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lntroduction

Accurate prediction of air velocity, temperature, con-
taminant concent¡ation distributions and thermal condi-
tion in a room is indispensable for designing high-quality
air conditioning and ventilation systems from the view-
point of comfort, health and energy saving. As computer
resources have increased, more numerical simulations of
air flows have appeared [], but there are still very few
studies of large enclosures, such as theatres, gymnasia and
auditoria because such simulation requires much com-
puter storage and CPU time, and is expensive. However,
researchers are beginning to identify and understand the
problems associated with the numerical simulation of
buoyant flow in large spaces, and this paper considers
large-scale airflow simulation based on the computational
results of l8 cases for two gymnasia.

Abstract
The designers of ventilation systems need to predict the air flow patterns in
order to optimize design and to ensure a healthy interior. Numerical simula-
tion is a powerful tool to obtain the air flow patterns. In the present study, a
computer program which solves the three-dimensional conservation equa-
tions of mass, momentum, energy, and contaminant concentration is used.
The program is based on the k-e turbulence model with wall function expres-
sions for solid boundaries. Flow f,relds are computed for two gymnasia, of
24Xl2X9 m3 and 44X23X 10 m3, with variations in the ventilation rate, the
arrangement of inlet and outlet, heating system, and the irumber of occupants.
The simulation gives the field results for air velocity, temperature, contami-
nant concentration, percentage ofdissatisfied people due to draught, and pre-
dicted percentage of dissatisfied due to thermal comfort.

Numerical Approach

Physical Equations
The air flow in a gymnasium is a three-dimensional

turbulent flow. In the held of numerical simulation of air
flow in buildings, the k-e turbulence model is most com-
monly used [1-6], and several studies have indicated the
appropriateness of this model [7-10].

In the present study, the PHOENICS computer pro-
gram, as documented by Ludwig et al. I l], has been
employed to solve the system of Navier-Stokes equations
with the standard k-e turbulence model which is pre-
sented in Appendix A.

A designer is not only interested in the distributions of
the basic variables such as velocity, temperature and con-
taminant concentration, but also needs information on
derived quantities to assess occupant comfort. For this
purpose, we programmed the evaluation of several com-
fort parameters directly in the output routine of PHOE-
NICS: the PMV (predicted mean vote) and PPD (pre-

Acccpted:
December I 3. t 99 I

Xiaoxiong Yuan
Energy Systems kboralory
Swiss Fedeml Institute ofTechnology, ETH Zenrrum
CH-8092 Zürich (Switzerland)

O 1992 S. Karger AG, Basel

| 0 t 6-490 t I 92t00 t 44224
52.7510



dicted percentage of dissatished) for the thermal comfort
[2], and the PD (percentage dissatished people) due to
draught sensation [13]. The mathematical models of these
comfort parameters are listed in Appendix B.

Cases Considered
The configurations of the two gymnasia are illustrated

in flrgures I and 2. Eighteen cases were computed for the
two gymnasia with variation in ventilation rate, the
arrangement of inlet and outlet ports (including a well-
mixed system, a displacement ventilation system, and a
ceiling supply system), heating system (including floor
heating and radiator heating), and the number of occu-
pants. All of these cases refer to winter conditions. The
principal information for the 5 cases mentioned in this
paper is given in f,rgure 3.

Boundary Conditions and Heat Source
Boundary conditions are specified as follows. At the air

inlet, a fixed mass flow rate is specified and also the values
ofvelocity, enthalpy, the kinetic energy ofturbulence, the
energy dissipation rate, and contaminant. The inlet ki-
netic energy ofturbulence, k¡n, is fixed at:

kin: (0. lviJ2/2

and inlet energy dissipation rate, rin, at:

e¡n = 0.09k¡nl/2 10.54'7 8Liî

L¡n:2abl(a+b)

Fig. 3. The principal information for the 5 cases.
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Fig. 1. The conf,rguration of gymnasium I (Gym l).
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Case
Arrangement of
ventilation and
heating systems

lnput data

1

Floor heatino

Ventilation rate: 0.36 ach
lnlets: 2x0.1 5(m)xo.40(m)
lnlel air velocily: 2.3 ÍVs
Oullsts: 2x0.40(m)x0.40(m)
lnlet a¡r tampsrature: 16.00C
W¡ndow temperature: 12.4 qC

Well temperature: 1 5.20C
Roof lemoeraturs : 15.30C
Floor temperalure: 1 7.70C
Numbef ol occuoenl: 23

2

Floor heatinq

Vent¡lation rate: 0.00 ach
(natural convsction)
W¡ndow lemperalu re: 12.40C
Wall temperature: 1 5.20C
Rool temoerature : 15.30C
Floor temperature: I 7.70C
Number ol ocÆupanl: æ

3

Fbor hsating

Floor lemperature: 17.70C

Vsnlilation rats: 0.70 ach
lnlets: 4x1.5(m)x0.40(m)
lnlot air velocity: 0.23 ÍVs
Outlets: 2x0.40(m)x0.40(mJ
lnlel air temoorature: 16.0oC
Window temperalure: 12.4b
Wall lemperature: 15.æC
Rool lemperaturo : 15.dC
Numbsr of occupant: æ

4

healing Floor temperature: I 5.80C

5

Vontilation rale: 0.14 ach
lnl€ts: 7x0.071 (m)xo,071 (m)
lnlst air v€bclty: 5.sÍVs

.0lml
rè.rioc
:12.ab

Wall temperature: 15.20C
Roof temDeralure : 15.30C
Floor lemperature: 1 5.70C
N[mhcr 

^l 
mdrñâil.1n

I

I

Å

Fig. 2. The conflrguration of gymnasium 2 (Gym2).
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where a and b are the height and width of the inlet, respec-

tively.
At the outlet a hxed pressure is imposed. The loga-

rithmic law of the wall is applied near walls. At the walls,

temperature and the convective heat transfer coefficient

are fixed.
The heat and contaminant (COz or tobacco smoke)

released by people are considered as uniform sources

located in the layer between 0.3 and 1.6 m above the floor'

The source strengths representative of a person are listed

in table 1.

Mesh System and ComPt'tter Time

In order to represent supply location and near wall

region by hne grid, is used'

Figure 4 shows the Ym 1 in

*tti.tt a stair-shaps sloPe of

the roof.
Because the flow is strongly buoyant' two thousand or

more sweeps (or iterations) are required to reach a con-

verged solution for all cases.

The mesh system and CPU time for each case are

shown in table 2.

X
z

Fig.4. Grid system dehnition of Gym I

Table I . The heat and contaminant source per person I I 4] Table 2. Mesh system and CPU time

Athlete Audience Case Mesh system CPU time/case SweeP

non-smoker smoker
1r (Gym 1)

2, 3, 4 (Gym 1)

5 (Gym 2)

l8x 16X34
t8x22X34
29)<t1y.32

60h on CONVEX2
33 h on CONVEX
5 h on CRAY322.5

75.0

3,600
2,000
6,000Convective heat, W

Contaminant, l/h
30
30

22.5
15.0

I In this case body-htting coordinates are used'
2 CONVEX C120, about 4 MFLOPS with actual PHOENICS

code,
3 CRAY X-MP, about 50 MFLOPS with actual PHOENICS code'
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Fig. 5. Field distributions in case L a Velocity distribution in vertical sections. b Temperatue in z : 12 m, o c'

c Contaminant concentration in y : 1.4 m, ppm. d P....ntag. dissatished people due to draught in y : 1'4 m' e Pre-

dictedpercentageof dissatishedduetothermalcomfortiny: I'4 m; metabolism:2'5 met'clothing=0'7I clo'

't 6.0

u

FI

227



Results

This section presents the computed freld results for air

velocity, temperature, contam

centage dissatisfied PeoPle due

percentage of dissatisfied due t
l8 cases computed, only f,rve have been selected for the

following discussion because these demonstrate some of
the typical flow phenomena.

Figure 5 shows the results of Case I (the existing situa-

tion in Gym l), where a floor heating system is used' and

2 inlets and 2 outlets are located on the long wall (fig' 3)'

The velocity distribution indicates that the cold window

causes air to move downwards and the warm floor raises

it. Two eddies are seen in the velocity vector fields' The

eddy near the inlets is much larger than the one near the

outlets. The maximum air velocity outside the supply air
jets is about 0.25 m/s and occurs in the area near the win-

dow and the floor.
The temperature contours in the middle x-y plane

imply that the temperature variations in this section are

very small (less than I 'C).
The prohles of contaminant concentration and per-

centage dissatisfied people due to draught at the cross-sec-

tion located 1.4 m above the floor show that the region

near inlets is clear but has a higher draught risk.

The predicted contours ofpercentage ofdissatished due

to thermal comfort indicate that the thermal conditions

are excellent for dancing (metabolism: 2'5 met, clothing

insulation : 0.71 clo) or other physical activities.

The results of Case 5 (the existing situation in Gym 2)

are shown in figure 6. The figure only gives the results of
the half symmetric hall. In this case, 14 inlets with diame-

ter 0.08 m are located on the front wall, and two outlets at

the ceiling. The radiators located on the rear wall are used

for heating (frg. 3).

The air flow pattern may be deduced from the velocity

distribution: there is a large eddy in the half symmetric

hall which is driven by buoyancy and induced by inlets'

Except for the area near the inlets, the maximum velocity

is about 0.65 m/s which occurs near the radiators'

As in the smaller gymnasium (Case l), in Case 5 the

profiles of temperature, the contaminant concentration,

the percentage dissatisfied people due to draught, and the

predicted percentage of dissatisfied due to thermal com-

fort imply almost uniform mixing. Temperature differ-

ences in the occupied zone are less than 1.5'C' The

region near inlets is clear but has a higher draught. And

the thermal conditions are excellent for dancing or other

physical activities.

From the results of numerical simulation of the 18

cases, we conclude:
(1)the air flow pattern depends mainly on the buoyancy

induced by the cold window and the heating system;

(2)the temperature distribution is very uniform;
(3)the anangement of inlet and outlet influences the con-

taminant concentration distribution, but the average

concentration in the occupied zone is almost indepen-

dent of it;
(4)from the viewpoint of comfort, all cases are acceptable

except for a small region near the inlets.

The analysis of the above conclusions follows in the

next section,

Discussion

Some Features of Air Flows in Gymnasia

Flow Pattern Depends on Buoyancy. A gymnasium is a

large enclosure, and the air flow in a gymnasium is a high

Rayleigh number flow. For example, for Case 1, Ra : 3'2

X l0rr. The height of the gymnasium is used as the char-

acteristic length, and the characteristic temperature dif-

ference is taken between the surface temperatures of floor

and window. For Case 5, R¿: 6.8 X l0lr. The character-

istic temperature difference here is the difference between

the highest air temperature and the window surface tem-

perature. Correspondingly, the Grashof numbers are 4'5

X 10rr and 9.6 X l0rr for Case I and Case 5, respective-

ly.
In winter, the ventilation rate is very low in a gymna-

sium, so the inlet Reynolds number is also low' For

Case l, Re: 5.6 X 104 (the characteristic length is here

taken I¡o, as defined above), and for Case 5, Re = 1'7 X

105.

It can then be found that the proportion of Gr to Re2, a

relative measure of buoyant to inertial forces in the flow

[6, l7] is relatively large; for Case l, Gr/Re2 :144, and

ior Case 5, Gr/Re2: 34. The value is so large that the air

flow in Case 1 can be considered to be governed by natu-

ral convection! There is a strong buoyancy effect in the

flow. The comparison of the flow patterns between Case I

and Case 2 (natural convection) (frg' 7) shows very little

difference between them. In contrast, figure 8 gives com-

pletely different flow patterns between Cases 3 and 4' The

two cases are identical except for the heating systems' So

we can say that the flow pattern mainly depends on

buoyancy and on the heating system.

Numerical Simulation of Air Flows in

Gymnasia
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1 ÍVs
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2=6.5 m

x ¡
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Fig.6. Field distributions in Case5. aVelocity distribution. bTemperature in z: 10m, 'C. cContaminant

conce;tration in y - 2 m, ppm. d Percentage dissatished people due to draught in y: I.4. e Predicted percentage of

dissatished due to thermal comfort in y: 1.4 m; metabolism = 2'5 met, clothing:0'71 clo'
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Velochy scale:

0.6 m/s
+

Fig.7. Comparison between mixed convection (Case 1; a, c) and natural convection (Case 2; b, d ) for velocity

distribution (a, b ), and temperatuer i¡z: 12 m, "C (c, d ).
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It was also observed that the higher the Rayleigh num-

ber, the more difflrcult it was to get converged results. In
addition, the complexity of flow and the proportion of the

largest to the smallest grid distance also influence conver-

gence.

Our experience shows that it is efficient to choose large

time steps at the beginning and then to decrease their size

as the number of sweeps increases.

Conclusion

Numerical simulation has been used to calculate the

air flows in 2 gymnasia for 18 cases. The numerical

method is based on the r-e turbulence model. The air
flows in this study have a high Rayleigh number, and the

flow is mainly driven by buoyancy. The averaged contam-

inant concentration in the occupied zone is almost inde-

pendent of the arrangement of inlet and outlet.
The numerical simulation of air flow in large enclo-

sures is feasible, but needs much computing time and

storage. Under-relaxation is the most important tech-

nique to avoid divergence. The convergence behaviour is

sensitive to the size of time step. Multiple solutions were

often observed in the numerical simulation of these

cases.
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Appendix A:
The Standard k-e Turbulence Model

The governing differential equations ol the standard k-e turbu-

lence model is expressed in the lollowing form:

â -->

,: 
( prp) + divlp V <p - f rgradr0) 

: Se

where g stands for velocity components (u, v, w), enthalpy (h)' the

kinetic energy of turbulence (k), !\e energy dissipation rate (e), or

contaminant concentration (C). p, V, ftp' and S* are density, velocity

vector, diffusivity, and source for 9, respectively.

Appendix B:

The MathematicalModelof PMV, PPD, and PD

( 1) Fanger dehned a subjective temperature sensation parameter,

PMV, by the lollowing lormula [1 5]:

PMV: (0.303e-o o¡6v+0.028){M-W- 1.05 X 1g-r[5733-
6.99(M-W)-P"l -0.42(M-W- 58. I 5)- l'7X
I 0-5M(58ó7 - P") - 0.00 I 4M(34-T) - 3.96 X

I 0 - 81"¡[(T.¡ + 2 7 3)a - (T, + 27 3)a] - l.¡hç(T"¡ - T)]

where M is metabolism [W/m2], W external work [W/m2], Pu partial

water vapour pressure [Pa], T air temperature [ " C], T' mean radiant

temperature [ " C], and lç¡, Tç¡ and h" are determined by the following

equatrons:

l"r = 1.05+0'645I"r lorI.r >0.078,

f.r = 1.00+ 1.290I"r lor I.¡< 0.078.

Td : 35.7 -0.028(M -W) -I"ri3'9ó X 10-8fd[(1"¡+273)a -
(T,+ 273)al + f.rh.(Tcr-T)Ì

h":2.38(T.r-T)0'25 for2.38(T"¡-T)025> 12'lVV'
¡. = rz.rVi lor 2.38(T"r-T)025< l2'lVV'

where I"1 and V are clothing insulation ¡¡nz 
oC/W] and air mean

velocity Im/s], respectively.

(2) PPD can be calculated from:

PPD : t 00- 95e(-o.03353PMv4-0.2l7ePMv'?)

(3) The mathematical model of draught risk, PD, is expressed by

lt3l:

PD : (34-TXV-0.05)0'62(3.14+0.37VI) tol.1

for V <0.05 m/s insert Y:0.05 m/s, for PD > 1000/o use PD =
I 00 0/0, where I is the turbulence intensity [0/d which is deflrned as the

velocity fluctuation over the mean velocity, i.e.,

I: 100(2k)o5fV tVol

Note that these equations depend on the system ofunits and are

not dimensionally consistent.

i
I

I

I

I

l
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I

I
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