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ABSTRACT 

Displacement flow systems are becoming popular, especially in 
Scandinavia, for comfort ventilation. In these systems air is supplied 
near the floor at low velocity (see Fig. 1); the temperature of the 
supply air is,a few degrees below that of the air in the room. The 
supply air is heated by persons and/or machinery in the room. 
Turbulent plumes are formed above these heat sources. Apart from the 
plumes, the flow in the room is divided into two zones: a lower zone 
(the occupied zone) to which clean cool air continuously is supplied, 
and an upper zone (above the occupied zone) where contaminated warm 
air is recirculating. 

In the present study, the flow in displacement flow systems (a water 
box model) has been calculated using finite difference methods; the 
results have been compared with experimental data, and the agreement 
is reasonably good. 



NOMENCLATURE 

constants in the turbulence model 

turbulence generating source term in the k and E -  

equations 

turbulence generating source term due to buoyancy in 

the k and €-equations 

acceleration due to gravity 

turbulent kinetic energy 

length of a side of the cubical room (see Fig. 2) 

nominal time constant (= number of air changes/hour) 

pressure 

heat source 

source term of general variable 

0 
temperature in C 

mean velocity in x, y and z-directions, respectively 

mean velocity in x - direction 
i 

volumetric flow rate 

horizontal Cartesian coordinate (see Fig. 2) 

Cartesian coordinate in the i-direction 

horizontal Cartesian coordinate (see Fig. 2) 

vertical Cartesian coordinate (see Fig. 2) 

z the z-level of the front (see Fig. 1) front 

Greek symbols 
p coefficient of thermal expansion 
T time 

time step 

exchange coefficient of dependent variable 



dissipation of turbulent kinetic energy 

Subscrivts 
in 

out 

ref 

dynamic viscosity (laminar, turbulent and effective, 

respectively) 

density 

laminar Prandtl number 

turbulent Prandtl number for k, t and E , 

respectively 

dependent variable 

inlet 

outlet 

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

Displacement flow svstems 
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 surrounding air, and 
the flow rate in the plume increases with height. At the vertical 
level z (the z-level of the front, see Fig. 1) the flow rate front 
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 where contaminated heated 
air is recirculating (for further details, see Section 3). 

As displacement flow systems are now increasingly replacing the tradi- 
tional 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 investiga- 
tion has, to the best of the author's knowledge, previously been 
carried out. 

Figure 1. A schematic figure for a displacement flow system. 

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 

by expressing them in finite difference form. The finite difference 
equations are solved by a method which is based on the SIMPLEC proce- 
dure by Van Doormal and Raithby [5]. The four main features are [6]: 



Table 1. Definition of I' and S for conservation equations 4 d 

Equation d r d 
S d 

Continuity 1 0 0 

Momentum U 'eff 
- ap/ax 

Momentum V 'eff - ap/a~ 

Momentum W 
'eff -a~/az + pPg 

Temperature t P/aR+P t/a 0 

Turbulence energy k 'lef flak 
G - p e + G  B 

Turb. dissipation E 'eff/aE E/k[C1c(G+GB)- C 2 E ~ E I  

Notes: 

2. Turbulence constants [7] 
C = 0.09 ; CIE= 1.44 ; C = 1.92 ; a = 1.0 ; a =1.3 

EL 2 E k E 
a = 0.9 
t 

i) use of staggered grids for the velocities; 

ii) formulation of the difference equations in implicit, conserva- 
tive form, using hybrid upwind/central differencing; 

iii) rewriting of the continuity equation into an equation for 
pressure correction, where the latter is used to correct the pres- 
sure and the velocities; and 

iv) iterative solution of the equations. 

A transient formulation was adopted as a convenient means of introduc- 
ing relaxation into the iterative solution. When only the steady-state 
solution is of interest, the time step, A T ,  is used as a free 
parameter through which the convergence rate may be optimized. 



In the present calculations the dependent variable in Eq. (1) takes 
the following forms: U, V, W, t, k, E and 1 (continuity equation). The 
corresponding coefficients, rd, and sources, d , are defined in Table 

1. The Boussinesque approximation was used for the gravitation 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 cal- 
culations were consequently carried out in one half of the room only 
(O<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 velocity and tem- 
perature were set according to the experiments; the turbulent 
quantities were set to zero since the flow through the inlet was con- 
sidered 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 velocity 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 dis- 
tributed in the volume bounded by the dotted lines. 

Figure 2. Configuration. The room is cubical with side-length L (=0.5 
m). The height of the inlet is 0.2L. xz-plane y=L/2 is a symmetry 
plane. A heat source, Q, is introduced (uniformly distributed) in the 
region bounded by dotted lines in the middle of the room 
(0.48<x/L<0.52, 0.48<y/L<0.52, O<z/L<O.22) 



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 the 
room temperature. Figure 1 shows schematically how ventilation by dis- 
placement works. The incoming air is heated by persons and/or 
machinery in the room, and the heated (and contaminated) air rises due 
izo buoyancy. Above the heat source a turbulent buoyant plume is formed 
which entrains surrounding air on its way upwards; thus the air flow 
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 ('plume ) is normally much greater than the total ventilation 

flow rate (tin), a fraction (P - $. ) cannot, due to continuity, plume In 
be extracted through the outlet, but it must turn downwards. At each 
horizontal plane above the heat source the upward directed air flow 
rate in the plume must, due to continuity, exceed the downward . 
directed flow rate by the total ventilation flow rate, Vin. At the z- 

level where the air flow rate in the plume is equal to the total 
ventilation flow rate, the downward directed flow will turn upwards 
again; this z-level is called the front. 

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

i) the lower zone to which clean air is supplied (except in the 
plume where contaminated air is moving upwards); 

ii) 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. 

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

i) In mixing ventilation the contaminants are dispersed evenly in 
the whole room. This implies that, when the flow is stationary, the 
conditions in the room are the same as at the outlet. The aim of 
ventilation by displacement is to keep the contaminants isolated by 
quickly displacing (transporting) them to the region above the oc- 
cupied zone. In the ideal system this means that the conditions in 
the occupied zone are the same as in the supplied air. 

ii) Stagnation zones with low ventilation efficiency are often 
formed in mixing ventilation, whereas in ventilation by displace- 
ment this does not usually occur. 

iii) For a given ventilation air flow rate the z-level of the front 
is strongly dependent on the heat load, and the higher the heat 
load is, the 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 that the front is located in 
the occupied zone [ 9 ] ,  which, of course, is not desirable. 



iv) In office buildings'cooling is needed almost throughout the 
year (even in Scandinavia!). Since, in 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 intro- 
duced (dotted region in Fig. 2). The medium is water, and the inlet 

0 
temperature is around 13 C. Sandberg and Lindstrom [lo] and Sandberg 
[3] have carried out a number of experimental investigations on this 
configuration in which vertical temperature profiles have been 
measured; the calculated results are compared with these data. More 
details can be found in [8,11]. 

Table 2. Data for five different cases. 

Case Q*WI n[l/hl ui,[m/sl 

* 
Note that only Q/2 is introduced in the calculations, since the cal- 

culations are carried out in one half of the room only (y = L/2 is a 
symmetry plane). 

Calculations are carried out for five steady flow cases, see Table 2. 
All cases have been calculated using a rather coarse numerical grid 
with 19x11~18 nodes. Case 4200 has also been calculated using a finer 
grid with 35x19~38 nodes. In all figures presented below, the coarse 
grid has been used unless otherwise stated. 

The calculated velocity vectors for Case 4200 are shown in Figs. 3-5. 
It can be seen that the flow goes from 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 direction 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. 



Figure 3. Calculated velocity vectors. Case 4200. xz-plane. a) 
y/L=O.l, b) y/L=0.45. 



Figure 4. Calculated velocity vectors. Case 4200. yz-plane. a) 
x/L=O.l, b) x/L=0.5, c) x/L=0.9. 
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Figure 6. Calculated velocity vectors. Case 4200, fine grid. xz-plane, 
y/L=O .45. 

Figure 7. Temperature profiles along a vertical line at x/L=0.5, 
y/L=O.l. Case 4200. Solid line: calculations, fine grid; dashed line: 
calculations, coarse grid; markers: experiments [ 3 ] .  



The calculated velocity vectors shown in Fig. 6 were obtained using 
the 35x19~38-node grid. When these results are compared with those ob- 
tained using the 19x11~18-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 
4200 are compared with experimental data in Fig. 8a. It can be seen 
that the calculated results agree well with the experimental data; the 
experimental temperatures 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 out- 
let is situated at some distance below the ceiling, or it may be that 
the ceiling is insuffiently insulated (the surrounding room tempera- 

ture in the experiments was approximately 20'~ [ 3 ] ) . 

In Fig. 8b the calculated temperature profiles for Case 4600 are com- 
pared with experiments. Here the experimental values are larger than 
the calculated ones. It should be noted that this already is the case 
already 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 in- 
sufficient 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. The 
question of how well the walls are insulated in the experiment is 
easily answered by checking how well the global heat balance is . 
satisfied [heat source=pV 

in (tout 
- tin)]. In Case 4200, 68 Watt is 

leaking through the walls, and in Case 4600 90 Watt. 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 4600 than in Case 4200, since the turbulent diffu- 
sion is larger in Case 4600, due to the velocities and the velocity 
gradients being larger. Another problem in the experiments for Case 

4600 is that the inlet temperature drifts between 12.5 and 12.8'~; 
tin= 12.6 has been used in Fig. 8b (as well as in Figs. 14-15, see 

below). This drift of the inlet temperature can also be the reason for 
why the experimental 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 temperature profiles 
are all very similar, which shows that the temperature is nearly a 
function of z only, i.e. t = function(z). 
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Figure 8. Temperature profiles along vertical lines'. Line 1: x/L=O.l, 
y/L=O.l; line 2: x/L=0.9, y/L=O.l; line 3: x/L=O.l, y/L=0.4; line 4: 
x/L=0.9, y/L=0.4. Markers: experiments [3]. a) Case 4200. b) Case 4600 



Figure 9. Calculated horizontal W-velocity profiles. z/L=0.1,0.2, . . . ,  
0.9. Case 4200. Solid lines: fine grid; dashed lines: coarse grid. a) 
xz-plane, y/L=0.5, b) yz-plane, x/L=0.5. 



Figure 10. Calculated horizontal temperature profiles. z/k0.1,0.2, 
. . . ,  0.9. Case 4200. Solid lines: fine grid; dashed lines: coarse grid. 
a) xz-plane, y/L=O.S, b) yz-plane, x/L=0.5. 



Horizontal W-velocities and temperature profiles for the planes x/L = 

0.5 and y/L = 0.5 are presented in Figs. 9-10. Outside the plume, it 
is striking how constant both the W-velocity (which is close to zero) 
and the temperature are. The flow is very stratified outside the 
plume, and moves horizontally along the isothermals; this was also 
found by the author [12], where the flow in three-dimensional ther- 
mally ventilated rooms was calculated. Further it can be seen (in 
Figs. 9-10) that the profiles predicted with the two different grids 
differ rather much from each other. The profiles predicted with the 
coarse grid are somewhat asymmetrical around the mid-plane x/L .= 0.5, 
which shows that 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 the z differ not more that 5 percent (see front 
below). 

0.1 
0.1 1.0 10.0 

Flow rate in plume 

Figure 11. Calculated flow rate in the plume scaled with the total 
ventilation flow rate. Case 4200. Solid line: fine grid; dashed line: 
coarse grid. 

A parameter which is of great interest to an engineer who is designing 
a displacement flow system is the flow rate in the plume; when this 
parameter is known the value 

of the 'front is easily obtained 

(z=z where = $. ) . The flow rate in the plume as a function front plume ~n 
of the vertical coordinate, z, is shown in Fig. 11, and, as can be 
seen, the discrepancy between the flow rate predicted with the two 
grids is rather large; this was to be expected, as the W-velocities in 
Figs. 9a and 9b are rather different. The flow rate in the plume as a 
function of z was calculated as 



The area of the plume, 6A(z), in the integral is thus defined as the 
region where the W-velocity at the z-level in question is larger than 

XWmax(z) LWmax 
(z) is the maximum W-velocity at level z]. The factor X 

was chosen as 0.05; an increase of X to 0.1 altered the calculated 
flow rate less than 5 percent. According to Chen and Rodi [13] the 

m 
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<O.6. For larger z 
the flow rate increases at a much lower rate, because the temperature 
difference between the plume and its surroundings (which is the driv- 
ing potential for the plume) decreases. 

From the flow rate in the plume the value of the z is, as men- front 
tioned above, easily calculated. For the coarse grid z /L=0.74 is front 
obtained, and for the fine grid, z front /L=0.68 (Case 4200); for Case 

4600 the value 0.62 is obtained. 

It is not clear how to define the experimental value of the zfront 

from temperature profiles; if the z is defined as the average of 
front 

the two levels where: 

i) the temperature exceeds the inlet temperature by At; and 

ii) the temperature is At below the temperature at the ceiling or, 
rather, below the outlet; 

where At is, say, 0. 1°c, then the experimental values z 
front /L=o .45 

for Case 4600, and z /Ls0.7 for Case 4200 are obtained. The calcu- 
front 

lated value thus agrees well for Case 4200, but less well for Case 
4600. It is hard to tell whether this discrepancy is due to inac- 
curacies 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 z should decrease. This is because the larger the heat source 

front 
is, 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-z 

front (see Section 3). In Fig. 12. the cal- 

culations with different heat loads (4200, 4300, 4400, 4600) are 
presented. It is seen that the value of the zfront does decrease with 

increasing heat load as expected. 



Heat S a r c e  CkWl 

Figure 12. Calculated zfrOnt /L as a function of the heat load. Cases 

4200, 4300, 4400, 4600 

Figure 13. Calculated velocity vectors. Case n4. xz-plane, y/L=0.45. 



Whereas a higher heat load gives a lower value of the z 
front ' 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 changeshour, 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, 6). 

4.1 Com~utational 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 hours (Case 4200) 
and 48 hours (Case 4600) using the coarse grid. The CPU time using the 
fine grid was approximately 80 hours. 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 [14,15]. For Case 
4600 no steady solution could be obtained, but the flow had to be cal- 
culated transiently. The time variation of the flow was, of course, 
very small after 60 minutes in real time. 

5. CONCLUSIONS 

The flows in displacement flow systems have been calculated and com- 
pared with experimental data. The predicted flow pattern was shown to 
agree reasonably well with experiments. The calculated results show 
the typical, 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 experimental ones, and the agreement was good in 
one case (Case 4200), but less good in Case 4600. It is hard to tell 
whether the reason for this discrepancy is inaccuracies in the experi- 
ments or in the calculations. 

The z-level of the front (see Fig. 1) was well predicted in Case 4200 
(it differed less than 5 percent from the experimental value), but it 
was less well predicted in Case 4600 (25 percent lower than the ex- 
perimental 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 (-0.4L). 

The present calculations have been carried out in a water box model 
[3], which has different Reynolds numbers and Archimedes numbers than 
a full scale room with air as medium. There is a need for more numeri- 
cal studies of the flow in full scale rooms in order to further 
investigate the feasibility of finite-difference methods in calculat- 
ing the flow in displacement flow systems; in such calculations, heat 
radiation effects should be taken into account. 
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Discussion 
Paper 20 

B. Fleury (ENTPE LASH, France) 

1. Did you use free boundary conditions at the outlet? 
2. What type of computer did you use and how long does it take to converge (CPU)? 
Lars Davidson (Chalmers University of Technology, Sweden) 
1. Boundary conditions at outlet is unigradent conditions. 
2. Vb;u 2000 workstation CPU-time 26-80 hours depending on case. 8600 longest. mth Dec3100 worksta- 
tions which are used today the corresponding CPU-time would be 2-3 hours. 

G Gottschalk, (ETH Zurich, Switzerland) 

You have presented the solutions for vertical location of the front for powers 200 and 600 W in water 
experiment. What figures would you propose for thermal loads equivalent to their experimental date if 
recalculated to reality i.e. aidfull scale and expressed in w/m2 of the floor? 
Lars Davidson, (Chalmers University of Technology, Sweden) 
I do not know since in a full scale room (with air as medium) the Reynolds number is two orders of magni- 
tude larger thin the water box model and the Archimedes number is three orders of magnitude larger. 

Mike Holmes (Ove Arup , London, UK) 

Did you use the properties of water in your simulation or assume the water model represented air? The 
thermal conductivity is significant so if temperature difference is used as the driving force it is unlikely 
to represent the performance of real systems. Have you considered the use of saline solutions to gener- 
ate density differences? Much work has been done in the Department of Applied Mathematics, Cam- 
bridge, England by Paul Linden. 
Lars Davidson (Chalmers University of Technology, Sweden) 
Zdid use the properties of water; laminar Prandtl number, and coejjicient of thermal expansion. Z have not 
considered me of saline solutions but I would be interested to learn about your experiences. 

David Harrje (Princeton University, USA) 

To model a room situation, in our case with solar heating, we have used ethylene glycol and color 
schlieren to thermally map flow. At MIT, they have explored such modelling as well. Both studies were 
concerned with nondimensional factors, Re, Nu, etc. Perhaps those studies can help you in your re- 
search, and I will send you those reports. 
Lars Davidson (Chalmers University of Technology Sweden) 
That sounds interesting. I would be glad to have some of your reports. 


