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DISPLACEMENT VENTILATION IN A ROOM WITH LOW-LEVEL DIFFUSERS 

Peter V. Nielsen, University of Aalborg, Denmark 

INTRODUCTION 

Ventilation systems with vertical displac~~ent flow have 

been used in industrial areas with high thermal loads for 

many years. Quite resently the vertical displacement flow 

systems have grown popular as comfort ventilation in rooms 

with thermal loads e.g. offices. 

The air is supplied directly into the occupied zone at low 

velocities from wall mounted diffusers. The plumes from hot 

surfaces, from equipment and from persons entrain air into 

the occupied zone and create a natural convection flow up

wards in the room, see figure 1. 
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Fig. 1. Room with low-level diffuser, heat 
source and displacement flow. 



The displaca~ent flow systems have two advantages compared 

with traditional mixing systems. 

- An efficient use of energy. It is possible to remove 

exhaust air from the room where the temperature is 
several degrees above the temperature in the occupied 

zone, which allows a higher air inlet temperature at 

the same load. 

- An appropriate distribution of contaminant air. The 

vertical temperature gradient (or stratification) im-. 

plies that fresh air and contaminant air are separated. 

The most contaminant air can be found above the oc

cupied zone and the air flow rate can be reduced. 

A general description of the displacement ventilation system 

has recently been given by Skaret [l] and by Fitzner [2]. 

Model experiments have been ·shown by Sandberg and Lindstrom 

[3], and measurements in plumes have been given by Kofoed 

and Nielsen [4]. The flow from different types of low-level 

diffusers has been described by Mathisen [SJ and by Nielsen 

et al. [ 6]. 

The present paper will deal with the flow from different 

types of low-level diffusers. The main characteristics of the 

air movement which takes place in the room will be shown. 

The air movement is expressed by the velocity distribution 

along the floor, temperature efficiency and stratification 
level. Special emphasis will be put on an analysis of the 

velocity and temperature distribution at different Reynolds' 

numbers and the general importance of the Archimedes number. 

FLOW FROM LOW-LEVEL DIFFUSERS 

Figure 2 shows two different diffusers used in the experi

ments. The diffusers of types A and E are both low-level dif

fusers giving a horizontal air flow directly into the oc

cupied zone. They both have a height of about 500 mm, but a 

different design. The diffuser A has a supply velocity pro
file which is very constant over the entire supply area, 
while the diffuser of type B has a supply velocity with a 
large variation over the supply area, see figure 3. This 
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variation applies to velocity level as well as to direction, 

and it means that the local entrainment - or diffusion - is 

very high close to the opening. 

A B 

Fig. 2. Two low-level diffusers, t'Yl=le A 

and t'Yl=le B. 

Fig. 3. Supply velocity profiles for 

diffusers A and B. 

The experiments take place in a test room of the dimensions 
L x W x H = 5.4 x 3.6 x 2.6 m. The diffusers are mounted in 
the middle of the short end wall. The heat source is in-
stalled in the middle plane at a distance of 0.75 x !. from 

the diffuser. The return opening is in the middle of the 
ceiling. 
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The flow pattern close ta the openings and the local en

trainment of room air influence the air movement in the room. 

Smoke experiments show that the flaw from diffuser A spreads 

out within a 900 area downstream along the floor. Large tem

perature differences (T0 c - T0 - 12 K) will . increase the 

angle and small temperature differences will decrease the 

angle giving a flow of a three-dimensional wall jet type for 

T0 c - T0 - 0 K. 

Smoke experiments with diffuser E shew that this diffuser 

spreads the flow over the whole floor area (1800) at all 

temperature differences. 

It is obvious that the two different low-level supply open

ings - with various initial diffusion - will give a differ

ent air movement in the room. Figure 4 shows the velocity 

decay in the air movement along the floor for both supply 

openings. The figure indicates that the maximum velocity ux 

along the floor is proportional to l/xn where the exponent 

n is about 1. The low diffusion in supply opening A results 

in a high initial acceleration of the air movement due to 

buoyancy effect on the cold supply air. The velocity level 

obtained, results in a high velocity in the whole flow along 

the floor. 

The flow f rcm diffuser E is also dependent on buoyancy but 

the acceleration close to the supply opening is smaller due 

to the high initial entrainment of room air. 

The height of the_ flow along the floor is typically 0.2 -

0.25 m and the maximum velocity is located 0.03 - 0.04 m 

above the floor surf ace independently of the distance from 

the diffuser. 

It is shown by the experiments that the flow is dependent 

an diffuser type and diffuser location in the room, as well 

as room width, implying that it is difficult to separate 

the influence of diffuser design from the influence of room 
geometry, see reference [6]. 
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Fig. 4. Maximum velocity in the flow versus 

distance from diffuser. 
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It is important that the diffuser used for displacement ven

tilation is able to generate good thermal conditions in the 

occupied zone of the room. It is also important that the 

ventilation system - including the diffusers - is able to 

generate a high ventilation efficiency, which will be dis

cussed in the following. · 

The ventilation efficiency based on temperature is given by 

the equation 

( 1 ) 

where T0 c is defined as the average temperature of the oc
cupied zone measured at 24 points up to a height of 2.1 m. 

Figure 5 shows the ventilation efficiency for diffusers A 

and B. The efficiency varies between 1.5 and 2.3 dependent 
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on the flow rate and it seems to obtain the same level rather 

independently of the type of diffuser. 

er 
z.s---~~~~~~~~~~~~~~~~~~---, 

2.0 

1.5 

1.0 

• : Diffuser type A.100 w 
• : Diffuser type A, 300 W 

0.5 "" : Diffuser type A. 500 W 
o : Diffuser type 8. 100 w 
o : Diffuser type B. 300 W 
'V : Diffuser type e. soo w 

a.a 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 

qo(m3/s) 

Fig. 5. Ventilation efficiency for diffusers 

A and B for different flow rates. Measurements 

by Andersen et al. [7]. 

THE ARCHIMEDES NUMBER AND THE FLOW 

It is possible to describe the flow in a room by a set of 

dimensionless transport equations as demonstrated in refer

ence [8]. All lengths involved are for example normalized 

with room height H, velocities with supply ., velocity u0 and 

temperatures T with ~T0 , so they are given as (T - T0 )/~T0 , 

where ~T0 is the difference between the return temperature 

TR and the suppply temperature T0 . 
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The following dimensionless numbers will appear in the trans

port equations 

( 2 ) 

( 3 ) 

( 4) 

where µ, p, ~ are viscosity, density and volume expansion 

coefficient, respectively, and g, cp and ~ are gravitational 

acceleration, specific heat and thermal conductivity of the 

air. 

The flow in the room is governed by the transport equations 

and the boundary conditions. This means that the air flow in 

the room will be uniquely described by the Reynolds number 

(2) and the Archimedes nwnber (3), see reference [8]. 

Experiments shew that the high turbulence level in a venti

lated room generates a flow which is more or less self-simi

lar and thus independent of the Reynolds number as shown for 

example by Mtillejans [9] for the jet trajectory in a rocm 

with jet ventilation. It may also be shown that scme details 

in the flow are dependent on the Reynolds number at low -

but realistic - air flow rates, as for example the maximum 

velocity in the occupied zone of a room with jet-ventilation, 

see [10]. 

Assumption of self-similar flow (Reynolds' number indepen

dent) simplifies full-scale experiments as well as model ex

periments, and it is a useful tool in the formulation of 

simple design procedures. This chapter will show same 

examples of self-semilar flow where the Archimedes number 

is the only important parameter. 

Figure 6 shows the results of three experiments with similar 

Archimedes' number and different Reynolds' number. In prac

tice a flaw is independent of the Reynolds number. It may be 

concluded that the air movement has a sufficient turbulence 
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level for q
0 

> 0.023 m3 /s to obtain some self-similarity in 

the velocity decay along the floor. Other details in this 

flow may still be dependent on the Reynolds number. 

0.1 ..... 

0.07 -
-

0.05 -
I I I I I 

0.05 0.07 0.1 

o: q0 =0.028 m3 / s. T0 c-T0 =6 .0 K 
\1: q 0 •0.025 m3/s, T0 c-T0 =5.0 K 

a: q 0 •0.023 m3 /s. T0 c-To .. '- .1 K 

I I I I 1 I I 

0.15 0.2 0.3 0.5 0.7 1.0 
x/L 

Fig. 6. Velocity decay versus distance 

measured for identical Archimedes' num
bers for three different Reynolds' num

bers. Diffuser type E. Reference [6]. 

Figure 7 shows vertical temperature profiles in the room 

for three different experiments with the .. same Archimedes' 

number. The dimensionless profiles are rather similar al

though the vertical profiles involve areas with a low tur

bulence level. 
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1.0 .-----------------------. 

o: q0 • a.040 m3/s . .cH0 • 2.1 K 

V': q0 •a.asa m3ts. L\T0 a4.3K 

0.8 CJ: q0 •a.068 m3/s . .cH0 •6.1 K 

0.6 

0.4 

0.2 

o. 0 '---'---1---J..........c::IJ-.!.--...1.--....L-...-....L-...-....L.....-......1....-....J 

a.a 0.2 a.4 0.6 0.8 

Fig. 7. Vertical temperature profile in the 

room for three different experiments with 

identical Archimedes' number. Diffuser type 

A. Reference [7]. 

The temperature efficiency is the inverted value of the di

mensionless mean temperature in the occupied zone. The re

sults in figure 7 indicate that this temperature efficiency 

may be a function of the Archimedes nu.rn.?er mare or less in

dependent of the Reynolds number. It is therefore interest

ing to rearrange the measurements of ET in figure 5 so they 

are given as a function of Ar. Figure 8 shews this rearrange

ment and it is obvious that the measurements of ET show a 
fair dependence on the Archimedes number. An identical level 
of ET for the two diffusers A and B at the same Archimedes 
number implies that the temperature efficiency is rather 
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independent of the diffuser design and the local induction 

close to the diffuser. It is probably more dependent on 

other parameters which are constant in the experiments, such 

as heat source location and room gecmetry. ET is a function 

of Ar and thus a function of heat emission and air flow rate. 

ET is also influenced by the surf ace temperature and there

fore influenced by the conductions through the walls, floor 

and ceiling. 

e:r 
z.5...-~~~~~~~~~~~~~~~~~~~---. 

2.0 

1.5 

1.0 

•: Diffuser type A, 100 W 

•: Diffuser type A.300 W 

0.5 't': Diffuser type A,500 W 
o : Diffuser type 8, 100 w 
a : Diffuser type 8,300 w 
\J : Diffuser type 8, 500 w 

0.0'--~__...~_.._~1__.1_._1_._._......~~--'-~....__,_..._._._......._.. __ ~_. 
1 z 3 4 5 10· 20 30 40 so 

Fig. 8. Temperature efficiency ET . versus the 

Archimedes number. The Archimedes number is 

given as ~T0/u6 ccs 2 /m 2 • 

Figure 8 shows a maximum value of the temperature efficiency 

of ET - 2.0 for an Archimedes' number of ~T /u 2 - 4.0 ocs 2 /m 2 • 0 0 

This situation corresponds for example to the values (~T0 ,u0 ) 

- (2oc, 0.71 m/s) or (4°C, 1.0 m/s). The flaw rates for 
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u0 = 0.71 rn/s are 0.059 rn 3 /s and it is 0.084 rn 3 /s for u0 = 1.0 

rn/s. 

Part of the energy transport in the room takes place as radi

ation. This radiation is governed by other equations than 

the flow equations. This will influence the results in fig

ure 7 and in figure 8 in a way which is described by other 

parameters than the Reynolds numbers and the Archimedes num

ber. 

DISPLACEMENT FLOW AND STRATIFICATION LEVEL 

I 
I 
I 
I 
I . --·-+-. -+---

c 
I 
I 
I 
I 
I 

t 

--- ----
-- ·--·--·-- · 

----- ---

........ -----~ 

- ----- Flow above heat source 

Main flow in room 

Yst 

Fig. 9. Air movement and stratification level 
in a room with displacement flow. ·· Diffuser type 

B, q0 = 0.069 m3 /s, Q = 500 Wand Yst = 1.70 rn. 

Figure 9 shows the air movement in a room with displacement 

flow. The flow from the diffuser follows the floor along the 

whole room as described in connection with figure 4. There 
is an air movement backwards in the room at a very low 
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velocity above the supply flow, and it is possible to ident

ify a second flow with a direction parallel to the supply 

flow. The horizontal flow in the room is connected to the 

vertical temperature gradient in such a way that a higher 

level of air movement corresponds to a higher temperature. 

The heat source generates a vertical thermal plume as shown 

by the dotted lines in figure 9. The volume flow in this 

plume is given by 

l/3 5/3 
qy = 0.005 . Q (y + d) (m 3 /s) ( s ) 

where Q, d and y are the convective heat emission, diameter 

of the heat source and the vertical height, respectively, 

see reference [11]. 

The thermal plume will ent=ain the supply air flow q0 in 

the lower part of the room. The entrainment in the upper 

part of the rocm will be recirculated hot air from the plume. 

The stratification height Yst is defined as the height in the 

thermal plt.:rne where qy is equal to q0 . It is possible to ob

serve a temperature stratification at this height in rooms 

with a high thermal load, while it is not so easy to observe 

in normally loaded rooms. 

The stratification height can be found by flow visualization. 

Smoke is added to the plume at the heat source and it will 

follow the ther:nal plume and fill the upper part of the room 

down to the height Yst· The stratification height Yst in fig
ure 9 is 1.70 m. 

The flow in the upper · part of the room is especially charac

terized by a radial flow below the ceiling from the thermal 
plume. It. is possible to observe another air movement at a 

lower level which is parallel to the flow in the lower part 

of the room. 
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0.20 ---------------------, 

0.10 

0.08 

0.06 

0.04 

0.03 

0.02 

0 

O: Ref. [4] 

CJ: Ref. [7] 

-: Eq.(5) 

a.a, 1-_:.__.:._' _.:._• -1-..1.-------1----'---_._~ 

0.5 0. 7 1.0 2.0 3.0 5.0 
Yst (m) 

Fig. 10. Stratification height Yst as a function 

of measured supply ai= f lcw ~ or flow in plume 

qy. Q = 500 w. 

Theoretically it should be possible to calculate the stratifi

cation height from equation (5) for q0 = qy. Figure 10 shows 

this calculated stratification height and measured values by 

flow visualizations in two different full-scale rooms. It is 

obvious that the measurements show the same relations between 

~and Yst as equation (5), but there are different levels 
of flow. The deviation could be explained by a natural con

vection along the walls in the rooms or by other disturbances. 

Figure 11 shows, as an example, a room with a cold downdraught 

which increases the stratification height, and it is obvious 
that a hot surf ace will reduce the stratification height com
pared to the value calculated from equation (5) for qy = q0 . 
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Fig. 11. Room with displacement flow and 

natural convection. 

The stratification level in figure 11 is established at the 

height where qyl = q0 + qyJ• The vertical temperature dis

tribution shown in the left hand side of figure 11 is main

tained by the combined effect of radiation between the sur

faces, the low temperature of the supply flow, which is grad

ually heated by the movement in the occupied zone - see fig

ure 9 - and by the warm flow below t~e ceiling. Cold down

draught and plumes from heat sources with low heat emission 

density - as qy2 - will dissolve at a height where the tem

peratures correspond to the ambient temperatures, and all in 

all it will maintain a v~rtical temperature distri~ution as 

shown in left hand side of figure 11. 

The vertical temperature gradient in the room may have an 

influence on the volume flow qy in the plumes. Equation (5) 

assumes a small temperature gradient, but the equation is used 

in practice for larger temperature gradients if the heat source 

is concentrated and have a high intensity. Equation (5) cannot 

be used for sources with very low intensity, and it cannot be 

used in areas where the ambient temperature will begin dis

solving the plume, reference [4]. 
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The entrainment in the plume will depend an the lccatian af 

the heat source. The entrainment will be reduced ta 70% when 

the heat source is placed close to a single wall, and it is 

reduced to 60% when the heat source is placed in a earner, 

reference [4]. 

CONCLUSIONS 

Measurements on two different low-level diffusers show that 

a high initial entrainment close to the diffuser will reduce 

the velocity in the flow along the floor. A low entrainment 

will increase the velocity along the ~loor due to an initial 

acceleration genereated by the buoyancy effect. 

The velocity level and velocity decay in the flow along the 

floor are dependent on room geometry, and therefore, it is 

difficult to obtain a general description of the flow which 

is connected to the diffuser design. 

The ·ventilation efficiency based on temperatures is given for 

the diffusers for different levels of air exchange rates and 

thermal loads. The ventilation efficiency varies between 1.5 

and 2.3 and it is rather unaffected by the type of diffuser. 

Examples show that the general flow and the temperature dis

tribution can be described as self-similar and thus as a 

fully developed turbulent flow. This means that the air move

ment can be described by the bounda=Y values and the Archi
medes number rather independently of some variations in the 

Reynalds number. Measurements show a distinct connection be

tween ventilation efficiency and Archimedes' number. 

It may be difficult ta identify a thermal stratification in 

a room with displacement ventilation. Flaw from plumes and 

cold downdraught at different levels, as well as thermal 
radiation, will maintain a vertical temperature profile which 

is mare or less linear. 
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LIST OF SYMBOLS 

Ar Archimedes' number 

Specific heat capacity 

Diameter of heat sauce 

Gravitational acceleration 

Height of room 

~ength of room 

n Exponent 

Pr Prandtl's number 

Q Heat emission 

Volume flow supplied to the room 

Volume flow in thermal plume 

Re Reynolds'. number 

T Temperature 

T0 Supply temperature 

T0 c Mean temperature in the occupied zone 

TR Return temperature 

u0 Supply velocity 

llx Maximum velocity along floor 

W Width of room 

x Coordinate 

y Coordinate 

Yst Stratification height 

S Volume expansion coefficient 

~T0 Temperature difference TR-To 

~T Ventilation (temperature) efficiency 

A Thermal conductivity 

µ Dynamic viscosity 

p Density 

16 

J/kgK 

m 

m/s 2 

m 

m 

w 

m3 /s 

m3 /s 

oc 
oc 
oc 
oc 

m/s 

rn/ s 

m 

m 

m 

K 

W/mK 

Ns/m 2 

kg/m 3 
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