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INTRODUCTION 

M. Komatsu M. Otsubo 

In recent years, there has been an increasing demand for better quality of the air-conditioned 
environment in residential rooms. If we can estimate such environmental conditions as the 
airflow and temperature distribution, it becomes easier to select suitable air conditioners or 
to design air-conditioning systems. 

For this purpose, a computational simulation method was developed that can be applied to 
the conditions in rooms where there are forced convection fields and three-dimensional velocity 
and temperature distributions. 

The flow field generated by an air conditioner can be characterized by a buoyancy force and 
weak turbulent flow. The equations for conservation of mass, momentum, and energy for an 
incompressible fluid comprise the basic expressions. A two-equation turbulent model forming the 
k-€ equations of Launder and Spalding, together with the SIMPLE algorithm of Spalding, was 
applied to our simulation program. The air temperature from the outlet of the air conditioner 
is higher or lower than the space air temperature. The buoyancy force of the airflow from an 
air conditioner has a very important role in air temperature and flow distribution, so this 
force was analyzed in particular detail. 
Many works have been published in this field, but many of them are for two-dimensional 
computation about natural convection and forced convection with no buoyancy force. Such 
simulations as our work for real air-conditioned rooms and equipment design are not currently 
being developed. 

In this paper, we have attempted to estimate the air-heating environment for a console type 
of air heater installed in a residential room and an air diffuser installed on the ceiling. 

COMPUTATIONAL METHOD 

Basic Equations 

Taking the orthogonal coordinate system, we normalized the variables by using the outlet 
velocity, Uo, as in Equation 1, u, v and w being the velocities respectively in the x, y and z 
directions, L the characteristic length of the system, and Ta the local average temperature 
around the point (x,y,z). v is the kinetic viscosity and Vt is the turbulent viscosity, ~Tis 
the temperature difference between the outlet air and wall surface, and the Symbol (*) denotes 
real values. With the normalized variables, parameters contained in the basic equations were 
grouped into the Reynolds number (Re), Grashof number (Gr) and Prandtl number (Pr) (Gupta and 
Srinivasan 1978; Shimoji 1984). The equations of mass, momentum and energy conservation for 
incompressible fluids are written as Equations 2 through 4 in Table 1, e 1 being the unit 
vector along the z axis and the subscripts varying as i,j = 1,2,3. The k-€ model of Launder 
and Spalding is written as Equations 5 through 8 in Table l; k is the turbulent kinetic energy 
per unit mass, G the rate of its generation, and € the rate of its dissipation. 
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Constants C1, C2, and Cµ are given i n Launder and Spalding (1974) . For the assumed pressure 
field p* and the corresponding velocity field v*, the pressure correction equation of Patankar 
and Spalding (Patankar and Spalding 1972; Patankar 1980) was derived by using a simplified 
relationship between the variations of velocity v' and pressure p'. 
The simplification can be written as Equation 9 in Table 1 . The pressure correction p ' was 
determined so that the velocity field composed of v* and v' would satisfy the mass 
conservation . The equation is expressed as Equation 10 in Table 1. Solutions to Equations 2 
through 7 and 10 with appropriate boundary conditions gave the desired prediction of the 
velocity and temperature distribution of the airflow. 

Models for Buoyancy Force 

The presence of a buoyancy force caused occasional divergence from the iterative process in 
our compu ta t i on . We t ested several different models for the buoyancy fo rce, and typical results 
are described here . I n accordance with the Bousinesq approximation, the natural model is given 
by t he difference between the temperature of a control volume or cell and that above it. 
Deno ting the term by S, t his was expressed by the discretization equation as in Equation 11 in 
Table 2 . However, this led to divergence of t he iteration. 

The next model took,the temperatures on the lower faces only in order to relieve the 
situation as in Equation 12 · in Table 2. This provided convergence, but the temperature 
distribution obtained was somewhat different from the experimental values. The third and most 
successful model, shown in Equation 13 in Table 2, includes a term that expresses the fact that 
the force acts when the mass of a volume of air is lighter than that in front of it, as well as 
the effects from the upper and lower cells . We took a = 0.2, b = 0.5 and c = 0.3, this 
expression giving acceptable temperature distributions. 

Computer System 

Numerical results of the basic fluid mechanics equation groups were obtained by means of the 
SIMPLE algorithm, and the buoyancy of the airflow from air conditioners was analyzed in 
particular detail. 
In accordance with the shape and dimensions of the appliance and the space to be 
air-conditioned, data were divided into an irregularly spaced lattice and computation then 
performed. 

These computations were performed by a FORTRAN program on a super-high-speed computer, 
while transmission of the computational commands and data was executed by a personal computer 
linked to public telephone lines. 

The input data for boundary conditions are expressed as the dimensionless temperature of 
internal wall surface, which was normalized for the difference between the outlet and wall 
temperature, and the dimensionless length expressing the room dimensions, which was normalized 
by the characteristic length of the room. 

Data were output as the numerical temperature and airflow from points within an 
irregularly spaced lattice, the temperature and airflow patterns being displayed on a computer 
CRT and plotted out. 

Flow Chart 

According to the foregoing basic equations, the velocity, pressure and temperature were 
computed by using the SIMPLE algorithm (Patankar 1980), the method being explained by the flow 
chart in Figure 1. The symbols used are pressure, P; airflow velocity, U; turbulent kinetic 
energy, k; dissipation rate for turbulent kinetic energy, £; turbulent viscosity, vt; and air 
temperature, T. 

In this program, initialization of the matrix calculation was performed after treating the 
input data. In the next step, the pressure was assumed before repetition, and by using this 
assumed pressure, the airflow velocity was calculated and then the pressure. 

A velocity-correction was applied from this pressure, before the turbulent kinetic energy 
and its dissipation rate were calculated from the turbulence model to provide easy convergence. 

In the next step, using k and £, the turbulent viscosity was calculated, followed by the 
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temperatures from the U and Vt values as the last stage of repetition. The corrected value 
that resulted was then judged for convergence and, if unsuitable, a new, corrected pressure Wa$ 
used in place of the first-assumed pressure with a return to the first step of the velocity 
calculation. 

This procedure was repeated until a convergent solution was obtained, the results of these 
characteristics for the air-conditioned environment being displayed and/or printed out. 

EXPERIMENT 

Figure 2(a) shows the main components of our experimental system to
1

measure the temperature 
distribution in ~model room. Figure 2(b) shows the model room dimensions and the measuring 
points for t~e air temperature distribution. 

The model room was built within an environmental test room in which the temperature and 
humidity were controlled by computer. The dimensions of the room were 3.6 m (L) by 3.6 m (D) 
by 2.4 m (H), which are identical to those used in the computation, except that the length in 
the y direction was twice as long as that in the computations. 

Recently in Japan, small kerosene or gas air heaters, which have a heating capacity of 
2000 kcal/h to 3000 kcal/h, are currently used as domestic room air heaters. This type of air 
heater was used in our examination and calculation example. The maximum temperature of the air 
discharged from this air heater was 80°C, but the high-temperature air discharged was 
restricted to a very small area and most of the occupied space was not influenced by it. 

A test sample of an air conditioner was installed in the model room and run until a stable 
state was reached. The temperature distribution was measured by a sliding lattice with 132 
thermocouples attached, which could traverse in steps from end to end in the room. Measured 
data were recorded and analyzed by a desk-top computer. Figures 3(a) and 3(b) show the 
measured temperature distributions of the central zone when a console type of air heater was 
installed in the model room. 

Figure 3(a) shows that warm air was blown out horizontally from an outlet in the upper 
part of the air heater's front panel and drawn into an inlet in its lower part. The warm air 
temperature at the outlet was about 50°C and air velocity about 3 m/s. 

After running horizontally for about 1 meter in front of the air heater, the warm air 
ascended by its buoyancy force. The temperature in the upper half of the room was heated, but 
the lower half near the floor remained at a comparatively low temperature. In such a case, a 
large temperature difference exists between heights corresponding to the head and feet, which 
is not good for thermal comfort. 

Figure 3(b) shows that warm air was blown horizontally from an outlet placed in the lower 
part of the air heater, and circulated air was drawn into an inlet placed in its upper part. 
The warm air temperature and velocity were the same as those in Figure 3(a). In this case, 
warm air ran horizontally above the floor before and after ascent, providing a better 
temperature distribution in the model room than that in the first case and offering relatively 
good thermal comfort. 

RESULTS OF COMPUTATION 

The domain for computation is shown in Figures 4 through 10, and because of the symmetry of the 
problem, half of the room on one side of the centerline was considered. 

In Figures 5 through 8, air heaters are installed on the floor against the west-side wall, 
air being discharged and drawn in at the center of the front panel of the air heater so that 
the airflow pattern was symmetrical about the centerline, as shown Figure 4. In this figure 
the domain for computation is the slashed area. The boundary conditions on the plane through 
this centerline are given as free-slip conditions for all parameters such as temperatures, 
velocities, k and £. The other boundary conditions are given as the temperature of each wall 
surface, air velocity at the outlet of the air heater, and nonslip conditions on the wall. 

The room air space was divided into control volumes by grid lines so that the wall surface 
was also divided by these lines. We defined the non-uniform boundary conditions of the 
temperatures, air velocities, k and £ on each control volume surface contacting with the 
boundary wall. By considering these control volumes, we could calculate for an irregularly 
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s haped rec t angular wall and for i n le t s and ou t le t s s paced anywhere a l ong the wa l ls. 

The bounda r y cond i tions imposed we re as f ollows: a t t he outl e t, values of u = Uo , k = Ko 
and E = Eo ; and at the inle t , u = Ui, k = Ki , E = Ei . 

On anothe r po rtion of the surface and for the remaining sur fa ces, non s l ip condi t ions for th e 
ve l oci t y and the natural bo undary condition fo r k and E we r e impos ed. To compare t he 
analytical result s with experimen t al da t a , experiment al values are given fo r the t emperatu re 
distr i bution. A natural boundary condition was imposed on the pressure on all the surfaces . 

Reynolds numbers used i n the calculation of Figure 5 through Figure 10 ranged from 4. 6 x 
10 5 to 5.6 x 10 5 . In the s e calculations, Reynolds number is defined by Re = L x U/ v , where L 
is the characteristic length of the room size, U is the outlet air velocity, and v is the 
kinetic viscosity. The air heaters provided an outlet air velocity ranging from 2 to 5 m/ s. 

Figures 5 and 6 show distributions of the airflow and temperature obtained from computa­
tion to compare with the experimental results. The difference between the outlet air and wall 
surface temperature was taken to be 30 deg C, and the outlet air temperature was set at 
about 50°C. The outlet air velocity was 3.0 m/s, and the flow rate 3.0 m3/min, corresponding 
to a Grashof number, Gr= 1.22 x l011 and Gr/Re 2 = 0.390 
The turbulent kinetic energy and its dissipation were 0.150 x 10-1 and 0.184 x 10- 2, 
respectively, at the outlet for the calculation of Figure 5, the value for the other 
calculation examples being of the same order as that in Figure 5. 

These computational conditions are respectively the same as the measured conditions shown 
in Figures 3(a) and 3(b). In these figures, it can be seen that the main flow was ascending 
with increasing distance along the x axis. The flow field developed succes s ively and gradually 
in the whole domain. The temperature distribution shown in Figure 6 has an ascending pattern 
compared with the measured result shown in Figure 3(b), but these computational temperature 
distributions generally agree with the respective measured results. 

Calculation results are shown by two-dimensional isothermal lines and airflow vectors. 
When we exactly examine the three-dimensional flow pattern, it is necessa ry to select many 
plane views. We show another plane of the airflow pattern in Figure 6. For example, the X-Y 
plane and Y-Z plane are shown in Figure 7. 

Figure 8 shows an example of the computational results for a temperature difference 
between the outlet air and wall surface of 20°C, the other conditions bei ng the same as those 
in Figure 6. From the isothermal temperature distribution pattern, the temperature was small 
compared with the forward one, so that the buoyancy force did not have much influence on the 
ascending characteristics of the flow flux, with the flow flux extending along the floor. 

Figures 9 and 10 show examples of the computed results for the airflow discharging from a 
diffuser installed in the ceiling. The temperature difference between the outlet air and wall 
was 30 deg C and the airflow velocity at the outlet was 2.0 m/s. In Figure 9, the warm air 
discharge point is on one side of the ceiling, and an inlet is installed on the other side of 
the ceiling. In Figure 10, the outlet position and conditions are same as those in Figure 9, 
but the inlet is positioned low on an opposite wall. In Figure 9, it is evident that the air 
from the outlet flows down to the floor and that the main flow flux is curved going up towards 
the inlet, the temperature distribution appearing to be higher on one side of the outlet and 
lower on the other side. In Figure 10, the air from the outlet flows downward and runs along 
the floor before being drawn into the inlet in the lower part of the opposite wall. 

The calculated results can be effectively used to determine the basic design for 
air-conditioning systems, such as the selection of capacity, the outlet and inlet positions in 
the room, the discharged air volume, velocity, flow direction and temperature, and to estimate 
the thermal comfort of an air-conditioned room. In these calculations, the air temperature and 
flow distribution patterns are very important to judge whether or not a zone of discomfort 
exists. 

The explanation has been concerned with air heating, but it is easy to calculate the 
effect for air cooling by · reversing the sign of the buoyancy force. 

CONCLUSION 

The three-dimensional distribution of airflow and temperature in an air-conditioned room was 
computed, and the computed temperature distribution of the air was compared with experimental 
data. Some differences between the computed and experimental results can be attributed to the 
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coarseness of the grid spacing used and to the interpolation routine for display. Thus, it is 
reasonable to apply the computational system developed here for practical use in the design and 
estimation of various air-conditioned room environments. 

Further, this computational system can be applied to develop (1) advanced and complex flow 
patterns to control the ascent of warm air and to generate a comfortable heating environment, 
(2) air-conditioning systems for semi-open rooms, (3) large buildings with great interior 
spaces for public use, (4) moving vehicles where various accelerating forces act, and (5) room 
environments where an experimental investigation is too difficult or expensive to perform. 

To better meet the requirements, it is necessary to further save computational time. Our 
next investigation is being directed toward thermal comfort evaluation and designing 
comfortable air-conditioned environments. 
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where 

TABLE 1 

Basic Equations and k - E Equations 

x=x*/L, y=y*/L, z=z*/L, u=u*/U0 , v=v*/Uo, Y=W*/Uo 

v=v*/U0L, vt=vt*/U0L, T=(I*-Ia*)/6T* 

a 
-(u·u·) ax. l. J 

J 

dO d 1 dU· 
= - ~ + --( - + v )~ 

dXi· dX• Re t aX· 
J J 

a 1 dU· Gr + --( - + v )-:-:+ + ei ·--·T 
axj Re t Clxi Re2 

.. !. (uJ.T) = -"-c - 1
- +~)I!_ 

a J Clxj Pr·Re aT axj 

~Cu. k) = -"-c -1- + ~ )~ + G - e: 
axj J dXj Re Ok axj 

'dp' 
u' • - A(x)--

l. Clxi 

TABLE 2 

Model of Buoyance Force 

s = Gr ( - T(i,j,k+2) + T(i,j,k) )/2/Re2 

s = Gr ( - T(i,j ,k+l) + T(i,j ,k) )/Re 2 

s = Gr ( - a T(i,j,k+l) - b T(i,j,k-1) 
- c T(i+l,j,k) + T(i,j,k) )/Re2 

a + b + c = 1 
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Figure I. General flow chart of program 

216 



Control 
Environ11ental 
Test Room 

Hodel Room 

Slidjng~Lattice A" ;Qll ~t 
~ ~ .lr J ca er 

~-

Temp.Meas.Dev 

Disk 

Plotter 

Observat.ion 
ll (> \i • 

Operation Dev. 

Control Dev.1----~ 

(a) Measuring system 

Figure 2. 

Air 

Ooor 
Unit( mm ) 

ti 
I 
I Cl 

Cl 
I .. " lD 
I ri 
I • _J 

. . 
Measuring Position 

--r o 
' Cl i (") 

--, Cl 

'0 
•<-> 

!1---------3,600--------! 

Length 
130 300 300 230 

rn rn 
-.-2.400 
-rz.200 .. -;2.000 
-i-1.soo .. " --+ 1.600 
-+ 1.400 

• -} 1.200 
-T 1.000 

lle a l~r:: -.soo 
-T600 r: .. -,-400 

I "• H-200 . ~ -so 
I (! 

(b) Model room and measuring position of 
temperatures 

Experimental system 

..r:: 
.µ 

-0 . ..., 
3 

..r:: 
.µ 

..r:: 
QlJ . ..., 
Q) 

:r: 



Uni t ( "C ) 
······--··············-····················· · ··············-···············-···································· 

·······-··· 
. . 

/ 23'(/' 
23. 

• . : -----------~___.....---

25. 

19 . -- -- --
~ 17. . : 

·······----~-----·--·---·---------------------------------····-····----···--------------········-···· -··· · ······ · ! 

. . 
I 
I . . . 

(a) Outlet placed in upper part 

Unit.( "C ) 
·········-····-·-----------------------·-----······-··········-·-------·······---------------·-·················· 

25 

25 . . 

. . . . . . . . .. 

:-········m _,,-:-~~(;33\ 
_, /.·r· - . ~5~~ 21. 

• . . . . . . t~~~=::~a~~~ 19. 
~ ~~- --~- · ·:..-~ --- . . ,--'''--~--=·-~---=.----' 
~~~=-=-=~--==-~­
~ -

··· ······ · -~----··--·········---····-_.········-- ··· ········ · · - --------· ··· -·· ·· ·· · ·····-··· · ········ - -··--···· · · • 
(b) Outlet placed in lower part 

figure 3. Measuring temperature distribution for a console type 

of air heater 

218 



north 

C. L. 

heater south 

3.26 m 

3.6 m 

Figure 4. Domain for computation (slashed area) 

219 

..., 
en 
ca I E 
<ll I oo 

..... 



/ 
/ 

N 

1 

, . . 

1, I 

1 /1 I 

/, 1 \ 

I \ ,, 
[\ \ ~ ~ -

"""' ~ --I _... '~ ' - ' ~ 

,,. ,,. 
' ,,. ,,. ,,. 

(a) Cut plane 

-

\ " - I/ 

L_... 
\ ... 

"' 
i--- - -

- --- ---- -- v 
- -----~ -<" -
~-- -~ "" - c.... , 
• 
I • 
I . 

---~X (b) Airflow vectors 

/ 

-

-
-

- .. 
--
' 
' : 

UnH ( "C ) 

----<~X (c) Isothermal lines 

E 
<:t: 
N 

Figure 5. Computational airflow and temperature distribution for 
a console type of air heater (I) 

220 



N 

r 

N 

1 

---------------• 

[) x 3.26m 
(a) Cut plane 

/ 

----i~X (b) Airflow vectors 

----i~X (c) Isothermal lines 

/ 

Unit( "C 

E 
<:1", 
N 

Figure 6. Computational airflow and temperature distribution for 
a console type of air heater (2) 

221 



(a) Cut plane 

, t I . 
' ' 

l I . . 
, 

' 

1 
I I - ' I. ' - -~ ' ' . -- _,. . . : 

' . - • • - -·· ' -· . . 

1 

1=3 
~ 

E 
<t. 
N j 

I 

1 +-K·7 
- ~ 

\' ' . ~K~4 
-~ 

(b) Airflow vector for vertical plane 
I = 3 

1=5 
~ 

----!~ x 

(c) Airflow vector for vertical plane 
I = 5 

(d) Airflow vector for horizontal plane 
K = 4 

1 

1=3 
·~ 

----!~ x 

1=5 
' ~ 

(e) Airflow vector for horizontal plane 
K = 7 

Figure 7. Computational airflow distribution for a console type 
of air heater (2) 

222 



--~t>X 3.26m 

( a ) Cut pl an e 

' -

I,., # . Lo- / I/ / 

- - ~ -
111 ' 

I' I - _,.. -- - -
- - - - -

N 

1 
I 1 ' 
I .. L- - .......... _,/ v -

~ ---- 1....0 ~ .I -
~ " - ....----- .....--....-:. c...--_.......; ~ v_.... ..-_ 

- -~ ...... --=== ::::----- .... _....... .....-_,.... ·- ~ -
~--:::---~ v_:. _,/ ...- -- -... -~ . -- -~ -- - . ,__ 

-----i~X (b) Airflow vectors 

Un.it( "C 

N 

1 

----x (c) Isothe rmal lines 

Figure 8 . Computational airflow and temperature distribution 
for a console t y pe of air heater (3) 

223 

E 
<T. 
N 



:..-
/ I ,.,. I 

I 

I 
I 

E I <:t: I 
N 

I N 

ii 
--=E:>X 3.6m 

(a) Cut plane 

I 

' 
\~ ' ~ ' 

, 
I I 

~ 
I 

\ 
7 

' ' . I I 

I 
\ ' 

' 7 
,_ 

\ ' ' -
' 

I 

,. 
' I 

I 'I 

\ 
I 

' -
"' I I - --

j 

I ' -
I - ,. / I I I I 

. - I I - - ,. ,,,, ,; I I I 
' 

---9ox 
( b) Airflow vectors 

Unit( "C ) 

N 

l 
--~x 

(c) Isothermal lines 

Figure 9. Computational airflow and temperature distribution 
for a ceiling diffuser {I) 

224 



(a) Cut plane 

I 
I 

' • I 
I 

~ 

I I 
r-<J 

i 
I 

I I 
/ " I I 

I J 

' , Jr ,,,., ;; ' ? - --- / .I . - --- / ;:, ~ ; -- --- ,,,,...., I/ 
- ~ -- ,,,- ; ' 

I 

----x 
(bf Airflow vectors 

Uni t ( ·c 

--~x 
(c) Isothermal lines 

Figure 10. Computational airflow and temperature distribution 
for a ceiling diffuser (2) 

225 


