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ABSTRACT

Air Infiltration through Revolving Doors

Lin Du

For large public buildings, conventional swing or sliding doors provide openings on the
ground floor causing significant amount of energy losses through doorway. The
configuration of revolving doors keeps the entrance closed at all times while allowing
large number of people to pass through. Therefore, revolving doors are widely used as a
solution to reduce the undesired air infiltration caused by the entrance and minimize the

energy needs for heating and cooling.

A 1/10 reduced-scale model was designed for the laboratory measurements of the air
infiltration caused by the movement of revolving doors. The revolving door was installed
on a well-insulated airtight box, placed in a climatic chamber in which the winter outdoor
conditions were controlled. A heater was installed inside the box to maintain the indoor
environment at a constant temperature. Experiments were performed at different rotation
speeds of the revolving door. The air infiltration rates due to the door rotation at different
indoor-outdoor temperature differences were calculated based on the energy balance
equation of the air inside the box. The experimental results were compared with those

from very limited previous studies.

Correlation-based models of the volumetric air flow rate expressed by the rotation speed
and dimensionless temperature indexes around the door were obtained at different seal

conditions. The models established on the base of the experimental data provide an easy



way to calculate the part of air infiltration rate caused by the motion of a revolving door
in prototype. The energy loss due to the rotation of door, based on the new experiments,

was also compared with those based on previous data.
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CHAPTER 1

INTRODUCTION

1.1. Revolving Doors

Revolving doors are widely used as entrances of large public buildings which have
high numbers of users, such as office buildings, shopping malls and hotels. A revolving
door usually consists of three or four segments. The transparent doors separating the
segments are called wings, and there are curved walls surrounding the wings. This
configuration keeps the entrance closed all the time, and allows large numbers of people
to pass\through orderly. Comparing to other kinds of doors, such as swinging or sliding
doors, revolving doors reduce the air infiltration and minimize the energy needs for

heating and cooling caused by the entrance (Stalder, 2009).

Although there is no direct connection between indoor and outdoor environments,
air exchange still occurs. In winter, the cold air brought into the building can still affect
the heating loads and causes thermal discomfort in the adjacent area. Previous research
(Schutrum et al., 1961, Zmeureanu et al., 2001) expressed the air leakage through a
revolving door as a combination of (1) air infiltration through the gaps and seals between
the wings and the door housing, and (2) air displacement due to the revolution of the door.
The infiltration through door seals depends on the indoor-outdoor pressure difference and
position of the door wings, i.e. whether all four or only two wings are in contact with the
housing. The air displacement when door is revolving depends on the door speed,
temperature difference, outside wind velocity and indoor air movement.

1



Schutrum et al. (1961) showed their results in terms of air infiltration under different
conditions — door still, with different indoor-outdoor pressures and door moving with
different rotation speeds and temperature differences. For more than 40 years, this was
the only source of information available for the estimation of heating load due to air
infiltration through this type of doors. ASHRAE Standard 90.1 (ASHRAE, 1999) and
Load Calculation Manual by McQuinston and Spitler (1992) presented the air infiltration
rates through revolving doors of commercial or institutional buildings based on the study
by Schutrum et al. (1961). Zmeureanu et al. (2001) measured the air leakage of existing
revolving doors of an institutional building when the doors are still and found out that the
air leakage through gaps and seals was much bigger than the recommendations in some
standards. Allgayer and Hunt (2004) observed the air flow pattern driven by a reduced-
scale revolving door which links two water-chambers when the door rotates. However,
there is no following research providing experimental data about the air exchange due to

their motion of revolving doors since Schutrum et al. (1961).

1.2. Research Objectives

The objectives of the present study are as follows:

. To measure the air exchange rate caused by the rotation of the door in a reduced-

scale model and to convert the experimental data to full scale prototype.

. To develop an easily-applied methodology for the calculation of the air exchange

rate due to the motion of revolving doors in prototype.



To propose more reliable data to be implemented in standards concerning the air
leakage of revolving doors. These data is needed for the estimation of the heat

loss through this type of doors in order to properly size the HVAC system.

1.3. Thesis Outline

This thesis is organized in the following way.

Chapter 2: Reviews of previous researches about the air infiltration through
revolving doors. Energy-related regulations for this type of doors are also

described.

Chapter 3: The experiments were designed by using a 1/10 reduced-scale model
of revolving door. This chapter explains the setup details of the reduced-scale
model, the dimensions of the model, the experimental conditions, the method of
measurements and calculations, and the instruments used in the experiments.
Field studies were carried out to find out the possible range of the rotation speed
in the experiments. The similarity ratios connecting the reduced-scale model and
prototype door are defined. The air infiltration through the revolving door due to
the movement of the door was calculated on the basis of heat balance of the

indoor air environment.

Chapter 4: A series of experiments were carried out with different rotation speeds.
The air infiltration rates were calculated based on the experimental measurements
and the results were converted into prototype according to the similarity ratios.
The analysis of dimensionless temperatures around the revolving door indicates

the air flow direction when the door turns. Infrared pictures give a better



visualization of the air flow pattern around the door. This chapter also includes
the correlation equations concluded from the dimensionless temperatures, which
will provide an easier way to calculate the air exchange rate due to the motion of

prototype revolving doors.

Chapter 5: This chapter includes the conclusions of the study, as well as

recommendations for future work on this topic.



CHAPTER 2

LITERATURE REVIEW

Generally, air flow entering or leaving buildings is due to the pressure difference
between indoor and outdoor environments. In the winter, heated indoor air rises up to the
top of a building. Conventional swing or sliding doors provide openings on the ground
floor every time when people pass through, allowing cold outdoor air to enter into the
building. Cooled indoor air flows out of the building through the front doors in the
summer. Revolving doors are widely introduced as a solution of allowing people passing
through entrances while minimizing the undesirable air flow. The first part of this chapter
summarizes recommendations of air infiltration rates through entrances from four
standards and regulations. The second part covers previous studies of air flow through
revolving doors by full-scale measurements, reduced-scale simulation and analytical
models. A study of potential energy savings by improving the usage rate of revolving

doors in a university building is also presented.

2.1. Standards

The ASHRAE standard 90.1 (ASHRAE, 1989) specifies that the air leakage for
commercial entrance swinging doors or revolving doors shall not exceed 6.3 L/(s'm* of
the door area) when tested at 75 Pa pressure difference. This value was modified to 5.0
L/(s'm” of the door area) in the more recent ASHRAE standard 90.1 (ASHRAE, 1999).
The Model National Energy Code of Canada for Buildings (MNECCB, 1997) specifies
that air leakage rate through swinging, revolving and sliding doors should not be more

5



than 17 L/s for each meter of the door crack. The Energy Conservation Building Code
(ECBC) 2006 (IIEC, 2006) specifies: “Air leakage for glazed swinging entrance doors
and revolving doors shall not exceed 5.0 L/(s'm?).” The standards are vague about the
conditions of the application of the recommended values. It can be assumed that, for
swinging and sliding doors, the recommendations are made for when the doors are closed.
However, since revolving doors are considered as closed all the time, it is not clear
whether the values should apply when doors are still or also when they turn. The
comparison of values from these standards is shown as Table 2-1 and the values in bold
are the original number from each standard. The other values in the table are calculated
based on the dimensions of a typical revolving door. The ECBC 2006 and ASHRAE

standard 90.1 are much more restrictive than the MNECCB.

Table 2-1: Maximum air leakage rate of entrance doors in four standards

Standards L/ (S'm2 of the door area) L/(s'm of the door crack)
ASHRAE standard 90.1 (1989) 6.3 1.58
ASHRAE standard 90.1 (1999 - present) 5.0 1.25
MNECCB (1997) 68 17
ECBC (2006) 5.0 1.25

2.2. Full-Scale Study

Schutrum et al. (1961) carried out experimental research on air infiltration through a

revolving door installed at the entrance of a laboratory, for experimental purposes, under



heating and cooling conditions. An exhausting system was used to provide required
pressure differences. A tracer gas technique with hydrogen was used to measure the net
air infiltration. The air exchange through revolving doors was presented as the
combination of two components in their research: (1) air infiltration through the gaps and
seals between the wings and the door housing; and (2) air displacement due to the motion
of the door. The first component was measured under the stationary condition. Tests for
the second component were carried out for the motor-driven and the manually-operated

doors, respectively.

At the stationary condition, tests were made with two sets of new seals and one set
of worn seals, but there were no visible cracks for both new and used seals. The
magnitude of air infiltration through the gaps was presented by a graph under different
pressure differentials that either two wings or four wings were touching the door housing
(Fig. 2-1). It was concluded that the air infiltration past door seals depends on the

condition of seals and the indoor-outdoor pressure difference.
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Fig. 2-1: Infiltration through new and worn door seals (door is not rotating) (Schutrum et al,,
1961)



At the rotating condition, the air infiltration of a motor-operated revolving door was
presented as a function of temperature difference and constant rotation speed at the
indoor air movement of 0.18 m/s (35 fpm) and an outdoor wind velocity of 0.9 m/s (2
mph) (Min,1958) (Fig. 2-2). The infiltration of the manually-operated revolving doors
was also measured under different traffic rates and temperature differentials at the same
indoor and outdoor air movement conditions as the motor-operated door (Fig. 2-3). The
traffic flow rate was obtained by two observers recording the number of people passing
through and the time for a given rotation speed (50 rpm or 100 rpm) in 19 field tests of 7
buildings. It was concluded that the air displacement when door is revolving depends on

the door speed, temperature difference, outside wind velocity and indoor air movement.
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Fig. 2-2: Infiltration vs. rpm and indoor-outdoor air temperature difference for motor-operated
revolving door (air leakage past seals deducted) (Schutrum et al., 1961)
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Fig. 2-3: Infiltration through manually-operated revolving doors (air movement 35 fpm indoors,
air leakage past door seals deducted) (Schutrum et al., 1961)

‘In accordance with Schutrum et al. (1961), the total air exchange through a
revolving door is the sum of the air infiltration past seals due to the pressure difference
and the air exchange due to the temperature difference (which is the part due to the
motion of the door). Examples were presented of a building with a pressure differential of
69 Pa (0.46 in. of water) in their paper. However, based on the National Building code of
Canada (NRCC, 1995), the force on the door must not exceed 90 N in order to make sure
the doors are easy to open, which means that the pressure difference should not exceed 20
Pa for a 4.2 m? doorway. Thus, the basis of their examples is unrealistic. If assume the
pressure differential is 20 Pa (0.08 in. of water) for a building with a manually-operated
revolving door moving, when the indoor temperature is 20°C (68°F), the outdoor

temperature is 0°C (32°F) and the traffic rate is 1000 people/hr, the air infiltration



through the gaps and seals is 24 L/s (50 cfm) from Fig. 2-1. The air infiltration by
temperature difference of 35°F is 263 L/s (560 cfm) from Fig. 2-3. As a consequence, the
total air exchange by the revolving door in this example is 24 L/s plus 263 L/s which

equals to 287 L/s. The infiltration through gaps is 8% of the total air exchange.

The study concluded that there was only insignificant change in gap leakage with
door movement compared with the stationary condition, however, specific values were

not provided.

2.3. Full-scale measurement

Until 2001, further experiments were carried out by Zmeureanu et al., who measured
the air infiltration through gaps and seals of four revolving doors of a university building,
at stationary condition, by using the blower door technique. The door seals had different
states of repair conditions. The air infiltration rate of those four doors were compared
with recommendations from ASHRAE Standard 90.1 (ASHRAE 1989) and the
MNECCB (NRCC 1997), as well as with the air infiltration rate of a new revolving door
tested by an independent consultant at a manufacturer’s facility (Table 2-2). The leakage
rates for all four doors greatly exceeded the values specified by both standards and the
importance of good quality seals on the energy efficiency of revolving doors was

highlighted.
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Table 2-2: Air infiltration rate of four revolving doors and standard provisions (Zmeureanu et

al., 2001)
Ap=75Pa
Door 2
L/(s'm) L/(s'm”)
No. 1 47.0 111.3
No. 2 72.0 150.6
No. 3 89.6 213.6
No. 4 29.3 75.6
New door tested by independent consultant 1.2-14 4.8-5.4
ASHRAE (1989) - 6.3
MNECCB (NRCC 1997) 17.0 -

The measured infiltration rates through gaps between wings and door housing of the
four existing doors by Zmeureanu et al. (2001) are not only exceed the limitations in
standards, but also much higher than the results from Schutrum et al. (1961) (Fig. 2-4). It
was mentioned by Zmeureanu et al. (2001) that the used doors have been operating more
than 30 years and the seals lack of maintenance, while the door used by Schutrum et al.
(1961) was installed properly for the experimental purposes. Both studies concluded that
the air leakage through the gaps and seals does not change significantly with the

movement of the door.
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Fig. 2-4: Comparison of the air leakage of four doors and results of Schutrum et al. (1961)
(Zmeureanu et al., 2001)
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The heating energy costs due to the air infiltration through the four doors were also
estimated and compared with the new doors by using recommended values in standards
for two cases: (1) the cold air is brought from outdoor environment through the four
doors by natural pressure difference of 10 Pa; and (2) the warm air leaves the pressurized
building at 20 Pa pressure difference. Both cases were assumed in winter conditions and
indoor temperature of 18°C. The estimated annual energy costs of heating the infiltrated
air through the four revolving doors are much higher than the costs corresponding to new
doors as well as the costs calculated with the maximum infiltration rates from standards.
For example, the annual heating cost through the four doors at natural pressure difference
is from $47 — $124/(m of cracks), while the new door only costs $3/(m of cracks), and the
cost by using recommended value from ASHRAE standard (ASHRAE, 1989) and

MNECCB (NRCC, 1997) is $4/(m of cracks) and $35/(m of cracks), respectively.

2.4. Reduced-scale model

The results from Schutrum et al. (1961) and Zmeureanu et al. (2001) were based on
full-scale measurements. However, it is impractical to build a full-scale version of a
building for each experiment. For this reason, reduced-scale modeling techniques can be

employed.

Air flow through a revolving door when it rotates was examined in a water chamber
by Allgayer and Hunt (2004) using a scaled model approximately 1/ 10" of the full size.
A transparent tank was partitioned into two compartments and a rectangular opening in
the partition housed the revolving door. The fresh- and salt-water solution, which

produced the density difference, was used to represent temperature difference through the
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doorway. The density difference between the two rooms in the tank was analyzed. This
experiment focused on detail observations of the flow patterns and the effect of the door

rotation rate and temperature difference across the doorway.

When a door segment faces the inside compartment, the cold air flows out from
bottom part of the segment and is replaced by warm buoyant air which enters the top of
the door segment. When a door segment faces the outside compartment, the warm air in
the segment rises up going outside and is displaced by the cold outdoor air entering at the

bottom of the door segment.

It was concluded from the experimental results that when the rotation speed exceeds
a critical rotation rate, at same indoor-outdoor temperature difference, the exchange rate
becomes independent of the rotation speed and it remains constant. For the rotation rate
lower than the critical value, the air exchange increases with the increasing of the rotation
speed. This was based on the assumption that the air exchange process only depends on
the buoyancy force resulting from the temperature difference between the indoor and
outdoor environments. For a given temperature difference and door geometry, the critical
rotation rate is reached when the time taken for a segment to be flushed by the buoyancy
forces is equal to the time that the segment is connected to the indoor or outdoor
environment. The study found that the air flow caused by infiltration through seals is
small compared to the total air flow, actually less than 20% of the total air flow, when the

door is rotating.
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2.5. Analytical Model

Schutrum et al. (1961) also developed an analytical model to estimate the air
exchange between the door segments and environment. When a segment is turnd to
indoor environment, the air exchange occurs because of the buoyancy forces due to the
temperature difference between the cold air in the segment and warm air in the room. The
process was separated into two cycles: the opening cycle, when the exposure to indoor

increases; and closing cycle, when the exposure to indoor decreases.

The volumetric air exchange q; from one segment during the opening cycle is

expressed as follows (Schutrum et al., 1961):

_ _ 2 2
%—KZ(V ql )\/V ql _ L d ql (2_1)

d v v 2gVh, di’

The volumetric air exchange q, from one segment during the closing cycle is

expressed as follows (Schutrum et al., 1961):

V_ _ 2 2
dqz :K( 1 —'t)( qZ) V qz _ L d q22 (2_2)
dt 4N 14 v 2gVh, dt

where, q; = volume of air exchange between door segments and environments at the

opening cycle, m’;

q2 = volume of air exchange between door segments and environments at the

closing cycle, m’;

K = CLARN \[2gh, ;
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ho — OSL psegmen! - pi

p ref

, head of air at the beginning of opening cycle, at t = 0, in m;

C = flow coefficient;
L = door height, m;
R = door radius, m;
3

Vsegment = volume of one segment, m™;

Psegment = air density in the door segment at the beginning of the opening cycle,

kg/m’;

p; = air density in the room, kg/m®;

pref = 0.0735, reference density of air, kg/m3;
N = rotation speed, rpm.

The net air infiltration due to door movement is calculated as the difference between

the quantities of outdoor air in the opening cycle and the closing cycle.

ANS 1V

= ’/h 2-3
Cia-paen P *3)

+
where, f :ql_ﬁ outdoors, air displacement as fraction of segment volume when
0 V

segment is exposed to outdoors;

+ . . . .
fi =f]—‘—V—q2 indoors, air displacement as fraction of segment volume when

segment is exposed to indoors;
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A modified model for prediction of the net air infiltration rate through revolving
doors was presented by Schijndel et al. (2003) based on the original model by Schutrum
et al. (1961) and the relation of mass air exchange between segments and environments

(Fig. 2-5).

Cutside

M~ 13N 1
Fig. 2-5: Schematic displacement as a result of the movement of the door (Schijndel et al., 2003)

The heat balance equations for segments I and II are as follows (Schijndel et al.,

2003):

Segment I mTic, =m,Tc,, +myTc 2-4)

pll

Segment II: myTyc,n =m; I

+myTic, (2-5)

pll pll
where, m;, my; = mass of air in segment I and II, kg;
m, = mass of air entering segment I from outside, kg;
my; = mass of air from segment II transferred to segment I, kg;

m; ;; = mass of air entering segment II from inside, kg;

my;; = mass of air from segment [ transferred to segment II, kg;
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Ty, Tu, T, To = air temperature in segment I, segment II, indoor and outdoor,

respectively, °C.

According to the conservation of mass principle, mg; = myy, from which the
volumetric air flow from outdoor to the segment I is: qo1 = myo/po. So the percentage of

the cold air coming from outdoor in segment I is: o = qo,1/ Vsegment-

The net air infiltration was estimated as the product between the volumetric rate

from segment to indoor and the percentage of cold air in segment (Equation 2-4).
— _ 9o 9. 3
q—4-60-N-a-q,',—240-NT (m’/h) (2-4)

In order to account for the effect of outdoor wind and indoor air movement,
Schutrum et al. (1961) assumed that the average non-directional air velocity head v/2g is
equal to a buoyancy head with equal magnitude. The velocity heads were converted to
temperature difference heads and a trial and error approach was used to determine the
effect of wind and indoor air movement. Although the same assumption was used,
Shijndel et al. (2003) introduced a different process to estimate the impact of air
movement in adjacent environment. The results were presented in terms of temperature
differences as well. The study compared the air infiltration due to the door movement
with the infiltration through seals using the data presented by Zmeureanu et al. (2001)
and Schutrum et al. (1961). The air infiltration through gaps and seals between wings and
door holder was estimated to be about 30% of total infiltration in the case of old doors

and about 10% for a new door.
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2.6. Estimation of Energy Savings by Using Revolving Doors

How big a difference can using a revolving door make? Cullum et al. (2006)
developed a research to promote usage rate of revolving doors on MIT campus as much
as possible to save energy consumption caused by entrances. However, it was observed
that people tend to use the swinging doors more than revolving doors. A survey indicated
that the usage ratio of the revoiving door of a university building was only 23% of the
total door-usage. The annual energy consumption used to heat or cool the air leakage
through both revolving and swinging doors in this building was estimated as 98,912.8
kWh, by using the graphs by Schutrum et al. (1961) for revolving doors and the graphs
by Min (1958) for swinging doors. This energy is enough to heat 6.5 single-family houses
in one year, or to light a 100W bulb for 37.8 years. The study also estimated how much
of this energy consumption could be saved if the revolving door usage were higher than
23%. If the revolving door usage is 50%, the annual energy consumption is reduced by
14.5%,; if the revolving door usage is 75%, the annual energy consumption is reduced by
38.7%; and if the revolving door usage is up to 100%, the annual energy consumption is

reduced by 74.0%.
2.7. Conclusion

In high-rise buildings, a large amount of outdoor air comes into the buildings
through frequently used entrance doors in winter, which causes a substantial amount of
energy consumption. Revolving doors work without establishing a direct connection
between the indoor and outdoor environments. Therefore, they potentially reduce heat

losses compared with other types of door. However, researches on the air flow through
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revolving doors seem to have been given comparatively little attention in the previous

studies.

There is still not sufficient information about the amount of the air infiltration due to
the motion of the door. Therefore, further search on the air infiltration when door is
revolving is necessary. Only by knowing this amount of air flow rate, appropriate
recommendations can be given in standards, and the total air exchange can be estimated

for calculating the energy consumption due to the air infiltration.
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CHAPTER 3

DESIGN OF THE REDUCED-SCALE MODEL

3.1. Similitude and Modeling Methodologies

3.1.1. Similitude

It is usually not very convenient to use full-scale buildings for the purpose of
experimental studies, so reduced-scale models are created to simulate the full-scale
prototype. The goal of the reduced-scale modeling is to gather data at a more manageable,
smaller size, and apply the data for usage in the full-scale systems. However, certain
scaling issues need to be resolved before the experiment takes place. Only if the flow in
the model is “similar” to that of the full-scale prototype, the results from a reduced-scale
model can be used. There are three levels of similarity that must be satisfied between
scaled model and full-scale prototype: geometric, kinematic, and dynamic similarity.
Geometric similarity requires that the model and prototype be of the same shape, and that
all linear dimensions of the model be related to corresponding dimensions of the
prototype by a constant scale factor. Kinematic similarity requires the velocities at
corresponding points of the model and prototype be in the same direction and related in
magnitude by a constant scale factor. When two flows have force distributions such that
identical types of forces are parallel and are related in magnitude by a constant scale

factor at all corresponding points, the flows are dynamically similar.
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To validate the model for application in buildings, there must be similar in the
velocity distribution, airflow patterns, and linear dimensions between the prototype
building and the model (Fox and McDonald, 1998). Only when the independent
dimensionless groups are the same in scaled-model and prototype, relationships between

scaled model and full-scale prototype are correct.
3.1.2. Dimensionless Group

It is important to match as many as possible of the dimensionless groups that may
determine the accuracy of scaled-model. Reynolds number (Re) is defined as the ratio of
inertia force to viscous force. It is one of the most important dimensionless parameters in
fluid mechanics problems, and provides a criterion to determine the flow regime or the
dynamic similitude for modeling studies. Re is defined as follows (Fox and McDonald,

1998):

inertia force _ pVD _ VD
viscous force 7 v (3-1)

Re =

where, V = mean fluid velocity, m/s;

D = diameter of revolving door as the characteristic length of the flow field

geometry, D = 0.21 m;

p = dynamic fluid viscosity, Pas;

v =p/p, kinematic fluid viscostty, m?/s; and
p = density of the fluid, kg/m’.

The typical Re number for this case is about 2900.
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3.1.3. Scale Ratios

The model used in this experiment is 1/10 scaled model, so geometric ratio A is:

A =—2=10 (3-2)

where the subscript p refers to the prototype (real life dimension) and m refers to the

reduced scale model.

The geometric ratio A, = 10 means the size of the model is 10 times smaller than the

prototype.
The scaled model and the prototype keep the same Re number:

V,D D
Re = P P:Vm m (3_3)

v, v,

The experimental environment was designed with the same type of fluid as the
prototype, the air, with temperature from 0°C to 25°C. The kinematic viscosity of air
from 0°C to 25°C varies only from 1.33:107 m?/s to 1.55°10° m%/s. Since the difference
is quite small (14%), the average value of 1.44:10° m%s is used in this study. The
kinematic viscosity is the same in the reduced-scale model and the prototype. So, the

lineal velocity ratio is obtained from Equation 3-3 as it follows:

Ay =—L=—=m = (3-4)

Using angular speed, o, and the diameter of the revolving door, D, to represent Re

number, Equation 3-4 becomes (Halliday et al., 2001):
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(@, 7”)'13,, (@, —*) D,
Re= = (3-5)
1% 12
P m
The angular velocity factor A, is:
w D
A, = —L = (._"’)2 = L (3-6)
o, D, 100

& __ O (3-7)

where, Q = the volumetric flow rate, m’/s.

The air flow ratio Aq is:

w.D?
zgzﬁz____" ’;:—1--103:10 (3-8)
Q. oD} 100

3.2. Design of Experiment

3.2.1. Field Study

To obtain information of manually operated revolving doors, several field
observations were made on the revolving doors of one office building and two university
buildings. The number of people passing through the revolving doors and the number of
rotations in each five-minutes-interval were recorded for several hours for each building.
Data collected was converted to the traffic rate, in persons per hour, and the average

rotation speed N in rotations per minute (rpm) (Tables 3-1, 3-2 and 3-3).
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Table 3-1: Data for the revolving door no. 1 of the first university building

Traffic _ Rotation Traffic Rotation
From To flow Traffic rate speed From To flow Traffic rate speed
(persons) (persons/hr) (rpm) (persons) (persons/hr) (rpm)
7:50  7:55 17 204 2.38 5:40 545 14 168 1.98
7:55 8:00 10 120 1.7 5:45  5:50 8 96 0.8
8:00 8:05 10 120 1.35 5:50 5:55 10 120 1.2
8:05 8:10 14 168 1.98 5:55  6:00 17 204 1.5
8:10 8:15 15 180 2.1 6:00 6:05 11 132 1.1
8:15 820 13 156 1.78 6:05 6:10 9 108 0.88
8:20 8:25 11 132 1.5 6:10 6:15 21 252 2
8:25 8:30 44 528 4.53 6:15 6:20 38 456 3.9
8:30 8:35 11 132 1.78 6:20  6:25 28 336 2.45
8:35 8:40 12 144 1.7 6:25  6:30 26 312 2.6
8:40 8:45 6 72 1 6:30  6:35 10 120 1.08
8:45 8:50 15 180 2.8 6:35 6:40 17 204 1.7
Maximum 4.53
Minimum 0.8

Table 3-2: Data for the revolving door no. 2 of the second university building

Traffic Rotation Traffic Rotation

From To flow Traffic rate speed From To flow Traffic rate speed

(persons) (persons/hr) (rpm) (persons) (persons/hr) (rpm)
8:30 8:35 63 756 5.2 9:15 9:20 50 600 4.2
8:35 8:40 77 924 6.2 9:20 9:25 11 132 0.8
8:40 8:45 49 588 4.4 9:25 9:30 48 576 4.1
8:45 8:50 69 828 5.2 9:30 9:35 38 456 32
8:50 8:55 46 552 3.8 9:35 9:40 38 456 32
8:55 9:00 54 648 4.8 9:40 9:45 19 228 1.6
9:00 9:05 73 876 5.8 9:45 9:50 47 564 4.2
9:05 9:10 39 468 34 9:50 9:55 17 204 1.7
9:10 9:15 64 768 4.8 9:55 10:00 19 228 1.3
Maximum 6.2
Minimum 0.8
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Table 3-3: Data for the revolving door no. 3 of an office building

From To Til:)ﬁ:lc Traffic rate R::):::(;m From To Ttrlzivﬁc Traffic rate R::)::(;) "
(persons) (persons/hr) (rpm) (persons) (persons/hr) (rpm)
7:45 7.50 15 180 2.8 8:45 8:50 12 144 2.63
7:50  7:55 9 108 2 8:50 8:55 7 84 1.75
7:55 8:00 9 108 1.8 8:55 9:00 6 72 1.4
8:.00 8:05 12 144 2.43 9:00 9:05 15 180 2.48
8:05 8:10 11 132 2.13 9:05 9:10 12 144 1.9
8:10 8:15 12 144 2.4 9:10 9:15 9 108 1.83
8:15 8:20 6 72 1.13 9:15 9:20 8 96 1.48
8:20 8:25 17 204 2.73 9:20 9:25 5 60 1.05
8:25 8:30 11 132 2.58 9:25 9:30 6 72 1.28
8:30 8:35 9 108 1.85 9:30 9:35 4 48 0.88
8:35 8:40 9 108 2.33 9:35 9:40 5 60 1.03
8:40 8:45 8 96 1.58 9:40 9:45 8 96 1.70
Maximum 2.8

Minimam 0.88

The rotation speed of revolving doors in the field studies varied from 0.8 to 6.2 rpm.
The most frequent rotation speed was about 2 rpm for the 1* university building and the
office building, and 5 rpm for the 2" university building (Fig 3-1). The maximum

rotation speed in the field study is 6.2 rpm.

Schutrum et al. (1961) carried out 19 field tests on seven revolving doors in
Cleveland to obtain the performance of motor-operated revolving doors. They recorded
the time of a given number of revolutions (50 or 100), time of idle period, and the
number of people passing through the door. The average rotation speed presented by
Schutrum et al. (1961) excluded the idle time, thus at same traffic rate, it is larger
compared to the average rotation speed in present field studies, which include the idle
time. For instance, at 800 persons/hour, Schutrum et al. (1961) found the rotation speed
of about 7 rpm, while this study found 5.3 rpm (Fig. 3-2). At lower traffic rate (e.g. 400

persons/hour) the difference from Schutrum et al. (1961) is even larger.
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Fig. 3-2: Average rotation speed vs. traffic rate from the field study

The results from present field studies represent the traffic flow rate of all
university/institutional buildings and office buildings. The traffic rate passing through the
revolving doors is high at places such as airports and shopping malls, which have much

more people coming in and out all the time. For the office buildings, a lot of people drive
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their cars to work, therefore there is a considerable number of people coming into the
building by driving directly into the garage, so they do not use the revolving doors. For
the university buildings, there is a big difference of traffic flow rate between the rush

time 5 to 15 minutes before or after classes and the time during the classes.

3.2.2. Dimensions of the Experimental Model

The experiment was designed by using a 1/10 reduced-scale model to simulate and
to measure the air exchange of a revolving door. An airtight box with a revolving door on
the front side was installed in a climatic chamber. The box represented the hall of a
building, and the climatic chamber represented the outdoor environment. The inside
dimensions of the box are 50 x 58.5 x 50 cm (Fig. 3-3). The inside dimensions of the

chamber are 3.65 x 2.45 x 2.03 m.

Fig. 3-3: Dimensions of the experimental box and revolving door without outside insulation
(dimensions are in cm)

27



The height and diameter of the revolving door is 21 cm and 21 cm, respectively. The

location of the box inside the chamber is presented in Fig. 3-4.
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Fig. 3-4: Box position inside the environmental chamber (dimensions are in cm)
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Fig. 3-5 (a) shows one of the four wings and the size of the seals. A motor is
installed on the vertical axis of the revolving door to drive the door turning. Fig. 3-5 (b)

shows the detailed dimensions of the 1/10 scaled revolving door.
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horizontal cross section

Fig. 3-5: Dimensions of the experimental model (dimensions are in cm)

To find out if the presence of the box inside the chamber will affect the air velocity
field, the air velocity in the chamber when it is on was measured with and without the
experimental model. The comparison shows that the presence of the box did not affect

the air movement in the climatic chamber. Details are presented in Appendix A.

3.3. Experimental Approach

The experiment was designed to measure the mass air flow rate (mi,f) by measuring

the corresponding heat loss of the box due to the usage of revolving door in the winter
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condition. The overall heat balance equation is applied to the box when the door is
moving during a period of time (At): the energy change inside the box is equal to the heat
generated by heater and fan, installed in the box, minus the heat loss through walls and

the heat loss due to the air infiltration through the revolving door.
AQ = Qheater + Qfan - Qlosx - Qdaor (3-9)

where, AQ = the energy change inside the box in the time interval At, J;
Qheater = Atgiep’ Z Vieasers " Lneawer; > 18 the heat generated by heater over the time At,
j
J; Atgep = 10s is the time step between each recording j; V is the voltage, V; I is
the electric current, A;

Qfan = Atgep’ ZVfam ;1 n; » 18 the heat generated by the small fan over the time
j

At, J;
Qloss = the heat loss through the box walls, over the time At, J;

Quoor = the heat loss of the box due to air infiltration through the revolving door,

when door is moving over the time At, J.

The experimental data is recorded every 10-second step. Each time step the voltage
and current to the heater and fan, the average indoor air temperature of the box and the

average outdoor air temperature in the environmental chamber are recorded.
The heat change inside the box in the time period At is calculated as follows:

AQ=m,-c, - T,-mc,-T =p,-V

box

e, T, =p, Y,

bor *Cp 0 1 (3-10)
where, p; = the air density at the beginning of the time interval At, kg/m3 ;

30



p, = the air density at the end of the time interval At, kg/m3 ;
Viox = 0.5:0.5:0.585 =0.146 m3, is the internal volume of the box;

T, = the initial temperature inside the box at the beginning of the time interval

At, °C,
T, = the final temperature inside the box at the end of the time interval At, °C;
¢, = the specific heat of air, 1005 J/kg°C.

The heat loss Quss, including the heat loss through envelope and the heat loss due to

the air leakage through the gaps around the door, is calculated by using the UA-value:

Qlos_v :U'A'Atstep z(]-: _To)j (3-11)
J

where, U = the overall heat transfer coefficient, W/(mz'K);
A = the total exterior surface area of the box, m%;
T; = the average indoor air temperature of the box, °C;

T, = the average air temperature of the environmental chamber, °C.

The heat loss caused by the air infiltration through the door is calculated as follows:

Qdoor :minf.cp'Atstep.Z(T;'_To)j (3_12)
J

where, m;ns = the mass air flow rate through the revolving door, kg/s.

The air volumetric flow rate through the revolving door Qixf, m’/s, is:

inf (3_13)



where, p is air density, which is 1.29 kg/m’ at 1°C (the average temperature in the

environmental chamber) and atmospheric pressure (Fox and McDonald, 1998).

Equation 3-9 becomes:

pZ 'Vbox 'cp 'T2 _pl 'Vbox 'cp TI = [Z(Vheater 'Ihealer +Vfan 'Ifan)j
J

—U'A'Z(T;_T;)j_minf.cp'z(z_n)j]'Atslep
J J

(3-14)

The unknown variable to be calculated is the air mass flow rate mjy;, provided that
all other variables are measured. The UA-value is identified by using the steady-state heat

balance equation from some separate tests when the door does not move (still position):

Z(Vheater 'Ihzalzr +Vfan 'Ifan)j = Qlo:s :UAZ(Tl _To)j (3-15)
j j

Two layers of Styrofoam (5 cm for each layer) were applied to the outside surface of
the box by duct tape. One layer of aluminum paper was finally taped outside the
Styrofoam insulation to reduce the heat exchange by radiation between the box and
environmental chamber. The outside dimensions of the box after insulation were 0.75 X

0.78 m, with the height of 0.75 m.

In order to calculate the UA-value (Equation 3-15) and the air mass flow rate miys
(Equation 3-14), the following variables must be measured: the average inside and
outside air temperature, and electric input power to the heater and fan installed in the box,

the total number of revolutions, and the time step of reading.

A Data Acquisition System (DAS) type 34970 (Agilent) was used for collecting the
measured data and controlling the revolving speed (Fig 3-6). Two modules with 20

channels on each module to record temperature and electrical current, and one

32



multifunction module to record the total number of rotations of the door were installed in
the DAS unit. An adjustable heater was placed inside the box. The voltage and current
signals were recorded by the DAS. Several type T thermocouples were installed inside
and outside the box as well as around the revolving door to measure the air temperature,
and the results were also recorded by the DAS. The range of thermocouples is from 0 to
350°C with absolute error of +£0.5°C or relative error of £0.4%. All the small “T”s in
circle in Fig. 3-6 represent the locations of the thermocouples in the experiment. To help
the air temperature inside the box be uniform, a small fan of 0.4 W power input was
installed inside the box. The fan and the door motor shared one power supply system, and
their voltages and currents were recorded by DAS as well. The DAS not only reads the
voltage input to the motor, but also can control the revolving speed by setting up the
needed voltage input to the motor. The time and the cumulative number of rotations of

the door were recorded, so that the rotation speed can be calculated.
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the door, and T;s and T} were installed at the higher position farther from the door. The
indoor air temperature was calculated as the average of test results by these six Ty; to Tie

thermocouples. Because of the fan, the indoor temperature inside the box is uniform.

*17,18
PLAN

4e l18°2
5¢ (173

FRONT ELEVATION

Fig. 3-7: Locations of thermocouples outside the box
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Fig. 3-8: Locations of thermocouples inside the box
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In addition to those thermocouples, nine thermocouples were installed in a
horizontal plan in the front center outside the revolving door, to identify the direction of

air movement, generated by the revolving door (Fig. 3-9).




ST

35135135

Fig 3-9: Additional thermocouples outside the door to identify the air flow direction

(dimensions are in cm)
3.3.2. Measurement of Electric Power Input

Inside the box there are two devices, the heater, which controls the air temperature,
and the fan, which circulates the air to have a uniform temperature. Since the DAS can
only record the voltage difference, in order to measure the current, a small resistance of
0.1 Q was installed on each circuit, (1) of the heater, and (2) of the fan. The voltage
difference between the two ends of the resistance can be recorded by DAS, so that the
current can be calculated by dividing the voltage by the resistance (Fig. 3-10). Every 10
seconds time step, channels 01 and 03 read the voltage differences through the resistances
to calculate the current through the heater and fan, and channels 02 and 04 read the
voltage difference of the heater circuit and fan circuit, respectively. Those values are

recorded, exported to Excel file and the electric input power is calculated.
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Fig. 3-10: Illustration of how to record the power input

3.3.3. Identification of the Overall UA-value of the Insulated Box

The overall UA-value is used to calculate the heat loss, when the door is still, which
includes the heat loss through envelope and the heat loss due to the air leakage through

the gaps around the door. From Equation 3-15, the UA-value is calculated as follows:

Z (Vheater ! Ihealer + Vfan ’ Ifan )j
J

(3-16)
2T -T,),

U-A=

Tests were carried out at outdoor air temperature between 0°C and 2°C and indoor
temperatures from about 20°C to 40°C when the door was not rotating, and the calculated

UA-value are presented in Table 3-4.

Table 3-4: UA-value at different indoor air temperatures

Test Average indoor temperature UA-vzzllue
(°C) [W/(m™K)]

43.33 1.261

30.46 1.061

3 24.73 0.878
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Based on these tests, the relationship between the overall UA-value and the indoor

temperature T;, at T, = 0 — 2°C can be expressed as follows:

UA = 0.4181 + 0.0197T; (with R? = 0.96) (3-17)

3.3.4. Setup of Infrared Camera

To visualize the air flow direction when it leaves the revolving door, the infrared
thermography was used, and infrared images were recorded at different rotation speeds
and with different conditions of seals — with full seals around the wings and with no
vertical seals on the side of wings. A mosquito screen fixed on a frame was placed in
horizontal or vertical position outside of the revolving door. The air flow coming from
indoor environment results in different temperature distribution on the net and this

temperature difference can be shown by the colorful infrared pictures.

Figures 3-11 and 3-12 show the horizontal position of the screen in front and center

outside the revolving door. The infrared camera was placed above the screen.

Frame—_|

Mosquito screen
o

Revolving door

Fig. 3-11: Horizontal screen in front of the revolving door
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Fig. 3-12: Infrared camera and horizontal screen in front of the revolving door
Fig. 3-13 indicates the vertical position of the mosquito net outside of the revolving

door. The infrared camera was perpendicular on the screen.

Mosquito screen

/

//
— Frame
Revolving door
L L] N

Fig. 3-13: Vertical screen in front of the revolving door
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CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

4.1. Data Measurement and Analysis

The experiments were carried out at different rotation speeds N of the revolving
door. The conversion of the maximum rotation speed in the ﬁeld study of 6 rpm gives an
experimental rotation speed of 600 rpm. However, limited by the condition of the
experimental revolving door, the highest rotation speed in the experiment was only 370
rpm, which is 3.7 rpm in prototype.

The outdoor temperature (the temperature in the climatic chamber) varied slightly
from 0.5 to 2°C, and the experiments started from different indoor temperatures ranging
from 16 to 22°C. The air infiltration rate is calculated by an integral method which is

based on the heat balance equation over a period of time At when door rotates (Equation

3-14):
p2 'Vbox 'Cp TZ _p] .Vbox 'Cp Tl =[Z(Vheater ']heater +Vfan .Ifan)j
J

—UAZ(T; —‘TO)_[‘ _minf CPZ(T; —TL)j]'Atxlep
i J (3-14)

4.1.1. Experimental Results

Experiments were conducted in the reduced-scale model at different rotation speed

N from 19 to 368 rpm with indoor temperature from 15.5 to 22.6°C and outdoor
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temperature from 0.5 to 2°C. All data for calculations are summarized in Table 4-1. The
experimental results at 19.06 rpm are presented as an example of calculation. Data used
in this calculation are from 50" time step (16:32:45) to 275" time step (17:10:25) (Fig. 4-
1). Based on measurements, the relation between the indoor temperature (T;) and

measurement time (t) is expressed as:

T, =-0.0018't+ 19.734  (with R? = 0.9065) (4-1)

Beginning of the calculation End of the calculation
period (50" step) period (275™ step)

_ 210

&

£ 205

3

<

& 200 |

E Ti =-0.0018t + 19.734

5 195 *=0.906

Q

©

c

(1]

=

]

E 185

@

o

5 18.0 1 1 i 1 | N]
0 50 100 150 200 250 300

Step

Fig. 4-1: Experimental indoor temperature in the time interval At at 19.06 rpm

The calculation steps are as follows:
1) Time interval recorded:
At=17:10:25-16:32:45=37.67min =2260 s

2) Total number of rotations during the time interval At:
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N, =870(at17:10:25)-152(at16:32:45) = 718rotations

3) The average rotation speed during the time interval:

N,, 718
= loal 7% _19.06rpm
model T Ar 37.67 P

N
4) The average indoor temperature:
At the beginning of time interval At: T} = 19.73°C,
At the end of time interval At: T, = 19.73 - 0.0018-:225 =19.32°C
5) The inside volume of the box:

Viox = 0.146 m®

6) The total heat generated by heater and fan in the time interval At =2260 s:

Z(Vheater ’ Iheater + Vfan : ‘[fan)j .At_y[ep: 4663947 J
]

7) The summation of the temperature difference between indoor and outdoor:

YT -T,), At,,, =40317.09°C s
-

8) The UA-value from Equation 3-17 (using the average value of the initial and

final temperature inside the box):
U'A=04181+0.0197-(19.73+19.32)/2 = 0.80 W/°C (4-2)

9) The mass air infiltration rate is calculated from the heat balance equation over

the time interval (At = 2260 s):
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Z(I/hea/er 'leeater +Vfan 'Ifan)j 'Atslep —(pZ 'TZ _pl 'TI)'Vbax 'Cp _UAZ(T; —Ta)j 'Ats/ep
__ J

- cp'z(T;_T;))j.At:tep
J

m.

inf

(4-3)
_46639.47—(1.214-19.32-1.213-19.73) - 0.146 - 1005 - 0.80 - 40317.09
1005-40317.09
=0.356x10"kg /s
From where:
-3
g = My _ 0.361x10 — 0284 L/
2, 1.25 (4-4)
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Table 4-1: Infiltration air flow rate at different rotation speeds at
indoor temperature around 20°C in the 1/10 reduced-scale model

Initial

Average . Time indoor Final indoor Overall I(T-T,)" Volumetric
rotation speed interval  Qpeater™Qran temperature temperature UA- Aty flow rate
(rpm) At (@) T, T, value ©C s) Qinf
(s) ©C) (8] WreG) (L/s)
19.06 2260 46639.47 19.65 19.25 0.80 40317.09 0.284
19.17 2500 51299.65 19.84 19.56 0.81 44363.60 0.280
31.76 500 10587.20 19.24 19.21 0.80 8993.30 0.303
38.88 1505 30693.02 20.53 20.23 0.82 28294.29 0.213
47.85 3006 61361.68 20.94 20.64 0.83 57505.25 0.191
48.55 2000 41900.61 19.14 18.96 0.79 36002.82 0.296
51.96 2070 42527.61 19.76 19.52 0.81 36987.27 0.275
61.10 1110 22666.78 20.25 20.02 0.81 20682.13 0.225
76.29 200 4094.90 20.80 20.71 0.83 3945.90 0.211
79.68 4005 82582.80 19.62 19.30 0.80 72944.20 0.264
85.37 2000 40837.46 20.96 20.32 0.82 37789.89 0.206
108.37 2001 40963.78 19.98 19.80 0.81 35667.75 0.270
116.44 3015 61735.99 20.44 20.08 0.82 53159.42 0.275
157.70 1500 30564.79 21.29 21.00 0.83 2755541 0.220
173.87 15010  308063.74 19.63 18.80 0.80 251878.01 0.340
187.06 10010  208381.77 18.12 17.22 0.77 165588.42 0.393
192.39 4000 81503.12 19.44 19.12 0.80 70334.68 0.288
221.59 6010 123809.31 17.74 16.78 0.76 97407.67 0.410
247.36 1000 20768.20 19.00 18.84 0.79 1794430 0.293
284.99 500 1047.10 20.07 19.96 0.81 9262.50 0.255
287.37 3000 62157.39 20.24 19.58 0.81 48592.03 0.375
295.73 1000 20996.00 16.24 16.13 0.74 15160.00 0.517
303.75 5010 103193.78 16.52 15.72 0.74 76857.80 0.485
308.51 1000 20750.00 19.49 19.27 0.80 17629.01 0.302
322.84 6000 123600.20 19.00 17.86 0.78 99409.87 0.370
333.03 4020 83947.55 15.42 14.98 0.72 57967.60 0.583
333.03 2007 41285.08 17.18 16.82 0.75 32611.40 0.410
333.78 4000 82585.30 15.95 15.19 0.72 59039.14 0.538
347.77 1000 20770.00 19.09 18.83 0.79 17365.00 0.324
368.31 3005 62284.53 17.97 16.98 0.76 48129.45 0.426
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The data acquired from other three tests at indoor temperature around 40°C and one

test at indoor temperature of 25°C are presented in Table 4-2.

Table 4-2: Infiltration air flow rate at different rotation speeds around 40°C and 25°C indoor

temperature in the reduced-scale model

Initial

Time i Final indoor Overall Volumetric
Average . indoor (Ti-To)
. interval QneatertQran temperature UA- flow rate
rotation speed temperature Atgep

(rpm) At (J) T T, value ©C 5) Qinf

©) oc (C) (W°C) (L/s)

(&)

152.98 2000 138477.20 42.82 42.74 1.26 85993.37 0.287
155.17 5000 126124.00 25.53 25.28 0.91 98944.30 0.288
270.75 5000 351156.40 40.58 40.83 1.22 200550.10 0.436
300.30 7010 479534.07 42.52 41.82 1.25 287339.90 0.346

Fig. 4-2 shows all calculated volumetric air infiltration rates under different rotation

speeds and the different indoor temperatures. The results at indoor temperature of 25°C

and 40°C are within the same range of the results as experiments around 20°C. This

result indicates that the air infiltration rate due to the rotation of the door is independent

from the indoor and outdoor temperature difference. Hence, the results from this study

can be applied to other air temperature differences.

The experimental air infiltration rate (qinf), in L/s, and the experimental rotation

speed (N), in rpm, can be expressed by a linear relationship (Fig. 4-2):

Qint=0.0006'N + 0.2148  (with R*=0.51)

Or by a polynomial trendline (Fig. 4-3):

Qing= 100N?* - 8:10°-N + 0.2456  (with R* =0.53)
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Since it is concluded that the air infiltration caused by the motion of the door is
independent to indoor and outdoor temperature difference, Equations 4-5 and 4-6 are

valid at all temperature differences.
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Fig. 4-2: Linear relationship between the volumetric air infiltration rate and the rotation speed of the
experimental revolving door
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Fig. 4-3: Polynomial relationship between the volumetric air infiltration rate and the rotation speed
of the experimental revolving door
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From the linear trendline (Equation 4-5), the experimental air flow rate due to the
motion of the door increases by 0.21 L/s (from 0.226 to 0.437 L/s) when the rotation

speed of the model door increases by 349 rpm (from 19 to 368 rpm).

Another calculation approach, using data from the steady state thermal condition
after a long time, is presented in Appendix B. However, in some experiments, the steady
state conditions were never reached. Therefore the integral method gives more accurate

results.

4.1.2. Error Analysis

Assuming that the two directly measured quantities are X and Y, with absolute errors
Ax and Ay, respectively. The measurements X and Y are independent of each other. The
relative error (E) is the value of the absolute error divided by the measured value of the
quantity (e.g., Ex = Ax/X). If Z is calculated from X and Y, the calculation of the errors

of Z follows these three rules:

Rule 1:ifZ=X+YorZ=X-Y, then Az= Ax2+Ay2. 4-7)

Rule 2: if Z=X x Y or Z = X/Y, then £=\/(—A—x—)2+(ﬂ)2 . (4-8)
Z X Y

Rule 3:if Z= X", then Az=n-x""-Ax and %zn%. (4-9)
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,/Z(Ax)
From Rule 1, if Z = ZX then Az = /Z(Ax) and Z =+——— (4-10)

The air infiltration rate is calculated based on several laboratory measurements of
physical variables. The mass infiltration rate caused by the revolution of the experimental

revolving door is calculated based on the heat balance equation during a period of time At:

Z(Vhewer : [healer + V_[an fan) Atwep (pZ box T pl T) box p - U 4 Z(T; - To )j : At.wep
j / (4-3)

Cp Z(Tn _Ta)j 'Atslep
J

m

o =

The measured physical quantities are: voltage inputs to the heater and fan installed
inside the box; currents of the heater and fan (by means of adding a 0.1 Q electricity
resistance in each electric circuit); dimension of the box; air temperature; and time. The
reading error of DC voltage is £0.004% for the fan and the reading error of AC voltage is
+0.06% for the heater by the data acquisition system (Agilent). The 0.1Q electricity
resistance installed in the circuits has a relative error of +1%. The relative error of the
thermocouple for the temperature measurement (T type, special limit) is +0.4% of range

from 0 to 350°C.

The equation for calculating the air infiltration rate is complicated (having a large
number of summation over the period of time involved) and the error analysis was
accomplished in spreadsheets of Excel. The calculation of rotation speed of 19.06 rpm is

taken to illustrate the error analysis process.
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(1) The relative error of voltage input to the heater: Evi..... = £0.06%, relative error
of voltage input to the fan: Evg, = £0.004%.

(2) The currents of heater and fan are calculated by dividing the voltage to the
small electricity resistance with a relative error of +1%. The relative error of the

current to the heater and the fan is:

E, = V0.06%2 +1%2 = +1.002%

E, —0.004%2 +1%2 = +1%

(3) Based on Rules 1 and 2 (Equations 4-7 and 4-8), the absolute error of the
energy generated by the heater and fan at each recording step can be calculated.
The value is different between each step, depending on the data recorded by the
Data Acquisition System. The absolute error of the summation of the energy

generated by heater and fan can be calculated based on Equation 4-10.

A[Z(I/heater ’ Iheater + Vfan ’ Ifan )j .Atstep] = i3044 ']
}

(4) The reading error of a ruler for measuring the dimension of the experimental

box is 0.1 mm. The relative error of the volume of inside box is:

) =20.17%

0.0001 0.0001 0.0001
E, = > 4 >+
g \/( 0.5 )+ 0.5 ) (0.58

(5) The relative error and absolute error of the energy change inside the box is:
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E

(P2 =T pV pox

= 40.27%
Np, T, =p-T)-c, Vy, =0.27%-(~67.43) = ~0.18

(6) The relative error of the thermocouples for the temperature measurement is
0.4%. The relative error of the summation of temperature difference between

indoor and outdoor is:

A (T, -T,), At,,]

E =
(0T, 8y Z(T,- =T,); Dl
j

=10.29%

(7) The overall UA-value is calculated from Equation 3-17:

U-A =0.4181 + 0.0197(T,+T)/2 = 0.4181+0.0197-(19.65+19.25)/2

=0.80 W/°C

So the relative error of the UA-value is:

o - VAT + (AT} (E, 1) +(E,Ty)°  (0.4%-19.65)% +(0.4%19.25)°
v T, +T, T +T, 19.65+19.25

=10.28%

(8) The relative error of the heat loss through the envelope of the experimental box

is:
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Epps 1), a0, = \/ (0.28%)” +(0.034%)* = +0.282%

AlU-A-At,, -3 (T, -T,);1=0.282%-32301.04 = £90.94J
j

step '

(9) The absolute error and the relative error of numerator in Equation 4-3 is:

Anumerator = 30.44> +0.28% +90.94% =+95.89 .7

Enumerator = 95.89/434161 = +0.022%

(10) The relative error of the air infiltration rate through the model door due to the

revolution of the door is:

E, =40.022%" +0.029%" = +0.037%

The relative errors of calculated air infiltration rate in all the experiments are shown
in Table 4-3. The application of the integral method decreases the relative error of the
experimental results dramatically. Besides, the data acquisition system already has really
high accuracy. The relative error of most cases varies from 0.023% to 0.050%. The

confidence interval is 95%.
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Table 4-3: Error analysis of the experimental data

Experimental rotation speed

Experimental air infiltration

Relative Error

(rpm) (L/s) (%)
19.06 0.284 0.037
19.17 0.280 0.037
31.76 0.303 0.028
38.88 0.213 0.043
47.85 0.191 0.035
48.55 0.296 0.037
51.96 0.275 0.038
61.10 0.225 0.050
76.29 0.211 0.040
79.68 0.264 0.031
85.37 0.206 0.039
108.37 0.270 0.039
116.44 0.275 0.035
152.98 0.287 0.038
155.17 0.288 0.026
157.70 0.220 0.045
173.87 0.340 0.024
187.06 0.393 0.023
192.39 0.288 0.032
221.59 0.410 0.031
247.36 0.293 0.0025
270.75 0.437 0.024
284.99 0.255 0.028
287.37 0.375 0.035
295.73 0.517 0.035
300.30 0.345 0.028
303.75 0.485 0.025
308.51 0.302 0.039
322.84 0.370 0.027
333.00 0.583 0.026
333.00 0.410 0.035
333.78 0.538 0.027
347.77 0.324 0.033
368.31 0.426 0.031
Maximum relative error +0.050%
Minimum relative error +0.023%
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4.1.3. Conversion of the Experimental Results to the Prototype Air

Infiltration Rate

According to the dimensionless analysis in section 3.1, the air flow rate through
prototype door is 10 times greater than the experimental result, and the corresponding
rotation speed is only 1/100 of the rotation speed in the model. When the experimental
results are converted to prototype, the volumetric air infiltration rate is expressed as

follows (Fig. 4-4):
qinf_prototype: O61Np +2.15 (4-1 l)
where, Qinf prototype = the volumetric air infiltration rate in prototype, L/s;

N, = the rotation speed in prototype, rpm.
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Fig. 4-4: Volumetric air infiltration rate vs, rotation speed of the prototype door

The air infiltration rates at different rotation speeds in the scaled-model and

prototype are presented in Table 4-4.
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Table 4-4: Air infiltration rate at different rotation speeds in the reduced-scale model and prototype

In reduced-scale model In prototype
Rotation speed Air infiltration rate Rotation speed Air infiltration rate
(rpm) (L/s) (rpm) L/s)
19.06 0.28 0.19 2.84
19.17 0.28 0.19 2.80
31.76 0.30 0.32 3.03
38.88 0.21 0.39 2.13
47.85 0.19 . 0.48 1.91
48.55 0.30 0.49 2.96
51.96 0.28 0.52 2.75
61.10 0.23 0.61 2.25
76.29 0.21 0.76 2.11
79.68 0.26 0.80 2.64
85.37 0.21 0.85 2.06
108.37 0.27 1.08 2.70
116.44 0.27 1.16 2.75
152.98 0.29 1.53 2.87
155.17 0.29 1.55 2.88
157.70 0.22 1.58 2.20
173.87 0.34 1.74 3.40
187.06 0.39 1.87 3.93
192.39 0.29 1.92 2.88
221.59 0.41 2.22 4.10
247.36 0.29 2.47 2.93
270.75 0.44 2.71 4.37
284.99 0.25 2.85 2.55
287.37 0.38 2.87 3.75
295.73 0.52 2.96 5.17
300.30 0.35 3.00 345
303.75 0.48 3.04 4.85
308.51 0.30 3.09 3.02
322.84 0.37 3.23 3.70
333.03 0.58 3.33 5.83
333.03 0.41 333 4.10
333.78 0.54 3.34 5.38
347.77 0.32 3.48 3.24
368.31 0.43 3.68 4.26
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4.1.4. Discussion

The calculated volumetric air infiltration rates at different rotation speeds are
smaller than the results from Schutrum et al. (1961). For example, at rotation speed of 3.6
rpm in prototype, the air infiltration rate due to the motion of the door from Schutrum et
al. (1961) is 235 L/s, while it is only 4.5 L/s from present research. Since there is no other
publication available for the comparison of the data of air flow rate caused by the motion
of the revolving door, in order to prove this research is reasonable and valuable,

additional information is needed.

Since the centrifugal fans have similar air dynamics as revolving doors, the
performance data of a centrifugal fan with similar dimensions of the experimental
revolving door is collected from a manufacturer’s catalogue (Elektror Airsystems Gmbh,
2009). A centrifugal fan with diameter of 204 mm gives the air flow rate of 2.7 m’/min
(45 L/s) at rotation speed of 2920 rpm. Based on the fan law (Equation 3-7) (Fox and
McDonald, 1998), the air flow rate at other rotation speeds can be calculated as follows

(Equation 4-12):

_gq,-w,-D;  45-021°
o, D; 2920-0.204°

‘@, =0.01680, (4-12)

2

Fig. 4-5 shows the experimental air infiltration rate through the model door, the air
flow rate of the centrifugal fan based on fan law and the air infiltration rate converted
from the results by Schutrum et al. (1961) in the reduced-scale. The air flow rate of the
centrifugal fan increases linearly according to the fan law from 0.3 to 6.2 L/s, while the
air infiltration rate of the door is from 0.25 to 0.48 L/s in present study. However, the air
infiltration in experimental scale converted from Schutrum et al. (1961) is from 10 to 29
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L/s. At the maximum rotation speed of 366 rpm, the air infiltration rate through the door
is 8% of the value of the fan. The air infiltration rates in reduced-scale, converted from
Schutrum et al. (1961) are not only higher than this research, but also much higher than a
running centrifugal fan. However, after all, the revolving door is not designed to generate
air movement as a centrifugal fan. It is impossible that a revolving door brings air flow

rate air from outside to inside higher than that generated by a similar size centrifugal fan.

100.0 r
Schutrum et al. {1961)
w
2
@ 100 Centrifufal fan
(1] -—h
- e N
s
T
£
&= 1.0 . )
= s
S, @ s
L Present study
0.1
0 100 200 300 400
Experimental rotation speed (rpm)

Fig. 4-5: Experimental air infiltration rate due to the revolution of the door vs. air flow rate of the
same dimensioned centrifugal fan vs. previous study in the reduced-scale

Moreover, Cullum et al. (2006) estimated the energy needs for heating the infiltrated
air through the revolving (using Schutrum et al. (1961)’s data) and swinging doors of one
building equals the heating needs of 6.5 single-family houses over one year. The result

appears to overestimate the air infiltration rate through doors.

Another simple calculation was carried out by using degree-day method and results

of Schutrum et al. (1961) to calculate the energy consumption caused by a revolving door.

57



Assuming the revolving door is located in Montreal, the design outdoor air temperature
for heating is -23°C. For the indoor air temperature of 18°C, the electric demand for
heating the cold air brought into the building the revolving door is about 13 kW based on
Schutrum et al. (1961). The annual heating energy usage is estimated at a huge value of
23,600 kWh by degree-day method, which equals to the average energy consumption of a
house in Quebec. It shows that the air infiltration rate by Schutrum et al (1961) is
overvalued. However, from present research, the electric heater for the same case is about
0.2 kW and the annual energy consumption is about 300 kWh. Therefore, the
experimental data from this research is considered more reasonable. The air flow rate

values at each experimental rotation speed are presented in Table 4-5.
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Table 4-5: Experimental air infiltration rate due to the revolution of the revolving door vs. air flow
rate of a same dimensioned centrifugal fan

Experimental Air il‘lflltration cause‘d by the Air fl.ow rate of_ a centrifugal
rotation speed motion of tht‘e experimental fan with same diameter as the
(rpm) revolving door experimental door
(L/s) (L/s)
19.06 0.284 0.320
19.17 0.280 0.322
31.76 0.303 0.534
38.88 0.213 0.653
47.85 0.191 0.804
48.55 0.296 0.816
51.96 0.275 0.873
61.10 0.225 1.026
76.29 0.211 1.282
79.68 0.264 1.339
85.37 0.206 1.434
108.37 0.270 1.821
116.44 0.275 1.956
152.98 0.287 2.570
155.17 0.288 2.607
157.70 0.220 2.649
173.87 0.340 2.921
187.06 0.393 3.143
192.39 0.288 3.232
221.59 0.410 3.723
247.36 0.293 4.156
270.75 0.437 4.549
284.99 0.255 4.788
287.37 0.375 4.828
295.73 0.517 4.968
300.30 0.345 5.045
303.75 0.485 5.103
308.51 0.302 5.183
322.84 0.370 5.424
333.03 0.583 5.595
333.03 0.410 5.595
333.78 0.538 5.608
347.77 0.324 5.843
368.31 0.426 6.188
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It is also found that the air infiltration rate due to the rotation of the door is
independent of the indoor and outdoor temperature difference, while Schutrum et al.
(1961) concluded that the air infiltration caused by the movement of the door “may be
expected as a function of temperature difference and constant rotation speed of the door”

from the full-scale measurements.

4.1.5. Air Infiltration through Revolving Door with Different Conditions of

Seals

The experimental revolving door has all four wings with good seals in good contact
with the door housing. The results of this study are compared in Fig. 4-6 with results of A.
Aupied (2009)' that used the same experimental setup. He carried out two series of
experiments, one with the vertical seals on two wings removed, and another with all the

vertical seals removed.
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£ With full seal condition
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Fig. 4-6: Experimental air infiltration rate with different conditions of seals (The curves of the
condition with only two vertical seals and the condition of no vertical seals are obtained by an
exchange student, Alexis Aupied, using the same experimental setup in this study.)

' A. Aupied (2009). Exchange Student from IUT de Saint-Malo. Measurements, Calculations, Highlights
and Visualization of the Heat Loss in a Building Caused by the Rotation of a Revolving Door. Supervisor: R.
Zmeureanu. Concordia University.
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The air infiltration rate due to the revolution of the door increases when the
condition of seals gets worse, which indicates again the importance of maintaining the
seals around the wings for energy saving purposes. However, the values are still within

the same rage of the air infiltration with full seal condition.

4.2. Dimensionless Expression of Temperature Distribution

To normalize results for different indoor and outdoor temperatures that vary from
one experiment to another, the dimensionless air temperature index 6y, which corrects the
air temperature at selected location x near the door opening (Fig. 4-7) when the door

rotates, is presented in this section:

g, =1L (4-14)
L-1

where each temperature is the average value over the last five minutes of the recording

period.

The revolving door is turning counterclockwise. There are four groups of
thermocouples A, B, C and D, near the door holder. The “h” subscript represents a higher

‘(l”

thermocouple, and the subscript represents a lower thermocouple. For each group A,
B, C and D, the dimensionless temperature is calculated using the average value of the “h”
and “1” test points. There are also two thermocouples, M, and M;, at the middle height

and center near the revolving door. M, is the thermocouple installed outside and M; is the

thermocouple installed inside the box (Fig. 4-7).
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Fig. 4-7: Illustration of the temperature measurement points around the revolving door

For example, the dimensionless temperatures at 116.44 rpm, 17.62°C indoor
temperature, and 152.98 rpm, 42.72°C indoor temperature in the reduced-scaled model
are presented in Table 4-6. Results from all experiments are presented in Appendix C.

Table 4-6: Examples of the dimensiconless temperature distribution near the
revolving door at indoor temperature around 20°C and 40°C

Average Indoor and outdoor Dimensionless temperature
. temperature Measured temperatures .
rotation speed . o index 0y
(rpm) difference “C)
P (oC ) (-)
16.21 18411821 0.91
1213'01 1607 * 117.33 078 - - 087
116.44 17.62 ouT T
23 4.48 5.80
. : IR 0.08 - . - 0.
3.01 {77 416 -0.04 015
31.02 3583 38,05 0.82
43.50 27.60- - -34.89 0.67 - - -0.84
IN
152.98 42.72 OUT - _— I
0.78
710 : . : 13.39 010 - . - 020
2.67 2709 5.62 0.04

62



The variation of dimensionless temperature index 64 versus the rotation speed is
presented for each point, A, B, C and D, inside and outside the box (Table 4-7).

The dimensionless temperatures 64 at B and C locations (inside the box) are higher
than at A and D locations (outside the box) (Fig. 4-8). When the rotation speed is greater
than 120 — 150 rpm, 6¢ is almost at 0.75. Therefore the infiltration of cold air from
outside does not increase with the increase of rotation speed. In the same time, 6g shows

that less cold air reaches location B as the air is directly towards location C.
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Experimental rotation speed {rpm) D M A

Fig. 4-8: Dimensionless temperature at thermocouple A, B, C, and D around the experimental
revolving door

Figure 4-9 shows that the air leaving the revolving door has a similar impact on

thermocouples at location B and M;, compared to location C.

A similar calculation is obtained from the analysis of dimensionless temperatures at
outside locations (A, D and M,) (Fig. 4-10). The air leaving the revolving door affects

mostly the location A (with higher 64 values) than locations D and M,
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Fig. 4-9: Comparison of the dimensionless temperature at thermocouple B, C and M; around the
experimental revolving door
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Fig. 4-10: Comparison of the dimensionless temperature at thermocouple A, D and M, around the
experimental revolving door

Table 4-7 presents the summary of all dimensionless temperatures index 0 at the test
points A to D and M, and M;. Most tests were done at the indoor temperature around
20°C. The bold numbers are the tests at the indoor temperature around 30°C and 40°C.
The dimensionless values at 30°C and 40°C indoor temperature fit the variation trend of

the values at 20°C, which also supports the conclusion that the indoor and outdoor
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temperature difference does not influence the air infiltration due to the rotation of the

door.

Table 4-7: The dimensionless temperature of each test point at different experimental rotation speeds

Experimental Indoor

rotation speed  temperature A B C D M, M;
(rpm) CO
19.06 19.45 0.09 0.64 0.73 0.12 0.01 0.75
19.17 19.70 0.10 0.63 0.72 0.13 0.00 0.75
31.76 17.54 0.13 0.76 0.70 0.10 0.02 0.78
38.88 20.38 0.14 0.80 0.69 0.08 0.04 0.80
47.85 20.79 0.18 0.85 0.72 0.12 0.03 0.86
48.55 19.05 0.12 0.81 0.69 0.06 -0.02 0.81
51.96 19.64 0.14 0.84 0.68 0.07 -0.01 0.84
61.10 20.14 0.17 0.85 0.72 0.08 0.01 0.85
76.29 21.05 0.19 0.87 0.73 0.06 -0.02 0.90
79.68 19.46 0.19 0.86 0.74 0.09 0.01 0.90
85.37 20.64 0.17 0.86 0.72 0.07 -0.02 0.88
108.37 19.89 0.16 0.86 0.74 0.07 -0.02 0.90
116.44 20.26 0.15 0.87 0.78 0.08 -0.04 0.91
152.98 42.78 0.20 0.84 0.67 0.10 0.04 0.82
155.17 25.41 0.20 0.85 0.72 0.10 0.05 0.86
157.70 21.14 0.12 0.87 0.82 0.09 -0.01 0.91
173.87 19.21 0.20 0.81 0.79 0.24 0.14 0.83
187.06 17.67 0.28 0.81 0.75 0.17 0.18 0.83
192.39 19.28 0.20 0.80 0.78 0.23 0.06 0.82
221.59 17.26 0.28 0.75 0.69 0.17 0.18 0.76
247.36 19.29 0.29 0.74 0.82 0.20 0.13 0.82
270.75 40.71 0.24 0.88 0.73 0.14 0.10 0.84
284.99 20.42 0.30 0.87 0.77 0.16 0.09 0.85
287.37 19.91 0.31 0.87 0.78 0.19 0.12 0.85
295.73 15.68 0.29 0.88 0.79 0.15 0.19 0.87
300.30 42.17 0.26 0.86 0.69 0.14 0.10 0.81
303.75 16.12 0.32 0.85 0.78 0.19 0.21 0.86
308.51 19.91 0.31 0.88 0.78 0.17 0.11 0.86
322.84 18.43 0.31 0.89 0.77 0.15 0.10 0.86
333.00 17.00 0.31 0.88 0.76 0.14 0.17 0.86
333.78 15.57 0.28 0.92 0.78 0.10 0.15 0.89
347.77 19.23 0.31 0.91 0.76 0.12 0.07 0.86
368.31 17.48 0.33 0.92 0.77 0.14 0.07 0.87
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Except at very low rotation speed, the air entering the box is pushed towards point C,
and the air leaving the box is pushed towards point A by the revolving door when it
moves. Fig. 4-11 shows the air direction from the analysis of dimensionless temperature

0,. The air flow direction around the door is the same direction as the door.

The cold air from outdoor
is pushed toward C
M;i Small amount of air
exchange occurs at B

C '%-B

In

Out

*®
b V.
Small amount of air Mo

exchange occurs at D The warm air from indoor
is pushed toward A

Fig. 4-11: Sketch showing the air flow direction

To illustrate the air direction more clearly, additional nine thermocouples were

installed outside the revolving door in a horizontal plan (Fig. 4-12).
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Fig. 4-12: Location of additional thermocouples to identify the air flow direction (dimensions in cm)

Two tests were carried out at the rotation speeds of 173.24 (Fig. 4-13) and 295.73
rpm (Fig. 4-14), both at the indoor air temperature of 20°C. Another test was at the
rotation speed of 270.75 rpm and 40°C indoor temperature (Fig. 4-15). The values
presented are the average air temperature, in °C, of last five minutes of the calculation
m@dTMmmmmmmmqmmMMwWaWMWWmmﬁ@mMNMWm@
temperature of Dy, and D). The dimensionless temperatures are presented within brackets.
In all cases, when the door rotates counterclockwise, the warm air from indoor is pushed
along the tangent to the door housing. The temperatures of Fig. 4-13 suggest that a
proportion of air brought by the revolving door from inside might be re-entered by the

door.

Door holder
6.34\ .6 . 495
034 34) 0.27) Isothermals
o 3 . « 399 .
o \ﬁfﬁ——ﬁj:’— o
« 202 . 2.92 . <. - (ex)
(0.16) (0.16) 0.15) 0.17)

Fig. 4-13: Temperatures in front of the door showing the isothermals at 173.24 rpm and 18.5°C
temperature difference between indoor and outdoor
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Fig. 4-14: Temperatures in front of the door showing the isothermals at 295.73 rpm and 13.98°C
temperature difference between indoor and outdoor

Fig. 4-15 shows the temperature distribution outside and close to the door when the
indoor temperature was around 40°C. With a higher indoor temperature, it shows more
clearly that there is more heat exchange happening around test point A, and the air

direction is towards A.

S Door holder
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Fig. 4-15: Temperatures in front of the door showing the isothermals at 300.3 rpm and 42.16°C
temperature difference between indoor and outdoor

The measurements also indicated that the temperature outside the revolving door
drops very fast. At 4 cm away from the revolving door, the air temperature is already

very close to the outdoor air temperature (the air temperature in the climatic chamber).
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4.3, Infrared Images

A mosquito screen fixed on a frame was placed in horizontal or vertical position
outside of the revolving door. Infrared images were taken at different rotation speeds and
with different conditions of seals. In these images, the more reddish colour represents

higher temperature and the more blueish colour represents lower temperature.

Figures 4-16 and 4-17 are the infrared images when the door has seals around the
four wings, and the rotation speed of 50 and 300 rpm, respectively. The temperature
scales of the images were automatically modified by computer program. It does not
represent the real temperatures, more for the best image quality. However, it still can be
considered as a reference for the temperature drop outside the revolving door. The door
rotates counterclockwise. The infrared images show that the warm air coming from

indoor to outdoor is pushed along the rotation direction towards the door housing.

Outdoor

Indoor

Fig. 4-16; Infrared image on a horizontal screen outside the revolving door with four seals at N = 50
rpm
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Outdoor

Indoor

Fig. 4-17: Infrared image on a horizontal screen outside of the revolving door with four seals at N =
300 rpm

As the rotation speed increases, the area with higher temperature becomes longer
and larger, which means the contribution of warm air coming from indoor environment
increases. The warm air is pushed further counterclockwise to the outside enclosure of
the box as well. As shown, the area of warm air is very narrow along the rotation
direction of the door, which supports the conclusion from the measurement of the air

temperature by thermocouples in section 4.2.

Infrared images were also taken at 50 and 300 rpm after removing the vertical seals

on the wings (Figures 4-18 and 4-19). The images show a similar air flow pattern.
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QOutdoor

Indoor

Fig. 4-18: Infrared image on a horizontal screen outside the revelving door without vertical seals at N
=50 rpm

\ Outdoor
~ G 92959
Indoor

Fig. 4-19: Infrared image on a horizontal screen outside of the revelving door without vertical seals
at N =300 rpm
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Similarly, more air is pushed toward counterclockwise as the rotation speed
increases, and there is more air exchange at the closing period of the rotation. The area of
warm air is very narrow which means that the temperature coming from indoor drops

very fast at the outdoor environment.

Infrared images were also taken when the screen is placed at the vertical position
outside the revolving door. Fig. 4-22 is the infrared image at the rotation speed of 300
rpm with all wings sealed. The vertical images were taken at different times of
experiment from the horizontal images. Therefore the scales of temperature are different
between vertical and horizontal images. The red area in vertical image is affected by the

heating leakage through insulation from door motor.

Affected by heating from
motor through insulation

Box

Revolving Door

Fig. 4-22: Vertical infrared image on a vertical screen outside of the revolving door with four seals
at N =300 rpm
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4.4. Correlation-Based Models

The experiments were carried out with the experimental rotation speed from 19 rpm
to 360 rpm, which equals 0.19 to 3.6 rpm in the prototype. In the experiments, in order to
keep the indoor temperature at a constant value, a heater was set inside the box, and the
power input of the heater was used in the calculation of the air infiltration rate caused by
the motion of the revolving door. However in the real (prototype) case of a large building,

it is impossible to have a similar experimental setup.

It will be much more practical if the air infiltration rate can be estimated based on
on-site measurements of the rotation speed and the dimensionless temperature values
around the revolving door. Several correlation-based models of volumetric flow rate (L/s)
expressed as function of different groups of variables (e.g.: N, dimensionless temperature
0,) are compared in Appendix D, along with the dimensionless temperatures at each test
point used to generate the models. The best correlation-based models for different seal
conditions are presented in this section and are recommended for use on-site to estimate

the air infiltration through existing revolving doors.

In the case of experimental revolving door with four seals, the following correlation-

based model predicts the experimental air infiltration rate, in L/s, when door is rotating:

Qinf= (0.000006°N? - 0.0017'N - 1.96"8 - 0.0460; - 0.850py, + 0.35:0p - 0.16-0cy, -

0.53-0¢; - 0.61°0py, + 0.31:0p; + 2.22:0m, + 1.09°00; +0.93) /p (4-15)

R? of this correlation-based equation is 0.81, standard error is 0.075 L/s and relative

error is 18.6%.
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Using the similarity criteria (Section 3.1.3), the correlation-based model for

prototype is as follows:

Qinf_prototype = (0.64'N2 -1.72°N - 19.62'9Ah- 0.46'9A1 - 8.45'95h+ 3.53’9|3| - 1.55'9Ch-

5.270¢c1- 6.13:0pp+ 3.080p; + 22.19:0p0 + 10.85:6m; + 9.34) /p (4-16)

Table 4-9 gives the comparison of the volumetric air infiltration rate in prototype
from experimental data and the values from correlation-based model. The relative error
for each group varies from —22% to 36%. The relative standard error of this correlation
equation is 18.6%. Therefore, by measuring the on-site dimensionless temperature 0y in
the selected points, and the rotation speed, it is possible to estimate the net air infiltration

rate through a prototype revolving door.
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Table 4-8: Data from experiments vs. simulated data from correlation equation in prototype with
four seals condition

Volumetric flow rate  Volumetric flow rate from Relative error
Rotation speed from experimental correlation-based model Deometation — I protoype
(rpm) data qprotetype Qcorrelation
(L/s) (L/s) 9 protoype
0.19 2.84 3.05 0.04
0.19 2.80 2.63 -0.09
0.32 3.03 2.67 0.20
0.39 2.13 2.91 0.26
0.48 1.91 2.18 0.11
0.49 2.96 2.48 -0.22
0.52 2.75 2.71 -0.11
0.61 2.25 2.27 0.00
0.76 2.11 1.98 0.00
0.80 2.64 2.34 -0.10
0.85 2.06 1.77 0.01
1.08 2.70 2.35 -0.06
1.16 2.75 2.28 -0.13
1.53 2.87 2.90 0.06
1.55 2.88 2.36 -0.02
1.58 2.20 2.83 0.36
1.74 3.40 3.51 -0.02
1.87 3.93 3.66 -0.03
1.92 2.88 2.02 -0.18
2.22 4.10 421 0.01
2.47 2.93 3.25 0.15
2.71 437 3.55 -0.13
2.85 2.55 2.74 0.24
2.87 3.75 2.92 -0.13
2.96 5.17 5.25 -0.02
3.00 3.45 3.50 0.08
3.04 4.85 4.95 -0.01
3.09 3.02 3.49 0.23
3.23 3.70 3.67 0.04
3.33 5.83 4.96 -0.16
3.34 5.38 5.51 0.00
3.48 3.24 3.70 0.18
3.68 4.26 4.01 -0.08
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In the case when the experiential revolving door has no vertical seals, as on extreme
case, the following correlation-based model predicts the experimental air infiltration rate,

in L/s:

Gint = (0.000026°N? - 0.0071'N - 8.320ap - 4.36:04 + 8.56'0gy, + 1.16:0g; + 14.3:0cy,

+11.95-0¢; - 13.08:0py, + 24.570p; + 1.24:0pmo - 16.45:0p; - 9.58)/p (4-17)

R? of this correlation-based equation is 0.99, standard error is 0.069 L/s and relative

error is 6.9%.

Using the similarity criteria, the correlation-based model for the prototype for the

case of no vertical seals is as follows:

Qint protongpe = (2.62°N? - T.08'N - 83.18'0n, - 43.57:051 - 85.63-0py + 116405, +
142.97-0¢cy, + 119.52:0c; - 130.84:0p, + 245.69:6p + 12.350\, - 164.46°00; -

95.82)/p (4-18)

The air infiltration rates calculated by the correlation equation are very close to the
experimental data for no seal condition (Table 4-9). The relative error between the
experimental results and calculated air infiltration by correlation equation is from -5.90%

to 2.56%.
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Table 4-9: Data from experiments vs. simulated data from correlation equation in prototype with no
vertical seals

Volumetric flow rate  Volumetric flow rate from Relative error

Rotation speed in prototype correlation equation O.corvetation — L protorype
(rpm) (Lis) wss) Qoo
0.44 4.58 4.59 0.32
0.87 5.63 5.58 -0.89
1.31 6.61 6.63 0.27
1.73 5.43 5.36 -1.25
1.90 5.54 5.53 -0.11
2.16 7.75 7.95 2.50
2.42 7.67 7.58 -1.15
2.59 8.64 8.78 1.73
2.78 8.81 8.70 -1.23
3.05 8.70 8.80 1.08
3.35 9.07 9.16 1.07
3.46 10.92 10.28 -5.90
3.66 10.20 10.46 2.56
3.81 10.23 10.40 1.64
3.98 10.37 10.34 -0.30

Others correlation-based models with different variables were also concluded in
Appendix D, as well as the dimensionless values at each point used to obtain the

correlation-based models.

4.5. Conclusion

The air infiltration rate due to the revolution of the revolving door was calculated
from a series of experiments by a reduced-scale model. Compared to the air infiltration
through the gaps and seals between door wings and door holder, the air infiltration rate
caused by the rotation of the door is very small. The air infiltration due to the motion of
the door increases slightly with increasing rotation speed of the door, however, it is

independent from the indoor and outdoor temperature difference. A correlation-based
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model was developed for revolving doors with different seal conditions. This research is
the only resource of the experimental data of the air infiltration through a revolving door
by its movement since a single paper about this issue published more than 40 years ago.
This may catch the attention of future research regarding the energy consumption in
buildings with this type of doors or the modification of the energy standards or

regulations.

The results of this study indicate that smaller air infiltration rates through revolving
doors should be used to size the heating systems to compensate for heat losses, when
compared with values recommended by Schutrum et al. (1961). For instance, when a
revolving door with good seals rotates at 3 rpm and the indoor-outdoor air temperature
difference is 20°C (36°F), results from Schutrum et al. (1961) give an air infiltration rate
of about 260 L/s (550 cfm) (Fig. 2-2). The present study recommends an air infiltration
rate of only 3.45 L/s. As presented in section 4.1.4, the results of Schutrum et al. (1961)
overestimate the air infiltration rate due to the door revolution, significantly. If the
revolving door is located in Montreal, to keep the indoor environment at constant 18°C,
the electric demand for heating is about 13 kW and the annual heating energy usage is
estimated at a value of 23,600 kWh by degreed-day method based on the air infiltration
rate from Schutrum et al. (1961), which equals to the average energy use of a house.
However, the electric heater for the same case is about 0.2 kW and the annual energy

usage is estimated at 300 kWh by using the air infiltration rate from present study.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK

5.1. Summary and Conclusions

This research provides accurate laboratory data of the part of air infiltration through
revolving door caused by the revolution of the door. A 1/10 reduced-scale model of a
revolving door was designed for the measurements of the air infiltration rate due to the
motion of revolving doors. An airtight box, where the revolving door was installed, was
very well insulated to make sure that the energy exchange only occurs at the doorway.
Experiments were carried out in the winter condition. The box was located in a climatic
chamber which provides an outdoor temperature around 0°C. To warm up and keep the
air temperature constant inside the box, a heater was installed in the box. A small motor
was used to drive the door turning. Thermocouples were placed at the indoor and outdoor
environments and around the revolving door. The power inputs of the instruments, the
temperatures, and the total number of turns were recorded by a Data Acquisition System

(Agilent).

The traffic flow rates of three revolving doors in office/university buildings were
recorded in field studies. Experiments at different experimental rotation speeds from 19

rpm to 360 rpm were carried out, which gives the data for rotation speeds from 0.19 rpm
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to 3.6 rpm in prototype. The air infiltration rate was calculated based on the heat balance

equation of the indoor environment over a period of time.

It is found that the air infiltration increases slightly with the increase in
the rotation speed. According to the experimental results, the motion of the revolving
door only has a very small effect to the air infiltration rate. In prototype at the rotation
speeds of 0.2 rpm to 3.6 rpm, the air infiltration caused by the rotation of the door varies
from 2 L/s to 6 L/s which equals to 0.5-1.1 L/s'm’ of the door area and 0.1-0.3 L/(s'm of door
crack. The recommended limitations of the air infiltration through door way in several standards
presented in literature review are most likely just for the part of air infiltration through gap and

seals when revolving doors are still. The air infiltration due to the revolution of the door could be

included in the standard and this research provides reliable data as a reference.

Most tests were carried out at indoor temperatures around 20°C, and several tests
were made at indoor temperatures around 30°C and 40°C. The calculated air infiltration
rate in the conditions of 30°C and 40°C indoor environment fits the range of air
infiltration rate in the condition of 20°C very well, which indicates that the temperature
difference between indoor and outdoor is independent to the air infiltration rate caused by

the motion of the revolving door.

To remove the effect of different outdoor and indoor temperature measurements, the
dimensionless air temperature index 6, around the revolving door is presented at different
rotation speeds. The dimensionless analysis gives an idea of the air flow pattern around
the revolving door and it is also a support of the conclusion that the air infiltration rate

due to the motion of the door does not increase significantly with the rotation speed.
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Several more thermocouples were installed in a horizontal place in front of the
revolving door at the outdoor environment. The measured temperature shows the same
result that the air flow direction is along the tangent towards the door housing. It is also
indicated that temperature of the warm air coming from indoor drops very fast when it
comes to outdoor environment. The area of warm air outside the revolving door is very
narrow. The air temperature at the distance of 4 cm away from the revolving door in the

experiment is already very close to the average outdoor temperature.

Infrared images presenting the air flow pattern around the revolving door were taken
at different seal conditions at 50, 150, and 300 rpm. A mosquito screen was placed in
horizontal and vertical position outside of the door. In the horizontal pictures, the area of
warm air outside the revolving door is very narrow, and the air flow direction is towards
the door housing. The vertical infrared picture outside the door indicates that the warm
air coming from indoor with smaller density rises up when it comes to the outdoor

environment.

To provide an easily-applied way of calculating the volumetric air flow rate due to
the rotation of the door, correlation-based models of air flow rate were established as
functions of rotation speed and dimensionless temperature indexes. By only measuring
the air temperature around the revolving door, the volumetric air flow rate in prototype
can be calculated according to the correlation-based models which are obtained from the

experimental data of different seals conditions.

5.2. Future Work

Based on the experience obtained from this study, the following suggestions can be
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made with respect to future work on this area.

1) Study the air infiltration rate through revolving doors when there is pressure

difference between outside and inside environments.

2) Repeat this study for different geometric ratios ;.. It would also be great if some
tests were be carried out in a full-scale revolving door and results compared with those
from reduced-scale models. By using a full-scale door, people can really enter and leave

the revolving door that the effect of people can also be observed.

3) Use other approaches for measuring the air infiltration rate. For instance, use a
laminar flow meter instead of controlling T; and T,, and calculate the infiltration rate

based on heat balance equation.

4) Based on the field studies, the rotation speed of a real-sized revolving door could
be up to 7 rpm. In order to get the data for higher rotation speed, structural intensity and

ability of motor controlling door turning need to be improved.
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Appendix A:

Air Velocities inside the Climatic Chamber

To find out whether the presence of the box inside the chamber affects the air
velocity field, the air velocity in the chamber was measured with and without the room
model. First, the velocity near the front of the box was measured with the box in the
chamber. The measurements started from the bottom of the box to the ceiling of the box
with 5 cm interval. Then the box was removed and the same measurements were carried
out. Five points above and five points below the box with same intervals were measured
as well. Measurements were carried out three times at each point. The air velocities and

deviations were recorded, and the average values were calculated.
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Table A-1: Air velocity near the front of the box (tested with the box in the chamber)

Test Air Average Average Test Air Average Average
Point Velocity Velocity Deviation Devia tigo n | Point Velocity  Velocity Deviation Deviation

o (m/s) (m/s) (m/s) (m/s)
0.2 0.09 0.26 0.09

1 0.26 0.233 0.09 0.083 7 0.18 0.210 0.09 0.087
0.24 0.07 0.19 0.08
0.23 0.07 0.23 0.1

2 0.25 0.243 0.08 0.083 8 0.26 0.237 0.09 0.093
0.25 0.1 0.22 0.09
0.18 0.08 0.21 0.07

3 0.26 0.223 0.08 0.077 9 0.2 0.190 0.06 0.060
0.23 0.07 0.16 0.05
0.22 0.08 0.14 0.07

4 0.18 0.200 0.07 0.073 10 0.17 0.170 0.07 0.067
0.2 0.07 0.2 0.06
0.24 0.08 0.26 0.1

5 0.21 0.217 0.08 0.083 11 0.19 0.217 0.09 0.093
0.2 0.09 0.2 0.09
0.23 0.1 0.19 0.08

6 0.24 0.237 0.07 0.080 12 0.2 0.190 0.06 0.070
0.24 0.07 0.18 0.07
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Table A-2: Air velocity near the front of the box (tested after removing the box)

Air

Average

Air

Average

Test . . I Average Test . R s Average

Point V:::/csl)ty V(ell:/cs')ty Deviation Deviation Point V(ell:/cs')ty V:Il:/cs')ty Deviation Deviation
0.2 0.1 0.23 0.08

1 0.25 0.230 0.12 0.103 7 0.18 0.207 0.09 0.080
0.24 0.09 0.21 0.07
0.25 0.09 0.18 0.07

2 0.25 0.257 0.08 0.087 8 0.16 0.190 0.11 0.087
0.27 0.09 0.23 0.08
0.25 0.08 0.21 0.08

3 0.21 0.223 0.08 0.080 9 0.16 0.203 0.07 0.073
0.21 0.08 0.24 0.07
0.23 0.1 0.23 0.05

4 0.23 0.227 0.09 0.100 10 0.16 0.190 0.09 0.067
0.22 0.11 0.18 0.06
0.22 0.09 0.23 0.07

S 0.24 0.233 0.09 0.093 11 0.21 0.203 0.07 0.070
0.24 0.1 0.17 0.07
0.23 0.07 0.21 0.07

6 0.23 0.227 0.09 0.080 12 0.15 0.180 0.08 0.080
0.22 0.08 0.18 0.09
0.22 0.08 0.14 0.11

+1 0.16 0.190 0.07 0.077 -1 0.17 0.153 0.08 0.090
0.19 0.08 0.15 0.08
0.24 0.08 0.23 0.09

+2 0.22 0.217 0.07 0.073 -2 0.21 0.217 0.08 0.090
0.19 0.07 0.21 0.1
0.19 0.09 0.15 0.08

+3 0.18 0.197 0.07 0.080 -3 0.19 0.187 0.1 0.087
0.22 0.08 0.22 0.08
0.25 0.09 0.22 0.11

+4 0.217 0.073 -4 0.247 0.103
0.19 0.06 0.23 0.09
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0.21 0.07 0.29 0.11

0.26 0.06 0.26 0.1
+5 0.2 0.237 0.1 0.087 -5 0.28 0.263 0.11 0.097
0.25 0.1 0.25 0.08

As showing in Table A-3, there is not a particular influence to the air velocity after

setting up the model in the chamber. The average outdoor velocity is 0.214 m/s.

Table A-3: The air velocity vs. the height

No. Distance from floor Velocity with box Velocity without box
(m) (m/s) (m/s)
+5 1.55 0.237
+4 1.5 0.217
+3 1.45 0.197
+2 1.4 0.217
+1 1.35 0.19
1 1.3 0.233 0.23
2 1.25 0.243 0.257
3 1.2 0.233 0.223
4 1.15 0.2 0.227
5 1.1 0.217 0.233
6 1.05 0.237 0.227
7 1 0.21 0.207
8 0.95 0.237 0.19
9 0.9 0.19 0.203
10 0.85 0.17 0.19
11 0.8 0.217 0.203
12 0.75 0.19 0.18
-1 0.7 0.153
-2 0.65 0.217
-3 0.6 0.187
-4 0.55 0.247
-5 0.5 0.263
Average 0.214 0.213
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Fig. A-1: The comparison of the air velocity with and without the box in the chamber

The comparison of the air velocity with and without box shows that the presence of

the box did not affect the air movement in the climatic chamber.
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Appendix B:

Instantaneous Calculation Method of Experimental Air Infiltration

Tests were also carried with one layer of insulation, two layers of insulation without
aluminum paper, and two layers of insulation and one layer aluminum paper but the
motor was insulated as well which may affect the accuracy of the experiments. The

results are presented here.

B-1. Heat loss through the envelope

The overall coefficient of heat transmission (U) of the experiments is compared with
the U-valued calculated from the known thermal properties and dimensions of the
insulation material, at the condition of one layer of insulation, two layers of insulation

and two layers of insulation with a layer of aluminum paper.

Table B-1: U-value calculated from the experiments vs. reference value

Insulation Thickness Uexperimoent Ureferer:ce
(cm) (W/m*C) (W/m*C)
One layer of Styrofoam 5 0.61 0.416
Two layers of Styrofoam 10 0.245 0.227
Two layers of Styrofoam + aluminum paper 10 0.249 0.227

The reason why the U value from the test after one layer of insulation were much
bigger than the calculated value is that the insulation was not taped tightly enough, that
there were still a lot of gaps between the insulation material and experimental box. After

applying another layer of machine cut insulation, all the gaps were fit nicely, and all the
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gaps were taped tightly as well. The U value of two layer insulation by test is much closer

to the reference value.

B-2. Tests with one layer of insulation

Table B-2 shows the air flow rate with different rotation speed. Table B-3 shows the

temperature distribution.

Table B-2: The air flow rate with different rotation speeds with one layer of insulation

Rotati Indoor Outdoor Temperature 1;1: at Io;s Mass flow Volumetric
otation temperature temperature difference roug rate flow rate
speed T, T, T, T, envelope My Vo
(rpm) (c () () Qs (&/5) (Lis)
18.32 22.83 2.48 20.35 31.64 0.123 0.099
20.57 23.878 2.103 21.775 33.86 0.028 0.022
29.32 23.185 - 1.81 21.375 33.24 0.091 0.072
58.48 22.62 3.77 18.85 2931 0.337 0.27
158.02 28.99 1.96 27.03 42.03 0.231 0.185
174.4 21.51 1.57 19.94 31.01 0.125 0.1
195.31 20.37 1.5 18.87 29.34 0.244 0.195

T
G .M B
b = . 1
D ¢« 2 As
Db M A
N T()

Fig. B-1: Illustration of the position of thermocouples
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In Fig. B-2, the “h” subscript represents the higher thermocouple, and the “1”
subscript represents lower thermocouple. There are also M, and M; two thermocouples in
the middle height and center near the revolving door. M, represents the thermocouple

outside and M, represents the thermocouple inside the box.

Table B-3: The temperature distribution and temperature difference between inside and outside of

the revolving door with different rotation speed with one layer of insulation

Rotation
Pogt . AT = ATgoes__in = ATgoes_out = AT nigdie =
speed Temperature Distribution T,— T, Tp— T Te—Tp Tai— Too
(rpm)
-22.83
19.70 19-89 1823
16.37° + 115.45
18.32 OQ 20.35 13.08 14.00 16.98
504 ;. ¢ 496
301 127 258
2,00
- 24.88
20,02 1988 20.07
16,37+ ° +17.52
20.57 m 21.77 15.14 14.87 18.27
409+ . ¢ 5.05
258 142 226
- 2.1
+23.18
18.20 1983 19.90
16274 * 11844
29.32 M 21.37 15.47 14.30 18.57
358 0. 0529
228 Y17 210
- 1.81
£ 22,62
17.34 20593037
18.83+ * +19.48
58.48 M 18.82 13.7 13.47 17.1
451 : . : 7.64
4,13 3135 4.68
-3.77
27.03

21.94 26402585
22470 - 132139

158.02 m 27.03 20.33 19.37 25.00
313 . . ¢ 6.52
2.53 1.40 3.05
- 1.96
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17.16 20211968
18.19+ * - 18.68
174.4 , 20.37 14.86 15.6 19.25
2110+ . 5.67
205 995 297
+1.50
21.51
16.94 1971 19.42
18.16 ¢ 18.41
195.31 19.70 14.82 15.52 18.88
206 + . : 526
2.00 ggy 294
- 1.57

B-3. Tests after two layers of insulation

The experiments were carried out at a group of different rotation speeds. Table B-4
shows the air flow rate with different rotation speed. Table B-5 shows the temperature

distribution.

Table B-4: The air flow rate with different rotation speed with two layers of insulation

Heat loss

Rotation Indoor Outdoor Temperature through Mass flow  Volumetric
speed tempo;:ature temp;rature dlfﬁtl:(':_r;nce envelope l::.te flov\\,'. rate
(rpem) (C (C) (C) e @) W)
25.30 20.65 1.43 19.22 16.577 0.197 0.157
35.91 22.66 1.75 2091 18.035 0.119 0.095
39.16 19.32 1.27 18.05 15.568 0.290 0.232
47.07 19.84 1.67 18.17 15.672 0.266 0.212
52.00 22.14 1.51 20.63 17.793 0.112 0.090
55.70 19.83 1.21 18.62 16.060 0.244 0.195
73.42 20.19 2.15 18.04 15.560 0.271 0.217
73.43 20.65 1.69 18.96 16.353 0.196 0.156
87.05 19.45 1.42 18.03 15.551 0.283 0.226
101.95 21.23 2.08 19.15 16.517 0.221 0.177
120.75 21.92 1.77 20.15 17.379 0.145 0.116
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Table B-5: The temperature distribution around the revolving door with two layers of insulation

Rotation speed
(rpm)

Temperature Distribution

AT =

Ti— T,

ATgoes_in =
Tp— Ta

ATgoes_out =
Tc—- TD

AT miggie =
Tmi— Twmo

25.30

35.91

39.16

47.07

52.00

55.70

- 20.65

19.22

20.91

94

18.05

18.17

20.63

18.62

10.26

12.72

11.52

11.86

13.52

12.10

10.46

11.61

10.70

10.87

11.49

11.00

12.81

16.17

13.49

13.76

16.35

14.50



73.42

533 . .+ 7.09
3.00 243 3.52
-218

- 20.65

4175879
S 1688

73.43

87.05
4197 . 1621
193 193 273

142

101.95 U =
3 ) §
590 : . 2 7.76
3.02 595 413
- 2.08

. 21.92
16.33 1962 19 50
1665 * ©18.50
120.75
549 . . -

2.80 460
-1

E A g
! €

.98
58

-1

~J

18.04

18.96

18.03

19.15

20.15

12.18

12.34

12.17

12.34

12.72

10.99

10.98

11.49

11.23

11.85

14.67

15.26

15.05

15.82

18.02

B-4. The instantaneous method

Assuming after a long period of time, the whole system gets to steady state

condition. The heat balance equation, at steady state is applied to the box: the heat
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generated by heater and fan is equal to the heat loss through walls and heat loss due to the

air infiltration through the revolving door, when door is moving:

AQ = Qhetzter + Qfan - Qloss - Qdaor (B_ 1)

where, Queater = V Theater; 18 the power input to the heater, W. V is the voltage difference,

V; 1 is the electric current, A
Qfan = V'Igay, is the power input to the fan, W;
Qioss = the heat loss through the box envelope, W;

Qgoor = the heat loss due to air infiltration through the revolving door when door is

moving, W;
The heat loss through walls is calculated as follows:
Q/oss :UA("TI _T;;) (B'z)

where, U = the overall coefficient of heat transmission, W/(m*K);

2

A = the total exterior surface area of enclosure, m2;
T; = average indoor room air temperature, C;
T, = temperature outside the box, which is the temperature inside the chamber, C.
The heat loss caused by the air infiltration is expected as follows:
Qutoor = Ming c, (1, -T,) (B-3)
where, mi,r = the air mass flow rate through the revolving door, kg/s

¢, = the specific heat of air, 1005 J/kg C.
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The air volumetric flow rate through the revolving door is:

Vo = Ming (B-4)

inf
P

where, p is air density, which is 1.29 kg/m® at 1°C, which was the set-up outdoor

temperature in the experiment, at atmospheric pressure (Fox and McDonald, 1998).
Equation B-1 becomes:

V Ly +V 14y =U - A-(,~T,) 4 my ¢, (T, = T,) (B-5)

heater

Jan

The unknown variable is to the air mass flow rate miy, provided that all other
variables are measured. The UA value is identified by using the heat balance equation

with the door not moving (still position):

Vo Lyr VL = Gioig =U - A+ (T, = T,) (B-6)

heater

The experimental results at 19.06 rpm are presented as an example of calculations.
The calculation is based on the heat balance equation during a period of time with the
door rotating. All the experiments were executed for enough long time to make sure the
environment get to steady state. Data used in the calculation are the average values of the

last five minutes interval (Fig. B-2).
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Fig. B-2: The temperature difference between indoor and outdoor environment in the
experiment of 19.06 rpm

1) Time interval recorded:
At=17:09:55-16:25:45=44.17min
2) Total number of rotations during the time interval At:

ARot =860.5(at17:09:55)—18.5(at16:25:45) = 842 rotations

3) The average rotation speed during the time interval:

RPM,.,, = ARot _ 842 ~19.06 rpm
At 44177
4) The heat balance equation at steady state:
V'Ihealer +V'[fan :UA(T; _7:;)+minf 'Cp (I: _T;) (B-S)

0.087-4.36+0.96-21.02 =0.8625-(19.29-1.64) + m, . -1005-(19.29 —1.64)
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m,, =0299x10"kg /s

_my,  0.299x107

", 1.25

=0.239x107° m*/s =0.239L/ s

<

The power inputs to the indoor environment, the indoor temperatures, outdoor

temperatures and the calculated air flow rate at different rotation speeds are summarized

in table B-6.
Table B-6: Air flow rate at different rotation speeds in the model
Experimental
rotation V- Thcater+fan T; T, T-T, Mg model Vinf_model

speed W) (C) (C) (C) (g/s) (L/s)
(rpm)
19.06 20.53 19.29 1.64 17.65 0.299 0.239
31.76 20.32 19.01 1.54 17.47 0.299 0.239
38.88 20.40 20.20 1.67 18.53 0.237 0.190
47.85 20.44 20.74 233 18.41 0.247 0.197
48.55 20.75 18.95 1.08 17.87 0.297 0.238
51.96 20.5 19.57 1.86 17.71 0.294 0.235
60.10 20.28 20.04 1.75 18.29 0.245 0.196
79.68 21.16 19.29 1.08 18.21 0.298 0.238
85.37 20.48 20.39 1.8 18.59 0.238 0.190
108.37 20.4 19.82 2.09 17.73 0.287 0.229
116.44 20.37 20.01 2.39 17.62 0.292 0.234
173.87 20.37 18.64 2.39 16.25 0.389 0.311
192.39 20.26 19.06 1.67 17.39 0.301 0.241

©247.36 20.45 18.87 1.11 17.76 0.288 0.230
287.37 20.65 18.86 1.57 17.29 0.330 0.264
295.73 20.04 15 3.04 11.96 0.809 0.647
308.51 20.7 19.21 1.86 17.35 0.329 0.263
322.84 20.64 18.94 1.92 17.02 0.348 0.279
347.77 20.48 18.83 1.79 17.04 0.338 0.270
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Fig. B-3: Volumetric air flow rate vs. the rotation speed of the experimental revolving door

The air infiltration rate increases slightly with the rotation speed (Fig. B-3), which

means that the rotation speed only has a small impact on the air infiltration.
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Appendix C:

Measured Temperatures and Dimensionless Temperatures around the

Experimental Revolving Door

Thermocouples were installed around the revolving doors (Fig. C-1). The air
temperature at each test point, the average value of each group: A, B, C, D, M, and M;,

and the dimensionless temperature of each group of the final experiments are showing

below in table C-1.

Di : . : As
DI MoAJ

Fig. C-1: The location of the thermocouple round the revolving door

Table C-1: The temperature distribution at T;=20°C

AT = PR imensionless
RPM Temperature Distribution Average Temperature Dimensionle
T,-T, Temperature
14.90 0.75
16.05 14.76 14.90
1929 12.83 * 11095 1444~ - - 12.85 0.73 - * - 0.64
IN
19.06 17.65 ouT
1.64
5.52 4.69 382 . - 318 0.12 0.09
213 Y g9 1.66 1.89 0.01
16.28 1535 15.04 15.35 075
19.59 1335+ * <1157 1330+ * -14.81 072 - © -0.63
N : .
19.17 17.91 OUT T — —
9 5.93 537 430 3
93 .15 30 . 372 0.13 - . - 010
2.67 195 2.08 1.95 0.0
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31.76

38.07

38.88

47.85

48.55

51.96

61.1

17.47

16.75

18.53

18.41

17.87

17.71

18.29

15.11 15141570
1901 1242% * 113386
IN S—
ouT
1.54
451 : - 1 5.63
2.10 1 gg 1.92
13.31 1426 14,97
1746 1122° - 134l
IN
ouT
0.71
294 . . ;397
103 7} 70" 082
15.93 16:5717.32
202 I31B: ¢ 11592
IN B
ouT
1.81
444 . 649
225 949 243
15.54 1758 17.93
2065 1335 * 116386
IN W
ouT
1.69
538 : . 1 7.00
2.55 937 3.12

14.30 16.02 16,47
1895 13367 * 1552
IN -
OoUT
1.58
59t -z 5.49
1.67 1974 188
14.78 1681 1717
19.57 13207 * 11628
IN
ouT
1.86
415: . ;597
222 |75 2.64
15.10 1730 1784
2004 14737 - 11686
IN
ouT
1.75
412: . : 650
228 51 312
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15.14
13.76~ - - 14.78

14.26
1227+ * -14.19

199 - . - 240
1.72

16.57
14.56 - * -+ 16.62

17.58
14.94- * - 17.40

16.02
13.83- ° - 1599

263 - . -369
1.24

16.81
1449 * -16.73

17.30
1492- - -16.86

320 . - 48
2.01



76.29

79.68

85.37

108.37

116.44

157.7

173.87

18.88

18.21

18.59

17.73

17.62

18.3

16.25

399 . 6.69
222 143 336
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18.99
15.64- - -18.41

17.55
14.52- * -16.76

268 - . - 453
1.22

18.18
1518 * -17.70

18.41
16.14- - 17.77

19.30
17.59- - -18.46

15.91
1524- - -1548

0.90
074 - - -0.86

0.83
079 - - -081



187.06

190.66

192.39

221.59

247.36

284.99

287.36

16.12

19.89

17.39

17.88

17.76

18.12

17.29

13.11 1453 14.97
1724 131197 - 113150
IN
OUT
112
4221 . 2 626
3.49 397 5.00
17.10 18:5613.89
2183 17.66% * 117.37
IN
ouT
1.94
634 : . 1692
474 547 444
15.08 1601 1637
1906 1543° © 114381
IN
ouT
1.67
623 : . ;632
494 573 3.95
13.22 1434 1504
18.81 13463 - 11373
N
ouT
0.93
429 : . : 646
3.65 4923 557
16.51 15701437
1887  1481: * 71409
IN
ouT
L1
525 : . : 7.00
422 '333 537
15.82 1721 1352
1997  1589°% - 1687
rN —
oUT
1.85
500 : . : 7.87
4.4] 355 6.56
15.07 16-2817.40
1886  1506° * 11588
IN -
ouT
1.57

14.54
13.34- * -14.39

397 - . - 6.01
4.23

15.70

1423+ ° -15.66

17.21
15.86-  -17.70

470 - . + 721

16.28
15.06+ * -16.64
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0.84
0.78 - - -0.81

0.82
082 - - -074



295.73

303.75

308.51

322.84

333

333.78

347.77

13.98

15.88

17.35

17.02

14.22

14.41

17.04

15.16 $12.85
IN
OUT
118
343 . ¢ 555
320 384 483
13.22 14541504
1681  1346% - 11373
IN
ouT
0.93
429 : . : 646
3.65 4023 557
15.36 1673 1786
1921 1534° * 116.34
IN
OoUT T
1.86
4.98 7781
451 385 6.80
15.10 165417 88
1894  IS11% ' 11642
N
ouT
1.92
463 : . : 7.69
420 370 6.63
11.50 1299 13.83
1499 1162 * *12.79
IN S
OUT
0.77
305 : - : 570
236 312 4.76
12.00 13-6414.73
1525  12.14° - 11351
IN
ouT
0.84
225 1535
226 306 438
14.78 1644 18,04
1883 1483 * 11666
IN
ouT
1.79

13.38
1343+ * -12.16

16.54
1510- -~ -17.15

16.73
1535- * -17.10

12.99
11.56- - -13.31

13.64
12.07- = -14.12

16.44
1735+ * -14.80

388 - . - 7.03

105

079 - - -088

015« . -
0.19

0.86
0.76 - °

0.17

0.89

078 - - -

0.29

-0.88

- 031

0.10 - . - 0.28



13.04 14.53 16.05 14.53 0.87
16.60 13177 - 114.80 1310+ * -15.42 0.77 - * -0.92
IN
368.31 15.41 OouT R T
1.19
328 : . 1663 332-.-623 014 - . - 033
3.35 933 5.83 2.33 0.07
Table C-2: The temperature distribution at T;=25°C or 40C
T= e Dimensionless
RPM A Temperature Distribution Average Temperature !
T;-T, Temperature
310235853805 35.85 0.82
43.50 27.60° * <34.89 29.31- ° - 3647 067 - * -0.84
IN
152.98 42.72 OouT - ]
0.78
7.10 + - :13.39 473 - . - 951 0.10 - . - 0.20
267 270 5.62 2.70 0.04
34.14 34.14 0.84
30.52 36.89
40.72 29.03° * 23490 29.78- * +35.89 073 - - -0.88
IN
270.75 40.04 B M
0.68
798 : . ;1277 6.26 - . - 1021 0.14 - . - 024
454 "496 765 4.86 0.10
30.67 34003729 34.00 0.81
41.92 2824° - 3519 29.45- * -36.24 0.69 - - -0.86
IN —
300.3 40.74 ouT T
L8 887 : . : 1433 698 - . 1163 014+ . - 0.26
5.09 "5 06 893 5.06 0.10
19.03 22142258 22.14 0.86
2555 1820° - F21.20 18.61 - © +21.89 072 - - ~085
IN /NN S
155.17 2491 ouUT M - -
0.64 441 + . - 156 323 - . - 573 0.10 - . - 020
2.04 7 79" 391 1.79 0.05
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Appendix D:

Correlation-based Models Obtained from Experimental Data

The dimensionless temperatures used for the establishment of the correlation at the
condition with seals around all wings are presented in Table D-1. The numbers in Table
D-2 are the dimensionless temperatures when the door has no vertical seals on the four

wings.

Table D-1: Dimensionless temperature around the revolving door with full seals

N Oan N Ogn Op Ocn Oc Opn Op Omo Owmi

19.06 0.17 0.00 0.74 0.53 0.82 0.63 0.22 0.03 0.01 0.75
19.17 0.19 0.01 0.73 0.53 0.80 0.63 0.22 0.04 0.00 0.75
31.76 0.23 0.02 0.81 0.71 0.78 0.62 0.17 0.03 0.02 0.78
38.07 0.19 0.01 0.85 0.76 0.75 0.63 0.13 0.02 0.06 0.81
38.88 0.25 0.03 0.84 0.76 0.76 0.61 0.14 0.02 0.04 0.80
47.85 0.29 0.08 0.88 0.82 0.75 0.69 0.20 0.05 0.03 0.86
48.55 0.22 0.02 0.83 0.78 0.71 0.66 0.11 0.01 -0.02 0.81
51.96 0.23 0.04 0.86 0.81 0.73 0.64 0.13 0.02 -0.01 0.84
61.10 0.26 0.07 0.88 0.83 0.73 0.71 0.13 0.03 0.01 0.85
76.29 0.26 0.12 0.90 0.85 0.74 0.72 0.10 0.02 -0.02 0.90
79.68 0.26 0.12 0.88 0.84 0.75 0.73 0.14 0.04 0.01 0.90
85.37 0.26 0.08 0.88 0.83 0.73 0.71 0.12 0.02 -0.02 0.88
108.37 0.22 0.10 0.89 0.84 0.75 0.74 0.12 0.02 -0.02 0.90
116.44 0.19 0.10 0.90 0.85 0.78 0.78 0.12 0.04 -0.04 0.91
152.98 0.30 0.11 0.87 0.80 0.71 0.63 0.15 0.04 0.04 0.82
155.17 0.28 0.13 0.88 0.83 0.74 0.70 0.15 0.06 0.05 0.86
157.70 0.17 0.07 0.89 0.84 0.80 0.83 0.14 0.04 -0.01 0.91
173.87 0.26 0.15 0.85 0.76 0.78 0.81 0.28 0.21 0.14 0.83
187.06 0.32 0.24 0.86 0.77 0.74 0.75 0.19 0.15 0.18 0.83
190.66 0.25 0.13 0.85 0.78 0.76 0.79 0.22 0.14 0.03 0.84
192.39 0.27 0.13 0.85 0.76 0.77 0.79 0.26 0.19 0.06 0.82
221.59 0.31 0.26 0.79 0.72 0.69 0.70 0.19 0.15 0.18 0.76
24736 0.33 0.24 0.75 0.73 0.87 0.77 0.23 0.18 0.13 0.82
270.75 0.30 0.17 0.90 0.85 0.75 0.71 0.18 0.10 0.10 0.84
284.99 0.33 0.26 0.92 0.83 0.77 0.77 0.17 0.14 0.09 0.85
287.37 0.35 0.28 0.92 0.83 0.78 0.78 0.21 0.17 0.12 0.85
295.73 0.31 0.26 0.92 0.83 0.78 0.79 0.16 0.14 0.19 0.87
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300.30 0.32 0.19 0.89 0.83 0.72 0.66 0.19 0.10 0.10 0.81
303.75 0.35 0.29 0.89 0.81 0.77 0.79 0.21 0.17 0.21 0.86
308.51 0.34 0.28 0.92 0.83 0.78 0.78 0.18 0.15 0.11 0.86
322.84 0.34 0.28 0.94 0.85 0.77 0.77 0.16 0.13 0.10 0.86
333.00 0.35 0.28 0.92 0.85 0.75 0.76 0.16 0.11 0.17 0.86
333.78 0.31 0.25 0.96 0.88 0.77 0.78 0.10 0.10 0.15 0.89
347.77 0.34 0.28 0.95 0.87 0.76 0.77 0.13 0.12 0.07 0.86
368.31 0.35 0.30 0.96 0.88 0.77 0.78 0.14 0.14 0.07 0.87

Table D-2: Dimensionless temperature around the revolving door without vertical seals

N Oan Oai Opn Og Ocn Oci Opn Op Omo Owmi

44.06 0.25 0.05 0.79 0.78 0.73 0.74 0.12 0.03 0.04 0.82
87.18 0.29 0.13 0.86 0.86 0.73 0.81 0.11 0.03 0.04 0.86
130.53 0.28 0.22 0.88 0.90 0.75 0.83 0.16 0.06 0.05 0.89
173.36 0.33 0.32 0.87 0.91 0.77 0.85 0.20 0.10 0.09 0.90
190.37 0.32 0.30 0.90 0.93 0.79 0.85 0.20 0.09 0.10 0.93
216.42 0.31 0.28 0.90 0.92 0.80 0.85 0.19 0.09 0.07 0.95
242.00 0.30 0.22 0.87 0.88 0.76 0.82 0.16 0.07 0.07 0.89
258.92 0.31 0.24 0.88 0.90 0.77 0.83 0.17 0.07 0.07 0.90
277.61 0.34 0.29 0.89 0.90 0.79 0.84 0.20 0.12 0.10 0.96
305.00 0.31 0.28 0.88 0.91 0.79 0.84 0.18 0.10 0.09 0.98
335.01 0.29 0.26 0.88 0.91 0.79 0.84 0.16 0.08 0.06 0.98
346.37 0.28 0.26 0.86 0.90 0.77 0.82 0.16 0.09 0.06 0.95
365.94 0.27 0.26 0.84 0.89 0.74 0.80 0.16 0.10 0.07 0.94
381.41 0.28 0.26 0.83 0.88 0.74 0.79 0.15 0.10 0.06 0.93
398.24 0.29 0.26 0.83 0.88 0.73 0.79 0.16 0.10 0.07 0.93

Table D-3 presents several correlation-based models for the case when the
experimental revolving door has four seals, which were developed from the experimental
data, using the statistical capability of EXCEL spreadsheet, and verified with Matlab. The
fifth model that uses as independent variables N2, N, Oan, a1, O8h, 081, Och, Oci, Opn, OpI,
Omo, Omi, gives the highest R? value of 0.81 and the relative error is 18.6%. It is important
to note that at location A, B, C, D, M; and M,, two temperature values are used, at high

and low locations.
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Table D-3: Correlation-based model of air infiltration when the revolving door has four seals

Relative
Model RZ Standard standard
error Sey, o
error ®%
Qint= (0.00098N-1.260,-0.4205+0.0996¢-1.810+ .
: 2.246,4,+0.18,,+0.77)/p 0.75 0.077 19.1%
Qine= (0.000004N-0.00054N-1.490,-0.5505-0.140 - \
2 1.120p+2.320p0+ 0.930y,+0.4)/p 0.73 0.072 18%
Qine= (0.000003N-0.00023N+0.12264-0.5265-0.0580 - .
3 0.3505,+0.8)/p 0.42 0.115 28.7%
Qin = (0.001N-0.756 4,-0.83 0+0.2305,-0.7705+
4 0.0SGCh-O.SeCl-l -629Dh+ O.269D|+2. 149Mo+ 0.77 0.08 20%

0.776mi+0.74)/p

Qint= (0.000006°N>-0.0017-N -1.96°0,, - 0.046°0,, -
5 0.8505;, +0.35+ 05, -0.16-0¢;, -0.53+ 0, -0.61+Opy, 0.81 0.075 18.6%
+0.31°0p, +2.22° 0o + 1.09-0,; +0.93) /p

- 2
Qint = (0.000004N"-0.0013N-2.4804,+1.49 0,-0.170g,+ 0.51 011 28 6%
0.305-0.060¢4-1.276¢)-0.550p,+1.450p+1.72)/p

The correlation-based models when the door has no seal around the vertical side of
the wings are also generated (Table D-4). The experimental data used for establishing the
models for no vertical seals was provided by A. Aupied (2009), which used the same
experimental setup as this research. The R* values of all models are between 0.95 and

0.99.
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Table D-4: Correlation equations of air infiltration when the revolving door
does not have vertical seals

Standard Relative
Equation R? standard
error Sey
error ®%
Qing= (0.0024N-4.890,+3.8665-1.30c+ 6.036p-2.870p0-
95 . 19
1.930,,-1.01)/p 0 0.081 8.1%
Qinf= (-0.00001N?*+0.006N-2.810,+2.0205-6.526c+3.826- 0
3.30p012.60\i+1.71)/p 0.9 0.083 8.3%
int= (-0.000002N%+0.0034N+5.576 4+ 4.965-3.076+4.480 -
Qine = ( AT Z0m3 B 095 0.078 7.8%
0.62)/p
Qint = (0.0026N-3.330,1,-5.040,+1.1205,+ 3.3965,+
1.5300,1t3.950¢1-2.650p,+ 13.820p-2.850y1,-3.470;- 0.98 0.078 7.8%

3.15)/p

Qinr = (0.000026N?-0.0071N-8.320,,,-4.366 4,
+8.5605,+1.1605,+14.30¢,+ 11.950¢,- 0.99 0.069 6.9%
13.080,+24.570p+1.240y,,-16.450,,-9.58)/p

Qint = (-0.000004N+0.0038N-4.90 5,-5.040 5+
0.1805,+1.7805-3.040¢,+5.270cr+ 0.5400,+ 9.70p1 0.97 0.08 8%
1.65)/p
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