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Indoor air quality in rooms with cooled ceilings. 
Mixing ventilation or rather displacement ventilation? 

Martin Behne 1 
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Abstract 

Experimental investigations and practical experiences in Europe have proved that hydronic cooled ceilings are able to remove high 
cooling loads without impairing thermal comfort. As hydronic cooled ceilings cannot remove latent loads and pollutants, e.g., C02, 
VOCs, odors, additional ventilation has to be applied. Often, displacement ventilation is used, which is able to provide lower pollutant 
levels in the occupation zone than mixing flow systems, if the occupants are causing most of the pollution. Unfortunately, the advantage 
of the displacement flow, in respect to the air quality, can vanish when cooled ceilings are used to remove the major part of the sensible 
cooling load. For these applications, a combination of a cooled ceiling with a mixing ventilation system might be more appropriate. This 
paper presents the results of an investigation examining the distribution of tracer gas in a test chamber which is equipped with a radiant 
cooled ceiling. There is both a displacement flow system and a mixing flow system available, so that the concentrations of the tracer gas 

within the occupation zone characterizing the air quality can be compared directly and evaluated under similar conditions. The vertical air 
temperature rise is taken into consideration as well, as it influences the displacement flow and is an important issue for assessing thermal 
comfort. The results show the interaction of the portion of the cooling load being removed by the supply air, the air quality in the 
occupied zone and the vertical air temperature rise. The figures and tables presented show which of the two supply air systems 
investigated have advantages over the other. © 1999 Published by Elsevier Science S.A. All rights reserved. 
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1. Introduction 

In the past years, European building developers, archi
tects and engineers are deciding more often to use a 
radiant cooled ceiling to thermally condition spaces with 
high cooling loads, as the experiences with cooled ceilings 
are very persuasive [20). About I 0% of all new installa
tions in German non-residential buildings (mostly build
ings for banks and insurance companies) are being built or 
retrofitted with cooled ceilings to provide the best thermal 
comfort [23). When cooled ceilings are properly designed 
and operated favorable operation costs and more usable 
building space can be achieved as well [7]. Those advan
tages when compared with all-air systems are provided 
only by hydronic radiant cooled ceilings, which only re
move sensible cooling loads. Latent loads and pollutants 

1 Dr.-lng. Martin Behne is visiting researcher with the E.O. Lawrence 
Berkeley Nat i onal Laboratory . The research results were derived when he 
was research associate with 1he Hennann-Rictschel-lnstitut in B.:rlin, 
Ger111any. 

have to be removed by an additional ventilation system. 
Basically, the windows and doors of a building can be 
used to supply fresh air to the spaces [ 1 8], but preferably, 
mechanical ventilation should be used to always guarantee 
an energy efficient air exchange rate [2 1 ). For mechanical 
ventilation, either displacement ventilation 1 or mixing 
flow systems can be used, with a supply airflow reduced 
according to the hygienical requirements [2,8, 1 0]. 

A German survey [23] shows that about 1 0% of all 
cooled ceiling applications (by cooling area) rely on natu
ral ventilation, i.e., these were installed without any addi
tional mechanical ventilation system. Both displacement 

� In German-speaking countries, the term 'Quelluftstromung' =source 
flow (or less often 'Schichtenstromung' =layer flow) is commonly used 
for describing the special air flow pattern happening when colder air with 
a rather low velocity and turbulence intensity is supplied to the lower part 
of a room with heat sources to thermally condition a space and to provide 
the bes! air qual i ty .  These terms describe the actual air flow pattern, 
usual ly  consisting of a fresh air layer (displacement zone), a transient 
zone and a mixing zone, more apt than the term displacement ventilation,  
which is commonly being used in English-speaking countries. 

0378-7788/99 /$ - see front matter© 1999 Published by Elsevier Science S.A. All righls reserved. 
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ventilation systems and mixing flow systems are being 
used by about 45% each to remove the latent load and the 
pollutants from spaces with cooled ceilings. 

Displacement flow systems [9, 1 1 , 14,22], which often 
require more effort in terms of design, construction and 
costs, usually provide best indoor air quality, low air 
velocities and turbulence intensities. The lowest permissi
ble supply air temperature restricts the cooling capacity of 
a displacement ventilation system significantly. A cooled 
ceiling can be applied additionally to satisfy the cooling 
demand. By using such a 'hybrid-system' one also hopes 
to get both the advantageous features of cooled ceilings 
with respect to thermal comfort and the favorable air 
quality characteristics of the displacement flow pattern. 
However, adding together two favorable characteristics 
does not necessarily result in a combination providing both 
advantages entirely. In fact, the characteristics of a radiant 
cooled ceiling influences the displacement flow, so that the 
typical flow pattern of the displacement ventilation might 
vanish and becomes rather a mixing flow pattern instead 
[3,15]. From this point of view, an ordinary mixing flow 
systems might remove the pollutants and latent loads as 
well. 

In order to evaluate the air quality and the thermal 
comfort being provided by these two different ventilation 
systems each being combined with a radiant cooled ceil
ing, a comprehensive experimental investigation [4] in a 
test chamber was carried out at the Hermann-Rietschel-In
stitut for Heating and Air-Conditioning 3 of the Technical 
University of Berlin, Germany. One of the goals of this 
study was to point out the boundary conditions, when a 
displacement ventilation system combined with a cooled 
ceiling can comfortably provide better air quality in the 
occupied zone than a mixing airflow system. 

This report presents major results of the air quality 
investigation considering the thermal comfort level pro
vided as well, since these two features are related to each 
other when a displacement ventilation system is being used 
in spaces with high cooling loads. 

2. Evaluation of air quality 

The air quality being evaluated in this report is only the 
distribution of pollutants released by people, e.g., C02, 
odor, tobacco smoke . .i Pollutants, which are supplied by 
the air-conditioning system, e.g., defective filters, or are 
released by the carpets or furniture, e.g., solvents, formal-

·' Hermann-Rietschel-lnsti tut fi.ir Heizungs- und Klimatechnik. March
stral3e 4, D- 10587 Berlin, Germany. Tel . :  +49-30-31424170; Fax: +49-
30-3 142 1 141; Internet address: http :\ \dynamik.fb I O.Tu-bcrl in.de\ -
hri. 

� Smoking is usually sti l l  permitted in German office buildings. al
though changes by law might be introduced in the near future. 

dehyde, spread out differently in a space, so the distribu
tion of these pollutants cannot be evaluated by using the 
results presented here. 

For simulating the pollutants released from people, 
measurements with the tracer gas Dinitrogenoxide (N20) 
were made under steady-state conditions. 

The relative air quality in space in steady-state condi
tions, can be characterized by the contaminant removal 
efficiency, µ,_,, 5 which represents the ratio between the 
concentration, e.g., of a tracer gas or particles, at one 
particular point and the concentration in the exhaust air. It 
is defined as follows: 

/.tr= ( 1 ) 
CcxhausL - C�uppl) 

where c is the measured concentration at the location x, 
c 1 is

x 
the measured concentration in the supply air and supp y 

cexhoust is the measured concentration in the exhaust air. 
When the supply air and the room air are mixed en

tirely, the concentration, e.g., of a particular gas, will be 
the same at each location in the room representing ideal 
mixing flow. In that case, the concentration in the exhaust 
air equals the concentration at every spot in the room and 
all locations in a space will have a contaminant removal 
efficiency of µ,_, = 1 .0. Therefore, the contaminant re
moval efficiency, µ,,, reflects the ratio between the con
centration at one point of the space with a certain airflow 
pattern and an ideal mixing flow. Values below 1.0 indi
cate lower concentration values (=better air quality) than 
an ideal mixing airflow would provide. Values above 1 .0 
indicate that some contaminated room air is not exchanged 
by fresh supply air, but stays in the room instead (short 
circuiting). 

Unfortunately, a real mixing ventilation system is not 
always able to achieve an ideal mixing of the supply air 
and the room air. The mixing process is mostly influenced 
by the location and type of the supply air registers and the 
momentum of the supply air (supply airflow), as well as 
the locations and intensities of the heat sources inside the 
room. Especially when mixing ventilation is added to a 
cooled ceiling system, only small supply airflows are 
required, which can very likely lead to a balance between 
the momentum of supply air and the buoyant airflow of the 
heat sources. As a result, the mixing of the fresh supply air 

5 In Europe, the term ventilation efficiency is usually being used 
instead of con taminant removal efficiency [8]. In Germany, one uses the 
term · Kontaminationsgrad' =contamination efficiency instead of contam
inant removal efficiency to characterize the relative air quality in a space. 
All three terms mentioned describe the same air qual ity feature, which is 
also the inverse of the contaminant removal effectiveness (ventilation 
effectiveness, in Europe, or 'Liiftungseffektivi tat', in Germany) when 
there are steady state conditions. 
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Fig. 1. Spreading of tracer gas near the manikins being both the heat and 
tracer gas source, with displacement flow and mixing flow. 

and the contaminated room air is even more dependent of 
the heat sources, and locally the contaminant removal 
efficiency will be more often above 1.0. 

To compare directly the air quality with displacement 
flow and with (real) mixing flow, the ratio of the contami
nant removal efficiencies derived for both ventilation sys
tems under comparable boundary conditions is introduced. 
This ratio is the 'relative contamination efficiency, x,' and 
is defined as follows: 

µr.sourcl: 
(2) x,= ---

where /l,,.,""''cc is the contaminant removal efficiency at a 
certain location with displacement flow and J.l .•. mixino is the 
contaminant removal efficiency at the same location, but 
with mixing flow instead. 

When the relative contamination efficiency, X,, is 
smaller than 1.0, then the air quality provided by the 
displacement ventilation ·y tern is better than with the 
mixing flow ystem applied. Value ab ve 1.0 usually 
indicate an incomplete mixing of supply air and room nir. 

when the mixing flow system is being permed. 
Fig. I schematically shows differem di tribution · of 

pollutam released by a person due to the two different 
ventilation principle . displacement flow and mixing flow. 

3. Air quality and the vertical air temperature rise 

When di placement ventilation is u ed the them1al 
plume of a per on tran ports the pollutan� relea ·ed by the 
person it. elf to the upper zone . If the buoyant airflow of 
rhe person is smaller than . or equal to. the supply airflow. 
the pollutaurs will be removed entirely from the occupied 
zone. This usually represents v ry good air quali ty in the 
occupied zones. 

However, as the buoyant airflow of a heat source 
increases (Fig. 2) with the height (9, 11, 13], there will 
always exist a zone (often a horizontal layer) where the 

buoyant airflow exceeds the supply airflow. Within that 
zone (layer) the airflow pattern changes from a fresh air 
layer (displacement zone) into a mixing flow pattern af
fecting the distribution of pollutants as well as the air 
temperature distribution. In this case, the measured con
taminant removal efficiency can be used to indicate the 
changing of the airflow pattern. 

The left part of Fig. 3 shows typical profiles for a 
displacement airflow pattern having a fresh air layer from 
the floor up to 1.0 m, a transition zone between 1.0 and 1. 7 
m and a mixing zone above. The contaminant removal 
efficiency increases rapidly to values above 1.0 within the 
transition zone, pointing out this particular zone. The 
distinct fresh air layer shown incorporates the best air 
quality, but requires also a significant vertical air tempera
ture rise (3, 17]. 

In order to provide the best thermal comfort, not only 
the indoor temperature level has to be within a certain 
range and the velocities and turbulence intensities must not 
bother the occupants, but also the vertical air temperature 
rise in the occupied zone must stay mall [1,8,10]. 

When a space is thermally conditioned only by a dis
placement ventilation sy�tem, vertical air temperature dif

ferentials will appear depend ing on th thermal load and 
the specific supply airflow (nr'/(h m�)). If the vertical air 
temperature difference between I.I and 0.1 m, �to.I/I.I"' 
exceed 2.0 K, more lhan 15% of all occupants might not 
feel comfortable, which means the best thermal comfort is 
not provided anymore [ 19,21]. Fig. 4 shows the percentage 
of dissatisfied persons due to the vertical air temperature 
difference between 1.1 and 0.1 m and the duration of stay. 
The longer a person is scaying in a space with a remark
able vertical air temperacure difference, the less likely he 
or she will complain about it. However, to avoid most 
complaints, the more critical curve for a stay of 1.5 h is 
used in the common standards for determining thermal 
comfort [l ,8,10]. 
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Fig. 2. Buoyant airflow of a sedenwry per.;on (heat released= JOO W) as 
a function of the height and the Vl,nical air temperature difforence (l J]. 
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Fig. 3. Profiles of air temperature and tracer gas concentration with displacement flow with 'high ve1tical air temperature differential' (no cooled ceiling, 
left) and with 'low vertical air temperature differential' (with cooled ceiling, right). 

With a mixing flow system, thermal loads of up to 1 00 
W /m2 can be removed comfortably, but rather high sup
ply airflows and momentums are required, which are more 
likely to cause noise and draft in a space than the low 
velocities and turbulence intensities occurring with dis
placement ventilation. 

Due to thermal comfort issues, the highest removable 
cooling load with a single displacement ventilation system 
in offices is limited to about 30 W /m2. 6 To comfortably 
remove higher cooling loads from a space, displacement 
ventilation can be combined with a cooled ceiling. Prob
lems with draft will not occur with cooling loads up to 1 00 
W /m2 [5]. When the cooled ceiling is removing the major 
part of the cooling load, the vertical temperature distribu
tion will be more uniform when compared with a single 
displacement ventilation system. Therefore, a cooled ceil
ing and a displacement ventilation system can provide 
thermal comfort in spaces with rather high thermal loads. 
But at the same time, the buoyant airflow of the heat 
sources will be increased (Fig. 2), which is lowering the 
zone where the fresh air layer changes to the mixing 
airflow pattern (Fig. 3). 

The right part of Fig. 3 presents the vertical profiles of 
the indoor air temperatures and the contaminant removal 
efficiency for a space with a cooled ceiling and a displace
ment ventilation system. Apparently, the air quality in the 
occupied zone with the cooled ceiling is not necessarily as 
good as with a distinct displacement airflow pattern, but 
one also has to consider that a single displacement ventila
tion system supplying 'only' the required fresh air rate 
would not be able to provide good thermal comfort. 

A mixing flow system can be combined with a cooled 
ceiling as well. This usually decreases the likelihood of 

6 The supply airflow of displacement ven1ilation systems is commonly 
sel by the outdoor air requirements. The supply air temperature should 
usually not be lower than 8 K when compared with the mean room air 
temperature. With that, 30 W /m1 is the highest comfortably removable 
cooling load, if an office provides 5 m1 per person and the fresh air 
required is 60 m·' /(h person). 

uncomfortable velocities and turbulence intensities due to 
the lower supply airflows. However, it remains uncertain 
whether a real mixing ventilation system in conjunction 
with a cooled ceiling would be able to provide the same air 
quality level as a displacement ventilation system, when 
this is been combined with a cooled ceiling. 

4. Experimental set-up and variations investigated 

Indoor air quality and thermal comfort were measured 
and evaluated under different conditions in a test chamber 
equipped with a cooled ceiling. The chamber was situated 
in a big heatable test hall with uniform air temperatures. 
The walls of the test chamber were insulated and all 
measurements were made under steady-state conditions. 
The test chamber was vented (supply airflow"" 390 m3/h; 
air exchange rate "" 2.9 /h) by either a displacement flow 
system with the supply air inlet along one of the walls and 
on the floor or by a mixing airflow systems having two 
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Fig. 4. Percentage of dissatisfied persons as a function of the vertical air 
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Fig. 5. Cross-section and construction of the wall of the test chamber. 

slot diffusers mounted in between the cooled ceiling pan
els. Fig. 5 presents a cross-section of the test chamber and 
Fig. 6 shows the floor plan and a reflected ceiling plan. 
The positions of the supply air devices are stated. 

The cooled ceiling investigated was a hydronic panel 
type and covered about 90% of the entire ceiling area. The 
portion for heat exchange via radiation was about 45%. 
The exhaust air was leaving the room through slots be
tween the ceiling panels. 

In real buildings, it is not always possible to cover the 
entire ceiling with cooling panels (or cold water pipes 

! 
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i-----------
) supply air inlet 
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embedded in plaster), as other installations, e.g., lights or 
construction components, take up some space. In order to 
be able to investigate the impact of a partly-cooled ceiling 
on the airflow pattern, the air quality and thermal comfort, 
the total area of the cooled ceiling was divided into two 
equally sized parts with individual cold water cycles. Due 
to this, the cold water flow through each of these cooling 
areas could be controlled individually and either the entire 
cooled ceiling or just one half of it was cooled. 

Additionally, the heat sources in the test chamber were 
arranged in three different configurations, so that several 

view of the celling 

� \ � I \ \ 11 \ � 
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It"' I I \\ ,// \ \ \i I I \, I \ \ 
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Fig. 6. Floor plan and reflected ceiling plan of the test chamber, showing the heat source arrangement S 1,2 and explaining the measuring points. 
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different arrangements of cooling load 7 (movable heat 
sources) and cooled ceiling area could be investigated. 
Table 1 shortly presents the variations investigated. Heated 
manikins and 'boxes' (simulating computers or printers) 
were used as heat sources. The movable heat sources 
released about 75% of the entire cooling load. The rest was 
being released by the lighting ( - 17%) and the measure
ment equipment ( - 8%). 

Five out of seven heated manikins (movable) were used 
as tracer gas sources, releasing the tracer gas from below 
their clothes at a height of about 1 m. The tracer gas 
concentration and the air temperature was measured at six 
locations (three axes; see Fig. 6) and different heights. The 
tracer gas concentration was determined by an infrared gas 
detector (accuracy - 3%) and the temperatures were mea
sured with thermocouples (NiCr-Ni; accuracy of the entire 
set-up: - 0.1 K). The analog measurement signals were 
digitalized by a data-logger and then controlled online, 
analyzed, recorded and stored with a PC. 

The portion of cooling load removed by the ventilation 
system wsupply and the cooled ceiling wceiling are calculated 
according to the following equations: 

W 
= Qsu1111I� supply · . 

Qh..,u1;;oun·c.s - Qcn\•clo1�.: 
Wceiling = 1 - Wsupply 

(3) 

(4) 
where Qheatsourccs is the electrical input ( = heat released) 
of the heat sources 

Qsupply = V,upply. Pail . cp.ai1·. (tair.2.9111 - tsupply) ( 5) 
(cooling load removed by the supply air) 

Qenvclope 
= 

uwall . Ct air - to) + ufloor. (tair - fair.base) ( 6) 
(heat entering/leaving the test chamber through the walls 
and the floor), where i::upply is the supply airflow, Pair is 
!he density of the air, cp.air is the heat capacity of the air, 
tair.2•9 m is the mean indoor air temperature at a height of 
2.9 m, tsupply is the supply air temperature, uwall i tbe 
mean heat transfer coefficient of the waJ\s ( = 0.85 W /m� 
K), U1100r is the mean heat transfer coefficient of the floor 
( "" 2.5 W /m2 K), !air is the mean indoor air temperature, 
t0 is the mean air temperature of the environment (test 
hall) and !air.base is the mean air temperature in the base
ment. 

The portions of cooling load removed by the ceiling and 
the displacement ventilation system were adjusted in many 
preliminary tests to obtain both reasonable vertical air 
temperature rises and mean contaminant removal efficien-

1 The cooling load was varied between 40 and 65 W /me while also 
varying the portions of the cooling load removed by the ventilation 
system or the cooled ceiling, to find out which cooling loads can be 
rem oved without impairing thermal comfort. The cooled ceiling removed 
between 70 and 95% of the entire cooling load of the test chamber. 

Table I 
Nine variations of both cooled ceiling area arrangement and heat source 
locations investigated (the dark parts of the ceiling indicate the cooled 
part and the manikins point out the heat source arrangement) 

arrangement ollhe 
cooled cellln area 

C1,2 

C1 

C2 

loeotlon or lho hool oources 
S1,2 S1 $2 

The meaning of the 'names' of the columns and rows used are as follows: 
(Rows) C l,2: both cooled ceiling areas I and 2 are being cooled; C l: 
only cooled ceiling area I is being cooled; C2: only cooled ceiling area 2 
is being cooled. (Columns) S 1,2: heat sources are located below the 
cooled ceiling areas I and 2; S I :  heat sources are mainly situated below 
cooled ceiling area I ;  S2: heat sources are mainly situated below cooled 
ceiling area 2. 

cies in the occupied zone below 1.0. The final variations 
seem to incorporate a good compromise for both character
istics. The portions of the cooling load removed by the 
supply air was not always the same for all variations. 
When the entire cooled. ceiling was being cooled, about 
80-85% of the cooling load was removed by the cooled 
ceiling and just 15-20% by the air. When only one half of 
the ceiling was being cooled, the portion of the supply air 
was increased to about 25-30% to provide acceptable 
indoor air conditions. 

The adjustment of a mixing ventilation system and 
cooled ceiling is not as critical as with the displacement 
ventilation system. However, the cooled ceiling should 
remove the major portion of the sensible load to provide a 
high thermal comfort level. In order to get comparable 
results, the portions of the cooling load removed by the 
mixing ventilation system were set similar (15-35%) to 
the respective variation with the displacement ventilation 
system. 

To better compare the air temperature distribution of all 
the variations, the local air temperature difference � tair., is 
introduced. It is defined as follows: 

(7) 
where tair., is the air temperature at one particular measur
ing point x and fair is the mean air temperature inside the 
test chamber. 

5. Results 

The major influences on the airflow in the test chamber 
are illustrated by presenting two of the nine different 
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Fig. 7. Schematic airflow in the test chamber with displacement ventila
tion for the variation C 2_S 1,2. 

variations. The results of the variations C2_Sl,2 and 
Cl,2_Sl will be described for both displacement ventila
tion and mixing ventilation. However, as the mixing venti
lation does not create a rather distinctive air movement in 
the space, only the airflow pattern with displacement venti
lation will be shown 8 schematically (Figs. 7 and 10). 

The following Figs. 9 and 1 1  present the profiles of the 
local air temperature difference /).fair., for the tests with 
the cooled ceiling and displacement ventilation, as only 
this combination causes significant temperature profiles. 
The air temperature distribution with mixing flow was 
always almost uniform. Figs. 8 and 1 2  present the relative 
contamination efficiency directly comparing the tracer gas 
concentrations with displacement flow and mixing flow. 
All these figures show the data vs. the height for three 
different axes, where each point in the graphs represents 
the average of two values measured in one respective 
height (compare Fig. 6). 
5.1. Variation C2_Sl,2 

The contaminant removal efficiencies measured with 
displacement flow are lower than with mixing ventilation 
in the entire room (Fig. 8). The data of the lower region 
(0. 1 to 1 .0 m) indicate that the fresh air was supplied to all 
axes, although the tracer gas concentration with displace
ment flow increases towards the measuring axis 3 due to 
recirculating room air (contaminated) from the ceiling (see 
Fig. 7). 

The uneven mixing of supply air and room air when 
mixing ventilation was used is one of the reasons for the 
relatively better air quality at all heights with displacement 
ventilation. While the displacement flow resulted in con
taminant removal efficiencies of 0.05 to 1 . 1  (0. 1 to 1 .7 m 
height), the corresponding values with mixing flow were 
between 1 . 1  and 1 .4, with the higher values below the 

8 The airflow was observed by injecting fog into the supply air duct. 
This method of visualizing the airflow pattern works very well with 
displacement ventilation. The arrows shown in Figs. 7 and 10 depict the 
way the air moved in the test chamber. 

C2_S1,2 
2.5 axes: 

1:-0-
2:-0-

2.0 . 3 :--6--- --l----l--+--+--+--lf+---i--i---1 
E 
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 

relative contamination efficiencyzx 

Fig. 8. Relative contamination efficiency at three measuring axes for the 
variation C 2_S 1,2. 

cooled ceiling area. This indicates for the tests with mixing 
flow that the fresh air was not entirely being mixed with 
the room air rising at the heat sources. 

This incomplete mixing was always observed when 
only one half of the ceiling was cooled. Although the flow 
visualization did not always indicate such an influence and 
although the results for all variations are varying, it seems 
to be true that the room air in the zones underneath the 
cooled ceiling area got less mixed with fresh air than in the 
other zones. Apparently, the cooled ceiling seem to influ
ence the mixing mechanism stronger than the buoyant 
airflows of the heat sources, which is quite surprising. 
However, short circuiting in parts between the tracer gas 
sources and the measuring points might temporarily have 
happened as well, as the spreading of the tracer gas in the 
area around the manikins is very difficult to. predict with 
mixing flow. 

The profiles of the air temperature difference with 
displacement ventilation shown in Fig. 9 point out that the 
colder supply air warmed up a bit along its way to axis 3 
being both convectively heated by the warmer floor and 
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Fig. 9. Vertical air temperature profile at three measuring �xe� for the 
variation C 2_Sl,2 with cooled ceiling and displacement venti\auon. 
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Variation C1,2_S1 : ., 

2 3 
Fig. 1 0. Schematic airflow in the test chamber with displacement ventila
tion for the variation C l  2_S I. 

partly mixed with the warmer room air. The comparison of 
the different air temperature profiles above 1.0 m height 
shows almost uniform air temperatures in the part of the 
room under the cooled ceiling and rising temperatures at 
the axes 1 and 2. The vertical air temperature rise mea
sured at axes 1 and 2 for this variation corresponds to 
about 15% dissatisfied occupants (compare Fig. 4) and 
approaches the limit for thermal comfort. 

The airflow visualization with fog showed that the 
cooled ceiling area (above axis 3) forced the rising room 
air to recirculate to the occupied zone by convective heat 
exchange at the ceiling's surface. This was causing more 
uniform air temperatures on the one hand and higher 
contaminant removal efficiencies at axis 3 on the other 
hand (compare Fig. 8). The cooled part of the ceiling 
(cooling area 2) appeared to be not as permeable for the 
rising room air as the passive part. As a result, the biggest 
pat1 of the exhaust air passed the uncooled ceiling area to 
leave the test chamber (Fig. 10). 

5.2. Variation Cl,2_Sl 

Fig. 11 shows lower tracer gas concentrations with 
displacement flow only close to the floor and in 0.5 m 
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relative contamination efficiencyxx 
Fig. 1 1. Relative contamination efficiency at three measuring axes for the 
variation C 1.2_S I. 
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Fig. 12. Vertical air temperature profile at three measuring axes for the 
variation C l, 2_S I with cooled ceiling and displacement ventilation. 

height at axis l .  The profiles indicate that almost the entire 
fresh air is being drawn up by the thermal plume of the 
heat sources, which were mostly situated close to the 
supply air inlet. The rest of the room (except the floor 
area) did not get fresh air, but already mixed air. There
fore, all other relative contamination efficiencies are very 
close to 1.0, indicating that there is no significant differ
ence between the displacement flow and mixing flow in 
terms of air quality. 

In fact, a distinct recirculation of rising room air to the 
lower part of the room was observed with displacement 
flow, especially at the walls. This marked recirculation is 
typical for the airflow pattern in a space with a cooled 
ceiling removing the major portion of the cooling load and 
occurs due to three reasons. First, the convective heat 
exchange at the cooled ceiling cools the rising air, which 
makes it to flow back down. Second, the radiant heat 
exchange cools the walls, causing buoyant airflows (down
wards). Third, the buoyant airflow of the heat sources 
amounts to much more than the supply airflow 9 ( = 
exhaust airflow) so that, a remarkable flow of room air has 
to recirculate in the test chamber. These mechanisms are 
correlated with each other, so it is hard to tell which 
influences or causes the other. 

The slot diffusers (mixing flow) forced the introduced 
supply air mainly to flow along the ceiling and then down 
along the walls, so that it was not possible to distinguish 

'! With Fig. 2. one can roughly estimate the maximum buoyant uirtlow 
of the heat sources. With an assumed vertical air temperature rise of 0.5 
K (Fig. 1 2), a person causes a buoyant airflow in 3.0 m height of about 
250 m.1 /h. There are 7 manikins adding up to about 1 750 m-' /h (the 
other heat sources are not considered, but those would increase the 
buoyant airflow further). Although. this number might not be absolutely 
true as there is always interaction between the heat sources and other 
surfaces [ 1 3], it clearly shows that the buoyant airflow very likely is much 
higher than the supply airflow of about 400 m.1 /h and thus. recirculation 
has to take place. 
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whether the cooled ceiling supported this air movement 
additionally. Unlike the variations with only one half of 
the ceiling being cooled, the fresh air was mixed very well 
with the room air, causing contaminant removal efficien
cies of 1.0 to 1 . 1  at all places for all variations with 
entirely cooled ceiling area.  

The rather uniform air temperature profiles presented in 
Fig.  12  prove that, the supply air was mixed with the room 
air very well, although displacement ventilation was oper
ated. Only very close to the supply air inlet (lowest points 
at axis 1), a significantly cooler air temperature was mea
sured. 

The vertical air temperature differentials between 1 . 1  
and 0. 1 m with entirely cooled ceiling area and displace
ment ventilation were always below 1 .5 K pointing at good 
thermal conditions. The dominating characteristic of the 
cooled ceiling equalized the airflow pattern, so that almost 
no local differences appeared. The arrangement of the heat 
sources did not influence the temperature distribution sig
nificantly. 

6. Discussion 

The results presented make clear that when the air 
quality provided with displacement ventilation and a cooled 
ceiling is compared with the one achieved with mixing 
flow and a cooled ceiling, one has to consider the therm,tl 
conditions as well. By evaluating the data of both the 
contaminant removal efficiency and the vertical air temper
ature rise of the many different results for the variations 
with displacement ventilation, an interaction between these 
characteristics becomes apparent. 

As mentioned before, the portion of the cooling load 
removed by the cooled ceiling strongly influences the 
airflow pattern in a room with a displacement ventilation 
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Fig. 1 3 . Vertical air temperature differential between I .  I and O. l m as a 
function of the portion of cooling load being removed by the supply air 
and the test variation. 
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Fig. 14. Mean contaminant removal efficiency of the occupied as a 
function of the portion of cooling load being removed by the supp!y air 
and the test variation. 

system. Monitoring the vertical air temperature profiles, 
which again involves the_ buoyant airflow of the heat 
sources, and the tracer gas distributions, helps to explain 
the impact of the cooled ceiling on the airflow pattern. 

Fig. 1 3  presents the vertical air temperature difference 
between 1 .0 and 0. 1 m, � t0. 1 / 1 .0 m '  for the different 
arrangements vs. the portion of cooling load removed by 
the supply air w,"""1) • •  To assign the results  to a particular 
test variation different symbols are used, in which each 
point represents the temperature differential at one particu
lar axis with one of the variations. 10 Although the results 
of the many different variations vary quite a bit, it can be 
seen that the more cooling load the supply air removes, the 
higher the vertical air temperature difference becomes in 
general. This means, that to provide good thermal condi
tions with displacement ventilation, the cooling load re
moved by the ventilation system has to be limited. 

Fig. 14 presents the mean contaminant removal effi

ciency, J.lu. i ; 1 . i 111 , for all  variations investigated w ith dis

placement ventilation a · a function of the portion of 

cool ing load removed by tbe upp ly air. 1 1  The points 

depict the average of all measurements at one particular 

axis and the heights 0. 1 ,  0.5 and 1 . 1  m. Although the 

dependence of the mean contaminant removal e fficiency to 

the portion of coo l i ng load removed by the upply air  is 

not a obvious a ·  for the vertical air temperat ure ( ·ho\ n in 

Fig. 12), the influence of the portion of the cooling load 

removed by the supply air can be sugge. ted. This a ump-

1 ion is also been supported by other experimental re ·u l ts 

[3 , 1 5] . 

1 1 1  
Example: wi th variation C l _S l ( • ), ..'. 10• 1 1 1 " ,,, ranged between 0.7 

(axis 3) and 1.8 K ( nx·is I), when w," l'f'h was 3 1  %. 1 1 Example: with variation C l_S I ( • ): µ0 1 1 1  1 "' ranged between 0.65 
(axis I) and 0.96 (axis 3), when w," 1'1' 1� was 31 %. 
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Fig. 15 .  Vertical air temperature differential vs. the mean contaminant 
removal efficiency for all variations investigated with displacement venti
lation. 

Finally, the results of Figs. 1 3  and 1 4  are combined in 
Fig. 1 5  to present the vertical air temperature difference, 
L'1 t0. 1 1 1 1 1  m ,  vs. the mean contaminant removnl efficiency, 
µ.0 1 1 1 . 1  11, . when displacement ventilation and the cooled 
ceiling are operated. 

The low mean contaminant removal efficiencies indicat
ing good indoor air quality in the occupied zone are very 
often associated with ' high' vertical air temperature differ
ences, pointing at a possible problem with thermal com
fort. The less critical variations are obviously the ones with 
an entirely cooled ceiling. These arrangements provided 
always acceptable vertical air temperature differences and 
better air quality with displacement flow than with mixing 
ventilation. 

If it is not possible to cover the entire ceiling with 
cooling panels or if the cooling panels cannot be dis
tributed regularly, the cooled ceiling area should be ar-
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Fig. 16 .  Mean contaminant removal efficiency as function of the portion 
of cooling load being removed by the supply air, when displacement 
ventilation is being used with a cooled ceiling. 

Table 2 
Experimental coefficients for Eq. (8) 

A 
B 
c 

Lower limit 

1. 1 3  
- 3. 6 1  

0 

Upper limit 

0.1 2 
- 3.70 
- 0_79 

ranged close to the displacement ventilation inlet rather 
than on the opposite side. Such an arrangement offers 
better thermal comfort and the air quality might be better 
than with a mixing flow system as well. However, the 
arrangement of the heat and pollutant sources influence the 
airflow pattern significantly. 

The following Fig. 1 6  summarizes the results from 
different studies to show the clear impact of the portion of 
the cooling load removed by the displacement ventilation 
system w811pply on the mean contaminant removal effi
ciency µ.11_ 1 1 1 .  1 "' i n  the occupied zone. The cu.rve for the 
lower and upper limits were derived with curve fitting and 
are described by the following equation (Table 2): 

-µ. = A · e(B(w,,.rr1, + C)) ll . l / t . I  m • (8) 

One issue has not yet been mentioned: Several experi
mental investigations have shown that the air quality around 
a person is normally better than the air quality fanher 
away, if displacement venti lation i · being used [6, 12, 15 , 1 6]. 
Although most studies did not investigate combinations of 
cooled ceiling and displacement flow systems, a slight 
improvement of air quality in the 'boundary layer' of a 
pers n can also be measured with such systems [4, 1 5]. 

7. Conclusion 

Considering the results presented, none of the ventila
tion systems investigated can be recommended to supple
ment a cooled ceiling without carefully considering the 
pros and cons. 

If the air quality in the occupied zone is top priority and 
the cooling capacity of a single displacement ventilation 
system is not satisfying the load, a cooled ceiling can be 
combined with a displacement ventilation system. Pollu
tants released by persons are removed from the occupied 
zone to a great extent and good air quality can be achieved 
associated with comfortable thermal conditions. However, 
the portions of cooling load removed by both of the 
components have to be adjusted properly. For office build
ings, good results for both thermal comfort and air quality 
can be expected when the displacement ventilation system 
removes about 20-25% of the cooling load of a space. 
When the cooling capacity is exceeding the design condi
tions, the cooling capacity of the displacement ventilation 
system should not be increased to maintain themrnl com-
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fort continuously. Mixing air qu"ality is very likely to occur 
and ought to be tolerated in such a case. 

A mixing ventilation system can provide uniform pollu
tant distribution at best. If the favorable characteristics of a 
radiant cooled ceiling with respect to thermal comfort are 
most important, an air-conditioning concept can be real
ized with mixing ventilation arid a cooled ceiling. Usually 
such a system will not involve any problems with thermal 
comfort when the cooling load does not exceed 100 W /m2 
[4]. But one has to make sure that the supply air diffusers 
are properly designed, situated and adjusted to avoid any 
draft problems. To obtain the best possible mixing airflow 
pattern, the entire ceiling ought to be covered by cooled 
areas. If this cannot be done, the mixing of fresh air and 
supply air might not be the best at all times and places and 
the air quality in the occupied zone can be varying. 

Appendix A 

To illustrate the possible combinations of ventilation 
system and cooled ceiling the following Fig. 1 7  and Table 
3 were created. For this purpose, some assumptions had to 
be made: The cooling capacity of a radiant cooling ceiling 
usually does not significantly exceed 70 W /m2 • Thus, this 
value and results from Eq. (8) as well as a temperature 
differential between exhaust air and supply air of 6 K 
(displacement flow) or 1 2  K (mixing flow) were used to 
draw the lines and areas in Fig. 17. Cooling loads beyond 
100 W /m2 are not considered, as it is not possible to 
exclude problems with thermal comfort totally. In conjunc
tion with Table 3, Fig. 17 allows one to estimate the air 
quality when a cooled ceiling is combined with a mechani
cal ventilation system. 

A.I .  Example for using Fig. 17 and Table 3 

An open plan office provides 8 m2 for each workina 
place and the outdoor air requirement shall be 60 m3/h 
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Fig. 1 7. Chart to determine the possible combinations of cooled ceil in" 
with either displacement or mixing ventilation (compare Table 3). 

e 

Table 3 
Features of areas shown in Fig. 1 7  

combination or portion or cooling load mean contaminant 
area HYAC·components removed by the supply removal efficiency in 

air r,\.. --1 the occupied zone 

(j) CC and M Y  20 . 50 % u > 1 -0 
@ CC and MY 20 . 55 % µ > 1 0  

CC and DY 1 0 . 25 % µ > 0.9 
al CC and DY 25 . 50 % 0.5 > µ > 0.9 
© M Y  1 00 % µ > 1 . 0  
� CC and DY 50 . 1 00 % 0.1 > µ > 0.5 

® MY 1 00 %  µ > 1 .0 
CC and DY 50 - 100 % 0. 1 >  u > 0.5 

0 DY 1 00 % µ < 0.1 
M Y  1 00 %  µ > 1 .0 

® DY 1 00 % µ < 0.1 

CC: cooled ceiling. 
MY: mixing ventilation. 
DY: displacement ventilation. 

per person. This results in a supply airflow of 7.5 m3 /(h 
m2). 

The co�l in° load may con i ·t of heat relea'ed by people 
( 1 0  W/m- ). computers (25 W/m2 ), lighting ( 1 0  W/m� ) 
and an exterior heat gain (20 W /m2) and amount' to 55 
W/m2• 

For this data, a cooled ceiling combined with either 
mixing flow or displacement flow would be able to ther
mally condition the space (area :g:, in Fig. 1 7). Displace
ment flow could provide a slightly better air quality in the 
occupied zone than a mixing flow system (Table 3). 

A . 2. For comparison 

If an all-air-system was supposed to remove the loads 
from the space, the supply airflow would have to be 
increased to about 14 m3/(h m2)  (with mixing ventilation) 
or even up to 28 m3 /(h m2 ) when displacement ventilation 
ought to be used. 
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