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Abstract 

At present, Computational-Fluid-Dynamics (CFO) with the 'standard' k-e model is a popular method for numerical simulation of room 

airflow. The k-e model needs a lot of computing time and large a computer. This paper proposes a new zero-equation model to simulate three

dimensional distributions of air velocity, temperature, and contaminant concentrations in rooms. The method assumes turbulent viscosity to 

be a function of length-scale and local mean velocity. The new model has been used to predict natural convection, forced convection, mixed 
convection, and displacement ventilation in a room. The results agree reasonably with experimental data and the results obtained by the 

standard k-e model. The zero-equation model uses much less computer memory and the computing speed is at least 10 times faster, compared 

with the k-e model. The grid size can often be reduced so that the computing time needed for a three-dimensional case can be a few minutes 

on a PC. © 1998 Elsevier Science S.A. All rights reserved. 
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1. Introduction 

Proper design of indoor environment requires detailed 
information of indoor air distribution, such as airflow pattern, 
velocity, temperature, and contaminant concentrations. The 
information can be obtained by experimental measurements 
and computational simulations. Experimental measurements 
are reliable but need large labor-effort and time. Therefore, 
the experimental approach is not feasible as a general design 
tool. A popular approach of computational simulations is the 
computational-fluid-dynamics (CPD) method. However, 
popular models used in the CFD method to calculate turbu
lence need a fast computer with a large memory. 

On the other hand, most building energy analysis programs 
assume uniform distributions of room air temperature and 
calculate convective heat exchange coefficient by empirical 
formulas for simple flows. The energy programs cannot accu
rately predict energy used by HV AC systems if there is tem
perature stratification in a space, such as a room with radiant 
heating/ cooling systems, with convective and radiative heat
ing systems, and with displacement ventilation systems. In 
addition, airflow on room enclosure surfaces is not the same 
as that in an infinite long heated or cooled surface as often 
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used to obtain empirical formulas for heat transfer. The heat 

transfer on room enclosure surface is much more complicated 

because it can be a combination of forced and natural con
vection and jet flows. The empirical formulas often fail to 

calculate accurately heat transfer on the surfaces. Therefore, 
the temperature distributions of room air and heat transfer on 
room enclosure surface are important input parameters for a 

building energy program. A CFD program can calculate the 
heat transfer. 

The CFD methods solve the Navier-Stokes equations for 

flows. For laminar flows the computed results are accurate 
and reliable. However, it is difficult to predict turbulent flows. 

Very fine numerical resolution is required to capture all the 

details of the indoor turbulent flow. This type of simulation 
is direct numerical simulation. The direct numerical simula

tion for a practical flow needs a huge computer system that 
is not available [ 1] . 

Indoor airflow simulations use turbulence models in the 
CFD approach to compute the mean values. This type of 

simulation can be done with the capacity and speed of present 
computers. Eddy-viscosity models are the most popular tur

bulence models. A typical example of the models is the stan
dard k-e model [2]. Most of the models require solving one 

or more additional differential equations. The computing cost 
is still large at present. Most HV AC designers and architects 
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• Conventional boundary. 

( 14) 

This type of boundary surfaces includes wall, ceiling, and 
floor surfaces and the surfaces of furniture, appliance, and 
occupants. If x; coordinate is parallel to the surface, the 
boundary conditions are: 

av; 
r=µerr-

a X; 

q=h(T w-T) 

Sc=Csource (15) 

where r= shear stress; h =convective heat transfer coeffi
cient; Csource = species concentration source. 

The convective heat transfer coefficient is determined from 
the following equation, which is similar to the Reynolds 
analogy: 

h= 
/.Leff £.e. 
Prcrr D.x1 

(16) 

where D.x1 is the distance between the surface and the first 
grid close to the surface. 

4.3. Numerical procedure 

A CFD program, PHOENICS [ 16], is used to solve the 
conservation equations together with the corresponding 
boundary conditions. The program discretizes the space into 
non-uniform computational cells, and the discretized equa
tions are solved with the SIMPLE algorithm [ 17]. The inves
tigation uses upwind-scheme. 

5. Application examples 

This section demonstrates the new zero-equation model by 
applying it to predict indoor airflows of: 
• Natural convection 
• Forced convection 
• Mixed convection 
• Displacement ventilation 
Natural, forced, and mixed convection represent the basic 
elements of room airflows. For simplicity, two-dimensional 
cases are selected to demonstrate the zero-equation model. 
The displacement ventilation case used is three-dimensional 
with more complicated boundary conditions. The displace
ment ventilation case is a test of the overall performance of 
the new model. 

5.1. Natural convection 

For natural convection, the experimental data of Olson and 
Glicksman [ 18] as shown in Fig. 1 are used. 

Fig. 2 compares the airflow patterns obtained by the zero
equation model, the Lam-Brernhorst [ 19) k-e model, and 
smoke visualization. The zero-equation model predicts the 
main stream reasonably well although the boundary layers of 
the ceiling and floor are thicker. Note that the zero-equation 
model as well as the k-e model predicts the observed reversed 
flow found beneath the ceiling layer and above the floor layer. 
The layer thickness are not correct for the zero-equation 
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Fig. l. Sketch and boundary conditions of the natural convection case. 

(c) 

Fig. 2. Comparison of the airflow patterns for natural convection: (a) zero

equation model, (b) the Lam-Bremhorst k-e model, (c ) smoke 

visualization. 
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model due to the large cell size used. However, we found 

only the Lam-Bremhorst model could predict the reversed 

flow when we tested quite a few eddy-viscosity models [20] . 
Fig. 3 presents the dimensionless temperature profiles in 

the vertical center line. The zero-equation model predicts the 

temperature profile better than the k-e model in this particular 

case. 

5.2. Forced convection 

The forced convection case uses the experimental data 
from Nielsen et al. [21] shown in Fig. 4. The Reynolds 
number is 5000 based on bulk supply velocity and the height 
of air supply outlet. The air supply outlet h = 0.056 H, and 
exhaust inlet h' =0. 16 H. 

Fig. 5 compares the airflow patterns by the zero-equation 
model and the standard k-e model [2] .  Since, the standard 
k-e model has been used extensively in the past and detailed 
information of the model is widely available, this paper will 
not repeat all the information. The computed velocity profiles 
are compared in Fig. 6 with experimental data in two vertical 
sectionsx/H = 1 andx/H=2 respectively and two horizontal 
sections, y/H = 0.972 (through the air supply outlet) and y/ 
H = 0.028 (through the air exhaust inlet). The results of the 
zero-equation model show a jet decay that is too strong. 
Hence, the primary flow near the ceiling and the return flow 
near the floor are smaller than the data. In this case, the k-e 
model predicts a satisfactory result. Nevertheless, the zero
equation model could predict the secondary recirculation on 
the upper right comer, though the recirculation is too large. 
However, the k-e model fails to predict the recirculation. 

5.3. Mixed convection 

The mixed convection case uses the experimental data 
from Schwenke [22] . The case is similar to the forced con
vection but the room length is 4. 7 H and the height of the air 
supply outlet h = 0.025 H. The right wall is heated but the 
ceiling and floor are adiabatic. Schwenke conducted a series 
measurements with different Archimedes numbers, Ar, rang
ing from 0.001 to 0.02. 

Fig. 7 compares the computed airflow pattern by the zero
equation model with the standard k-e model. The two results 
are similar. The airflow pattern is very sensitive to the Ar. 
The computed and measured penetration depths, x,, vs. dif
ferent Ar numbers are compared in Fig. 8. The x, is the 
horizontal distance of air movement along the ceiling before 
it falls to the floor. The zero-equation model works better in 
high Ar but the k-e model better in low Ar. 

5.4. Displacement ventilation 

Fig. 9 shows the application of the zero-equation model 
and the standard k-e model for the prediction of room airflow 
with a displacement ventilation system. The room dimension 
is 5.6 m long, 3.0 m wide, and 3.2 m high. A convective heat 
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Fig. 3. Comparison of temperature profile in vertical line at the middle of 

the room with natural convection. 
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Fig. 4. Sketch of the forced convection case. 

(a) 

(b) 

Fig. 5. Comparison of the airflow patterns for the forced convection: (a) 

zero-equation model, (b) the standard k-e model. 

source of 530 W on the window was used to simulate a 
summer cooling condition. The supply airflow rate was five 
air-changes per hour. The corresponding supply air temper
ature was l 9°C. A box placed near the table was heated by a 
25 W lamp to simulate a person sitting next to the table. The 
heat strength is considerably lower than that generated from 
an occupant. However, a helium source was also introduced 
in the box as a tracer gas to simulate contaminant from the 
occupant, such as C02 or tobacco smoke. The helium flow 
rate was 0.5% of the air supply rate. Since helium is much 
lighter than the air and the helium source was relatively strong 
in the room, the combined buoyant effect from the thermal 
source (heat from the lamp) and the mass source (helium) 
was as strong as that generated from an occupant. 

The computations were carried out with different grid num
bers with the zero-equation model: 3 1  X 28 X 26 (the same 
as the k-e model), 16 X 14 X 12, lO X lO X 10, and 6 X 7 X 6. 



142 Q. Chen, W. Xu I Energy and Buildings 28 ( 1998) 137-144 

1.00 

0-eq. model 
--··-········- k-E model 

0.50 data 
.9 

� � 
0.00 

- _•::.·-� · ·· ... · . 

·0·i9.oo 0.25 0.50 
y/H 0.75 1.00 

(a) 

y/H::0.972 
1.5 ����-�-�-r-:.--�........., 

. 
�f 

;;·· 1.0 ·.� ... :; 

0.5 

0-eq. model 
k-E model 
data 

··- ...... ..... ... ... .... _, __ �-·- . 

... -.. 
�:. 

•\ 
... ... 

• 

·-
-y 

•• 

. .  .. 

1.0 

··--· --·-··· 
0.5 
.9 

§ 
0.0 

�-.-.-::;-:.·. 

-OtJi.oo 0.25 

0.25 

§! .. 
0.00 ._,..__ _ __.-

... ··· .. . .. 
·-. 

· .. 

-0.25 

0-eq. model 
k-E model 
data 

0.50 
y/H 0.75 

(b) 

0-eq. model 
k-E model 
data 

·-: ..... ·
·
·
;·:··---

-· 

x1H=2 

' 

1.00 

. 
' 

·0·u.o l.O xJH 
(c) 

2.0 3.0 -o.5�.-;; o-�"'"'"-:'1�.o,..._x!H�--:2cL::.o=----=-'3. o 

(d) 
Fig. 6. Comparison of velocity profiles in different sections of the room with forced convection: (a) at x/H= I, (b) at x/H=2, (c) at y/H=0.972, and (d) 
aty/H=0.028. 

(a) 

(b) 

Fig. 7. Comparison of the airflow patterns for the mixed convection: (a) the 
zero-equation model, (b) the standard k-e model. 

A grid number of 16 X 14 X 12 is minimum in order to rep

resent the room geometry, such as the inlet, outlets, window, 

and table. Fig. 9 shows similar airflow patterns and the dis

tributions of air temperature and helium concentration com

puted by the zero-equation model with 16 X 14 X 12 grids and 

the k-e model with 31 X 28 X 26 grids. 

Fig. 10 further compares the computed results with the 

experimental data. The velocity and temperature profiles are 

at the center of the room and helium concentration profile at 

a line near the center of the room. The agreement between 
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Fig. 8. Comparison of the penetration length vs. Archimedes number for the 

room with mixed convection. 

the computed and measured results is reasonably good. The 

results are nearly identical between the two models if the grid 

number is the same. This implies that the new zero-equation 

model is as good as the k-e model for displacement ventila
tion. However, the model performance depends on flow type. 

In a separated study to examine the performance of five dif

ferent k-e models, we found that a model may work better in 

one type of flow but poorer in another type [ 23] . Therefore, 
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(c) (f) 
Fig. 9. Comparison of the airflow patterns and distribution of air temperature 

(°C) and helium concentration (%): (a), (b), and (c) the zero-equation 

model and (d), (e), and (f) the k-e model. 

we cannot say that the zero-equation model is better than the 

k-e model. The main advantage of the zero-equation model 

is its simplicity and less computing time required, compared 

with the k-e model. 

It is possible to use a minimum grid number of 6 X 7 X 6 
with which the table in the room cannot be represented. The 

accuracy of the results is relaxed but it does predict the main 

features of displacement ventilation, such as temperature gra

dient, non-uniform distribution of contaminant concentra

tion, and higher risk of draft near the inlets at the floor level. 

The minimal grid number is less than that used in zonal 

models. Therefore, the zero-equation model has a great poten

tial to be used in an hour-by-hour energy simulation program 

to take into account the impact of non-uniform temperature 

distribution on energy consumption. 

Note in all of the cases, the zero-equation model, Eq. (7), 

is exactly the same. No adjustable constants were used in the 

computations. The zero-equation model is universal for room 

airflow simulation. 

6. Discussion 

The results show that the k-e model may predict better 

results than the new zero-equation model. This is not surpris-
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Fig. 10. Comparison of the profiles of air velocity. air temperature, and 
helium concentration in a vertical line of the room. 

Table 1 
Comparison of computing performance of the zero-equation and k-e models 

Case Model Grid number Core CPU 
memory time 
(bytes) (s) 

Natural convection Zero-equation 20Xl0 15,000 18 

k-e 96X60 158,000 3238 

Forced convection Zero-equation 20X 18 25,000 9 

k-e 50X45 177,000 593 

Mixed convection Zero-equation 25X 18 31,000 33 

k-e 70X45 263,000 1438 

Displacement ventilation Zero-equation 31 X28 X26 555,000 5400 

16X 14X 12 75,000 311 

!OX !OX 10 27,000 119 

6X7X6 9000 33 

k-e 31 X28 X26 770,000 58.163 

ing because the basis of the k-e model is more solid. The 

reason to use a zero-equation model is to reduce the comput

ing time used by the k-e model. 

Table 1 shows the total grid number used in the four cases 

by the zero-equation model and the k-e models. It also shows 

the memory needed and CPU time used. The convergence 

residuals, R, are the same for the zero-equation model and 
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the k-e models. The present investigation uses R < 0.00 I of 
the mass inflow, for mass continuity and R < 0.01 of energy 
exchange for temperature. 

The computations were conducted on a 486 personal com
puter. The zero-equation model uses much less memory than 
the k-e model and is at least I 0 times faster than the k-e 
model. This is because the k-e model solves two more trans
port equations and the non-linear interaction in all the equa
tions makes it difficult to converge. The results show that 
most room airflow simulation can be done with a personal 
computer and the computing time for each case is on the order 
of a few seconds for a two-dimensional problem and a few 
minutes for a three-dimensional case. 

7. Conclusions 

This paper proposes a new zero-equation for the prediction 
of room airflow patterns and the distribution of air tempera
ture and contaminant concentrations. The model is derived 
from the Navier-Stokes equations. Using the concept of 
eddy-viscosity, turbulent viscosity is approximated by a 
length scale and mean velocity. The main difference between 
the zero-equation model and the k-e model is that the former 
does not solve transport equations for turbulent quantities. 
The zero-equation model determines turbulent quantities by 
an algebraic equation. 

The study demonstrates the capability of the zero-equation 
model by applying it to predict the airflow with natural 
convection, forced convection, mixed convection, and dis
placement ventilation in rooms. The predicted results are 
compared with experimental data and the results with the 
standard k-e model. The zero-equation model can predict 
indoor airflow patterns and the distributions of air tempera
ture and contaminant concentrations with reasonable 
accuracy. 

Since the zero-equation model does not solve transport 
equations for turbulence, the computer memory needed is 
much smaller, and the convergence speed is 10 times faster 
than that of the k-e model. With the zero-equation model, 
simulation of a three-dimensional, steady-state flow in a room 
can be made in a personal computer. 
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