof and
walls. Solar radiation can enter the space through
openings or glazing surfaces and apply the incident solar
radiation heat flux on the exposed surfaces. Additionally,
it has no support for semi-transparent/glazing wall
modelling, and there is no existing boundary condition
that incorporates both solar flux and convective flux in a
single boundary condition.

Therefore, an in-house solar load model with the support
for semi-transparent glass walls and compatible with
convective heat flux boundary conditions are developed
based on OpenFOAM for the “Autonomous HVAC CFD”
application. It is a web-based application developed by
simulationHub, specially designed for architects, HVAC
engineers, and designers to quickly evaluate their heating
and cooling system design and perform the design
iterations.

These studies started with the solar load module
implementation and its results validation with the
ASHRAE handbook (2001) and Solpos (Loschi et al.,
2016) NREL code. Further, due to absence of
authenticated experimental data on solar radiations, a
qualitatively and quantitatively software comparison case
studies are performed with ANSYS FLUENT software.

Methodology
Mathematical Modelling

The following governing equations are solved to capture
the physics required for the occupant thermal comfort.

Continuity equation:
V.(pu) =0 1

Momentum equation:

V.(pUl) = -Vp+ pg +V.(21,, D(U)) )

-V (% Hest (Va)\J

Where p is the static pressure, uis the velocity vector,
and § is the gravitational acceleration. The effective
viscosity ., is the sum of the laminar viscosity g and g,

the turbulent viscosity and D(u)is the rate of strain
(deformation) tensor.
The energy equation in terms of enthalpy (he) as the
solution variable:
V.(ptih,) + V.( pUK ) - V(e V) 3)
=pu-g+$

Where K is the
Uy = A + @

+S,

radiation

kinetic energy per unit mass,
is the effective thermal diffusivity

[kg/(m.s)], Sradgiation and Sy are the radiation and user-
defined source term respectively.

The velocity and density are interpolated at the faces to
calculate the flux and then the pressure is calculated
following the SIMPLE algorithm (Patankar, 1980).

The ASHRAE handbook (2000-2003) suggests that air's
radiation absorption coefficient is sensitive to the
percentage of relative humidity in the domain. For 50%
of RH is 0.17, which is a significant value, and its effect
increases with the characteristic length of the domain.
Therefore, the finite volume discrete ordinate model
(fvDOM) (Chui and Raithby, 1992; Raithby and Chui,
1990) radiation model is considered, which adds the
radiation contribution Sragiation in the energy equation. It is
the most comprehensive radiation model which accounts
for scattering, semi-transparent media, specular surfaces,
and wavelength-dependent transmission using the
banded-grey option. It is a conservative method that
solves the radiative transfer equation (RTE) directly to
capture the physics mentioned above. This model's
drawback is that it is very computationally costly and time
taking, especially during the initial development of the
radiation fields. It solves the RTE for a specified number
of discrete ordinate directions for multiple iterations to
satisfy the convergence criteria, which generally takes
one-third of simulation time for few 100 iterations. A
simulation running strategy is proposed to overcome all
these challenges and achieve the fast development of
radiation fields. Start the radiation simulations with the P1
model (Cheng, 1964), which solves only one governing
equation to develops the field. Once the radiation field is
adequately developed, then use this radiation field data as
an initialization for the fvDOM model; following this
strategy helps to achieve the convergence fast in lesser
time. It also avoids the initial computational costly
fvDOM iterations.

In addition to above, governing equations from (1)-(3), a
scalar transport equation is solved for water vapour
(moisture) phase in the domain as a passive scalar. This
water vapour field used to calculate the relative humidity
distribution in the space.
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Where Y,, is the mass fraction of water vapor, D

H20,air
diffusion coefficient of water vapor phase in the air
medium, Sc, turbulent Schmidt number, and S,, is the

user defined source/sink for the moisture phase.
Solar Load Modelling

The solar load module is developed by combining the
solar calculator with the solar ray tracing algorithm. The
ray-tracing algorithm is used to detect the faces which are
directly exposed to sunlight and it also detects the faces
which are in shadow regions.

The solar calculator calculates the position of the sun and
its load. The minimal input needed for the solar calculator
is global position (latitude, longitude and time zone),
starting date and time, geometry orientation, sky cloud
cover fraction and solar irradiation method. Then, the
solar calculator provides the following output such as sun
direction vector, and decomposed solar radiation into
direct normal solar irradiation at the earth's surface,
diffuse solar irradiation on vertical and horizontal surface
and ground reflected diffuse solar radiation again on the
vertical surface.

The position of the sun is calculated as suggested in the
ASHRAE Fundamental Handbook (2001) with Fair-
Weather Conditions method.

Fair Weather Conditions method

The Fair-Weather Conditions method imposes greater
attenuation on the solar load which is representative of
atmospheric conditions that are fair but not completely
clear. It calculates the direct normal, diffused and ground

reflected radiation as suggested in ASHRAE
Fundamental Handbook (2001).
Direct normal irradiation:

A )

Edn =

B
s

where A and B are apparent solar irradiation at air mass
m = 0 and atmospheric extinction coefficient,
respectively. These values are based on the earth's surface
on a clear day. g is the solar altitude (in degrees) above

the horizontal plane.
Diffuse irradiation - vertical surface:

E, =CYE,, (6)
Where C is the constant and Y is the ratio of sky diffuse

radiation on a vertical surface to that on a horizontal
surface (calculated as a function of incident angle).

Diffuse irradiation - other than vertical surface:
(L+cos€) Q)
2

where €is the tilt angle of the surface (in degrees) from
the horizontal surface.

E, =CE,,

Ground reflected irradiation:
(1—cos €) (8)
2

where pg is the ground reflectivity. The total diffuse
irradiation on a given surface will be the sum of Ed and
Er.

The values of A, B, and C are constants, refer the table -7
of the Fenestration chapter from the ASHRAE
Fundamental Handbook (2001).

As we already discussed the solar radiations could enter
the space only through openings or glazing surfaces.
Therefore, we are detecting the exposed surfaces that
solar incident radiations can hit through the glazing and
then apply the direct and diffuse solar load contribution
on the respective surfaces. This exposed surface may
create local discomfort pockets in the spaces. The
transmission of solar radiations can be decreased by high-
quality glazing walls or by applying coatings to the glass
surface. The inbuilt solar load module available in
OpenFOAM supports only the clear glass. Therefore, we
developed the support for modelling the semi-transparent
glass walls by considering its actual absorptivity,
reflectivity, and transmissivity  properties. The
transmissivity of glass decides how much solar radiation
can enter the space, which indirectly affects the incident
solar heat flux on the exposed surface. Apart from this, it
can also absorb the solar heat flux based on its
absorptivity. However, current semi-transport modelling
does not support the incident solar radiation angle-
dependent glazing properties. The solar load contribution
is applied to the respective surfaces as a heat flux field by
following the above methods and solar ray tracing
algorithms. This solar flux field with convective flux is
considered in the boundary condition for solving the
energy equation.

The current solar load module can support the transient
conditions resulting from the apparent sun motion. It
automatically updates exposed hit faces and
corresponding heat loads. However, many HVAC
designers/engineers prefer to do the simulation for the
hottest day of the year and at the hottest time of the day,
i.e., at 4:00 PM. They are more interested in how much
heat can enter the space through glazing and another
contribution, i.e., from the solar heat gain/absorbed by the
roof and exposed walls. Solar heat gain can be modelled
through CFD, but it is very time-consuming and costly.
Therefore, they prefer to calculate the heat gain load
following the CLTD methods, a very detailed method
considering the roof and walls' physical and thermal
characteristics, geographical location, colour of the
surface, outside air temperature, etc.

The Case Studies

These case studies' primary objective is to validate and
compare our in-house developments of the solar load
module. To do so, (1) a simple solar calculator output
comparison performed between the OpenFOAM,
FLUENT software, and ASHRAE implementations as

Er = Edn (C +5in ﬂ)pg
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well, considering the Pune, India location at 10:00 am on
21% June (hottest day of the year). After this detailed
software comparison between OpenFOAM and Fluent
was performed for the Solar modelling, which involves
comparing the generated solar flux field and final
simulation results fields of temperature (T) and velocity
(V).

Considered a simple room containing a glass wall in the
East direction, facing the sun at 10:00 AM on 21% June.
Assuming it is middle floor, there is no convective load
on all walls, floors, and ceilings. It has an inlet diffuser of
3'x 3'at the middle of the ceiling with a volumetric flow
rate of 393 cfm. The fully transparent glass wall is
showing with grey colour patch and inlet and outlet are
showing with green and red colour patches respectively in
Figure 6.
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Figure 6: Schematic diagram of simple office room with
sun path diagram of 215 June.

To further test the solar load module on complex
geometries, the CEO office at CCTech company, Pune,
India, is considered, which contains humans, manikins,
furniture, and bookshelf in the space ash shown in Figure
7. The simulation time is at 4:00 PM on 21% June, and a
fully transparent glass wall is present in the West
direction. Then obtained solar flux field is also compared
with FLUENT.

Figure 7: Schematic diagram of the CEO office room at
CCTech, Pune, India with sun path diagram of 21 June.

Finally, to validate and compared the semi-transparent
glass wall modelling with FLUENT software. The famous
hot room tutorial case of OpenFOAM is considered, as
shown in Figure 8. The ceiling is assumed to be semi-
transparent; simulation time is at 12:00 PM on 21% June.

A comparative study performed considering the ceiling
transmissivity as 1.0, 0.8, and 0.5, respectively.

- i ey e s 2 =3

Figure 8: Schematic diagram of the hot room tutorial
with sun path diagram of 21% June.

Results & Discussion
Comparison of Solar Calculator

The OpenFOAM code implementation of solar calculator
and according to the theory guide of ANSYS FLUENT
both adhere to the implementation as described in the
ASHRAE Fundamental Handbook (2001). The solar
calculator provides the output of a sun direction vector,
normal irradiation, diffused irradiation (vertical and
horizontal) and ground reflected radiation.

To perform the comparison, the following inputs are
considered, as provided in a Table 1.

Table 1: Input for solar calculator

latitude, longitude

19.0760, 72.8777

Time zone GMT +5.5
Day and time 21% June, 10:00 AM
Sky cloud cover fraction 0

Solar irradiation method

ASHRAE Fair Weather

The output of the calculator is summarized in the given
below Table 2.

Table 2: Solar calculator output comparison between
OpenFOAM and FLUENT

Software OpenFOAM FLUENT
(0.14635, -
(0.14631, - 0.59018,
Sun direction vector | 0.58960, 0.79427) 0.79389)
Direct normal solar
irradiation 840 840
Diffuse solar
irradiation - vertical
surfaces 103 104
Diffuse solar
irradiation -
horizontal surfaces 112 112
Ground reflected
solar irradiation 78 78

From the Table 2, it is clearly observed that both
calculators provide the nearly identical results, care must
be taken while providing the A, B and C values in
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OpenFOAM. Another observation is that the magnitude
of diffuse solar irradiation is very less compared to direct
normal irradiation.

Simulation of a simple room with one-side facade
wall

Initially, before running the simulations, the solar load is
calculated with respect to the given above input to the
solar calculator and considering the one sidewall is
completely transparent.

A comparative image of solar load contour is shown in
Figure 9, it is clearly observed that both software
accurately detecting the direct hit faces and the solar flux
contours are also very similar and in the same range.

a b ,

fa) Solar Heat Flux (W/m?2) (bl Solar Heat Flux (W/m?)
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Figure 9: Comparison of solar flux contours between (a)
FLUENT; (b) inhouse OpenFOAM; software.

The main difference between the inhouse OpenFOAM
(OF) results and ANSYS FLUENT (AF) result is that the
lower bound of AF is starting with 9.39 unit of solar flux
whereas inhouse OF is 0, similarly, 9 .39 unit increment
also observed in AF upper bound compared to OF result.
The main reason behind this difference is that the AF also
accounts the reflected portion of solar load from the inside
surface which latter uniformly distributes on all
participating surfaces.

The solar flux field is added as a boundary condition to
existing conductive-convective boundary conditions. As
the flux due to the solar load is very high, a large number
of prism layer needs to be added to dissipate the flux from
the patch otherwise a high temperature will be observed
at the surfaces. Thanks to our mesh generation algorithm
which automatically handled the sufficient number of
prism layers.

As already mentioned, the solar load simulations must be
run with a radiation model to avoid the high temperature
on the surface. In this simulation, the finite volume
discrete ordinate model is considered.

The comparison of final converged velocity contour is
shown in Figure 10.
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Figure 10: Comparison of velocity contour between (a)
FLUENT; (b) inhouse OpenFOAM; software.

Similarly, the temperature contours or also presented in
Figure 11, It is clearly evident from the results that both
software giving nearly equal temperature contour and
patterns. While AF shows a higher temperature compared
to inhouse OF due to added extra contribution from the
solar reflected heat flux. The localised high surface
temperatures create a local thermal discomfort. Similarly,
the same observation also noted on the boundary surfaces
as well.
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1292 40.00 &0.00 80.00 100.00 12272
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13.00 40.00 60.00 80.00 100,00 122.72
|
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Figure 11: Comparison of temperature contours
between (a) FLUENT; (b) inhouse OpenFOAM;
software.

From Figure 11, it is clearly observed that our solar load
model and calculation methodology matches very well
with the AF results.

Simulation of CEO office at CCTech, Pune.

To access our solar load module and methodology on
complex geometries the CEO office of CCTech is
considered for this study.

The comparison image of solar flux between the inhouse
OF and AF is shown in Figure 12; both software
accurately detects the direct hit faces and add the solar
load on those faces nearly in the same range. Similarly,
solar flux is also compared to Manikin bodies which are
also in the same comparable range. Similar observations
are also made here compared to our earlier case study. The
comparison of final simulation results is not discussed
here, as it is beyond this study's scope.
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Figure 12: Comparison of solar flux contours between
(a) FLUENT; (b) inhouse OpenFOAM; software.

Semi-transparent modelling of glass walls

To test the semi-transparent implementation, a hot room
tutorial case of OpenFOAM is taken and considered the
roof surface as glass walls. The solar load is estimated on
the floor surface at 12:00 PM, with a different surface
transmissivity of 1.0, 0.8 and 0.5 values for a glass roof.
For the comparison study, the same thing is repeated in
AF as well. The comparative plots of the solar load are
presented in Figure 13.

From Figure 13, it is clearly observed that both software
accurately predicts the direct hit faces and gives the solar
flux also in the same range. The main difference is arising
due to the consideration of reflected solar flux
contribution and addition of it uniformly on all surfaces
in AF. This leads to the shift of lower bound and upper
bound of solar flux in AF software. If we remove that
contribution then the values are matching exactly with the
inhouse OF software.
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Figure 13: Comparison of solar flux contour for
transmissivity value of 1.0, 0.8 and 0.5 between (a)
FLUENT; (b) inhouse OpenFOAM; software.

Conclusion

The solar calculator of each software follows the same
ASHRAE implementation and it gives identical results.

But in inhouse OpenFOAM, a care must be taken while
providing the A, B and C values. The direct normal solar
irradiation is the major contributor in the solar load while
comparing with other components.

The qualitative comparison study on simple and complex
geometry suggests that each software gives the nearly
identical solar flux fields and final converged velocity and
temperature patterns are also nearly the same results. The
surface temperatures from the inhouse code show lower
values in comparison with AF, because AF adds the
reflected portion of the incident radiation uniform on all
the participating walls.

The semi-transparent implementation is also compared
with AF solar flux fields with respect to the different
transmissivity values of 1.0 and 0.8, and 0.5. It is observed
that both software detecting the direct hit faces accurately
and applies load also in the same range. The main
difference is that the AF solar flux shows some higher
values due to the reflected irradiation component addition
uniformly in the domain, which shifted the lower and
upper solar flux ranges, respectively. Otherwise, each
software gives nearly identical loads.

Future Work

We will bring the more detailed physics, such as
considering the reflected portion of the irradiation and
distributing it uniformly on all participating surfaces,
wavelength-dependent glazing properties, and the angle
dependent properties of glass walls.
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