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Ventilation by Displacement in a 
Three-Dimensional Room-
A Numerical Study 

LARS DAVIDSON* 
i11l47 

Dispfacemeni flow systems are becoming pop11for. especi(l f/y 111 Sca11di11auia.for comfort ventilation. 
111 these systems air is supplied 11ear tire floor at low velocity; tire temperawre of 1he supply air is 
a few degrees below that of the air i11 the room. The s11pply air is heated by persons and/or 
machinery in the room. Turb11le111 plumes are formed above these heat sources. Apart f rom !he 
plumes, the flow in rhe room is divided i1110 two zones : a lower zone (the occupied zone) to which 
clea11 cool air co111in11ously is supplied, and an upper zone (above tire occupied zone) where 
co111ami11uted warm air is recircufati11g. 

In the prese111 stru~v, tire flow in displaceim!llt flow systems (a water box model) has been 
calcufa1ed rising finite difference methods : the results have been compared with experimental data, 
and tile ugreeme11t is reasonably good. 

NOMENCLATURE 

C,., C2., C~ constants in the turbulence model 
G turbulence generating source term in the k- and 

a-equations 
G8 turbulence generating source term due to buoy-

ancy i.n the k- and e-equations 
g acceleration due to gravity 
k turbulent kinetic energy 
L length of a side of the cubical room (see Fig. 2) 
n nominal time constant ( = number of air changes 

per hour) 
p pressure 
Q heat source 
S~ source term of general variable 

t temperature, °C 
U, V, W mean velocity in x-, y- and z-directions, respec-

tively 
U1 meun velocity in x1-direction 
V volumetric flow rate 
x horizontal Cartesian coordinate (see Fig. 2} 
;o:1 Cartesian coordinate in the i-direction 
)' horizontal Cartesian coordinate (see Fig. 2) 
z vertical Cartesian coordinate (see Fig, 2) 

z,,001 the z-Jevel of the front (see fig. 1) 

Greek symbols 
P coefficient of thermal expansion 
t time 

dt time step 
r ~ exchange coefficient of dependent variable 

e dissipation of turbulent kinetic energy 
µ, µ,, µ,w dynamic viscosity (laminar, turbulent and effec

tive, respectively) 
p density 

'11 laminar Prandtl number 
rt*' '1,, '1, turbulent Prandtl number for k, t and e, respec

tively 
</> dependent variable 
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Subscripts 
in inlet 

out outlet 
ref reference value for the room 

1. INTRODUCTION 

DISPLACEMENT FLOW systems have been used for 
industries with heavy heat loads for many years [1, 2]. 
In Scandinavia this type of ventilation system has also 
become popular for comfort ventilation in rooms ; here 
persons, machinery, lighting etc. constitute the heat 
loads. The features of this new displacement flow system 
and the traditional mixing ventilation are given below. 

Mixing flow systems. In these systems the air is 
supplied through a small inlet device near the ceiling 
(or in the ceiling) al relatively high velocity. A jet, 
or wall jet is fonned and it entrains the air in the 
whole room. This gives a nearly uniform distribution 
of temperature and contaminant throughout the 
room. 

Displacement flow systems. The air is supplied at 
low velocity through a large inlet device near the 
floor; the temperature of the supply air is cooler 
than that in the room. The cool air is heated by the 
heat source (see Fig. 1). A plume is formed above 
the heat source due to the higher temperature there 
(the density is lower) than in its surroundings. The 
volume flow rate in the plume entrains the sur
rounding air, and the flow rate in the plume increases 
with height. At the vertical level zrr001 (the z-level of 
the front, see Fig. I) the flow rate in the plume is 
equal to total ventilation flow rate. The flow in the 
room is divided into two zones at the front: a lower 
zone with clean cool supply air, and an upper zone 
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Moving front with 

con tam i n ate d a i r 

Stationary front 

Fig. I. A schematic figure for a displacement flow system. 

where contaminated heated air is recirculating (for 
further details, see Section 3) . 

As displacement flow systems are now increasingly 
replacing the traditional mixing flow systems, it is of great 
interest to perform a numerical study of the flow in a 
displacement system. The object of the present study is 
to calculate the flow in such a configuration using finite
difference methods, and to compare the calculated results 
with experimental data [3] in order to investigate how 
well such flows can be predicted using finite-difference 
methods. No such investigation has, to the best of the 
author's knowledge, previously been carried out. 

The experiments (and the calculations) were carried 
out in a water box model; water was chosen as medium 
because it is easier to carry out visualization experiments 
in water. 

The finite difference method used is briefly presented 
in Section 2, and in Section 3 the function of displacement 
flow systems is described. Results are given in Section 4, 
and conclusions are drawn in Section 5. 

2. SOLUTION PROCEDURE 

The computer program by Davidson and Hedberg [4] 
has been used. The program solves equations of the type: 

(I) 

by expressing them in finite difference form. The finite 
difference equations are solved by a method which is 
based on the SIMPLEC procedure by Van Doormal and 
Raithby [5]. The four main features are [6]: (i) use of 
staggered grids for the velocities; (ii) formulation of the 
difference equations in implicit, conservative form, using 
hybrid upwind/central differencing; (iii) rewriting of the 
continuity equation into an equation for pressure cor
rection, where the latter is used to correct the pressure 
and the velocities; (iv) iterative solution of the equations. 

A transient formulation was adopted as a convenient 
means of introducing relaxation into the iterative sol-

ution. When only the steady-state solution is of interest, 
the time step, Ai:, is used as a free parameter through 
which the convergence rate may be optimized. 

In the present calculations the dependent variable in 
equation (1) takes the following forms: U, V, W, t, k, e 
and 1 (continuity equation). The corresponding coeffi
cients, r ,1,, and sources, Sri>, are defined in Table 1. 
The Boussinesque approximation was used for the gravi
tation term in the W-momentum equation. 

2.1. Boundary conditions 
The xz-plane y = L/2 is a symmetry plane (see Fig. 2), 

and the calculations were consequently carried out in one 
half of the room only (0 < y < L/2). At the symmetry 
plane zero gradient was imposed for all variables except 
for the V-velocity, which was set to zero. 

Constant profiles were used at the inlet. The inlet vel
ocity and temperature were set according to the experi-

Table I. Definition of r 0 and S0 for conservation equations 

Equation qi r, s, 

Continuity 1 0 0 
Momentum u µ,If -ap/ax 
Momentum v µ,ff -ap/ay 
Momentum w µ,If -ap/az+pf3g(1-t,.r) 
Temperature I µ/<l,+µ,/<l, 0 
Turbulence energy k µ,ir/ak G-pi;+Ga 
Turb. dissipation µ,1r/<l, f./k[C 1,(G+G11 )-C2,pe] 

Notes : 

(1) _ au, (au, au1). 
G =µ,-a· a +a · :xi xj x,. 

(2) Turbulence constants [7] 

c.=0.09; c,,=1.44; c,,=I.92; 

(Jk = 1.0; <l, = 1.3 ; <l, = 0.9 
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Fig. 2. Configuration. The room is cubical with side-length L 
( =0.5 m). The height of the inlet is 0.2L. The x:-plane y = L/2 
is a symmetry plane. A heat source. Q. is introduced (uniformly 
distributed) in the region bounded by doncd lines in lhc 
middle of the room (0.48 < .i:/ l < 0.52. 0.48 < y/ l < 0.52. 

0 < ::/L < 0.22). 

men ts; the turbulent quantities were set to zero since the 
flow through the inlet was considered to be laminar (for 
n = 2 the Reynolds number based on the inlet velocity 
and height of the inlet was 280) . 

Conventional wall-functions (7, 8] were used for vel
ocity components parallel to the walls, k and e at all 
walls; zero heat flux (adiabatic walls) was applied for the 
temperature. 

At the outlet the exit velocity was set according to mass 
balance and zero stream wise gradient was imposed for 
the remaining variables. 

The heat source in the middle of the room (see Fig. 2) 
was evenly distributed in the volume bounded by the 
dotted lines. 

2.2. The turbulence model 
The standard k-e turbulence model (see Table l) used 

in the present study is seen as strictly valid only for fully 
turbulent fl.ow, which is not the case, for instance, near 
the inlet of the water box model. There exist low Reynolds 
number k-e models (for a review, see Patel et al. [9]) 
which are valid in regions where viscous effects are impor
tant. The model by Jones and Launder [10], as well as the 
modified model by Davidson [11], were tested, however 
these models predict relaminarization (results predicted 
with the standard k-e model were used as initial fields) 
throughout the room, which is incorrect. 

The models presented in Patel et al. [9] have hitherto 
been used only in flows near walls. These models prob
ably need to be modified in order to be able to handle 
free recirculating low Reynolds number flow, where the 
viscous effects are not due to the presence of walls. 

3. VENTILATION BY DISPLACEMENT 

In displacement flow systems the clean air is supplied 
through a large inlet near the floor, and the air is extracted 
near the ceiling; the temperature of the incoming air is a 
few degrees below that of th.e room temperature. Figure 
1 shows schematically how ventilation by displacement 
works. The incoming air is heated by persons and/or 

machinery in the room, and the heated (and con
ta.minated) air rises due to buoyancy. Above the heal 
source a turbulent buoyant plume is formed which 
entrains ·urrounding air on its way upwards ; thus the 
air Row rate in the plume increases with height. When 
the air in the plume reaches the ceiling it spreads laterally. 
As the air flow rate in the plume ( ripiumc) is nonnaJJy 
much greater than the total ventilation flow rate (V10) , 

a fraction Vpiumc - V10) cannot , due to continuity, be 
extracted through the outlet, but it must tum downwards. 
Al each horizonta l plane above the heat source the 
upward directed air flow rate in the plume must, due lo 
continuity. exceed the downward directed flow rate by 
the total ventilation flow rate, V10• Al the z-levcl where 
the air flow rate in the plume is equal to lhe total ven
tilation flow rate. the downward directed flow will tum 
upwards again : this :-level is called the front. 

In this way the flow in lhe room is divided into two 
zones. 

(1) The lower zone to which clean air is supplied 
(except in the plume where contaminated air is mov
ing upwards). 

(2) The upper zone where contaminated air is 
recirculating. 

The plane which divides these two zones is called the 
front. It is, of course, desirable that the front is located 
above the occupied zone. 

As many heat loads are transient (cigarettes, persons 
entering or leaving the room) it is also of great interest 
to study the transient behaviour of the ventilation system. 
During the transienc phase the fronl is moving down
wards from the ceiling to its tationary level. 

When venti lation by displacement is compared with 
traditionaJ mixing ventilation., the following points are 
worth noting. 

(1) In mixing ventila.tion the contaminants are 
di persed evenly in the whole room. This implies 
thal, when the Row is stationary, the conditions in 
the room are the same as at the outlet. The aim of 
ventilation by displacement is to keep the con
taminants isolated by quickly displacing (trans
porting) them to the region above the occupied zone. 
In the ideal system this means that the conditions in 
the occupied zone are the same as in the supplied 
air. 

(2) Stagnation zones with low ventilation 
efficiency are often formed in mixing ventilation, 
whereas in ventilation by displacement this does not 
usually occur. 

(3) For a given ventilation air flow rate the z-level 
of the front is strong.ly dependent on the heat load 
and the higher the heat load is. rhe lower the z-level 
of the front will be. The location of the front is a 
crucial parameter for the performance of the dis
placement flow system. It may happen thac the front 
is located in the occupied zone [12], which. of course, 
is not desirable. 

(4) In office buildings cooling is needed almost 
throughout the year (even in Scandinavia!). Since. in 
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displacement systems, the cool air is in the occupied 
zone (and the heated air above) less cooling effect 
(less under-temperature on the supply air) is needed 
in these systems compared with mixing flow systems. 

4. RESULTS 

The flow in a three-dimensional room is calculated, see 
Fig. 2. The width of both the inlet and the outlet is equal 
to the width of the room. In the middle of the room near 
the floor a heat source is introduced (dotted region in 
Fig. 2). The medium is water, and the inlet temperature 
is around l3°C. Sandberg and Lindstrom [13] and 
Sandberg [3] have carried out a number of experimental 
investigations on this configuration in which vertical tem
perature profiles have been measured; the calculated 
results are compared with these data. 

The experiments were carried out in a water box 
model; water was chosen as medium because it is easier 
to carry out visualization experiments in water. This 
choice of using a scale model with water as the medium 
gives different Reynolds and Archimedes numbers com
pared with a full scale ventilated room with air as the 
medium. In a full scale room the Reynolds number is two 
orders of magnitude larger than in the water box model, 
and the Archimedes number is three orders of magnitude 
larger. The flow is much more sensitive to the Archimedes 
number and can, in many cases, be independent of the 
Reynolds number [14, 15]. The flow pattern in the water 
box model and a full scale room is the same, as verified 
by experiments (12, 15]. It thus follows that if the cal
culated flow pattern agrees with experimental data for 
the water box model, it will also be the case for full scale 
rooms. 

Heat radiation has been omitted in the present cal
culations, which is an acceptable approximation since the 
medium is water and temperature differences are moder
ate. This may not be the case in a full scale room, where 
the warm ceiling will give off heat to the walls, and 
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Table 2. Data for five different cases 

Case Q*/W n (h- 1) u,. (m s- 1) 

Q200 200 2 0.00277 steady 
Q300 300 2 0.00277 steady 
Q400 400 2 0.00277 steady 
Q600 600 2 0.00277 transient 

n4 600 4 0.00544 steady 

*Note that only Q/2 is introduced in the calculations, since 
the calculations are carried out in one half of the room only 
(y = L/2 is a symmetry plane). 

especially to the cold floor, which will heat the air near 
the floor. It is thus probable that the temperature field 
will be affected by the radiation effect. 

Whereas in the water box model the temperature is 
nearly constant in the lower and the upper zone, the 
temperature varies linearly with the vertical coordinate 
in full scale rooms [12, 15]. This is due to radiation and 
heat flux through the walls in the full scale rooms. As 
mentioned above, however, experiments showing that the 
flow pattern is the same in the water box model and in 
full scale rooms indicate that radiation plays only a minor 
role for the flow pattern. 

The steady flow is calculated for four cases, whereas 
the transient evolution of the flow is calculated for one 
case only, see Table 2. 

All cases have been calculated using a rather coarse 
numerical grid with 19 x 11x18 nodes. Case Q200 has 
also been calculated using a finer grid with 35 x 19 x 38 
nodes. In all figures presented below, the coarse grid has 
been used unless otherwise stated. 

4.1. Steady calculations 
The calculated velocity vectors for Case Q200 are 

shown in Figs 3-5. It can be seen that the flow goes from 

--- '11.005 mis y/La'1J.45 

z =-- =- =- =----~~ ~ 
== == = ==-====== 

(b) x 

Fig. 3. Calculated velocity vectors; Case Q200; xz-plane. (a) y/L = 0.1; (b) y/L = 0.45 . 



Ventilation by Displacement in a 3-D Room 367 

---">-~ liL"""6 mle x/L=0. 10 

z 

y 
(a) 

I I I ' ... 

---
' - - - If 

.... -- - .... 

' ' ' \I - , , , ,, 

--- 0 .111116 ml. 

. , I 
, , 

z 

(b) 
y 

x/L=-0.5" 

z 

(c) 

---::;:;.,-. 0. !Zla6 ml• x/L""'. 80 

/.........-.....------- ii I I I I I • ' 

y 

\ ....... - ---~ 

' ---... ... 
- - - , ,, 

- - ...... " 
' II 

1 • ' " 

' II 
' II 

' II 

Fig. 4. Calculated velocity vectors; Case Q200; yz-plane. (a) x/ L = 0.1 ; ( b) x/ L = 0.5 ; (c) x/ L = 0.9. 

the inlet towards the opposite wall. Near the heat source 
(x/L ~ 0.5, y/L ~ 0.5), the flow is, due to buoyancy, 
lifted up towards the ceiling, and a turbulent buoyant 
plume is formed. At the xz-planes where the heat 
source is introduced (y/L ~ 0.5, see Fig. 3b), the direc
tion of the flow is changed from horizontal in the 
positive x-direction to vertically upwards; in the other 
xz-planes the direction of the flow is not changed so 
much, see Fig. 3a. 

The calculated velocity vectors shown in Fig. 6 were 
obtained using the 35 x 19 x 38-node grid. When these 
results are compared with those obtained using the 
19 x 11x18-node grid (Figs 3-5), it can be seen that the 
flow patterns are very similar. The calculated temperature 
profile along a vertical line, obtained with the fine grid, 
is compared with that obtained with the coarse grid in 
Fig. 7, and, again, the results predicted using the two 
grids are very similar. 

The calculated temperature profiles along four vertical 
lines for Case Q200 are compared with experimental data 

---=:;:;...- Iii .005 ml• z/L=0 . 10 

___ .... ______ ...... ~.,,,, , 

__, ___ ......... _______ ..... , 

y 

(a) x 

in Fig. 8a. It can be seen that the calculated results agree 
well with the experimental data ; the experimental tem
peratures near the ceiling are, however, somewhat higher 
than the calculated ones. The reason for this may be that 
in the experiments warm water is trapped at the ceiling 
because the outlet is situated at some distance below 
the ceiling, or it may be that the ceiling is insufficiently 
insulated (the surrounding room temperature in the 
experiments was approximately 20°C [3]). 

In Fig. 8b the calculated temperature profiles for Case 
Q600 are compared with experiments. Here the exper
imental values are larger than the calculated ones. It 
should be noted that this already is the case near the 
floor, which might be due to the possibility that in the 
experiments the water has been heated on its way from 
the inlet to the measuring points (which are located near 
the wall opposite the inlet). This heat may come from 
outside the water box model due to insufficient insulation 
of the walls, or it may be that heat diffuses from the 
plume or from the upper part of the room to this region. 

---=~- 0 .005 mis z/L=0 .90 

= 

- __ ___..,......,...... ........ _ - -
y - - -~------ - ---

(b) x 

Fig. 5. Calculated velocity vectors; Case Q200 ; xy-plane. (a) z/L = 0.1; (b) z/L = 0.9. 
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Fig. 6. Calculated velocity vectors; Case Q200; fine grid ; xz
plane; y/L = 0.45. 

The question of how well the walls are insulated in the 
experiments is easily answered by checking how well the 
global heat balance is satisfied [heat source = p J/in 
(t0 u,- tin)]. In Case Q200, 68 W is leaking through the 
walls, and in Case Q600 90 W. In the former case most of 
the heat seems to come through the ceiling. The diffusion 
from the plume and/or from the upper part of the room 
is probably more important in Case Q600 than in Case 
Q200, since the turbulent diffusion is larger in Case Q600, 
due to the velocities and the velocity gradients being 
larger. Another problem in the experiments for Case 
Q600 is that the inlet temperature drifts between 12.5 and 
12.8°C; I;" = 12.6 has been used in Fig. 8b (as well as 
in Figs 14 and 15, see below). This drift of the inlet 
temperature can also be the reason why the experimental 
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' I z/L 
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rlJ.rlJ ~~~~~~~~~~~~~~~~ 
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Fig. 7. Temperature profiles along a vertical line at x/L = 0.5, 
y/ L = 0.1. Case Q200. Solid line: calculations, fine grid; dashed 

line: calculations, coarse grid; markers: experiments [3]. 

temperatures near the floor are higher than the calculated 
ones. Despite the discrepancies between the experimental 
and the calculated temperature profiles, their form is very 
similar. 

It is further seen in Fig. 8 that the calculated tem
perature profiles are all very similar, which shows that 
the temperature is nearly a function of z only, i.e. 
t =function (z). 

Horizontal W-velocities and temperature profiles for 
the planes x/L = 0.5 and y/L = 0.5 are presented in Figs 
9 and 10. Outside the plume, it is striking how constant 
both the W-velocity (which is close to zero) and the 
temperature are. The fl.ow is very stratified outside the 
plume, and moves horizontally along the isothermals; 
this was also found by the author [16], where the fl.ow 
in three-dimensional thermally ventilated rooms was cal
culated. Further it can be seen (in Figs 9 and 10) that the 
profiles predicted with the two different grids differ rather 
much from each other. The profiles predicted with the 
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z/L ,,::,· 
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Fig. 8. Temperature profiles along vertical lines. Line (l) x/L = 0.1, y/L = 0.1: line (2) x/L = 0.9, 
y/L = O.l; line (3) x/L = 0.1.y/L = 0.4; line (4) x/L = 0.9,y/L = 0.4. Markers: experiments [3]. (a) Case 

Q200; (bJ Case Q600 (steady state). 
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Fig. 9. Calculated horizontal IV-velocity profiles. z/L = 0.1, 0.2, , .. , 0.9. Case Q200. Solid lines: fine grid; 
dashed lines: coarse grid. (a) xz-plane, y/L = 0.5; (b) yz-plane, x/L = 0.5. 

coarse grid are somewhat asymmetrical around the mid
plane x/L = 0.5, which shows Lhat the plume is affected 
by the inlet wall jet, and that the plume is pushed away 
from the inlet by the wall jet. This phenomenon is, 
however, caused by the coarseness of the grid. Despite 
these differences between the predictions with the two 
grids, the predicted values of che '-'r.onl differ not more 
that 5% (see below) . 

A parameter which is of great interest to an engineer 
who is designing a dJsplacement flow system is the 
flow rate in the plume ; when this parameter is known 
the Value Of the Zrront is easily Obtained (.! = Zrrom where 
Vpt•me = Vi 0 ) . The flow rate in the plume as a function of 
the vertical coordinate, z, is shown in Flg. 11 , and as can 
be seen, tbe discrepancy between the Row rate predicted 
wiU1 the two grids is rather large : this was to be expected 
as the W-velocities in Figs 9a and bare rather different. 
The flow rate in the plume as a function of z was cal-
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culated as : 

Vpiumh) = r W(x,y,z)dA, W(x,y,z) > A.Wmah). 
J<IA(z) 

The area of the plume, i5A(z) in the integral is thus 
defined as the region where the W-velocily at the z-level 
in question is larger than 2 w m•.(z) [ W m .. Cz) is the 
maximum W-velocity at level zj. The factor ). was chosen 
as 0.05 ; an increase of i. to 0.1 altered the calculated flow 
rate less than 5%. According to Chen and Rodi [17] the 
flow rate in a plume varies as z'" where m = -5/3; the 
flow rate predicted with the fine grid gives m = - 1.52 
for z/ L < 0.6. For la rger : the flow rate increases at 
a much lower rate. because the temperature difference 
between the plume and its surroundings (which is the 
driving potential for tbe plume) decreases. 

From the flow rate in the plume the value of the Zrruni 
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Fig. 10. Calculated horizontal tempern ture profiles. :/ L - 0.1. 0.2, . . . , 0.9. Case Q200. Solid lines: fine 
grid; dashed lines: coarse grid . (a) xz-plane, y/ L = 0.5: (b) .r=-plane, x/ L = 0.5. 
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Fig. 11. Calculated flow rate in the plume scaled with the total 
ventilation flow rate. Case Q200. Solid line : fine grid; dashed 

line : coarse grid. 

is, as mentioned above, easily calculated. For the coarse 
grid Zr,001/L = 0.74 is obtained, and for the fine grid, 
Zrronil L = 0.68 (Case Q200) ; for Case Q600 the value 0.62 
is obtained. 

It is not clear how to define the experimental value of 
the Zrroni from temperature profiles; if the Zrront is defined 
as the average of the two levels where: 

(i) the temperature exceeds the inlet temperature by 
!l.t; and 

(ii) the temperature is M below the temperature at the 
ceiling or, rather, below the outlet; 
where !lt is, say, O.l°C, then the experimental values 
Zrroni/L ~ 0.45 for Case Q600, and Zrron.f L ~ 0.7 for Case 
Q200 are obtained. The calculated value thus agrees well 
for Case Q200, but less well for Case Q600. It is hard to 
tell whether this discrepancy is due to inaccuracies in 
the experiments or in the calculations, and it should be 
remembered that the front is not very distinct for this 
case, since the temperature increase from minimum to 
maximum occurs over a very long distance ( ~0.4L). 

What happens when the heat load is increased? The 
velocity and the flow rate in the plume should increase 
and, consequently, the value of the Zr,00, should decrease. 
this is because the larger the heat source, the larger the 
flow rate in the plume, and the lower the z-level where 
the flow rate in the plume is equal to the total ventilation 
flow rate, i.e. where z = Zrron• (see Section 3). In Fig. 12 
the calculations with different heat loads (Q200, Q300, 
Q400, Q600) are presented. It is seen that the value of the 
zr.00 , does decrease with increasing heat load as expected. 

Whereas a higher heat load gives a lower value o( the 
Zrront• a larger total ventilation flow rate (higher inlet 
velocity) gives the opposite result: a higher position of 
the front. Calculations with different inlet velocities were 
carried out in order to plot the position of the front 
versus the number of air changes/hour, n. It was found, 
however. that the inlet wall jet disturbs the plume for 
high velocities, see Fig. 13. It can be seen that near the 
floor the wall jet passes the heat source (at x/L = 0.5) 
without being lifted (compare Figs 3b and 6). 
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0 .0 ....... _.__ ................ _._ ....... ~~~_.__~ ........ _._ ....... ._.. 
0.0 0.2 0.4 0.6 0.8 

Heat. Sou-ce CkWJ 
Fig. 12. Calculated zr.00,/L as a function of the heat load. Cases 

Q200, Q300, Q400, Q600 (steady state). 

4.2. Transient calculation 
As the heat loads in ventilated rooms very often change 

(people entering and leaving the room, computer ter
minals being turned on/oft), it is also of great interest to 
study the transient behaviour of a displacement flow 
system. An interesting parameter is, of course, the zr,00 , : 

how does the Zrront vary with time, and does the zone 
above the Zrron• reach down into the occupied zone during 
time periods of heat load? 

Case Q600 has been calculated transiently, and the 
temperature profiles are presented in Figs 14 and 15. In 
Fig. 14 the calculated temperature profiles for r = 15, 30, 

- 0.005 ml• 

:z: 

x 

Fig. I 3. Calculated velocity vectors. Case n4. xz-plane, 
y/L = 0.45. 
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Fig. 14. Calculated vertical temperature profiles. Case Q600. 
Line (!) t = 15; line (2) 30; line (3) 45; line (4) 60 min. 

45 and 60 min are plotted. The temperature increases 
with time as was expected. It can be seen from Fig. 14 
that lhe zone above the Zrront does extend with time. In 
Fig. 15 the calculated temperature profiles are compared 
with experimental data · even if the temperature profiles 

I.Ill 

111.8 

111.6 
0 

z/L 0 
0 

0.4 0 
0 

0 
a 

0.2 0 
a 
a 

a 
(a) 0.0 

-1 0 1 2 3 
t-trn 

1.0 

0.8 

0.6 

z/L 
0 

0.4 a 
a 

0 
0 

0.2 0 
a 

a 
a 

(b) Ill.Ill _, 
Ill I 2 3 

t-trn 

differ rather much, it is seen that the zone above the Zrront 

extends downwards with time in both experiments and 
calculations. 

4.3. Computational details 
All calculations have been performed on a VAX 2000, 

which is about half as fast as a VAX 785 for this type of 
application. The CPU time required for a convergent 
solution varied between 26 h (Case Q200) and 48 h (Case 
Q600 transient) using the coarse grid. The CPU time 
using the fine grid was approximately 80 h. Time steps 
of five seconds were used. and two to four thousand time 
steps were needed in order to get a convergent solution. 

It is well known that for buoyancy driven flows (as in 
displacement flow systems) it is hard to get convergent 
solutions [18, 19]. For Cast: Q600 no steady solution 
could be obtained, but the flow had to be calculated 
transiently. The time variation of the flow was, of course, 
very small after 60 min in real time (see Fig. 14). 

5. CONCLUSIONS 

The flows in displacement flow systems have been cal
culated and compared with experimental data. The pre
dicted flow pattern was shown to agree reasonably well 
with experiments. The calculated results show the typical, 
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Fig. 15. Calculated vertical temperature profiles compared with experiments [3j. Case Q600. Lines : 
calculations; markers : experiment. (a) T = 15; (b) 30; (c) 45; (d) 't = 60 min. 
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for displacement flow systems, division of the flow into 
two zones: one lower well ventilated zone, and one upper 
zone where warm fluid is recirculating. The calculated 
temperature profiles have been compared with exper
imental ones, and the agreement was good in one case 
(Case Q200), but less good in Case Q600. It is hard to 
tell whether the reason for this discrepancy is inaccuracies 
in the experiments or in the calculations. 

The present calculations have been carried out in a 
water box model [3], which has different Reynolds num
bers and Archimedes numbers than a full scale room with 
air as medium. There is a need for more numerical studies 
of the flow in full scale rooms in order to further inves
tigate the feasibility of finite-difference methods in cal
culating the flow in displacement flow systems; in such 
calculations, heat radiation effects should be taken into 
account. The z-level of the front (see Fig. 1) was well predicted in 

Case Q200 (it differed less than 5% from the experimental 
value), but it was less well predicted in Case Q600 (25% 
lower than the experimental value). The front is, 
however, not very distinct for this latter case, since the 
temperature increase from minimum to maximum occurs 
over a very long distance ( ~ 0 .4 L). 
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