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Abstract

The thermal environment in a room with dynamic insulation was evaluated using CFD. It was shown that a properly

designed dynamically-insulated room could provide thermal comfort with energy savings and this would require that the room
be air-tight and provided with controllable heat input. However, dynamically-insulated rooms might pose problems of local
thermal discomfort when the interior surface temperature is well below the room air temperature. # 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

Dynamic insulation is a means by which ventilation
air is passed through the fabric of a building. The con-
cept of dynamic insulation is well known in Scandina-
via. To be e�ective, on the one hand, the materials of
the building fabric for dynamic insulation must be per-
meable enough to allow the ventilation air to pass
through at a reasonable pressure di�erence between
indoors and outdoors. On the other hand, the building
must also be su�ciently air-tight to minimise air in®l-
tration through the rest of the envelope. The use of
dynamic insulation can lead to improved insulation
performance, reduced interstitial condensation and
improved indoor climate [1].

One of the methods to achieve dynamic insulation is
to use a ventilation system to extract room air. The
resultant under-pressure draws air in through the
building fabric in a counter or opposite ¯ow direction
to conduction heat loss in heating seasons. Heat from
the building fabric is thus absorbed by the incoming

air. In this way, the incoming air is heated and thereby
the resultant heat loss due to ventilation and conduc-
tion is reduced. As the air ¯ow rate increases, the
amount of heat absorption increases and so the U-
value of the insulation decreases. The theoretical U-
value can be reduced towards zero [2]. Also, because
the incoming air ¯ows through a large area and the
speed is extremely low, say, <10 m/h [3], the risk of
draught from the incoming air stream is avoided.
Besides, a heat recovery system such as a heat pump
or a heat pipe unit could be inserted in the exhaust air
duct to reclaim heat from the outgoing air stream to
pre-heat the incoming air. Moreover, use can be made
of solar energy to further boost the temperature of the
incoming air. This can be achieved by adding a layer
of glazing to the outside of dynamic walls. Such a
measure could result in heat gains of 200±300 kWh/m2

per heating season [3].
Measurements and theoretical calculations on a

scaled-up single family house by Dalehaug [4] indi-
cated that dynamic insulation could reduce the con-
duction heat loss by more than 50%. To achieve the
full bene®t of the system the rest of the house must be
rather air-tight and there must be a demand for venti-
lation most of the day. Jensen [5] showed that the re-
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duction of normal insulation and ventilation heat
losses when using single dynamic insulation was lim-
ited to 0.23. The equivalent limit on the ventilation
heat recovery e�ciency was 50%. Krarti [6] analysed
the thermal e�ciency of a one-layered dynamic wall
for various ventilation rates and building thermal
loads. It was found that the dynamic walls could
achieve energy savings of up to 20% of total building
thermal load. The operation of a dynamic wall
involves both heat and mass transfer. The physics of
simultaneous heat and vapour transport through dyna-
mically-insulated building envelopes was elucidated by
Taylor, et al. [7].

A major di�erence in the thermal environment
between conventionally- and dynamically-insulated
rooms is the internal surface temperature. In a room
insulated with conventional `impermeable' walls, the
mean surface temperature is generally close to the
room air temperature. Dynamically-insulated walls in
heating seasons, however, have internal surface tem-
peratures lower than the room air temperature. If the
di�erence between the air and surface temperatures is
substantial, the dynamic walls could cause draught due
to radiation cooling and also create downdraught of
air nearby. The relation between the air and surface
temperatures involves a number of variables including
the heat transfer coe�cient. Taylor and Imbabi [8]
demonstrated that when assessing the relative change
in the heat loss of dynamic insulation over the static
equivalent, both the outer and inner heat transfer coef-
®cients could be neglected. However, the e�ect of the
heat transfer coe�cients should be included when cal-
culating the surface temperatures and the heat transfer
processes with the other surfaces of the room.

The performance assessment of dynamic insulation
has so far been limited mainly to the relative energy
savings as a result of reduced conduction heat loss.
The assumption of an improved indoor climate by the
use of dynamic insulation is solely based on low vel-
ocity, draught-free incoming air without taking into
consideration the e�ect of room surfaces in contact
with the incoming air. The room surface interacts with
room air ¯ow and temperature distribution and hence
in¯uences human thermal comfort. The consequence
of such interactions has not been studied. An accurate
assessment of these requires detailed measurements of
all the relevant parameters or implementation of gen-
eral air ¯ow modelling. The objective of this study is
to evaluate thermal comfort in rooms with dynamic
insulation using computational ¯uid dynamics (CFD)
modelling.

2. Methodology

Room air ¯ow is simulated by means of the CFD

technique and the results are then used for the evalu-
ation of thermal comfort.

2.1. Air ¯ow model

The air ¯ow model consists of a system of governing
equations representing continuity, momentum, turbu-
lence, enthalpy and concentration. Air turbulence is
represented by the renormalisation group turbulence
model developed by Yakhot, et al. [9]. For an incom-
pressible steady-state ¯ow, the time-averaged air ¯ow
equations can be written in the following form

@
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@xi
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�
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where r is the air density, f represents the mean vel-
ocity component Ui in xi direction, turbulent par-
ameters and mean concentration and enthalpy, Gf is
the di�usion coe�cient and Sf is the source term for
variable f.

Details of the model equations and solution are
described elsewhere [10].

For a dynamic wall, the temperature of the inner
surface at a steady state is calculated using the follow-
ing equation based on Krarti [6] and Taylor and
Imbabi [8]:

Ti ÿ Ts

Ti ÿ To
� Ri exp �Pe�

Ri exp �Pe� � exp�Pe� ÿ 1

lPe=d
� Ro

�2�

where Ti is the temperature of air at the wall boundary
(8C), To is the temperature of outdoor air or supply
air from a heat recovery unit (8C), Ts is the tempera-
ture of the inner surface of the dynamic wall (8C), Ri

and Ro are the local thermal resistances of inner and
outer air ®lms based on the heat and momentum
transfer at the boundaries, respectively (m2K/W), Pe is
the Peclet number (Pe=VwrCpd/l ), Cp is the speci®c
heat of air (J/kgK), d is the thickness of the dynamic
wall (m), Vw is the mean velocity of air ¯owing
through the dynamic wall (m/s) and l is the thermal
conductivity of the wall (W/mK).

2.2. Thermal comfort

The evaluation of thermal comfort is based on the
thermal sensation and draught risk. The thermal sen-
sation is assessed using the predicted mean vote and
resultant temperature.

The calculation of the predicted mean vote (PMV)
involves four environmental parameters, namely, air
temperature, velocity, humidity and mean radiant tem-
perature and two personal factors (clothing and ac-
tivity levels) [11]. All the environmental parameters
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can be predicted by the air ¯ow model together with a
radiation heat exchange model [12].

The resultant temperature is a simpli®ed description
of the thermal environment as follows [13]:

Tres � Tmr � T
���������
10V
p

1� ���������
10V
p �3�

where Tres is the resultant temperature (8C), T is the
mean air temperature (8C), Tmr is the mean radiant
temperature (8C) and V is the resultant mean velocity
(m/s).

The risk of draught is calculated for isotropic turbu-
lence based on the draught model developed by Fan-
ger, et al. [14]:

PD � �3:143� 52:26
���
k
p
��34ÿ T ��Vÿ 0:05�0:6223 �4�

where PD is the percentage of dissatisfaction due to
draught (%) and k is the turbulent kinetic energy (m2/
s2).

3. Room description

Simulations are performed for a hypothetical room
4 m long, 3 m wide and 3 m high. Fig. 1 shows the
cross-section of the room at mid-width. There is a
double-glazed window 1.5 m high and 2 m wide
exposed to the outdoor air in one of the walls and this
is designated as the south wall and the opposite wall
as the north wall. It is assumed that the south and
north walls are dynamically-insulated while other walls
are connected to adjacent rooms of same conditions,
i.e. no heat transfer. The ¯oor is assumed to be insu-
lated. The roof is composed of 10 mm tile, loft space,
100 mm glass®bre quilt and 10 mm plasterboard ceil-

ing. The calculated U-value of the roof is 0.35 W/m2K.
Room air is extracted through an exhaust opening of a
cross-sectional area 0.01 m2 in the ceiling. When
required, a heat exchanger is used to recover heat
from the exhaust air to pre-heat the supply air.

The dynamic walls are composed of a material
equivalent to 0.1 m thick felted mineral wool with a
thermal conductivity of 0.042 W/mK. The total air
¯ow through the dynamic walls is equivalent to one
air change /h, i.e. 10 l/s, which gives an average air vel-
ocity of 2.4 m/h (0.67 mm/s). In an initial prediction,
it is assumed that this air ¯ow rate is the same as the
extract rate, i.e. no other air in®ltration. The `dynamic'
U-value of the walls de®ned by Brunsell [2] would vary
with the internal ®lm coe�cient which depends on
room air movement in addition to wall construction
and air velocity. The average `dynamic' U-value for
these dynamic walls under natural convection is ap-
proximately 0.12 W/m2K.

The room is occupied by one person with heat gen-
eration of 70 W/m2 and clothing level of 1 clo.
Another heat source of 20 W/m2 is uniformly distribu-
ted on the ¯oor, which could result from under¯oor
heating or other room heat gains, for example, due to
lighting. The radiator shown in the ®gure is absent in-
itially and is added for improving thermal comfort
when there is no heat production from the ¯oor. The
outdoor air is set at 08C and saturated.

The room arrangement is symmetrical along the
plane of the mid-width and so only half of the room is
considered. A nonuniform computational grid size of
56 � 40 � 26 (for room length, height and half width,
respectively) is used for the prediction of three-dimen-
sional room air ¯ow.

4. Results and discussion

The thermal environment is predicted for the room
with and without air in®ltration, a heat recovery unit
or a radiator. Under the base conditions, all the
incoming air ¯ows through the dynamic walls; both
the heat recovery unit and radiator are absent.

4.1. Room environment

Fig. 2 shows the predicted air movement and ther-
mal comfort on the symmetrical plane in the room
under the base conditions. The predicted interior sur-
face temperature of the dynamic walls varies between
16.18C and 18.58C depending on the surface boundary
conditions, with a mean value of 17.58C. This is higher
than the window temperature of 11.78C but is lower
than could be achieved for a mechanically-ventilated
room with conventionally-insulated impermeable walls.
For example, for the same room without dynamicFig. 1. Schematic diagram of mid-section of the simulated room.
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insulation but with the same amount of supply air pre-
heated by a heat pump with heat recovery e�ciency of
50%, the mean interior surface temperature of the
impermeable walls with a U-value of 0.4 W/m2K is
about 208C. The low surface temperature of dynamic
walls is due to the ¯ow of cold incoming air into the
room through the walls. Thus, the two walls in this
case behave somewhat like full-length cool windows,
resulting in downdraught (Fig. 2a).

As the cool air ¯ows downwards along the walls
and then the ¯oor, it picks up heat from the ¯oor with
heat generation. The air is further heated up when
¯owing upwards along the warm occupant, forming a
thermal plume due to the buoyancy e�ect. Since the
incoming air velocity is extremely small and since the
e�ect of local extract on room air movement is nor-
mally negligible, the air movement in the room is
essentially caused by thermal buoyancy. The predicted
mean velocity in the room is 0.05 m/s but the velocity
along the dynamic walls and occupant is over 0.2 m/s.
The air movement away from the walls resembles dis-
placement ventilation, resulting in certain vertical tem-
perature gradient (Fig. 2b). However, because the heat
is produced from the ¯oor, the mean temperature
di�erence between 1.1±0.1 m above the ¯oor is less
than 1 K.

The mean radiant temperature near the cold window
is low and the resultant temperature is below the com-
fort level of 208C for o�ce use [13]. The air near the
¯oor ¯owing from the wall surfaces is slightly cool (air
temperature <208C) but the ¯oor temperature and
mean radiant temperature near the ¯oor are high due
to heat production (Fig. 2c). The resultant temperature
in this area is therefore at an acceptable level (>218C)
(Fig. 2d). The downdraught caused by the window
leads to the thermal sensation (predicted mean vote in
Fig. 2e) near and beneath the window below the lower
comfort limit of ÿ0.5 [15] and the draught risk (Fig.
2f) above the limit of 15% [14]. Similarly, the low air
temperature and high air velocity near the ¯oor result
in local thermal discomfort due to draught. The
draught risk above the head level is also over the com-
fort limit. The reason for this is that the ¯ows of cool
air along the two walls and ¯oor converge at the occu-
pant's position, which assists the buoyant ¯ow along
the body. The resulting air velocity above the head is
consequently over 0.3 m/s while the air temperature in
this area is not as high as the temperature around the
body surface. The highest air temperature occurs in
front of the occupant (facing the window) at head
level. This is the spot where moisture is produced as a
result of occupant's respiration at the body tempera-
ture.

The average air, radiant and resultant temperatures
in the room are 21.7, 21.3 and 21.58C respectively. The
mean values of PMV and PD for the room are ÿ0.1

and 4.1% respectively. Therefore, the average room
thermal environment is acceptable, despite some local
thermal discomfort near the room surfaces.

4.2. E�ect of air in®ltration

The above prediction is based on the assumption
that air ¯ows into the room through the dynamic walls
only. In practice, there will always exist air in®ltration
through other room envelopes such as window and
wall joints. In the following predictions, the air ¯ow
through the dynamic walls is assumed to be one half
of the total ventilation rate and the other half results
from air in®ltration through wall joints.

The predicted thermal environment in the room with
air in®ltration is unsatisfactory. The mean surface tem-
perature of the dynamic walls decreases to 14.88C,
compared with 17.58C without air in®ltration. The pre-
dicted air, radiant and resultant temperatures in the
room are 18.5, 18.0 and 18.38C respectively; the aver-
age PMV in the room is ÿ0.8. Consequently, the room
is slightly cool. The decreased room temperatures are
partly attributable to the increased `dynamic' U-value
(from 0.12 to 0.23 W/m2K) because of the reduced air
velocity through the walls. The main cause of the dete-
riorated thermal environment is, however, the ¯ow of
part of the cold outdoor air straight into the room.
The room thermal environment can be improved using
a heat recovery unit or an extra heater. The room may
also be comfortable at a higher outdoor air tempera-
ture.

4.2.1. Use of a heat recovery system
The temperature of air through the dynamic walls

can be pre-heated by means of a heat recovery system
(Fig. 1). However, at the assumed rate of air in®ltra-
tion, using a heat recovery system may not be su�-
cient to achieve a completely satisfactory thermal
environment. Fig. 3 shows the predicted room thermal
environment with air in®ltration and heat recovery at
an e�ciency of 50%. It can be seen that the tempera-
tures near the ¯oor are below the comfort level, result-
ing in local thermal discomfort. The predicted room
air, radiant and resultant temperatures are approxi-
mately 1.48C lower than those for the room without
air in®ltration and heat recovery. To achieve thermal
comfort, extra heat input into the room is therefore
needed by increasing heat production from the ¯oor
for example.

For the dynamically-insulated room with air in®ltra-
tion, the average increase of room air temperature due
to heat recovery at 50% e�ciency is only 1.88C
because the outdoor air in®ltrating the room remains
cold (08C). This is not much more than that could
result from the air temperature rise through a mechan-
ical ventilation system, assuming that the air in®ltra-
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tion would be superseded by the supply air. Therefore,
the heat recovery system is not cost-e�ective for this
application unless the in®ltration rate is reduced. In
contrast, if all the outdoor air ¯ows into the room
through the dynamic walls, the average increase of
room air temperature with the heat recovery unit
would be much larger (48C). The room with the heat
recovery unit at 50% e�ciency would then be over-
heated with a mean air temperature of 25.78C. In this
case, since the dynamic walls without heat recovery
can provide an adequate room thermal environment,
the installed heat recovery unit needs to be switched
o�. On the other hand, if the heat recovery unit is
kept operating at 50% e�ciency and the heat input
into the room is adjustable, the dynamic walls can pro-
vide a comfortable room environment at a reduced
heat production rate from the ¯oor of 13 W/m2. The
predicted average air, radiant and resultant tempera-
tures in the room are then 21.8, 21.4 and 21.68C re-
spectively; the average PMV in the room is ÿ0.1.
Hence, if the heat input is provided by an under¯oor
heating system, the heating load can be reduced by
one third, approximately.

4.2.2. Use of a radiator
For the same room with air in®ltration but without

heat production from the ¯oor and heat recovery, in
order to achieve indoor thermal comfort at the out-
door air temperature of 08C, a radiator of 2 m long
and 0.7 m high and at 508C mean surface temperature
is installed under the window. The predicted thermal
environment with the radiator is shown in Fig. 4. It is
seen that the heat from the radiator overcomes the
downward ¯ow of air along the window. The mean
values of air, radiant and resultant temperatures for
the room are 23.8, 23.0 and 23.48C respectively; the
PMV and PD in the room are 0.2 and 1.7% respect-
ively. The increase is most obvious in the radiant tem-
perature near the radiator (Fig. 4c). The vertical
gradient in radiant temperature o�sets that of the air
temperature. The air temperature above the head is
also increased, which compensates for the cooling
e�ect of high air velocity. The cooling e�ect of slight
downdraught that exists near the north wall is also
moderated by the increased surface temperature as a
result of radiation heat transfer from the radiator (Fig.
4a and 4b). The consequence of these is a nearly uni-
form distribution of thermal sensation in the room
(Fig. 4e). Also, the risk of draught near the ¯oor is
much reduced (Fig. 4f). Therefore, for this room, heat-
ing by the radiator gives rise to a more satisfactory
thermal environment than under¯oor heating sup-
plemented by the heat recovery unit.

As a comparison, such a comfortable environment
can also be achieved using the same heating system for
the room with impermeable walls (U = 0.4 W/m2K).

The predicted mean values of air, radiant and resultant
temperatures are then 23.3, 22.8 and 23.08C respect-
ively; the air temperature is 0.58C lower than that in
the room with dynamic insulation. Because the overall
indoor thermal sensation is above the neutral point
(PMV > 0), the radiator temperature can be reduced
and so there is scope for saving energy through the use
of dynamic insulation.

4.2.3. Outdoor air temperature
For the room with air in®ltration but without heat

recovery or additional heat input, the thermal environ-
ment would also be acceptable when the outdoor air is
at a temperature of 58C. The predicted room air, radi-
ant and resultant temperatures are 22.9, 22.4 and
22.68C, respectively; the predicted mean vote is 0.1.
Here, a distinction should be made between this pre-
diction and a previous prediction for the outdoor air
temperature of 08C with heat recovery, i.e. results for
Fig. 3. In this prediction, the air ¯owing into the
dynamic walls and through the in®ltration paths is at
the same temperature (58C). In the other prediction,
however, the air ¯owing into the dynamic walls is pre-
heated by the heat recovery unit and so is at a higher
temperature (about 108C) while the temperature of the
air ¯owing through the in®ltration paths is still 08C.

4.3. E�ect of clothing level

The above evaluation of thermal comfort in the
room is based on occupant's clothing level of 1 clo in
winter. In today's o�ces, people may wear clothes
with lower clo values of 0.6 to 0.8. The e�ect of a
lower clothing level on thermal comfort is the require-
ment for a higher mean resultant temperature and
hence more heat input than used for simulations. Since
the predicted thermal environment for the base con-
ditions is between neutral and slightly cool
(PMV=ÿ0.1), PMV would be lower than ÿ0.1 for the
clo value of less than 1. Consequently, for given en-
vironmental conditions, thermal comfort for a lower
clo value would not be as satisfactory as the predic-
tion.

4.4. Controllability of dynamic insulation

Dynamic insulation for an air-tight building can
reduce the requirement for heat input compared with
conventional insulation. However, the maximum heat
requirement for buildings is generally based on out-
door winter design conditions. At high outdoor air
temperatures, there may be di�culties in controlling
thermal comfort in dynamically-insulated buildings.

For example, as predicted above, the thermal en-
vironment in the dynamically-insulated room with 20
W/m2 heat production from the ¯oor or the room with
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50% air in®ltration and a radiator is satisfactory at
the outdoor air temperature 08C but would be too
warm when the outdoor air is well above the freezing
point. The room with 50% air in®ltration without the
radiator, comfortable at 58C, would also be overheated
at outdoor air temperatures higher than 78C. There-
fore, to prevent room overheating, the heat input
needs to be reduced or the ventilation rate increased.
If overheating is caused by the radiator or under¯oor
heating system, because of the air tightness of the
room, an accurate and fast-response controller is
required to regulate the amount of heat input accord-
ing to the changing outdoor air temperature. If the
¯oor heat production results solely from casual heat
gains such as lighting, it may be di�cult to control the
indoor air temperature without increasing energy con-
sumption while keeping the dynamic walls fully func-
tioning. For a conventional room with impermeable
insulation, the indoor air temperature can be decreased
by increasing the ventilation rate mechanically or natu-
rally by opening the window for example. For the
dynamically-insulated room, opening the window
would render the dynamic walls ine�ective and they
essentially would function like conventional walls.
Increasing the ventilation rate for the dynamically-
insulated room would require increasing the fan press-
ure and power requirements because of the functioning
nature of dynamic walls. This would increase energy
consumption for the mechanical system and reduce or
even cancel the potential of energy savings for heating.
It may be argued that it is unnecessary to keep
dynamic insulation fully functioning when the outdoor
air temperature is higher than a value that would lead
to room overheating. The dynamic insulation would
then have a very limited range of e�ective operation
except for rooms with negligible casual heat gains. In
addition, since the room air temperature changes
according to a rather complex relationship among a
number of variables (Eq. 2), it is not so easy to adjust
the thermal environment of a room with dynamic insu-
lation as that with conventional insulation.

5. Conclusions

The e�ectiveness of dynamic insulation and heat
recovery is in¯uenced by the air tightness of a build-
ing. For leaky buildings, it is not bene®cial to employ
dynamic insulation and/or heat recovery. Even for an
air-tight building with a leakage rate as low as one
half of the total ventilation rate of one air change /h,
the use of a heat recovery system to boost the incom-

ing air temperature through dynamic walls may not be
cost-e�ective, either.

Application of dynamic insulation requires careful
system design to ensure that the interior surface tem-
perature of a room is at an adequate level. If the air
¯owing through a dynamic wall is cold, leading to low
surface temperatures, dynamic insulation does not
necessarily provide better thermal comfort than does
conventional insulation. Also, controlling the thermal
environment in fully-functioning dynamically-insulated
rooms is not so easy as in conventionally-insulated
rooms.
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