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Abstract

Indoor environm ent design and air m anagement in buildings requires a fast sim ulation of air
distribution. A Fast Fluid Dyna mics (FFD) model seems very promising. This investigation was
to develop the FFD by improving its speed and accuracy. The enhancement of computing speed
can be realized by m odifying the tim e-splitting m ethod. The im provements on accuracy were
done through replacing the finite difference scheme to the finite volume and through proposing a
correction function for m ass conservation. By us ing the new FFD m odel for different indoor
airflows, the results sho w significan t reducti on on com puting time and great im provements on
accuracy.
Key W ords: Fast Flu id Dyna mics (FFD), I ndoor Airflow Sim ulation, Tim e-Splitting Method,
Finite Difference Method, Finite Volume Method

NOMENCLATURE
Roman Symbols
fi
body force(kg /m2 s2)
H
room width, half channel height (m)
thermal diffusivity (m2/s)
kT
L
length scale (m)
M
total mass flow rate (kg/s)
P
pressure (kg/m·s2)
temperature source (K/s)
ST
T
temperature (K)
t
time (s)
Ui, Uj velocity components in xi and xj directions, respectively (m/s)
U
horizontal velocity component or velocity scale (m/s)
V
vertical velocity component (m/s)
spatial coordinates in i and j directions, respectively (m)
x i, x j
x, y
spatial coordinates (m)
t
time step (s)
Greek Symbols

ratio of mass flow rate to a flow domain over that out of the flow domain

fluid density (kg/m3)

kinematic viscosity (m2/s)

1. Introduction

Building engineers often dem and a fa st solution of airflow in and around buildings so that they
can prov ide different alternatives when they inte ract with ar chitects for designing built
environment. The fast simulation of airflow is al so very im portant for air m anagement, such as
managing airflow in buildings in case of fire. The most popular models for predicting indoor air
distributions are m ultizone network models, zona l models, and Com putational Fluid Dynam ics
(CFD) models [1].
Multizone network models assume that indoor air is well-mixed in a zone (usually a room ), so it
needs only one computing node to represent the air property in that zone [2]. Thus, the multizone
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network model can calculate the air distribution in a m oderate size building with a few hundreds
of nodes. As a result, th e simulation time of the multizone n etwork models can be as short as a
few seconds. The m ultizone netwo rk m odels have been applied for the quick s imulation of
contaminant transportation in a whole building [ 3] and for the control of outdoor air supply to
reduce energy consumption [4]. However , the we ll-mixed assumption in the m ultizone network
models is not proper for an indoor space with tem perature stratification, such as a lar ge space, a
room with displacement ventilation, or a room with natural ventilation [5].
Zonal m odels [6] further divide a room into several sm all subzones according to known fl ow
pattern, which can be m easured or estim ated in advance. Researchers have em ployed zonal
models to predict thermal performance of a whole building [7] andto investigate indoor air quality
[8]. However, applications of the zonal models are limited since the model parameters depend on
prior knowledge of indoor air distributions, which may not always be available.
To study indoor air distributions w ith high ac curacy, the CFD has been the m
ost popular
approach at present [1, 9]. By solving the
Navier-Stokes equations and other conservation
equations for m ass, energy, and species, the CFD can provide the m ost detailed inf ormation of
indoor air distributions, such as air velocity , temperature, and contam inant concentration. The
CFD has been used for analyzing indoor envi ronment [10-12], designing ventilation system s
[13-15] and for evaluating indoor air quality [16- 18]. Furthermore, the CFD has been applied for
studying sm oke transport [19-21]. However , thes e studies were not for sm oke m anagement
because the y were too slow . In a ddition, the CFD can also be cou pled with o ther bu ilding
simulation models to improve their accu racy, su ch as with a m ultizone m odel [5] and with a
building ener gy sim ulation program [22]. Unfor tunately, the CFD sim ulations need very long
computing time. Depending on CFD m odels, the computing time for a single space m ay range
from a few hours to a few m onths. Obviously, the CFD m odels are not suitable for conceptual
design of buildings and smoke management in case of building fire.
In order to sim ulate indoor air d istributions with reason able accu racy within an acceptab le
computing time, it is essential to find a model that is faster than the CFD and m ore accurate than
the m ultizone and zonal m odels. Fast Fluid D ynamics (FFD) m odel f its the ne ed. The FFD
model was initiated f or com puter gam es [23] . The FFD m odel solves the Navier -Stokes
equations in a way d ifferent from a CFD m odel. By sacrificing som e accuracy, the F FD model
can significantly reduce computing efforts. Although it was not as accu rate as a CFD m odel, the
FFD model could capture main flow features of indoor airflows and provide much more detailed
information than the multizone and nodal models [24]. Most importantly, the computing speed of
the FFD model was about 50 tim es faster than the CFD [24]. As an intermediate model between
the m ultizone/nodal models and the CFD m odels, the FFD m odel could quickly predict th e
indoor air distribution for the conceptual design and emergency management.
However, the FFD m odel needs further im provements in order to be used for practice, which
often deals with a building w ith many rooms and com plex air distributions. The i mprovements
include both com puting speed an d accuracy . For exam ple, by running the FFD m odel on a
graphics processing unit, the FFD simulation can be accelerated by 30 tim es [25]. In that work,
the speed enhancem ent was achieved by using dif
ferent com puting hardware. This paper
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reported our ef fort on improving n umerical sche mes for higher accuracy and for reducing the
computing time.

2. Fast Fluid Dynamics Model

The FFD model developed by Stam [23] solves the Navier-Stokes equations:
Ui
Ui
 2U i 1 P fi
 U j


 ,
 xi 
t
x j
x 2j

(1)

where Ui and Uj are fluid velocity components in xi and xj directions, respectively;  is kinematic
viscosity;  is fluid density; P is pressure; t is time; and fi are forces, such as buoyancy force and
other external forces. B y using a first order tim e splitting m ethod, the Eq. (1) can be split into
four simple equations:
Source:
Ui
f
 i

t

(2)

Diffusion:
Ui
 2Ui

t
x 2j

(3)

Advection:
Ui
Ui
 U j
t
x j

(4)

Projection:
Ui
1 P

t
 xi

(5)

The FFD scheme from Stam [23] solved Eqs. (2) and (3) with a first order implicit scheme. Then
it employed a first order semi-Lagrangian method [26] for Eq. (4). To ensure mass conservation,
Eq. (5) and continuity equation (Eq. (6)) were
solved to gether us ing a pressur e-correction
projection method [27, 28].
¶U i
¶x i

(6)

=0

If the flow involves heat transfer, the FFD method could solve the following energy equation:
T
T
 2T
 U j
 kT
 ST
t
x j
x 2j

(7)

where T is tem perature, kT is thermal diffusivity, and ST is heat source. T he FFD schem e solved
Eq. (7) in a similar way for Eq. (1) except the projection step.
The FFD scheme in our previous work computed the advection Eq. (4) after the diffusion Eq. (3).
To solve the advection Eq. (4) with the semi-Lagrangian method, we need to trace a particle back
to its location at the
previous tim e step. Th is requir es that the f low velocity f ield is
divergence-free, which can be ensured by the continuity Eq. (6) in the projection step. Thus, our

4

previous work had an a dditional projection step before the advection s tep, so the implem ented
procedure in our previous program was:
Source
 Diffusion  Projection  Advection  Projection
(8)
One projection counts for about 23% of floati ng point operations of our FFD program . Thus,
eliminating the additional projection step can greatly reduce the computing efforts. Nevertheless,
the new scheme should not have significant negative influence on the current one.
In addition, our previous study [24] showed that the FFD was not as accurate as the CFD. One
reason is th at the FFD sim ulation r esults d id n ot str ictly s atisfy m ass conserva tion, as did the
CFD. As a result, the unbalanced m ass flow could introduce a significant number of errors to the
simulation r esults. Thus , it is poss ible to im prove the accuracy of the FFD simulation by
enforcing the mass conservation.

3. Improvements on the FFD Scheme

Our effort to reduce the com puting time was by elim inating the extra projection step in splitting
method and to enhance the accuracy by enforcing the mass conservation.
3.1 Splitting schemes
The time splitting sche me allows one to com pute the split equations in an arbitrary order [29].
Therefore, one can solve the advection equation in the beginning of each time step so that it is
possible to eliminate the extra projection step. To further simplify the FFD scheme, one can also
merge the source equation into the diffusion equation:
Ui
 2Ui
fi


(9)

t
x 2j
As a whole, the modified procedure of the FFD model is as follows:
Advection  Diffusion + Source  Projection

(10)

3.2 Mass conservation
The FFD model is not as accurate as the CFD model. One possible reason is that the FFD cannot
strictly satisfy the m ass conservation. Many f actors can cause the m ass unbalance in the FFD
simulation results, such as discretization m ethods, semi-Lagrangian approach and solver for the
Poisson equation of pressure. To improve the m ass conservation, our inves tigation replaced the
finite difference scheme by the finite volum e schem e. Since the finite volum e m ethod can
naturally guarantee the mass conservation, it is widely used in flow sim ulation [30-34]. In
addition, the following equation was further used to correct the velocity at the outlet:
é
æM
öù
new
U perp
= êê1 + a ççç in -1÷÷÷úú U perp , (11)
out
out
÷øú
è M out
ëê
û
where Min and Mout are total m ass flows into and ou t of the domain, respec tively,  is a
new
correction coefficient, U perp
and U perp
are the velo cities perpend icular to the outlet
out

out

surface before and after the correction. If a prefect mass balance is desired after the correction, 
should be equal to 1.0. However, our study shows that  = 1.0 will m ake the so lution unstable.
According to our experience, the optimized value of  should be around 0.7, which allows the
program to reduce the mass imbalance quickly and stably.
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Our study tested the impact of the proposed improvements one by one as listed on Table 1. FFD1
was used in our prev ious study [2 4]. FFD2 a pplied the modified tim e splitting m ethod. Its
implementation was also optimized to achieve a high performance in computing speed. Based on
the FFD2, FFD3 employed the finite volume method. FFD4 further added the correction function
for mass conservation (Eq. (11)).

4. Results

This section reports the performance of the im proved numerical schemes by applying them for
four different flows: a lam inar flow in a lid-driven square cavity, a fully developed laminar flow
in a p lane channel, a turbulent flow with f orced convection in an em pty room, and a turbu lent
flow with mixed convection in an empty room.
4.1 Flow in a lid-driven cavity
The flow in a square lid-driven cavity as shown in Figure 1 was selected since th e flow pattern
looked like air circulation in a room. Based on the cavity height, L, and lid ve locity, U0, the
Reynolds num ber of the flow studied was 100.
This investigation em ployed four different
meshes (17 × 17, 33 × 33, 65 × 65, and 129 × 129) to examine the grid independence and found
65 × 65 grids to be sufficiently fine. The reference was benchmark data from Ghia et al [35].

Figure 2 co mpares simulated air v elocities at two m id cross-sections. All the FFD sche mes
provided the same results and also agreed with th e reference data. This agreem ent indicates that
the schem es do not affect the accuracy of the FFD sim ulations f or th e f low in the lid-d riven
cavity. Since the schemes were m ainly proposed for solving problems in mass conservation in a
domain with inlets and outlets, the flow in the lid-driven cavity did not fit into that category.
To evaluate the im pact of different s chemes on computing speed, we m easured their com puting
time for a physical period of 10 s by using a tim e step of 0.01s with a gr id resolution of 65 × 65.
As shown in Table 2, the FFD2 code required half the co mputing time compared to tha t of the
FFD1. The speed enhan cement was for two m ajor reasons: elim ination of the extra projec tion
and optimization of the implementation.
Table 2 also shows that the com puting tim e used by the FFD2, FFD3 and FFD4 was sim
Thus, to change the discretization schem
e (FFD3) and to add a correction for the m
conversation (FFD4) did not increase the computing load.

ilar.
ass

4.2 Flow in a plane channel
The feature of flow in a plane chann el is similar to that in a corridor of a building. Based on the
inlet velocity, Uin, and channel height, 2 H, the Reynolds number of si mulated flow is 20. W hen
the flow is fully developed, the velocity profile is parabolic and a theoretic solution is available:
æ
1 ö
U ( y ) = 3U in çç y - y 2 ÷÷÷ ,
(12)
çè
2 ø
where y is the distance to the low wall.

Our study used three grids distributions (16 × 8, 32 × 16, and 64 × 32) to solve the flow. Figure 3
shows calculated results with the finest grids (64 × 32). Discretized by the finite volume scheme,
the FFD3 and FFD4 computed exac t pa rabolic prof iles f or horizon tal velocity. Ho wever, the
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FFD1 and FFD2, which were discretized by the fi nite difference scheme, could not provide the
exact results. The under-predicted horizontal velocity indicates less mass flow for this case. The
profile calculated by FFD2 was poorer than that by FFD1. This m eans that eliminating one
projection step could have a negative impact on mass conservation for the channel flow since the
projection is responsible for mass conservation. However, this can be compensated by switching
the discretization scheme from the finite difference (FFD2) to the finite volume (FFD3).
4.3 Forced convection in an empty room
Mechanical ventilation is widely used in modern buildings. The airflow by m
echanical
ventilation is forced convection. T hus, the nu merical schem es are further evaluated by using
airflow in an em pty room with forced convection as show n in Fi gure 4 with experim ental data
from Nielsen [36]. The height of the room was H and the length 3H. The inlet was located at the
upper-left corner and outlet at the lower-right corner. The widths of inlet and outlet w ere 0.056H
and 0.16 H, respectively. Based on th
e inlet velocity, 0.455m /s, and inlet width, the
corresponding Reynolds num ber was 5000. Si
nce the experim ental data showed a
two-dimensional flow pattern in the room, our simulations were performed on a two-dimensional
domain. Our study used three different m eshes (60 × 20, 120 × 40, and 240 × 80) and it turned
out that flow patterns with different m eshes were similar. Our discussion here used the resu lts
with 60 × 20 grids.

Figure 5 shows the calculated velocity fields. Since the experiment measured the velocity only at
four lines, this investigation used the airflow pattern calculated by CFD with RNG k- model [37]
was used as a reference. The CFD results agreed very well with the experimental data in the four
lines [38, 39]. Figure 5 shows that FFD1 and FFD2 calculated two large recirculations while the
CFD results show only one large recirculation. The results from FFD3 and FFD4 were similar to
those from CFD. Clearly, the discretization m ethod played a very important role here. The finite
volume scheme (FFD3 and FFD4) had perform ed much better than the f inite difference scheme
(FFD1 and FFD2).
Figure 6 fu rther com pares th e velocity at the four lines by the FFD3 and FFD4 with the
measured data. The results by FFD1 and FFD2 we re no t com pared becau se the g lobal pa ttern
had showed to be very poor . Thus, a detailed comparison was m eaningless. Figure 6 (a) and (b)
are for two vertical loc ations (x = H and 2 H). Both FFD3 and FFD4 were able to captu re the
trend in velocity profiles. However , the FFD3 gr eatly over-predicted the velocity nea r the walls.
The FFD4 also over -predicted th e velocity , bu t not as m uch as did the FFD3. One possible
reason for the discrepancy was by the sim ple no-slip wall treatment used in FFD. Figure 6 (c)
and (d) are for two horizontal locations. The velocity com puted by FF D3 was negative in y =
0.028H line at x = 3H (right wall) as shown in Figure 6(c). The negative velocity implied a flow
entering into the room through the outlet, whic h is obviously wrong. FFD4 could correct this
problem through the correction function for m ass c onservation, although results along the line
were not perfect.
4.4 Mixed convection in an empty room
The last cas e used to tes t different FFD schemes was a m echanically ventilated room with floor
heating that generated a m ixed convection flow . The flow pattern was influenced by both the
inertial force and buoyancy force. The case was with experim ental data from Bla y et al [40].
Figure 7 shows the m odel room of 1. 04 m × 1.04 m with supplied air at 15 oC horizontally
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injected into an empty room at a speed of 0.57 m/s. The temperature of the floor was 35.5 oC and
o
that of the other walls at 15
C. The m easured data s howed that the flow pattern was
two-dimensional. Thus, the FFD sim ulations us ed two-d imensional m eshes. Three d ifferent
meshes (20 × 20, 60 × 60, and 120 × 120) were used and the results showed that the m esh with
60 × 60 was sufficiently fine.
Figure 8 demonstrates the flow pattern com puted by the FF D with different num erical schemes.
The experimental data [40] is used as referenc e. All th e FFD schemes can correctly predict the
large clock-wise recirculation in the center of the room, although there are som e differences in
the shape of the recirculation. The flow patterns calculated by the FFD3 and FFD4 were closer to
the experimental data (Figure 8e) than those by the FFD1 and FFD2.
Both FFD1 and FFD2 predicted small secondary recirculations at the upper-left, upper-right, and
lower-left corners. But the sizes of those second ary recirculation bubbles were larger than those
in the reference data. The difference between the FFD1 and FFD2 was m inor, so c hanging the
splitting order and rem oving the extra projection function did not have a m ajor im pact on the
overall flow pattern. This phenomenon is consistent with the finding in three previous cases.
The FFD3 com puted a better airflow pattern than the FFD2. The FFD3 also captured two
secondary recirculations at the upper-left and lower-left corners but not the one at the upper-right
corner. In addition, the FFD3 predicted a lower ve locity at the cente r of the room . By applying
the correction function for m ass conservation, the FFD4 can significantly im proved the results
when compared with FFD3. The overall flow field computed by FFD4 is very similar to the CFD
data.
Figure 9 compares the velocity profiles at two mid cross-sections in the room (x = 0.52 m and y =
0.52 m). Surprisingly, the velocity profiles calculated by FFD1 and FFD2 at these tw o locations
agree very well with th e data ex cept at th e near wall regions. It could be coincidental in these
two sections. The perf ormance of FFD4 was not bad since its resu lts we re c lose to the
experimental data.
Figure 10 further com pares the s imulated temperature profiles with the experim ental data. The
experimental data sho ws that air in the cen
ter of the room was well m ixed and the air
temperature was around 19 oC. All th e f our FFD sim ulations cou ld captur e the well-m ixed
phenomena in the center of the roo m since the com puted temperatures were alm ost constant at
the center. However, the FFD1 and FFD2 under-predicted the bulk tem perature by 2 oC, while
the FFD3 over-predicted it by 4 oC. Only FFD4 can properly compute the air temperature.
5. Conclusions
Our study p resented in this paper w as to further enhance th e computing speed an d accuracy of
FFD f or f ast and inf ormative sim ulation of a irflow in b uildings. A m odified tim e-splitting
method was used to elim inate the extra projecti on step. A finite volum e discretization scheme
was adopted to replace the finite dif ference scheme and a check on the m ass balance between
inlet and outlet was applied to enforce m
ass conservation for a better accu
racy. This
investigation examined the effectiveness of each measure by studying their performance step by
step. The study led to the following conclusions:
(1) The m odified tim e-splitting m ethod can s ignificantly reduce the com puting tim e,
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although it has a minor negative effect on the accuracy.
(2) To replace the discretization scheme from finite difference to finite volume can provide a
little better accuracy.
(3) The correction function for m ass conservation between inlet and outle t can eviden tially
improve the accuracy.
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Table 1 Improvements on the numerical schemes
Program Splitting
Discretization
Correction for Mass Conservation
FFD1 Eq.
(8)
Finite Difference
No
FFD2 Eq.
(10)
Finite Difference
No
FFD3 Eq.
(10)
Finite Volume
No
FFD4 Eq.
(10)
Finite Volume
Yes
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Table 2 Comparison of computing time used by different programs
Program
FFD1 FFD2
FFD3
FFD4
Computing Time (s)
21.969 10.280 10.530 10.686
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Captions of Figures
Figure 1. Schematic of the flow in a square lid-driven cavity.
Figure 2. Comparison of horizontal and vertical ve locities in the lid-driven cavity predicted with
different FFD schemes with the CFD data from Ghia et al [35].
Figure 3. Comparison of horizontal velocities calculated with different numerical schemes.
Figure 4. Schematic of an empty room with forced convection.
Figure 5. T he airflow p atterns calculated by the FFD with dif ferent numerical schemes and the
CFD with RNG k- model.
Figure 6. Com parison of the velocity profiles
in the empty room c alculated by FFD with
different numerical schemes.
Figure 7. Schematic of the airflow in a room with mixed convection.
Figure 8. Comparison of airflow pattern calculated by the FFD with different numerical schemes
with the experimental data
Figure 9. Comparison of the air velocity profile s calculated by the FFD w ith different numerical
schemes with the experimental data
Figure 10. Com parison of the ai r temperature profiles calculate d by the FFD by using different
numerical schemes with the experimental data from Blay et al. [40].
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(a) T at x = 0.52m

Figure 10

24

(b) T at y = 0.52m

