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INTRODUCTION

The present paper deals with an experimental study of thermal comfort in a room

heated by different methods. These experiments were part of a large research

project dealing with the comparison of thermal comfort and energy consumption in

a room heated by different methods. The comparison of energy consumption and the

experiments with human subjects have been reported elsewhere (21,22). A similar

?gudy w?s recently finished at Institut de Thermodynamique, Université de Li2ge
,9,10).

The prediction of thermal comfort inside a room is often difficult because
it 1s not possible to estimate accurately the distribution of air temperature
and air velocity. This distribution will be influenced by the choice of heating
method. The number of outside walls, the sizes of windows, the amount of insula-
tion, the dimensions of the room, the air infiltration and the outside tempera-
ture will also influence the temperature and air-velocity distribution in heated
rooms. When the influence of the heating method is being investigated, it is
important to control all these factors and keep them at the same level through-
out the comparison.

The present experiments were performed as laboratory tests under well de-
fined conditions. A new test room was built in the laboratory simulating a space
in a dwelling or a small office. This test room was equipped with facilities to
simulate a steady-state temperature down to -5-C outside on one wall. This wall
(the frontage) included a window, and air infiltration was simulated around the
window. The internal walls, floor and ceiling were highly insulated. Installa-
tions were made making it possible to heat this room by nine different heating
methods comprising radiators, warm air, floor heating, and ceiling heating.

A comfort meter (11), which measures the combined effect of the thermal
parameters, was used as a reference, simulating a seated subject near the fron-
tage. For each heating system, the heat input was adjusted so that this comfort
meter showed a value predicting thermal neutrality. During steady-state condi-
tions, air temperature, alr velocities and surface temperatures were measured
at several points to describe the thermal climate in the occupied zone.

THERMAL COMFORT

Thermal comfort is here defined as that condition of mind which expresses satis-
faction with the thermal environment. A first requirement for thermal comfort

is that a person feels thermally neutral for the body as a whole, i.e., that

he does not know whether he would prefer a higher or lower ambient temperature
level. Man's thermal neutrality depends on his clothing and activity, as well

as the following environmental factors:
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1) Mean air temperature around the human body;

2) Mean radiant temperature in relation to the body;

3) Mean air velocity around the human body;

4) Water vapor pressure in the ambient air.
A1l combinations of these parameters which will provide thermal neutrality can
be predicted from Fanger's comfort equation and the corresponding diagrams (4).

The deviation from thermal neutrality may be described by the PMV-index
(Predicted Mean Vote) where PMV = O corresponds to neutrality, or by the PPD-
index (Predicted Percentage of Dissatisfied) which estimates the percentage of
people being dissatisfied in a given thermal environment. But thermal neutrality
as predicted by the comfort equation is not the only condition for thermal com-
fort. A person may feel thermally neutral for the body as a whole, but he might
not be comfortable if one part of the body were warm and another cold. It is
therefore a further requirement for thermal comfort that no local warm or cold
discomfort exist at any part of the human body. Such local discomfort may be
caused by:

1) An asymmetric radiant field;

2) Local convective cooling (draft);

3) Vertical air temperature difference;

4) Contact with a warm or cold floor.
Several studies on local discomfort are reported in the literature (2,3,4%,5,7,
13-20,24%,25).

EXPERIMENTAL FACILITIES

This section describes the experimental facilities comprising the test room, the
heating systems, and the measuring equipment.

Test Room

The test room (Fig. 1) is a full scale mgdel of a small office or study
room with one outside wall (4.8 x 2.4 x 2.7 m°). The room was placed inside an
air-conditioned lab with close control of air temperature. The room was built
according to the insulation standards in Demnmark (1). The floor, ceiling and
internal walls (eﬁcept the frontage) of the test room were highly insulated
(Ufl opV 0:20 W/m"K , U 211" Ueoiling” 0.25 W/m?K). The outside temperature was
simuf8ted on this frontgge by & %%éggal designed cooling box. The frontage in-
cluded a double-glazed window (Fig. 1) with approx. 12 mm air space. The heat
transmission coefficient from the internal window_surface to the outside (cool-
ing box) was measured in a pre-test to be 3.8 W/m2K. This value includes the
insulation of the window frame. The rest of the frontage was well insulated

(U ~ 0.35 W/m?K).

Air infiltration was simulated around the window (Fig. 1). A separate dry-
ing/cooling system conditioned the air used for infiltration. The air was by a
fan induced through small outlets (diam. O.% cm) in a tube around the periphery
of the window (Fig. 1). The distance between the outlets was 15 cm and the air
was induced perpendicular to the window. As the infiltration air entering through
cracks and openings in practice normally will be slightly heated (by heat trans-
fer from walls etec.) before it enters the room, the temperature of the simulated
infiltration air was conditioned to a higher Temperature than the outside tempe-
rature. The exhaust opening was placed in the opposite wall above the door
(Fig. 1).

Heating Systems

The following 9 heating systems were used (Fig. 1):
Radiator 1.1, single panel radiator beneath the window covering most of the
Tower wall (L x H = 2.00 x 0.55 m2). Supply water temperature 37-48°C.
Convector 1.2, three panel convectors beneath the window (L x H = 1.20 x 0.20 m?) .
Supply water temperature 39-53°C. 5
Radiator 1.3, single panel radiator at the back wall (L x H = 1.20 x 0.55 m<).
Supply water 46-63°C.
Ceiling 2.1, aluminium plates with water-filled coils, supply along the frontage
and return at the back wall. Supply water temperature 34-42°C.

35



©ASHRAE. All rights reserved. Courtesy copy for SSPC 55 Committee to exclusively use for standards development. May not be distributed, reproduced nor placed on the internet.

Floor 3.1, heated by an electrical heating foil covered by a 2 mm thick aluminium
plate. The heating effect was uniformly distributed over the entire floor.

Floor 3.2, as above but the effect on a 0.6 m strip along the frontage was higher.
This 0.6 m was kept at a surface temperature around 29°C.

Warm air 4.1, outlet in the back wall near Bhe ceiling, 4 air changes/h and out-
let velocity 1.2 m/s (L x H = 0.80 x 0.55 m<). Outlet air temperature 34+-43°C.
Warm air 4.2, two outlets in the floor beneath,the window, 4 air changes/h and
ogtiegcvelocity l.2m/s (L x H=0.40 x 0.05 m2). Outlet air temperature

3H-43-C.

Skirting board 5.1, small electrical heated panels (W x H = 0.02 x 0.20 m2)

along the periphery of the room. The effect was highest along the frontage.

Measuring Equipment

To assess the thermal enviromnment in the test room it is necessary to know
the distribution of air temperature, radiant temperature and air velocity. The
humidity is of minor importance and was approx. the same in all tests.

Air temperatures were measured at five levels, 0.1, 0.6, 1.2, 1.8 and 2.6 m
above the floor. The sensors (thermistors) were placed on a light movable co-
lumn. The movement of the column was controlled from the outside. Fig. 2 shows
the measuring points. Point 20 to 24 were used only when a radiator was placed
at the back wall (radiator 1.3).

Air velocity was measured at four levels, 0.1, 1.2, 1.8 and 2.6 m above
the floor. The sensors were 4 omnidirectional thin-film probes (23,24%) also
placed on the movable column.

The surface temperature was measured (thermistors) at 63 points (Fig. 3)
and also at the surface of the heating appliances. To calculate the mean radi-
ant temperature the walls, floor and ceiling were split up into 14 surfaces
(Fig. 3). The mean temperature of each surface was calculated by weighting the
single surface temperature measurement according to the area.

A comfort meter (11), placed 0.6 m above the floor, 1.0 m from the frontage
at position 27 (Fig. 2), was used as "thermostat", simulating a sitting person.
The comfort meter has a heated ellipsoid-shaped sensor which simulates the human
body. The estimated clothing (clo), and activity of the occupants, as well as
the humidity are set on the instrument. The sensor then integrates the thermal
effect of the air temperature, mean radiant temperature, and air velocity in
approx. the same way as the human body doesj; the electronic instrument calcula-
tes the PMV- and PPD-values and shows it directly on a meter. In the present
experiments the clo-value was set to 1.0 clo and the activity to 1.2 met
(70 W/mz), simulating a person in normal indoor winter clothing occupied with
light sedentary work. The water vapor pressure in the room, which 1s of minor
influence, was set to 1 kPa (10 mbar). Fanger's comfort equation predicts an
optimal operative temperature equal to 229C if the relative air velocity is
< 0.10 m/s.

METHOD

Experimental Conditions

Four tests were made with each heating method. At an "outside" temperature
of -59C, three levels of air infiltration (0, O.4% and 0.8 air-changes/h) were
studied. At an "outside" temperature of +4°C, only one infiltration rate (0.4
air-changes/h) was studied. During all tests the temperature in the alr-condi-
tioned space around the test room was kept at 22:1°C.

Experimental Procedure

The heat input from the heating system was adjusted until the comfort meter
showed a PMV-value equal to O. When steady-state conditions had been established
for at least 2 hr all surface temperatures were measured. The measuring column
was first placed in position 2 (Fig. 2) and each air temperature and air velo-
city was measured simultaneously every 5 sec during a period of 2 min. The
column was then moved to the next position, 3, and after approx. 3 min. all
measurements were repeated at the new position. The column was placed in 15
positions, 2 to 6, 8 to 12, and 14 to 18. With a radiator at the back wall
(radiator 1.3), it was also placed in positions 20 to 24%. In addition, the air
velocities 0.1 and 1.2 m above the floor in position 16 and 17 (Fig. 2) were
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measured approx. every 0.5 sec during a period of 4 min. The surface temperatu-
res were measured again at the end of the measuring procedure. The whole measur-
ing procedure lasted about 2 hr. The heating system was changed and the regula-
tion of heat input from the new heating system started. It was not possible to
perform more than one experiment each day.

RESULTS

Only the thermal conditions (air temperature, mean radiant temperature, and air
velocity) inside the occupied zone (Fig. 2) are treated in this paper.

The mean radiant temperature was calculated by means of the mean surface
temperatures and angle factors between a seated person and the surfaces. In
Table 1 the mean radiant temperature and air temperature are listed for the
reference point (pos: 27 on Fig. 2).

During the experiments it was not always possible to keep the comfort meter
exactly at PMV = 0. Most of the experiments were performed at a slightly higher
PMV-value. All temperature measurements were corrected to the same PMV-value,
which corresponded to an operative temperature egual to 22.29C. The operative
temperature can be estimated from Table 1 as the mean value between air- and
mean radiant temperature, and it was always between 22.1 and 22.4°C.

The general thermal state (thermal neutrality) for the whole body is des-
cribed by the PPD-value. This value was calculated according to Fanger (4). The
PPD-value was calculated for all the measuring points (Fig. 2). In Fig. 4 are
shown the PPD-values for the experiments at -5°C outside temperature and no in-
filtration air; and in Fig. 5 are shown the values with the same outside tempe-
rature but an infiltration rate equal to 0.8 vol/h.

The values for -5°C outside and 0.4 air-changes/h lie between the results
shown in Fig. 4 and 5, while the experiments with 4°C outside and 0.4 air-chan-
ges/h infiltration showed even more uniformity in the PPD-values.

The analysis of local thermal discomfort was concentrated on the area of
the occupied zone close to the frontage, since this was assumed to be the most
common place for an occupant to be seated. This 1s also the position where local
thermal discomfort may most likely occur.

Local discomfort may be caused by the vertical air temperature difference
between ankles and head, by asymmetric thermal radiation, by floor temperature
or by air velocity at ankle and head level.

The vertical air temperature profile at the reference point is shown in
Fig. 6 and 7. The maximum vertical air temperature differences betweeen ankle
level (0.1 m/s above floor) and head level (1.2 m above floor for sedentary,
1.8 m above floor for standing) are listed in Table 2.

The plane radiant temperature difference (At__) is introduced by McIntyre
(12) to describe the radiant temperature asymmetr?? The plane radiant tempera-
ture is the uniform temperature of the surrounding surfaces which will give the
same irradiance on one side of a small plane element as in the actual (non-uni-
form) environment. The radiant temperature asymmetry is then the difference
between the plane radiant temperature on the two opposite sides of a small plane
element.

The radiant temperature asymmetry (At .) was determined for a horizontal
and vertical (parallel with the frontage) Biane element in the reference point
0.6 m above floor level, 1.0 m from the frontage (pos. 27, Fig. 2). These values
are shown in Table 3 for all tests.

The mean air velocity is listed in Table 4 for the measurements 0.1 m and
1.2 m above the floor in positions 16 and 17 (see Fig. 2). Only mean air velo-
cities higher than 0.05 m/s are listed. Additionally, the standard deviation,
providing information on the velocity fluctuations, is shown in Table 4. The
mean values and standard deviations were for a period of 4% min. with a measure-
ment approx. every 0.5 sec. In pos. 16 only the measurements in 0.1 m level are
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listed because no mean air velocities higher than 0.05 m/s at 1.2 m level were
found.

Fig. 8 shows typical examples of velocity recordings to illustrate the
fluctuations.

The main results of the analysis of the heat loss through the window and
by infiltration are given in Table 5. A more detailed description is given by
Olesen and Kjerulf-Jensen (22). In all tests the heat loss was lowest with a
floor heating system and the results in Table 5 are estimated with a floor heat-
ing system as reference. The heat loss through the window is approx. 10% higher
with a convector at the frontage (Convector 1.2) and a warm air system with out-
lets at the frontage (Warm air 4.2). This is due to the increased air velocity
and air temperature along the window surface owing to the upward natural or
forced convection from the heating system.

The heat loss by infiltration is highest with a warm air system with the
outlet at the back wall near the ceiling (Warm air 4%.1), approx. 20% higher
than with a floor heating system, and with a heated ceiling (Ceiling 2.1) approx.
10% higher.

- The differences between the heating methods vary with the different combina-
tions of outside temperature and air infiltration. In general, the two floor
heating (Floor 3.1, Floor 3.2) and the skirting board methods (Skirting board
5.1) have the lowest energy consumption, while a convector at the frontage
(Convector 1.2) and the two warm air systems (Warm air %.1 and Warm air 4.2)

have the highest energy consumption, which is about 10% higher.

DISCUSSION

A1l nine heating systems proved in all tests to be capable of creating a remark-
ably uniform thermal environment (PPD ~ 5%) in the entire occupied zone (Fig.

4 and 5). Only for the radiator on the back wall (Radiator 1.3) was there a rise
in the PPD-value to 12% near the radiator (Fig. 5).

The vertical air temperature difference (Fig. 6 and 7, Table 2) between 1.2
and 0.1 m level was less than 1.8K in the whole occupied zone in all tests.
Olesen et al. (20) established in experiments with sedentary subjects a comfort
limit equal to 3.0K below which less than 5% is predicted to be dissatisfied.
According to this, there should be no risk of the present vertical air tempera-
ture differences to cause any local thermal discomfort for sedentary subjects.
For standing persons there is no information in the literature on comfort limit.
This 1imit would probably, owing to the increased activity, be greater than for
sedentary persons. In the present tests the air temperature difference between
1.8 m and 0.1 m level was always less than 2.900, and this should not cause any
local discomfort. The highest vertical air temperature differences were measured
in the tests with a heated ceiling (Ceiling 2.1) and with a warm air system with
outlet in the back wall near the ceiling (Warm air 4.1). In general, an increased
air infiltration rate (Fig. 6) or a decreased outside temperature (Fig. 7) in-
creased only the vertical air temperature difference slightly.

The vertical radiant temperature asymmetry at the window (pos. 27) expres-
sed by the plane radiant temperature difference (Table 3) was always less than
3.5K, which is less than the 10K recommended by Olesen (24) and McIntyre (13)
as a comfort limit (5% dissatisfied). For the horizontal asymmetry, the plane
radiant temperature for the lower half of the room is always higher, except for
ceiling heating, than the plane radiant temperature of the upper half of the
room (Table 3). Recent (as yet unpublished) studies at the Technical University
of Denmark indicate that man is much more sensitive to thermal asymmetry when
exposed to overhead warm radiation (e.g. from heated ceilings) than when he is
exposed to left/right or forward/backward asymmetry. Accepting 5% feeling un-
comfortable (owing to warm head or cold feet), a radiant temperature asymmetry
of maximum 4X is recommended.

The comfort limit for the opposite asymmetry (warm feet - cold head), will
be higher according to Eriksson's experiments (3) with a lower air temperature
at head level than at foot level. The maximum measured difference in the pre-
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sent experiments, 4.5 - 5.0K for the two types of floor heating, will probably
be inside the comfort limit.

The radiant temperature asymmetry increased as expected with increasing air
infiltration rate or decreasing outside temperature.

Mean air velocities as shown in Table 4 are only shown for pos. 16 and 17,
and only for O.1 and 1.2 m level. Similar air velocities were measured in pos.
10 and 11. At the other measuring points in the occupied zone, the measured air
velocities were equal to or less than 5 cm/s with a few exceptions.

The highest air velocities at floor level (0.1 m above the floor) was
measured in the tests with the two floor heating methods (14-18 cm/s). Also in
some of the tests with a radiator at the back wall and with the skirting board
system, mean air velocities higher than 10 cm/s were measured. These air velo-
cities are caused by the induced "outside" air around the window and the down-
draft along the window. With a radiator, convector or a warm air system at the
frontage, this down-draft is counteracted by the natural or forced upward con-
vection from the heating system.

The measured mean air velocity at head level (1.2 m above the floor) was in
most cases less than the air ve1001ty at floor level. Only in the test with a
radiator at the frontage, -59C outside temperature and 0.4 air-changes/h infil-
tration rate, a mean air velocity higher than 10 cm/s was measured. This air
velocity (13 cm/s) was caused by a mixing of the down-draft and the natural
convection from the radiator. The high standard deviation indicates a high de-
gree of fluctuation which can cause a feeling of draft. Even though man is less
sensitive to draft at the ankles (15), mean air velocities around 15 cm/s can
cause a feeling of discomfort for the most sensitive persons. In the present
tests the height of the window was 1.2 m. With even higher windows, which is not
unusual in practice, higher air velocities can be expected. This could cause
discomfort, especially with a floor heating system. Information in the litera-
ture on comfort limits for various air velocities as well as for velocity fluc-
tuations is very limited (13,15).

The floor temperature in the occupied zone with floor heating was always
less than 27.5YC. The comfort limit for sedentary person is 28°C (8% dissatis-
fied) recommended by Olesen (16).

In the present test conditions there is only a limited risk of thermal dis-
comfort. All heating methods used in this well insulated room provide an accept-
able thermal environment in the whole occupied zone. Later tests with 16 experi-
mental subjects (1) confirmed that. These tests were performed only at one com-~
bination of outside temperature (- 5°C) and air infiltration rate (0.4 ) and
with only four heating methods (Radiator 1.1, Ceiling 2.1, Floor 3.1, Warm air
4.2). The results indicate, however, that some of the subgects in the experi-
ments with a large panel radiator (Radiator 1.1) at the frontage felt the con-
ditions more uncomfortable than with the other heating methods. The uncomfort-
able conditions may be attributed to the difference between the cold radiation
on the upper part of the body (from the window) and the warm radiation on the
lower part (from the radiator) combined with the increased air velocity on the
upper part caused by the mixing of down-draft, air infiltration and natural
convection from the radiator.

The results of the present experiments are valld only for environmental
conditions similar to those used in the experiments, i.e., steady-state condi-
tions, and a room with one well insulated frontage 1nclud1ng a double-glazed
window and outside temperatures down to -5°C.

The influence of non-steady-state conditions has not been investigated in
the present study, but for a large period of the heating season with slow chan-
ges in the heat load in the room the present results are valid.

More than one outside wall, bad insulation, larger windows, higher infil-

tration rates and lower outside temperatures will increase the risk for local
thermal discomfort, especially near a window.
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CONCLUSION

The present experiments have shown that all nine heating methods investigated

are able to create an acceptable thermal environmment in a well insulated room
with one frontage including a double-glazed window exposed to steady-state winter
conditions (outside temperature down to -50°C, and air infiltration rates up to
0.8 air-changes/h).

When the temperature level in a room provides thermal neutrality (PMV=0)
for a sedentary person near the frontage, there will be only a small likelihood
of local discomfort and the thermal conditions will be acceptable in the entire
occupied zone.

Only with a radiator at the back wall did the predicted percentage of dissa-
tisfied (PPD-value) at a position near the radiator increase significantly from
the optimal value (from 5 to 12%).

In all tests, vertical air temperature differences, radiant temperature
asymmetry and floor temperatures were inside established comfort limits.

There was a risk of mean air velocities higher than 10 cm/s along the floor
in the occupied zone nearest to the frontage when the down-draft along the win-
dow and from the air infiltration was not counteracted by an upward convection
from the heating system. In general, the highest measured air velocities were
in the test with the two floor heating systems (approx. 15 cm/s).
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TABLE 1. Air Temperature (AIR) and Mean Radiant Temperature (MRT)
at the Reference Position 0.6 m Above the Floor and 1.0 m from the
Frontage (Position 27 on Fig. 2)

HEARATING METHODS
Outside| Infiltra-| RADIATOR 1.1 |CONVECTOR 1.2{RADIATOR 1,3|CEILING 2.1| FLOOR 3.1 FLOOR 3.2 WARM AIR 4.1|WARM AIR 4.2} SKIRTING
temp. |tion rate frontage backwall uniform non uniform backwall frontage BOARD 5.1
° ~ AIR MRT | AIR MRT ALR MRT [ AIR MRT | AZR  MRT | AIR MRT AIR MET | AIR MET | AIR MET
c ™! (o c c c c c | % c] ¢ c C c C ¢ c c | “c c
o 22.3 22.4 22.6 22.1 22.4 22.3 22.2 22.7 22.5
22.1 22.0 21.9 22.4 21.9 22.0 22.1 21.7 21.9
-5 0.4 22.0 22.3 22.5 21.9 22.3 22.2 22.0 22.6 22,3
22.3 22.2 21.8 22.7 22.5 22.6 22.4 21.8 22,2
0.8 21.8 22.2 22.3 21.5 21.8 21.7 21.7 22.6 21.8
22.6 22.2 22.0 23.1 22.9 23.0 22.8 21.9 22.8
+4 0.4 22.1 22.3 22.4 22.0 22.2 22.1 22.1 22.6 22.3
22.2 22.1 22.0 22.4 22.3 22.4 22.3 21.8 22.3

TABLE 2. Maximum Vertical Air Temperature Difference Between 1.2
and 0.1 m Level Above the Floor in the Occupied Zone

HEATING METHODS
Outside | Infil- | Level | RADIATOR | CONVECTOR | RADIATOR | CEILING | FLOOR FLOOR | WARM AIR | WARM AIR | SKIRTING
temp. | tration 1.1 1.2 1.3 2.1 3.1 3.2 4.1 4.2 BOARD
rate frontage backwall uniform non backwall frontage 5.1
1 uniform
°e h” n K K K K K K K K K
1.2-0.1] 0.2 1.6 1.5 1.4 1.2 0.6 1.5 1.7 0.7
0 1.8-0.1 0.1 1.4 2.1 2.6 1.3 0.6 2.9 1.6 0.8 ‘
1.2-0.1} 0.7 1.2 1.6 1.7 1.2 1.0 1.8 2.0 0.9
-5 0.4 1.8-0.1 0.2 1.2 2.1 2.3 1.2 0.9 2.6 2.0 1.0
1.2-0.1] 0.7 1.1 1.5 1.6 1.1 0.9 1.6 1.4 0.9
0.8 1.8-0.1 0.4 1.2 2.2 2.8 1.2 1.1 2.8 1.7 1.0
1.2-0.1] 0.3 1.0 1.1 1.4 0.9 0.4 1.3 1.5 0.6
4 0.4 1.8-0.1 0.2 0.9 1.5 1.6 0.9 0.4 2.1 1.4 0.6

TABLE 3. Radiant Temperature Asymmetry described by the Plane
Radiant Temperature Difference in Relation to a Vertical (VER,
Back-Front) and a Horizontal (HOR, Up-Down) Plane 0.6 m from
the Floor and 1.0 m from the Frontage (Postion 27 on Fig. 2)

HEATING METHODS
Outside Infil- RADIATOR CONVECTOR RADIATOR CEILING FLOOR FLOOR WARM AIR WARM AIR SKIRTING
temp. | tration 1.1 1.2 1.3 2.1 11 3.2 4.1 4.2 BOARD
rate frontage backwall uniform non backwall frontage 5.1
uniform
° VER HOR VER HOR VER HOR VER HOR VER HOR VER HOR VER HOR VER HOR VER HOR
[} h‘l K X K K K K K K K X X K K ¥ K K K X
-0.1 0.5 3.2 3.3 3.2 1.8 3.1 1.8 2.0
0 -1.8 -1.0 -0.2 1.2 -2.8 -2.8 0.6 0.3 ~0.7
-1.4 -0.2 3.4 3.5 3.2 2.1 3.3 1.8 1.9
-5 0.4 -2.2 -1.3 -0.1 1.7 ~4.0 -a.2 1.0 -0.3 1.3
-2.2 -0.7 3.5 3.5 3.4 2.3 3.5 1.7 0.6
0.3 -2.0 -1.4 0.0 2.2 -4.6 -5.0 1.5 -0.3 -1.7
-0.8 -0.2 2.6 2.5 2.4 0.9 2.3 0.6 1.0
+4 0.4 ~1.4 -0.9 0.2 1.0 -2.4 -2.6 0.5 -0.3 -0.9
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TABLE 4. Mean Air Velocities and Standard Deviation in Position
16, 0.1 m Above the Floor and in Position 17, 0.1 m and 1.2 m
Above the Floor; Mean of a 4-min. Measuring Period with Approx.
2 Measurements/s (*Mean of a 2-min. Measuring Period with 5 s
Between Each Measurement)

HEATING METHODS
Outside Infil- | Posi~ | Level RADIATOR CONVECTOR RADIATOR CEILING FLOOR FLOOR WARM AIR WARM AIR SKIRTING
temp. tration | tion 1.1 1.2 1.3 2.1 3.1 3.2 4.1 4.2 BOARD
rate frontage backwall uniform non backwall frontage 5.1
uniform
% h'1 m cm/s cm/s cm/s cm/s em/s cm/s cm/s cm/s cm/s
16 0.1 - - 9(3) 741" 13(2% 9(2) 8(2) - T(3)
0 17 0.1 - - 12(3) 11(3% 14(4)% 15(4) 13(3) 8(4) 8(3)
1.2 9(5) - - - - - - - -
16 0.1 | - - 6(1) 9(2) 1440 13(2* 9(1) - 9(3)
-5 0.4 17 0.1 - - 11(4) 13(3) 17(a* 185" 13(3) 7(4) 8(3)
1.2 13(7) - - - - - - - 9(6)
16 0.1 [6{2) - 7(2) 11(2) 14(2) 14 (3) 10(2) - 16(4)
0.8 17 0.1 6(2) 7(3) 12(3) 9(3) 11(4) 9(4) - - 10¢(3)
1.2 73 - 6(3) 7(2) 6(2) - 8(4) 9(6) 9(6)
16 0.1 - - - - ? 13(3) 7(2) ? 10(3)
+4 0.4 17 0.1 - - - - ? 10(4) 8(3) ? -
’ 1.2 7(2) - - - - - - 8(4) -

- mean air velocoty £ 5 cm/s ; ? no measurement

TABLE 5. The Percentage Difference in Heat Loss Between the Heating
Methods with Floor Heating (FLOOR 3.1) as Reference. The Difference
is Calculated for the Heat Loss Through the Window, by Infiltration
and the Total (Window & Infiltration).

HEATING METHODS
Outside| Infil~|Heat loss| RADIATOR|CONVECTOR|RADIATOR|CEILING| FLOOR FLOOR |WARM AIR|WARM AIR|SKIRTING
temp. |tration| source 1.1 1.2 1.3 2.1 3.1 3.2 4.1 4.2 BOARD
rate frontage backwall uniform non |backwall] frontage 5.1
uniform
°c n-i % % ] % % % % % %
-5 0 window 2 11 6 4 0 0 7 1 0
window 0 12 4 2 0 0 3 11 0
-5 0.4 infilt. -2 2 5 8 ] 0 16 4 2
total o] 8 5 4 0 o] 8 8 1
window 6 1l 4 4 0 0 3 10 0
-5 0.8 infilt ~2 2 7 10 0 0 21 6 1
total 2 6 6 7 0 0 13~ 8 1
window 7 11 6 2 0 0 S 14 1
+4 0.4 infilt. -3 3 5 8 0 -1 16 5 0
total 3 8 6 4 ¢} 0 9 11 0
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Fig. 4 The predicted percentage of dis-
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DISCUSSION

G.H. GREEN, Prof., Univ. of Sask., Saskatoon, Saskatchewan: What was the window
constuction (i.e., single, double, or triple)?

B.W. OLESEN: The window construction was double.
GREEN: Were the window surfaces measured?
OLESEN: Yes. The values are listed in Ref 22.

DAVID T. HARRJE, Sr. Res. Engr. & Lecturer, Princeton Univ., Princeton, NJ:
Could you further clarify the choices of warm air temperature and flow in those
systems you tested?

OLESEN: The values are listed on page 3 in the paper.

Outlet velocity = 1.2 m/s in all tests.
Qutlet air temp. = 34~43°C.

HARRJE: Do you contemplate any extension of the study to cooling comfort?
OLESEN: Not presently.

FRITZ W. STEIMLE, Prof. Dr., Univ. Essen, Essen, Germany: In our own investiga-
tions with warm air heating systems in very well~insulated buildings having triple-
glassed windows, we found that warm air heating systems need less heat, since

it is possible to use the heat input by solar radiation on the south side

(through the window) to heat the north side. This is not possible with heating
methods using water circulation and floor heating, panel heating, or ceiling
heating.
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