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Abstract
Design of a thermally comfortable indoor environment requires detailed information
about distribution of air velocity, air temperature, relative humidity, and mean radiant
temperature and about heating/cooling load in a space. This research has developed a coupled
airflow-and-energy simulation program to calculate simultaneously the distributions of indoor
airflow and thermal comfort and heating/cooling load. The coupled program can take the nonuniform distributions of indoor airflow and heating/cooling load into account. The program can
also provide thermal and fluid boundary conditions normally needed for room airflow
calculation. This paper demonstrates the program capacity by applying the program to study the
thermal environment in a house and an atrium. The coupled flow-and-energy program is
recommended for the design of radiative, convective, and hybrid heating and cooling systems.
Keywords: Airflow, Air distribution, Comfort, Energy calculation, Modeling, Space environment
Introduction
Air temperature, relative humidity, air velocity, and environmental radiant temperature
are the four most important parameters for thermal comfort (ASHRAE 1992). In an indoor space
with radiative, convective, and hybrid heating and cooling systems, the distribution of these
parameters is non-uniform and the thermal comfort level varies with location. Many current
comfort designs use a single value of air temperature and velocity to represent thermal comfort
in a room. A single value is not sufficient because the distributions of air temperature and
velocity may not be uniform. To design an acceptable indoor thermal environment, designers
need a tool that can predict the distributions of thermal comfort parameters, such as air velocity
and temperature.
The assumption of a uniform distribution of room air temperature could also lead to an
error in estimating heating/cooling load in a building (Chen and Kooi 1988). This is especially
evident in large spaces with convective, radiative, and hybrid heating and cooling systems. In the
past few years, many investigations have studied the interconnections between indoor airflow
computation and building energy analysis. For example, Nielsen and Tryggvason (1998) used a
computational-fluid-dynamics (CFD) program and an energy analysis program to improve the
computational accuracy of the airflow, air quality, and energy flow in a building. Onishi et al.
(1988) discussed their effort to reduce computing time when a CFD program is used to calculate
unsteady room airflow and thermal environment.
Our study has developed a coupled airflow-and-energy program to predict thermal
comfort and heating/cooling load in a space with a non-uniform indoor thermal environment.
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The following section presents the fundamentals of the coupled program. Later sections discuss
the program capacity by applying it to study indoor thermal environment in a house and an
atrium.
The Program Fundamentals
To predict the indoor thermal environment, one needs to determine air velocity,
temperature and relative humidity in a room. The prediction is done in the coupled airflow-andenergy program by using the CFD technique that solves the following time-averaged NavierStokes equations for the conservation of mass, momentum, and energy:
Mass continuity:
∂Vi
= 0,
(1)
∂x i
where Vi = the mean velocity component in xi-direction and
xi = the coordinate (for i=1, 2, 3, xi corresponds to three perpendicular axes).
Momentum conservation:
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where ρ = air density
Vj = velocity component in xj-direction
t = time
p = pressure
μeff = effective viscosity
β = thermal expansion coefficient of air
To = temperature at a reference point
T = temperature and
gi = gravity acceleration in i-direction.
The last term on the right side of the equation is the buoyancy term.
The turbulent influences on the flow are lumped into the effective viscosity as the sum of
the turbulent viscosity, μt, and laminar viscosity, μ:
μ eff = μ t + μ .
(3)
The coupled program has used a single algebraic function (a zero-equation model) to
express the turbulent viscosity as a function of local mean velocity, V, and a length scale, l
(Chen and Xu 1998):
μt = 0.03874 ρ V l ,
(4)
where l = length scale, the distance to the closest surface of the enclosure (Chen and Xu 1998).
Energy balance:
∂ρT ∂ρV j T
∂ ⎛⎜
∂T ⎞⎟ q
+
=
ΓT ,eff
+
,
(5)
∂t
∂x j
∂x j ⎜⎝
∂x j ⎟⎠ c p
where ΓT,eff = effective turbulent diffusion coefficient for T
q = heat source and
cp = specific heat.
Further,
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μ eff
,
(6)
Preff
where Preff = 0.9, the effective Prandtl number.
By solving Equations (1) to (6), one could obtain flow information. However, boundary
conditions are necessary for the mathematical solution of the conservation equations. Typical
boundary conditions in a room are wall surface temperature, air supply velocity and temperature
from a diffuser, etc. These boundary conditions can be obtained from an energy analysis
program. In this study, the energy analysis program, ACCURACY (Chen and Kooi 1988), was
used. The energy simulation program calculates hourly heating/cooling load based on the room
energy balance method:
N
ρVroom C p ΔT
,
(7)
q i ,c A i + Q lights + Q people + Q appliances + Q inf iltration − Q heat _ extraction =
∑
Δt
i =1
ΓT,eff =

N

where

∑q
i =1

i ,c

A i = convective heat transfer from enclosure surfaces to room air

qi,c = convective heat flux from the enclosure surface i
N = number of enclosure surfaces
Ai = area of surface i
Qlights, Qpeople, Qappliances, and Qinfiltration = cooling loads from lights, people, appliances and
infiltration, respectively, determined by ASHRAE methods (ASHRAE 1997)
Qheat_extraction = heat extraction rate by HVAC device
ρVroom C p ΔT
= room air energy change
Δt
ρ = air density
Vroom = room volume
Cp = specific heat
ΔT = temperature change of room air and
Δt = sampling time interval.
The convective heat flux from surface i, qi,c, as shown in Figure 1(a) is calculated through
the following energy balance equations for a wall, ceiling, floor, roof, or slab:
N

q i + q i ,t = ∑ q ik + q i ,c ,

(8)

k =1

where qi = conductive heat flux on surface i
qi,t = transmitted solar heat flux re-absorbed by surface i and
qik = emitted radiative heat flux from surface i to surface k.
The program determines qi by Z-transfer functions. The radiative heat flux is
q ik = h ik ,r (Ti − Tk ) ,

(9)

where hik,r = radiative heat transfer coefficient between surfaces i and k
Ti = temperature of interior surface i and
Tk = temperature of interior surface k.
The convective heat flux is
qi,c = hc (Ti - Tair) ,
(10)
where hc = convective heat transfer coefficient and
Tair = room air temperature.
The convective heat transfer coefficient is determined from the following equation in the room
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airflow computation, which is similar to the Reynolds analogy:
Cp
μ
h c = eff
,
Preff Δx j

(11)

where Δxj is the distance between the surface and the location where Tair is taken.
Many existing energy simulation programs assume Tair to be uniform in the entire indoor
space. This assumption is appropriate for a room with a perfect mixing ventilation system where
the room air temperature is relatively uniform. However, a single temperature is not good for
rooms with convective, radiative, and hybrid heating/cooling systems. This is because the nonuniform temperature distribution in the rooms can have a major impact on the heating/cooling
load as determined by Equation (10). The air temperature at the boundary layer of a wall is an
important factor for the heat transfer through convection in the air-wall interface. This study uses
the air temperature at the first flow grid from a wall surface (Ti,air in Figure 2(b)) as the Tair. If the
air temperature in the center of the occupied zone is controlled to be Troom, Equation (10)
becomes:
qi,c = hi,c (Ti - Ti,air)
(12)
= hi,c(Ti - Troom) - hi,c ΔTi,air ,
where ΔTi,air = Ti,air - Troom.
The Ti,air is obtained from the CFD simulation as shown in Figure 2(a).
For a window shown in Figure 1(b), the following energy balance equation is used:
N

q i + q i ,s + q i , t = ∑ q ik + q i ,c ,

(13)

k =1

where qi = conductive heat flux on window i
qi,s = inward heat flux of the absorbed solar radiation by window i
qi,t = transmitted solar heat flux re-absorbed by window i and
qik = emitted radiative heat flux from window i to room surface k.
The coupled program calculates qi, qi,s, and qi,t according to solar position and window
material properties. The qik and qi,c are determined in the same way as those for walls.
Let
for walls, ceilings, floors, slabs, etc. and
qi,in = qi + qi,t
for windows.
qi,in = qi + qi,s + qi,t
Then the room energy balance equations can be established:
(14)
[H] [T] = [q] + [h ΔT] ,
N
⎡
⎤
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⎢
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⎡ q 1,in + h 1,c Troom ⎤
⎢q +h T
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h ΔT = ⎢
⎢
⎥
...
⎢
⎥
⎣h N ,c ΔTN ,air ⎦
By solving Equations (7) to (18) together, the surface temperatures of room enclosure, Ti,
and heat extraction rate (heating/cooling load) can be obtained. The Ti and heat extraction rate
are the boundary conditions for Equations (1) to (6).
The coupled program uses the outputs from the coupled airflow-and-energy simulations
to determine the distribution of thermal comfort with the ASHRAE comfort model (ASHRAE
1997):
(19)
PPD = 100 –95exp(-0.03353PMV4 – 0.2179PMV2) [%] ,
where PPD = Predicted percentage dissatisfied and
PMV = Predicted mean vote.
The predicted mean vote, PMV, in the equation is determined by:
PMV = 3.155 [0.303 exp(-0.114 M) + 0.028] L
(I-P)
(20a)
PMV = [0.303exp(-0.036M) + 0.028] L
(SI)
(20b)
where M = Metabolism and
L = Load.
The M and L are the functions of air temperature, air velocity, and environmental
temperature. The distributions of air temperature and velocity are determined by Equations (2)
and (5), and the environmental temperature distribution by Equation (14). Then the coupled
program calculates the distribution of PPD in a space.
Equations (1) to (20) form the fundamentals of the coupled airflow-and-energy program.
Figure 3 illustrates the program structure. The numeric scheme used is quasi-steady to save
computing time. The surface temperature and heat extraction rates in the current hour are used to
calculate the air velocity, air temperature and heat transfer coefficients in the current hour. The
air temperature and heat transfer coefficients in the current hour are used to determine the
surface temperature and heat extraction in the next hour.

[

]

Simulation Results
The coupled program has been validated by the experimental data obtained from an
environmental chamber and from the literature. The validation results appear in the references
(Srebric et al. 1999, Chen et al. 1999, Chen and Kooi 1988). The coupled program has been used
to simulate indoor thermal environment in a house (Hanibuchi and Hokoi 1996), an atrium
(Hiramatsu et al. 1996), an aircraft hanger (Notarianni and Davis 1993), a large office with
partition walls (Yuan et al. 1999), and a factory with individual workstations (Yuan et al. 1999).
A more completed report is now available (Chen et al. 1999). The remaining sections of the
paper show some of the results for the house and atrium to demonstrate the capacity of the
coupled program.
For the analysis of the dynamic performance of the coupled airflow-and-energy program,

5

the study used typical meteorological year (TMY) data sets derived from the 1961 - 1990
national solar radiation database. Since the purpose of the study is to demonstrate the capacity of
the coupled program, the investigation used Boston weather data and focused on only two typical
days in a year: January 7 in the winter and July 8 in the summer.
Simulation of indoor thermal environment in a house
The house used in the simulation exercise, shown in Figure 4, is 6.0 m (20 ft) long, 4.0 m
(13 ft) wide, and 2.5 m (8 ft) high. For simplicity, the house was assumed to be empty and had
no partitions. The house was selected because Hanibuchi and Hokoi (1996) measured air velocity
and temperature distribution in the house under a steady state condition. The data was used to
validate the coupled program (Chen et al. 1999). For the demonstration purpose, the materials
used for the ceiling, floor, walls were changed from those used in the experimental rig to be
more appropriate as shown in Table 1. An air-conditioner was used to heat the house. The airconditioner was installed above the window on Wall-3.
The calculation assumed that the house was conditioned 24 hours per day and the indoor
air temperature was set at 25oC (77oF). Since an air-conditioner was used, the airflow rate from
the air conditioner was constant (420 m3/h, 250 cfm), which corresponds to an air change rate of
7 ach. Then the air supply temperature at each hour was determined from the heat extraction rate
and the airflow rate.
The windows had no shading device. The house had no internal heat gain/loss. The
filtration was assumed to be zero and the air temperature in the basement to be 20oC (68oF) all
year around.
Figure 5(a) shows total amount of direct and diffuse solar radiation received on a
horizontal surface. The outdoor air temperatures in the winter and summer days are illustrated in
Figure 5(b). Figure 5(c) shows the heat extraction rate (positive means cooling and negative
implies heating) computed by the coupled program for the house. During the winter day, the
house needs heating all the time, because of the low outside air temperature and small solar
radiation. In the very early morning hours, the house needs heating in the summer. This is due to
no internal heat gains in the house and relatively low outdoor air temperature. The solar radiation
in the daytime reduces the heating load on the winter day, but it increases the cooling load on the
summer day. During the summer afternoon, the cooling load increases significantly due to the
solar radiation from the west window.
Although the computations of the indoor thermal environment in the house have been
carried out hour by hour for the winter and summer days, the results are presented here only for
4 am, 8 am and 12 noon in the winter day. Figures 6 to 8 show the air velocity, temperature, and
PPD distributions in two sections in the house, respectively. The air was supplied at angle of 40o
downward from the air conditioner in order to achieve better mixing, because of the strong
buoyant effect from the air conditioner. Figure 6 illustrates a counter-clockwise air circulation in
the house created by the jet flow from the air-conditioner. The air velocity near the diffuser was
significantly higher than that in the other part of the house. Although the outdoor air temperature
and solar radiation varied during the day, the indoor airflow patterns looked similar.
However, the difference in the temperature distributions is more evident. At 4 am, the
outdoor air temperature was low and the solar radiation is zero, the supply air temperature was
the highest in order to heat the house to the set point temperature. The supply air temperature
decreased when the outdoor air temperature increased and the solar radiation entered the
windows. Even with the mixing ventilation and downward supply, the air temperature in the
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house was not uniform. If the house were heated by a convector, a baseboard heater, or other
convective, radiative, and hybrid heating systems, there would be a large air temperature
stratification in the house.
As shown in Figure 8, the comfort level in the house was generally good. Except in the
area near the air conditioner, the PPD is less than 10% in most parts of the house. In practice, a
house may not be empty and may have different heat sources/sinks, so the PPD distribution
would not be as uniform as the house studied.
Simulation of indoor thermal environment in an atrium
The atrium used here is a full-scale test facility in Japan (Hiramatsu et al. 1996). The
experimental data have been used to validate the coupled flow-and-energy program (Chen at al.
1999). Many researchers have used this atrium as a reference case. Figure 9 illustrates the
appearance and size of the atrium. The ceiling and the south, west and east walls of the atrium
are glazed. The floor and the north wall are insulated. The atrium is empty and had no partitions.
In addition, the atrium is assumed to have no internal heat gain/loss and filtration in the
simulation. The building materials used for the present study, as Table 2 shows, could be
different from the original design. Since this case is used to demonstrate the coupled program
capacity, the difference should not be a concern. Similar to the previous case, our study has used
the TMY weather data for Boston.
The present investigation assumes that the atrium is only conditioned between 8 am and 6
pm. The air temperature is controlled at 23oC (73.4oF) in the winter day and 25oC (77oF) in the
summer day, as Figure 10(a) illustrates. The ventilation system used for air-conditioning is a
constant air volume system. The air change rate is fixed at 15 ach. The ventilation rate is very
large because of the large heat extraction rates in the atrium. The inlet air temperature varies with
time and is determined by the corresponding heat extraction rate and ventilation rate.
In the winter day, the atrium air temperature in the early morning hours was close to the
outdoor air temperature. In the evening, the atrium air temperature decreased but was still higher
than the outdoor air temperature, due to the thermal capacity of the north wall and the floor. The
atrium air temperature during the non-conditioned hours in the summer day was very close to
that during the conditioned period. This is because the outdoor air temperature during the nonconditioned period was close to the setting point. The large cooling load due to solar radiation
during the daytime was immediately removed by the air conditioning system.
Figure 10(b) shows the heat extraction rate (positive means cooling and negative implies
heating) in the atrium. Since the atrium was conditioned from 8 am to 6 pm, the heat extraction
rate was zero before 8 am and after 6 pm. Obviously, because of the large glazed area, the heat
extraction rate is very sensitive to the solar radiation and outdoor air temperature.
Figures 11 to 13 show the air velocity, temperature, and PPD distributions at 4 am, 8 am,
and 12 noon in the atrium during the summer day, respectively. At 4 am, the atrium was not
conditioned. Figure 11 shows that the air movement due to natural convection was very weak,
because the air temperature difference between indoors and outdoors was small. The air
temperature was 22.8oC (73oF). The air temperature distribution was rather uniform as shown in
Figure 12. As a result, Figure 13 shows that the corresponding PPD distribution at 4 am was
uniform.
At 8 am, the air-conditioning systems started to work, but the heat extraction was not
very high (1090 W, 3719 Btu/h). The supply air temperature was 23.4oC (74oF). Since the
airflow rate is rather high, the jet could reach to the opposite wall as illustrated in Figure 11. Due
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to the mechanical ventilation, the air velocity in the atrium at 8 am was higher than that at 4 am.
Figure 12 shows that the temperature distribution in the atrium was still uniform because of the
small temperature difference between the atrium air and the supply air. However, the PPD
distribution was not uniform in the jet area as can be seen from Figure 13. Nevertheless, the PPD
distribution in the occupied zone is still uniform.
At the noon, the heat extraction rate was 14,412 W (49,171 Btu/h). The corresponding air
supply temperature was 4oC (39oF). Although the buoyancy effect became very strong, the
inertial momentum force was much stronger. Hence, the jet can still reach the south glass (Figure
11). Figure 12 indicates the temperature distribution in the atrium is not very uniform, although
the system is still regarded as mixing. The non-uniform mixing of air velocity and temperature
led to a non-uniform PPD distribution even in the occupied zone, as shown in Figure 13.
Discussion
The non-uniform air velocity and temperature distributions have a significant impact on
the calculation of the heat extraction rate. With a single temperature and convective heat transfer
coefficient, the error can be as high as 30%, when Chen and Kooi (1988) compared their
calculated cooling load with the experimental data. Good agreement was achieved, when the
non-uniform air temperature distribution and correct heat transfer coefficient were used in the
cooling load calculation. This can be easily seen from Equation (14), which indicates that both
the temperature distribution and convective heat transfer coefficients play important roles in the
calculation of the heat extraction rate. It is therefore very important to couple an airflow program
with an energy analysis program to obtain more accurate results. Nielsen and Tryggvason (1998)
confirmed that an interconnection between a CFD program and a building energy performance
simulation program would improve both the energy consumption data and the prediction of
thermal comfort and air quality in a selected area of a building.
Chen et al. (1995) used a conjugate heat transfer model to calculate the dynamic
performance of the building system and indoor thermal environment. The model solves the
energy equation in the CFD model for the heat conduction in a wall. The conjugate heat transfer
model is accurate, but the computing time is very high due to the discontinuity of the density at
the solid-air interface. The current method is much faster, since it calculates room airflow and
heat conduction in the building enclosure separately. It takes about three hours in a Pentium II
PC to calculate hour by hour the airflow and heat extraction rate in the house and atrium for the
winter or summer day. It would still take too much computing time if the hour-by-hour
simulation were required for a whole year. However, in design practice, it may not be necessary
to conduct hour by hour simulation of the indoor airflow for a whole year. A typical day in a
season would provide a designer sufficient information. Therefore, the tool developed in the
research project is very useful.
Conclusions
The aim of the research was to couple airflow simulation with energy analysis in a
building. A coupled airflow-and-energy program has been developed to calculate the hour-byhour distributions of airflow, heating/cooling load, and thermal comfort in a space. This paper
demonstrates the program's capacity by applying the program to a house and an atrium. The
results show that the coupled program is capable of studying the dynamic airflow,
heating/cooling load, and thermal comfort simultaneously in a space on a personal computer.
The results show that indoor air distribution in mixing ventilation may not be uniform.
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The impact of the non-uniform distribution of indoor air can be considered in the calculation of
heating/cooling load by the coupled program. Since radiative, convective, and hybrid heating and
cooling systems for a building may create a non-uniform distribution of indoor air, the coupled
program is useful to help a designer to design an acceptable indoor thermal environment and to
size suitable HVAC equipment.
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Enclosure
Floor
Ceiling

Walls

Windows

Table 1. The materials used for the house.
Conductivity
Layer
Thickness
Specific heat Density
(W/m K)
(m)
(J/kg K)
(kg/m3)
1
0.10
840
2243
1.731
3
0.10
840
1600
0.52
0.10
500
190
0.046
0.01
1215
545
0.12
3
0.10
840
2082
1.3
0.10
1210
55
0.027
0.01
840
721
0.72
2 (double- The reflection index of the glass is 1.52, the thickness of
glazing)
the glass is 6 mm, and the absorptivity of the glass is
0.018.
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Enclosure
Floor
North wall

Ceiling
glazing
South, east,
and west
glazing

Table 2. The materials used for the atrium.
Conductivity
Layer
Thickness
Specific heat Density
(W/m K)
(m)
(J/kg K)
(kg/m3)
1
0.10
840
2243
1.731
3
0.10
840
2082
1.3
0.10
1210
55
0.027
0.01
840
721
0.72
1
The reflection index of the glass is 1.52, the thickness of
the glass is 6 mm, and the absorptivity of the glass is
0.018.
1
The same as the ceiling.

11

Wall

qik
qi,c
Room

qi

qi,c
Room

qi,t
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qik
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qi,t

qi,s
(b)

(a)

Figure 1. Energy balance on the interior surface of building enclosure. (a) for a wall, ceiling,
floor, roof, or slab, (b) for a window.

surface i Ti
h i,c

73 F

T i,air
ΔTi,air

72 F
Troom

Tk
T k,air
hk,c
ΔT k,air

71 F
(a) Temperature computed by the flow program (b) Temperature used in the energy program

Figure 2. Schematic presentation of the coupling between airflow-and-energy calculations.
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Material and space data
Z-transfer factors
Hour by
hour

Solar positions
Weather data
Room energy balance equations
(Calculation cooling/heating load,
wall temperatures)

Airflow simulation
(Calculation of the distributions of
air velocity and temperature)

Thermal comfort equations
(Calculation of the distribution of
thermal comfort)

HVAC system model
(Calculation of coil energy consumption)
Plant model
(Calculation of building
energy consumption)

Stop

Figure 3. The structure of the coupled airflow-and-energy program.
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Figure 4. The sketch of the house.
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Figure 5. The climate data and results calculated by the coupled program for the house for the
winter and summer days. (a) Outdoor solar radiation, (b) indoor and outdoor air temperature, (c)
heat extraction rate.
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Figure 6. The computed air velocity distributions for the house during the winter day.
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Figure 7. The computed air temperature distributions for the house during the winter day.
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Figure 8. The predicted percentage dissatisfied distributions in the house during the
winter day.
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Figure 9. The atrium used in the study. (a) The appearance of the experimental atrium, (b) the
atrium size and openings (dimensions given in mm).
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(b)
Figure 10. The climate data and results calculated by the coupled program for the house
for the winter and summer days. (a) Indoor and outdoor air temperature, (b) heat
extraction rate.
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Figure 11. The computed air velocity distributions for the atrium during the summer day.
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Figure 12. The computed air temperature distributions for the atrium during the summer
day.
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Figure 13. The predicted percentage dissatisfied distributions for the atrium during the
summer day.
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