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Abstract

Real-time or faster-than-real-time flow simulation is crucial for studying airflow and heat
transfer in buildings, such as building design, building emergency management and building
energy performance evaluation. Computational Fluid Dynamics (CFD) with PISO or SIM-
PLE algorithm is accurate but requires great computational resources. Fast Fluid Dynamics
(FFD) can reduce the computational effort but generally lack prediction accuracy due to
simplification. This study developed a fast computational method based on FFD in combina-
tion with the PISO algorithm. Boussinesq approximation is adopted for simulating buoyancy
effect. The proposed solver is tested in a two-dimensional case and a three-dimensional case
with experimental data. The predicted results have good agreement with the experimental
results and at the same time, the proposed method can reduce computational cost greatly
compared to CFD.
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ABSTRACT

Real-time or faster-than-real-time flow simulation is crucial
for studying airflow and heat transfer in buildings, such as build-
ing design, building emergency management and building en-
ergy performance evaluation. Computational Fluid Dynamics
(CFD) with Pressure Implicit with Splitting of Operator (PISO)
or Semi-Implicit Method for Pressure Linked Equations (SIM-
PLE) algorithm is accurate but requires great computational re-
sources. Fast Fluid Dynamics (FFD) can reduce the computa-
tional effort but generally lack prediction accuracy due to sim-
plification. This study developed a fast computational method
based on FFD in combination with the PISO algorithm. Boussi-
nesq approximation is adopted for simulating buoyancy effect.
The proposed solver is tested in a two-dimensional case and a
three-dimensional case with experimental data. The predicted
results have good agreement with the experimental results. In
the two test cases, the proposed solver generates lower Root
Mean Square Error (RMSE) compared to the FFD and at the
same time, the proposed method reduces computational cost by
a factor of 10 and 13 in the two cases compared to CFD.

Keywords: Heat transfer; Mixed convection; Fast Fluid Dy-
namics; PISO; Semi-Lagrangian advection

1 INTRODUCTION

With the continuous development of computing technology,
numerical simulations of indoor airflow is becoming increasingly
more and more important in design process. CFD simulation is
one of the most important approaches because it provides de-
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tailed information about air velocity and temperature distribu-
tion [1]. However, CFD simulation usually requires great com-
putational resources, especially on fine mesh for a large or com-
plex indoor space [2,3]. In recent years, there have been growing
interest in applying FFD as an alternative to CFD for simulat-
ing indoor airflow. FFD solves the Navier Stokes equations with
a three-step time-advancement scheme and a semi-Lagrangian
scheme [4,5]. Although FFD is not as accurate as a CFD model,
it can capture main flow features of indoor air flows. Zuo and
Chen [6] applied FFD to fast two-dimensional (2D) indoor en-
vironment modeling and found that FFD significantly acceler-
ates the computation. Liu and Chen [5] implemented FFD in
OpenFOAM [7] with unstructured mesh, enabling the practical
application of the algorithm. Jin et al. [8] applied FFD to differ-
ent types of natural ventilation simulation. Those studies have
shown that the FFD is an attractive alternative to CFD for indoor
airflow simulation. However, although FFD simulations achieve
the improvement in computational speed, the accuracy is far from
satisfaction [9].

The improvement of accuracy in FFD has been a concern in
many recent studies. Zuo et al. [9] improved the accuracy of FFD
by adopting the finite volume method and mass conservation cor-
rection. A hybrid scheme of a linear and a third-order interpola-
tion [10] is also applied to reduce the numerical diffusion in low
order scheme and the numerical dispersion in high order scheme.
Xue et al. [11] combine the semi-Lagrangian (SL) scheme with
Pressure Implicit with Splitting of Operator (PISO) [12] to in-
crease accuracy. Molemaker et al. [13] tried to eliminate the nu-
merical diffusion by applying the Quadratic Upstream Interpola-
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tion for Convective Kinematics (QUICK) [14] scheme, however,
it was found that the FFD model with QUICK scheme introduces
significant numerical dispersion [10].

In the current study, we propose a method by combining
FFD with a PISO algorithm. The Boussinesq approximation [15]
is adopted for simulating buoyancy effect. Temperature is ob-
tained by solving the temperature transport equation implicitly
to ensure stability for large time step size. The solver is imple-
mented in open-source CFD software OpenFOAM. To ensure the
validity of the implementation, the proposed method has been
tested for mixed convection in a two-dimensional cavity and a
three-dimensional room with an obstacle. The results show that
the proposed method can achieve similar results with CFD but
with much less computational time.

2 Methodologies
2.1 Semi-Lagrangian advection

The Lagrangian method considers the flow field as a discrete
particle system and the SL scheme traces the flow particle trajec-
tory as shown in Fig. 1. To predict the velocity of arrival point A
of the next time step (¢ + At), the SL scheme firstly finds its up-
stream position D via Xp = X4 — AtU (Xy,¢) where X represents
the location. Since the obtained upstream position D will not
necessarily match the center location of the cell, the values in the
surrounding cells can be used to interpolate the values at position
D. The cellPoint interpolation methods recommended by Liu [5]
is adopted in the current study. Since the Lagrangian approach
labels each point of the fluid as a separate particle, the velocity of
a particle will remain the same with the lapse of time. Therefore,
the U (Xp,t) estimated through interpolation is assigned to posi-
tion A of the next time step, which is denoted as U (X4, + Ar).

2.2 Fast fluid dynamics with PISO algorithm

Due to the low Mach number, the indoor airflow is consid-
ered to be incompressible and viscous, FFD solves the following
Navier-Stokes equations:

aU;

o =0 (1)
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where U; is the i-th component of the velocity vector, p is the
pressure, p is the density, F; is the i-th component of the body
forces and v is the effective viscosity.

FFD applies a three-step time-advancement scheme [16]
that splits the momentum equation (Eqn.2) into three discretized

e /
X4 =tU (Xy, t)

U(XDa t)

FIGURE 1. ILLUSTRATION OF THE SEMI-LAGRANGIAN
SCHEME. POINT A DENOTES THE ARRIVAL POINT AND POINT
D DENOTES THE DEPARTURE POINT.

equations. Firstly, the semi-lagrangian advection [4] (Eqn.3) is
adopted to obtain the first intermediate velocity field U*. U” rep-
resents the initial velocity condition.

U*—ynr

o= UveUn) 3)

Then, the obtained U* is used to solve Eqn.4 to generate
the second intermediate velocity field U**. The density will be
incorporated into pressure term in the incompressible solver im-
plementation. It should be noted that the FFD algorithm in the
current study neglects the influence of pressure obtained from
the previous time step and the obtained U** does not satisfy the
continuity equation so it’s often called predicted velocity.

U —U*

1
=vW2U* + —F, 4
Y +p i 4)

In order to obtain the velocity which satisfy the continuity
equation, we need to correct the intermediate velocity field U™*
using a new pressure field p***. The new pressure field p***
and corresponding velocity field U*** are sought to satisfy the
following continuity and momentum equations:
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VU™ =0 (5)
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Eqn.6 subtracting Eqn.4 yields:

U***_U** ]
- = —*V kokok 7
Ar P p @)

The FFD algorithm assumes pressure is purely based on the
velocity field under the continuity restriction. To obtain the Pois-
son equation (Eqn.8), we take divergence for both sides of Eqn.7

and combining with Eqn.5. The new pressure field p*** can be
obtained by solving the Poisson equation.
P
p A ®)

*

The new pressure field p*** is then substituted into Eqn.7
to yield the corrected velocity field U***. However, with the
corrected velocity U***, the pressure p*** no longer satisfies the
possion equation (Eqn.8). This is the so called pressure-velocity
coupling system. For CFD, OpenFOAM mainly uses two algo-
rithm to solve this system, PISO and SIMPLE [17]. Although
both of SIMPLE and PISO algorithm can be applied for transient
simulation, PISO algorithm is more computational efficient. The
standard SIMPLE algorithm in OpenFOAM does not have the
time derivative term in the momemtum equation. Therefore, in
the current study, due to the transient nature of the indoor airflow,
we implement the PISO algorithm into the FFD solver as an in-
ner loop to solves Eqn.8 and Eqn.7 repeatedly to better handle
the pressure-velocity coupling system.

The temperature distribution must also be predicted for an
indoor airflow simulation. In the current study, the temperature
is obtained by solving the transport equation.

oT oT 9°T
o Ve =t o,

+Sr 9

where A is the effective thermal conductivity and St is the en-
ergy source. The implicit scheme is used to solve Eqn.9 to en-
sure stability when the time step size is large. The Boussinesq

approximation is applied to simulate the buoyancy effect. Open-
FOAM incompressible solvers solve the temperature field sepa-
rately from the velocity and pressure field. However, in the cur-
rent study, the coupling between the temperature and velocity has
to be considered due to the Boussinesq approximation. There-
fore, the solved temperature field will be substituted into Eqn.4
to update the velocity.

The computational sequence for the proposed method is
summarized in Fig. 2. By implementing the PISO algorithm, the
proposed method is expected to improve the accuracy of FFD. At
the same time, by maintaining the FFD structure and SL scheme,
the proposed method won’t sacrifice much computing speed.

Create and define flow field
variables

v

Solve U* using SL: Eq.3
Ur-un
— _yn(y.pn
" ¢U (V-U™)
Solve U**: Eq.4
U -ur T
=vVU"™ +-F
At p
Solve p***: Eq.8
2 000 — P g e
Vép Atv U
P/U coupling v
ur=um Correct velocity U***: Eq.7
Ut —ut 1 -
Y p( p*")
Solve T: Eq.9
aT

S UV T =AVT 45

p=pntt

Solve p: Boussinesq approximation
Pt = po[1 - (T —T™)]

FIGURE 2. WORKFLOW OF THE PROPOSED APPROACHES

3 Results and Discussion

We hereafter present two test cases: a two-dimensional cav-
ity and a three-dimensional room with an obstacle, with the goal
of testing the accuracy and computational cost of the proposed
solver, here referred to as ffdTPisoFoam based on OpenFOAM
naming convention. The performance of ffdTPisoFoam is eval-
uated by comparing with the standard OpenFOAM solver buoy-
antBoussinesqPimpleFoam [18] and FFD.
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TABLE 1. INITIAL AND BOUNDARY CONDITIONS FOR THE
2D CAVITY CASE

Usmfs)  Up(m/s) Tw(°C) T;(°C) T,(°C)
0.57 0 15 35 15

3.1 Mixed convection flow in a 2D cavity

This study tested the ffdTPisoFoam for the case of mixed
convection flow in a 2D cavity from Blay et al [19] as shown in
Fig. 3. The inlet air conditions and boundary conditions are sum-
marized in Table 1, where Uy and U, are the inlet air velocity, Tj,
is the inlet air temperature, 77 and T;, represent the temperature
of the floor and other three walls, respectively. Due to the tem-
perature difference between the floor and the other three walls,
the flow is driven by both inertia and buoyancy. The mesh size is
80+ 80, and the time step size is 0.005s. The flow was calculated
for a physical time of 100s.

Roof
Inlet ——>
x/W=0.5
Wall Wall
y/H=0.5
y
C— Outlet
X Heating floor

FIGURE 3. SKETCH OF THE 2D CAVITY

The airflow pattern and temperature distribution are shown
in Fig. 4. It can be seen that the large circulation pattern near
the cavity center and a secondary recirculation in the upper left
corner are both predicted by the ffdTPisoFoam. ffdTPisoFoam
is also able to capture the thermal plume caused by the warm
floor. Fig. 5 and Fig. 6 compares the predicted results to the
experimental data from Blay et al [19] and numerical results
calculated by FFD and OpenFOAM baseline solver buoyant-

BoussinesqPimpleFoam in the x/W = 0.5 and y/H = 0.5 sec-
tions, where the BBPF denotes buoyantBoussinesqPimpleFoam.
buoyantBoussinesqPimpleFoam is a transient solver for buoyant
flow of incompressible fluids. It uses Boussinesq approximation
for buoyancy effect and PIMPLE algorithm for velocity-pressure
coupling. The so-called PIMPLE algorithm is essentially a com-
bination of PISO and SIMPLE algorithms.

15.0 20.0 25.0 30.0

I am 2=

FIGURE 4. AIRFLOW PATTERN (ARROW) AND TEMPERA-
TURE DISTRIBUTION PREDICTED BY FFDTPISOFOAM

From Fig. 5 and Fig. 6, it can be seen that the temperature
predicted by the ffdTPisoFoam agrees well with the experimen-
tal data. The buoyantBoussinesqPimpleFoam and FFD tend to
underpredict the temperature. In terms of the velocity, buoyant-
BoussinesqPimpleFoam has the best performance, however it re-
quires great computational resources, which will be discussed in
section 3.3. The velocity predicted by ffdTPisoFoam has slight
deviation from the experimental data but still much better than
the FFD. The FFD underpredicts the peak value of velocity in
both sections. Also, the FFD is not able to capture the trend in
the middle of the domain, which means the large circulation in
the cavity is wrongly predicted.
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TABLE 2. RMSE RESULTS FOR THE 2D CAVITY CASE

Solvers T—y U-y T—x Uy —x
ffdTPisoFoam 2.53  0.06 029  0.05
BBPF 277 0.02 294 0.03
FFD 3.62 0.09 1.27  0.09

To determine the accuracy of the two solvers quantitatively,
the current study employs the root mean square error (RMSE)
which presents an estimate of by how much the simulation results
will deviate from the experimental data.

Niata

RMSE = (Ym,simulation - Ym.,experiment)2 (10)

Naata m=1

where Ny, represents the number of experimental observations,
Ysimutation and Yexperimens Tepresent the simulation result and ex-
perimental result, respectively. The RMSE results in predicting
temperature and velocity for the three solvers in the 2D cavity
case are summarized in Table 2 where BBPF represents the buoy-
antBoussinesqPimpleFoam solver, T —y, Uy —y, T —xand Uy —x
represent the predicted results as shown in Fig. 5 and Fig. 6. It
can be seen that ffdTPisoFoam outperform FFD in all cases, on
average, the RMSE for ffdTPisoFoam is 46% smaller than FFD.

3.2 Mixed convection flow in a 3D room with an ob-
stacle

The ffdTPisoFoam solver is also tested for the case of a
three-dimensional simplified room [20]. The top panel in Fig. 7
shows a 2.44m x 2.44m x 2.44m room with a plane jet from the
upper left corner. The inlet height and outlet height are 0.03m
and 0.08m, respectively. A heated box in the middle of the room
on the floor, with dimensions of 1.22m % 1.22m * 1.22m, is used
to represent an electric appliance. The inlet air conditions and
boundary temperatures are summarized in Table 3. Uy, Re and
T,ir represent the inlet air velocity, Reynolds number and tem-
perature, respectively. T, Tc, Ty, and Ty represent the temper-
atures of the box surface, ceiling, surrounding walls, and floor,
respectively. The type of airflow in the room is mixed convection.
Simulations are performed with the three solvers for a physical
time of 100s with a time step size of 0.05s. In accordance with
the grid independence test conducted by Wang and Chen [20], a
structured mesh with 44 %44 x 44 is adopted in the simulations.

The bottom panel in Fig. 7 shows ten positions which con-
tain most important information of the flow. The air velocity and
temperature profiles at positions 3 (X = 1.14m,Z = 1.22m) and

TABLE 3. INITIAL AND BOUNDARY CONDITIONS FOR THE
3D ROOM CASE

Uar(m/s) Re  Tu(°C) T,(°C) T.(°C) Ty (°C) T;(°C)
0.455 2000 222 367 258 274 269

Inlet w

2.44m
Y H
X El.22m
Z; B)utlet
1.22m
2.44m
X
5
[}
i e :
6 1 _7 8 9 1 _10
@ N J [ [} '@
: e’ :
E .2 E
.1
VA
i 1 T T
Supply air

FIGURE 7. SKETCH OF THE SIMPLIFIED ROOM WITH A
HEATED BOX (TOP PANEL) AND THE MEASUREMENT POSI-
TIONS FROM WANG AND CHEN [20] (BOTTOM PANEL)

position 6 (X = 1.22m,Z = 0.23m) are selected to validate the
predictions. The two positions corresponds to the jet downstream
and a location close to the side wall.
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TABLE 4. RMSE RESULTS FOR THE 3D ROOM CASE

Solvers T—p3 T—p6 U—p3 U-—pb
ffdTPisoFoam 0.0019 0.0018 0.0028 0.0032
BBPF 0.0011 0.0013 0.0017 0.0018
FFD 0.0029 0.0031 0.0039 0.0051

Figure 8 shows the air temperature and velocity profiles at
the selected measurement positions, as predicted by ffdTPiso-
Foam, buoyantBoussinesqPimpleFoam and FFD. It can be seen
that in predicting temperature, ffdTPisoFoam generates similar
results with the buoyantBoussinesqPimpleFoam, they both agree
well with the experimental data. FFD underpredicts the tem-
perature, especially at the lower region of the room. The tem-
perature in Fig. 7 is normalized by using T,;, = 22.2°C and
Tnax = 36.7°C. In predicting velocity, ffdTPisoFoam performs
better than FFD, but it failed to capture the maximum value. It
might because the first-order discretization scheme for time and
linear interpolation method in SL scheme generate too much nu-
merical dissipation.

The RMSE results in predicting temperature and velocity
for the three solvers in the 3D room case are summarized in
Table 4 where BBPF represents the buoyantBoussinesqPimple-
Foam solver, T — p3 and T — p6 represent the temperature pre-
diction at position 3 and position 6, respectively, and U — p3 and
U — p6 represent the velocity prediction at position 3 and posi-
tion 6, respectively. The temperature and velocity prediction at
the two positions correspond to the simulation results in Fig. 8. It
can be seen that ffdTPisoFoam outperformsd FFD in all cases, on
average, the RMSE for ffdTPisoFoam is 36% smaller than FFD.

3.3 Computational cost comparison

Real-time or faster-than-real-time flow simulation is crucial
for studying airflow and heat transfer in buildings. Therefore, it
is critical to evaluate the solver’s computational cost.

In the 2D cavity case, the comparison of the computational
cost is shown in the left panel of Fig. 9 where the BBPF de-
notes buoyantBoussinesqPimpleFoam. The ffdTPisoFoam re-
quires around three times larger computational time than FFD
but still much faster than buoyantBoussinesqPimpleFoam. Fig. 9
right panel shows the comparison of the computational cost of
the three solvers in the 3D room case. In this case, the ffdTPiso-
Foam is around 13.3 times faster than buoyantBoussinesqPim-
pleFoam while in the 2D cavity case, ffdTPisoFoam is 10.5 times
faster than buoyantBoussinesqPimpleFoam. It is because that
as the simulation grid size increases, the computational cost of
SL scheme in ffdTPisoFoam increases linearly while the buoy-
antBoussinesqPimpleFoam shows exponential growth trend [11].

Therefore, the differences in computational cost between ffdT-
PisoFoam and buoyantBoussinesqPimpleFoam will be eventu-
ally even larger for larger-scale simulations. The advantage of
ffdTPisoFoam is further enhanced with its ability to use a larger
time step size than traditional CFD solvers [21].

4 Conclusions

In this study, we presented a new solver called ffdTPiso-
Foam for the integration of FFD in combination with PISO al-
gorithm in the CFD package OpenFOAM. Boussinesq approx-
imation is adopted for simulating buoyancy effects. Tempera-
ture distribution is obtained by solving the temperature transport
equation. We assessed the performance of the proposed solver
ffdTPisoFoam by applying it to predict the air distribution in a
2D cavity with mixed convection, and in a 3D room with a heated
box. The results have led to the following conclusions. The de-
veloped ffdTPisoFoam achieves a higher accuracy than FFD in
both temperature and velocity predictions. Although it is slightly
slower than FFD, ffdTPisoFoam is still much faster than conven-
tional CFD algorithms. For the two problems considered here,
we obtained a reduction of CPU time by a factor of 10 and 13
when using ffdTPisoFoam compared to buoyantBoussinesqPim-
pleFoam. This factor will be eventually even larger for larger-
scale simulations employing grids with millions of cells. The
proposed solver is potentially a useful alternative to FFD for the
simulation of indoor airflows requiring higher accuracy.
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