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Introduction

Nielsen (1975) developed a procedure for predict_
ing two-dimensional steady-flow patterns in ventila_
ted rooms and incorporated the k_e turbulence

inlet and outlet spe_

d temperature distri_
agreement with ex_

Timmons et al. (19g0) also used the vorticity-
stream function approach for their 2_D inviscid
model. Using established jet theory as well as his

Hjertager and Magnussen (1977) investigated the
effect of buoyanc), forces, in the form of the Boussi_
nesq approximation in the vertical momentum
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which buoyancy effects were significant showed less

consistent agreement. Haghighat et al. (1990)

showed that the flow is significantly affected by

buoyancy for corrected Archimedes numbers (Ar")

grearü than 75. They inuoduced two additional

terms in the k-e formulation to account for the

buoyancy effects in addition to the usual Boussinesq

teuns, and achieved good agreement between com-

puted and experimental Nusselt numbers. In con-

necdon with their study of natural convection flows

in a cavity, Chen et al. (1990) showed that the buoy-

ancy production terms in the k-e formulation do not

affect the velocity and temperature profiles directly,

but significantly alter turbulence energy profiles.

Nielsen et al. (1979) also investigated the effect of
buoyancy in ventilated rooms. They used a primi-
dve variable approach in this 2-D code, incorpora-

ting the two-equation turbulence model proposed

by Pope and lVhitelaw (1976).Initial wall jet deve-

lopment assumptions, based on experiments) were

used for boundary conditions, and turbulent wall

functions were used to describe the near-wall re-

gions in the vicinity of solid surfaces' They demon-

strated the need to include buoyancy terms in the

rurbulence equations for Archimedes numbers
greater than l0'3. Their agreement is generally with-
in 5o/o of the mærimum velocity in the flow The
method was extended to three-dimensional flows by
Gosman et al. (1980). Reinharø and Renz (1984)

showed that the flow in a verdcal plane of the difñ¡-
ser, in a rectangular room ventilated by the diffuser,
is well predicted by the 2-D approach of Nielsen.

The general flow pattern and contaminant con-

centration were satisfactorily predicted for six differ-
ent air supply configurations in downward flow
clean rooms, by the 3-D code developed by Muraka-
mi et al. (1937). This code also used the k-e model
for turbulence transport. At low Reynolds number
flows, agreement was not as good as at high Rey-
nolds number flows.

The PHOENICS general purpose, commercial
code developed by Rosten and Spalding (1981) has

been used by Holmes (1982), Markatos (1983), Ho-
warth (1985), Jones and O'Sullivan (1985), Vhittle
(1986) and Awbi and Setrak (1986 and 1987) to ob-
tain velocity and temperature distributions in
rooms. Qingyan and van der Kooi (1988) developed
the ACCURACY code to determine appropriate
boundary conditions, such as wall and inlet air tem-
peratures, for the PHOENICS code. This combina-
tion was then used (Qingyan et al., 1988) to study
the influence of the indoor airflow and temperature

distribution on room energy consumption, and to
evaluate ventilation efficiencies.

Several shortcomings are apparent in the work re-

ported to date. The usual k-e model with standard

coefficients, obtained from high-speed iet experi-

ments, is not well suited to low Reynolds number
flows, such as characterize airflow in buildings. Fur-
thermore, the codes are becoming more and more

sophisticated; this may serve the purpose of resear-

chers, but it means that it is becoming ever less like-
ly that the practitioner will make use of them to
provide better indoor air quality. Consequently,

while some research is in order to adapt a suitable

turbulence model to such computations with all the

complexity tolerable in computer codes used on the

largest machines available, there is also need for a

more simplified approach to obtain useful infor-
mation for the improvement of indoor air quality
with a less complicated code which may be directly
used by building engineers. This latter approach is

the aim of the work reported in this paper.

Present Approoch
The aim in the present work was to develop a solu-

tion technique to predict the ventilation airflow in a
room or office. It was important, within this obiec-

tive, to maintain simpticity as much as possible in
order that the resulting technique may be more

widely used than is likely to happen with a very

complicated, sophisticated approach. The work re-

ported here is from an isothermal, inviscid solution
of the two-dimensional mass and momentum con-

servation equations, cast in cartesian form. This en-

sures that inertial effects of the flow are simulated,

but the viscous/turbulence and buoyancy effects are

not. The equâtions solved are the following:

ô(pu)/ðx+ô(pv)/òy:Q

ò(pu')/ôx + ò(puv)/ôy : lp/px

(r)

(2)

ò(puv)/òx + ò(pv'?)/òy : -ðp/ôY (3)

An upwind solution scheme was used to solve the

system of equations. Under-relaxed point and line
Gauss-Seidel iterative methods were used' with the

approach of the SIMPLE algorithm, as described by

Patankar and Spalding (I972), used in the overall so-

lution. More complete details of the approach used

herein are given by Soultogiannis (1990)'

The computational grid was arranged in such a

,



28 Plelt ei ol.: Numericol Simulotion of Venliloiion Air Movemeni in Portiiioned Offices

way that the physical boundary of the ventilated
space corresponded with the outer boundary of rhe
cells nearest the walls. This permitted the inflow
and outflow velocities to be specified along the ap-
proriate grid boundary. The solution points nearest
the walls were located a half grid dimension away
from the nearest wall. Except for the inflow and out-
flow locations, flow across the solid boundaries of
the enclosure was not permitted. Convergence of the
solution was accepted when the sum of the absolute
mass residuals of all control volumes (grid cells) was

less than l% of the total inlet mass flow.
In the results shown herein, comparisons are first

made with the results computed by the Exact3 code
for a configuration studied experimentally by Tim-
mons (1984). For this comparison, the Exact3 code
(Kurabuchi et al., 1990), which is capable of 3-D si-
mulations, is set up to simulate the two-dimensional
case depicted by the present approach, correspond-
ing to the experiments of Timmons. In the solution
obtained with the Exact3 code, the k-s turbulence
model representation is used. This three-way com-
parison allows the present non-viscous approach to
be compared with an approach using the k-e model
and with experimentally obtained data. Following
this brief verification of the inviscid simulation ap-

proach, results obtained by it are presented for ven-
tilation airflow in several office confrgurations con-
taining partitions between workstations.

Results ond Discuss¡on
Code Verificqtion
The code was tested by comparing results of its pre-
dictions with measured values from experiments by
others, as well as with predictions made with the
Exact3 code configured as a two-dimensional code,
but using the k-e turbulence model in its simula-
tions. Figure I shows the velocity vectors for a solu-
tion of the flow through a room, as represented in
the figure, which corresponds to the configuration
used by Timmons et al. (1980) and Timmons (1984)

in their experiments. Figure la shows the velocity
vectors as obtained with the current non-viscous
formulation, whereas Figure lb shows the corre-
sponding plot as obtained from the Exact3 (2-D) so-

lution. The basic flow pattern predicted by the rwo
methods is the same, with the counter-clockwise cir-
culation in the room. The solution obtained with
the Exact3 code used more cell divisions (each ar-
row represents the flow in one cell), and was able to
predict more detail, showing small recirculation re-
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Fig. lo Velocity veclors obtoined
for the configurolion shown, ol
o Reynolds number of 18,000,
os obioined wiih The proposed
inviscid formulolion

Fig. lb Velocily veclors obloined
for the configurotion shown, ol
o Reynolds number of 

.l8,000,

os obioined with the Exoct3
code using lhe k-e turbulence
model
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Fio. 2 Comporison between predicted ond meosured obsolule

"åiå.jtu -t¡åt, ot the plone shown in the insert sketch' for o Rey-

^.úl 
År-¡ã.+ la,ciOo, showing boih lhe inviscid ond the k-e

iurbulence simuloted results

gions in each boÍom corner' More detail could si-

äiUrty be expected from a finer grid using the in-

viscid formulation.
Figures 2, 3 and 4 show predicted velocities' at

the sãIected locations shown for this configuradon'

compared with reported measured values by Tim-

*ont GqS+). AU óf these results are obtained with

R.ynoìa, numbers (based on the inlet width) of

tg,4OO. It may be noted that there is little to choose

beween the results of the two numerical simula-

tions. They agree quite well with one another' and

in each câse show reasonably good comparisons

with the experimentally obtained data'

The veloiiry vector diagram (Figure 1) shows that

the computed flow is in the form of a recirculation

in the vårtical plane of the room; this is in qualita-

üu. 
"g...*eni 

with flow patterns shown by Tim-

mons-et al. (1980) for a similar configuration and

Reynolds number range' The cross-plots shown in

f igot.t 21 3 and4 show only absolute- velocities' and

noi the recirculation. Since none of the measured

values fall below a normalized velocity of 0'1' and

the flow must be in the pattern shown in Figure I

for the absolute velocities to aglee as well as they do

in the cross-plots, it is quite reasonable to conclude

that the measured values of normalized veiocity of

iess than 0.2 have large error/unceftainty bars' rela-

tive to the magnitude of the velocities shown' If rea-

sonable unceriainty bars are added to the measured

values, it might be expected that the values of abso-

Iute velocitylredicted by either of the numerical so-

lution techniques would fall within the uncertainty

range of the experimental measurements'

Èigur. 5 shows another cross-plot of measured

and iredicted velocities, in this case for the confi-

gur"iion and measured values as reported by Niel-

í.r, ., al. (1979). It may be observed that the predic-

tions, by both numerical simulation techniques' fol-

low the uend as observed in measured velocities'

but the Exact3 (2-D) predictions are noticably closer

to the measured values of velocity, especially near

the wall. For the inviscid simulation, the wall jet re-

mains stronger than measured values show' and the

gradient near the wall is much sharper than meas-

ired or simulated with the k-e turbulence model in-

cluded, as in the Exact3 code'

The major weakness of the inviscid approach is

possibly túe missing prediction o-f tle decay of the

ïaU iet. This effect arises due to the lack of viscous/

turbulent dissipation in the computations' which is

somewhat evident in the comparisons shown' In a

modest sized room, in the Reynolds number range
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circulation through the space in general. For this
case, the inlet velocity is 3 m/s, resuhing in a Rey-
nolds number of 7.7 x I04.

Figure 7 shows the velocity vectors for the same
basic geometry as for Figure 6, except that there is a
thin (1 cm rhick) parririon dividing rhe room inro
two workspaces. This overall room is 2.4 m high by
3.2 m long, with the parririon extending L4 m up-
wards. Vith the partirion set on the floor as illustra-
ted here, a recirculation is set up on the side of the
partition fed by the ventilation supply. Much of the
airflow then sweeps over the top of the workspace in
the second workstation, with only a minor circula--0.50 -0.25 0.00 0.2s 0.50 0.75

vlui

dicied ond meosured velocity
inserl sketch, for condilions os
both the inviscid ond the k-e

used for the results shown, this effect is not a major
one. However, in larger rooms, experiments of Tim-
mons (1984) show that the flow can b¡eak inro two
or more recirculation regions whereas the present
inviscid code predicts a single recirculation region
for even the longer rooms. It may be of further
interest to point out that the Exac8 code, using the
k-e turbulence model, also failed to predict the
break-up of the large recirculation eddy in the long
room. At low Reynolds numbers (below lOa), devia-
tions from experimental results may also be expec-
ted since the viscous effects become more dominant
in this range. However, codes conraining sophistica-
ted turbulence models (such as the k-e two-equation
model) using data obtained at high speeds, also have
difticulty predicting the flow ar low Reynolds num-
bers in cases such as these.

Applicotion to Portitioned Rooms
As indicated earlier, the aim tvas to simulate the
ventilation airflow in a room or office. A major
point of inrerest in this application is the effect of
offrce partitions on the flow of ventilation air in
cases where an open offrce concept is being used,
with a single row of ventilation air suppll, slots serv-
ing several workstations.

Figure 6 shows the velocity vecrors for the base
case, in which a room has vendlation air entering
along one side of the ceiling and exhausdng ar rhe
other side of rhe room, also through the ceiling. The
main component of the flow is seen to follow the
wall down to the floor, across the floor and up the
other wall to the return, with a minor component of
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Fig. 8 Velociiy veclors for flow entering from obove ond leoving

vio the ceiling, with o thin office portition exlending from 0.3 m

obove the floor to l.4 m obove the floor, for o flow correspond-
ing to o Reynolds number of 130,000, os simuloied by the invis-

cid code

40% increase in air circulation as a result of elimina-
ting the bottom of the partition, as compared with
the flows for the configuration shown in Figure 7.
\When the partition extends to the floor, increasing
the height or the thickness of the partition will re-

duce the air circulation to the second (downsueam)

workstation. For example, increasing the height of a
20 cm wide divider from 80 to 140 cm results in
about 65% reduction in air circulation in the second

workstation, with the supply and return airflows
held fixed. The workstation on the supply side of
the partition experiences only about 20% reduction
in circulation by this change. A thick divider, as

shown in Figure 9 (80 cm wide by 100 cm high),
causes a very severe decrease in the air circulation
through the second workspace.

Figures 10, 1l and 12 show the velocity vector plots

for the case with two office partitions separating the

supply and return slots. The case with both parti-

tions down to the floor (Figure 10) shows strong cir-
culation in the first workspace, but most of the air-
flow passes over the next two workspaces, with only
minor circulation in these. \fhen the first partition
has some of the base eliminated (Figure 11) the flow
through the second workspace is much improved,
although the strong flow under the partition may be

perceived as a source of draft by an occupant of the

center workspace. The third workspace has slightly
improved circulation for the case shown in Figure ll
as compared with the case of Figure 10. \(/hen the

second divider is raised (Figure 12) the flow moves

suongly under both partitions, causing a major im-
provement in the circulation in the third workspace,

but reducing the air circulation in the second, ex-

cept for the layer near the floor, through which the

flow moves at a considerable rate.

On the basis of these observations) it would ap-

pear that using a single row of supply diffusers to

serve several workspaces separated by a partition,
whether the partition is set down to the floor, or

raised above the floor, does not provide ideal air cir-
culation. When partitions are placed benveen the

supply and the rentrn, a much higher flow rate of air
is required to achieve circulation of the same magni-
tude as for the simple cases without partitions, and

this leads to the likelihood of complaints about

draft. It would be much more desirable to provide a

supply and a return for each workstation, whenever
possible, in order to be able to better control the air-
flow through each, independent of neighbouring
workstations.

I

¡

t

\
\

\t
\

:
-++\

t l/

2 ¿ ¿+++¿

, -+----l
//.+¡a

Itt
atl
atl Itl
Iattt
¡tl

tl
tl

)t

va
<l

I

I

I

ti

>{t)

,

t a ?

l, I

ï,
l
I

1

1

1

1

1

I

1

I
-+zl

¡Ìl
I

fll

.l
¡

.l
I

,r¿---t'/l

,/./,r,-n
/ ,'.' .- ¿

f

il
¡

-,/\,,

l///,:¿-á,2.,.rt
/,/,/zr...t-'-r,

\
\

:

ã-, I

utrl

It

¡l

¡l

¡t
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130,000, os simuloled by ihe inviscid code

tion pattern in the second workstation. If the top of
the partition is maintained at 1.4 m above floor level,
but the bottom 30 cm is eliminated, the flow vector
diagram would be as shown in Figure 8. If the top of
the partition is considered the upper boundary of
lhe workstation, then the workstation on the supply
side of the partition has 14% more airflow through it
when the bottom of the partition is removed, as in
Figure 8, and the second workstation experiences a

;*



32 Pletl ei ol.: Numericol Simulotion of Venlilolion Air Movement in Porlilioned Offices

Conclusions
The results obtained with the isothermal, inviscid
solution were in reasonabll' good agreement with
measured values for simple configurations having
no office partitions. On this basis, rhe results ob-
tained with partitions may be considered to be a
good indication of the true flow pattern, provided
buoyancy effects are not significant. Experimental
data with configurations of this nature are needed.

Based on simulated flow parrerns in offices with
several workstation partitions located berween the
ventilation supply and rentrn, it is apparenr rhat it
would be difficult to ensure good air quality for each
of the workstations creared in this waSr It would be
preferable to have a separare supply and return for
each workstation, thereby permitting some adjust-
ment of the airflow to each rvorkspace, without dir-
ectly affecting the flow in neighbouring workspaces.
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