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A computer program for predicting the distributions of 
airflow patterns and thermal comfort indices is developed by 
incorporating Fanger's comfort equations in an existing 
computational fluid dynamics model. The mean radiant temperature 
tor each grid point 1 required for the comfort equations, was 
calculated from the radiation heat exchange. The i mportance of 
taking account of radiosities for calculating the mean radiant 
temperature was illustrated by comparing the results obtained 
using the method developed with those obtained by other 
approximations used in practice. 

1. INTROD'OC'riON 

·· · People expect the office envir_onment to be as comfor:tabl~ 
as feasible. Consequently, more and . more ' offices are being 
eqUipped ~i th mechanical v.entilation_ Ot: air-conditioning systems. 
The need for accurate prediction ·of the air flow in occupied 
spaces has b'ecome even more crucial" because, 'with .mechanical 
ventilation, large_ qua'ntitie.s _of air supplied at a few locations 
have to ·be · evenly distributed in the space being ventilated. 
Without adequate ' air '! distribution, excessive air movement 
(draught) can occur in some zones whereas stagnant air' may be 
present in other zones of the same room. Poor air distribution 
can affect the indoor· climate and d'egrade .,'the·=--air ;quail. ty. . ~ . . 

-. '" :) : • _ • !.: • _; · ~ ':: '= • .., : .. .,!. . : .; ! _• ,. oj ) r: .:.:. . ,..; ~ •• ,; • •- I •\ • -: •t 
•) .. ' • - . - - . ... .. . , • ~ ·' ,... • .. - r . ..... • . 

Until ·recently the air movement in a space was predicted from air 
jet diffusion data ·andior ; test'ing' a physicaf model as described 
by · Awbi' ~(l9~h)':~ Computational · fluid dynamics' (CFD) ... is now being 
applied in the 'simulation of room air movement in spaces. In most 
of the available CFD programs 1 however 1 the· radiant heat transfer 
is simplified or not accounted· for when dealing with thermal 
comfort. Kaizuka and Iwamoto (1987) calculated the distribution 
of thermal comfort index caused by · radiation interaction in a 
heated room under the assumptions of uniform air temperature and 
given air velocity. Awbi and Gan (1991) and Gan, et al. (1991) 
have developed a CFD program in which the radiation heat exchange 
is taken into considerat~on and which is used to predict the air 
movement and thermal comfort in both mechanically and naturally 
ventilated buildings. In this paper the predictions of the air 
movement and thermal comfort in a mechanically ventilated office 
module and a naturally ventilated office are presented. 
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2. MODEL EQUATIONS AND SOLUTION 

2.1 Flow equations 

The ,airflow model is based. on the continuity 
Navier-Stokes equation and thermal energy equation t 
the k-e turbulence model equations. For a steady incompres 
flow the time-ave~age equations are represented by 

a a¢ 
= -cr,-> + s; 

axi axi 

where S; = source terms of dependent variable ¢ 
U1 = mean velocity component in x1 direction 
r; = diffusion coefficient for dependent variable 
p = fluid density 

Equation -(1) is solved for the 3-D cartesian system using 
SIMPLE algorithm (Patankar, 1980). Wall function expressions} 
turbulent boundary layers are used to specify the value of 
t~e . fi~~t node point from a solid boundary. 

2.2 Thermal comfort equations 

Thermal comfort is evaluated in terms of predicted 
(PMV) and predicted percentage of dissatisfied (PPD) . propo· 
Fanger . (1982).. These comfort indices take account .of the ~;;ouw . .&.l 

effect ~:Of -enyironmeptal co_nditions such as air' veJ.oci_ty 
teinperati.ire~-. : · mean ' radiant . temperature and partial .wate·r ·:. 
pressure "o·f - · iHr ~·and . occupant .c-onditions such -as .clothinq 
activity . rev.e!I's: In this work the idr velocity ·and temper~ 
are · "calculated'.., from the .- flo1-1 equations. The --mean raa 
te~p~ra~u::;~ :".T111rt~ : is cal~ul'ated With the help O.f a~ r~diatio_n
exchange - model . for the room. Other parameters, e.g. . Q..,.., .. ,.,, 
Pr's~ur~ ~f - air~:~re given . ~ single value - for .the -whole _. c.. u.r. ~ .; ,...,s., .. ~~ ~~· · ~-·-- - .. ....; _-... .. . , · ,.. . ... ~ - ~ • .., .. . 

2'?t -1 . ~oo~:.~ut!-~c·~, :i~mp~~~tu~~: . -w~~~ ~ : h~at··~s ~\i't-'d~ di: .i 
present- l ri'~ ·a.t"' room the neat . transfer' to the room - air -takes ~ 
by _cpnyection .and to the room surfaces by radiation. It is 
tequ'ired ~t~--~calctilat~ ' the internal. temperatures of room sur 
arid i.lse"':th'e·se :as '· bouna·ar{ values in the CFD ' ~p-rediction·.-
t':~~El.rat·~~e ~~\ '~(K)_" o~ l\". ~u:f:'_fac': i is . obtained from the radio 
~ 1 .of .. Jhe .sur:r:ace us~ng 

- .. .-.IC:..I)o :Jc • .,....., - -:_., • • •- • • ..,. } - - - • • . · . 

• i • ·: : : 

where a .i~ Stefan-Boltzmann's constant ; Ei is the emissivitY ·:~~ · :.;·.' ~<r~f.l. 
surface· i; Fii is the. shape fac tor for surface i with respec~ t :q 
room·surf~ce j (i~j): ·ri is the number of room surfaces and JJ . ~~ 
the ·radiosity of surface j which is the total radiant ene~gY. 
leaving a surface (W/m2). If a radiant heat flux q1 is present 0.~ 
surface·i then the radiosity is calculated using the equation!~ 
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n-1 
J I = qi +, l: F ijJ j 

J=l, . 
J. 
,The emissive power from a black surface i is given by: 

Eence the temperature of surface i is: 

(3) 

(4) 

2. 2. 2 Mean radiant temperature. In the calculation of mean 
radiant temperature at a grid point in the field, the grid cell 
is considered as a rectangular parallelepiped. The plane radiant 
temperature, Tprt (K), at each face of the cell is obtained from: 

1 
Tprt 4 = (6) 

a 

~here Fpi is the shape factor for radiation from face p of the 
grid cell to the visible room surface i. 

The mean radiant temperature, Tmrt' for the 9rid cell is then 
taken as the weighted average of the s1x plane . radiant 
temperatures for each face of . the . rectangular parallelepiped 
based on ~he_ face areas. 

2. 2. 3 ' P~edlcted ... mean vote an~ : p-redi~ted : .. p~~~~nt~g~ of 
dissatisfied •. : The- _pr_edicted mean _ yote, FMV, -: and predicted 
percentage of . dissatisfied, . FPD ~ .(%), are calculated using 
Fanger!s equations which include the environmental and personal 
parameters (Fanger, 1982). _ 

,). . 
3. APPLICATIONS AND DISCUSSION ·• -. :: - -. . ·. :: !.: : : 

. ... .! . :· . ;:- - ·~ . ~ . ·~ · · - . .:.. . . ! ... . . :: ~ . .. . .. . 
The theories of indoor airflow and thermal .comfort described 

earlier ai~_applied to .the prediction~f ~he indoor environment 
in a . mec:;J'lanically _ _. ventilated office module , and a naturally 
ventilated_ office _~ )'!' ,~ 'L __ .: _ : . . ... 

.. \ I , , • : .. •.: , ; "o o - : .; o : ; :: :'"' ~ 

l.l Mechanically ventilated office · · 
.. .... ;... . .., . - . ' 

-in r~cent years the air conditionini of office ~uilding~ in 
the U.K. has become very popular. Most air conditioning systems 
fer offices employ ceiling supply air terminals to utilise the 
ceiling surface for diffusing the air jet taking advantage of the 
Ccanda effect. A slot diffuser is often used for supplying the 
air over the ceiling. A typical ceiling supply for a perimeter 
office module has, therefore, been selected to demonstrate the 
potential of CFD in room air movement prediction. 

The office module, which was subjected to detailed measurements 
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by Jackman (1973) in a laboratory mock-up, is 4.9m long 
wide and 2.75m ceiling he i ght. It has a full width singl 
window of height 1.5m. A continuous slot diffuser of slot 
20mm (7.2mm effective width) was installed on the ceiling 
from the curtain wall discharging air away from the Win'n~~ 
the simulation carried out, the heat loss from the c 
in winter is 747W. The supply air temperature is 5.5K h.~ ... ~4~u 
the room air temperature and the air supply rate is 112 

The predicted air movement and temperature distributions 
perimeter office are shown in Fig . 1 as a velocity vect 
temperature contours (isotherms) respectively. The pred 
velocity and temperature distributions have been found to 
good agreement with the measured values (Awbi and Gan, 1991 

. . , -~ s: 
The downdraught along the curtain wall caused by the cold 
is clearly evident from the predicted velocity 
isotherms · shown in Fig. 1. The flow is dominated 
triangular circulation zones; an upper zone controlled 
warm air jet and a lower zone of opposite circulation con 
by the downward buoyancy due to the cold window. As a result, 
airflow pattern is not satisfactory. The resulting vert 
temperature stratification can be observed in Fig. 1 and 
thermal discomfort in the lower part of the occupied z 
evident from the large predicted percentage of dissatisfied ( 
shown in Fig. 2. 

To compare the PMV and PPD from the above method with 
methods in which the mean radiant temperature is simplif 
more predictions were made. In one of these predictions 
radiant temperature for all the space is taken to be the · 
weighted mean surface temperature and in the other predicti 
mean radiant temperature at any point is taken to be the " saw'~~u 
the · ·.air • ;temperature for · the corresponding grid poin~-.;::J'j1:f11Mii~ 

predicted contours of PMV and PPD are shown in Figs. 3 and" 
can be seen from figure 3 that when the mean radiant · 
is calculated from the mean surface temperature a more uni 
distribution of the thermal environment is obtained than~ 
when the radiation heat exchange is taken into account. 
when · :the . mean .. :radiant temperature is assumed the same ·as 
temperature ·the prediction gives a warmer · environment for 
whole : ::office :j than that given by · the · prediction··;:us ing 
radiation model because in this case the air temperat 
higher than the mean radiant temperature due to the warm 
supply. These comparisons show that it is very important to ' 
into account the radiation heat exchange for the predict~on 
therm~~ - :omfort . when the ·d ifference in surface temperature~ 
large . . :' · · . 

3.2 Naturally ventilated office 

· · Despite the increasing use of air conditioning in moder~ 
offices, nat ural ventilation , i n combination with heating when 
required, is still the princ ipal means of providing thernia:I'. 
comfort in most buildings in the U.K. The airflow in naturalll 
ventilated buildings depends much on the arrangement of doors arid 
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