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Local air speeds measurement in mechanically ventilated spaces
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Abstract

Air speeds at the occupied zone were studied experimentally in seven large railway stations of space volume varying from 540-
9076 m*. The spaces are installed with mechanical ventilation systems and the air supply flow rates are from 0.455-23.67 m®s~'.
Results were analyzed by dividing the measured air speeds into different ranges. Statistical data such as the peak value, mean value,
range of the air speeds and the bandwidth are calculated. Values of the percentage of discomfort were calculated and analyzed
similarly. Correlation relationships of the variables with the macroscopic numbers describing air flow of the space including the air
exchange rate, ventilation rate, the Reynolds number and the modified jet momentum number are studied. Two additional macro-
scopic flow numbers X, and X, defined by considering the range covered by a diffuser discharging air with a large horizontal
component are proposed. It is found that both the modified jet momentum number and the new flow number X, correlate with the
air speed at the occupied zone and are recommended to use as an operating parameter on specifying the performance of the
ventilation system for the space. © 1999 Elsevier Science Ltd. All rights reserved.

Nomenclature u mean air speed measured at different location
A area (m?) (m s . .
Ag diffuser area (m?) 4Q) instantaneous air vel‘oc1ty (m‘ s7")
ACH air exchange rate (no. hr™") Ui hypothetical mean air speed in a room (ms™')
B,H length and width of the cross-section Vioom volume of room (m’)
perpendicular to inflow (m) VR  ventilation rate per unit floor area (m*s~' m~?)
D hydraulic diameter of the room (m) v velocity fluctuation (m s~")
E, deviation between measured and predicted X\, X, flow numbers defined in eqns (23) and (26)
values for the ith pair of data (F;, G) X,z vert'ical a.nd horizontal distances away from
F,G  quantative variables the inlet jet
F,G  sample means of F;and G X Greek symbols
g af:celeratlo.n due to gravity (9.8l ms™?) o constant
h Fhﬂ"user height above floor level (m) v kinematic viscosity of air (m?s~')
J* e mpmer_‘ntum number Urr, Vg sample variances of F; and G,
J modified jet mpmentum number VEG sample covariance of F; and G;
N number of variable pairs
PD  percentage of discomfort (%) Subscripts
PLC percentage of people feeling less comfortable 25,75 25and 75 percentile
0 total ventilation flow rate (m*>s™") 50 the median value
R range di diffuser condition, of diffuser
Re Reynolds number { ith value
Sy separation distance between diffusers (m) max the maximum value
Tu turbulence intensity (%) mean the mean value
Ta air temperature (°C) min  the minimum value
R of range
room of room
* Corresponding author: Tel.: 00 852 2766 5111; fax: 00 852 2764 Other symbols
| 3374 e-mail: ra340121 @polyu.edu.hk R correlation coefficient
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1. Introduction

Design for the minimum ventilation requirements for
specific applications are provided by common ventilation
design guides [1-6]. However, whether performances of
systems designed according to these guides are satis-
factory or not is questionable. To have a better evaluation
on the performance of those ventilation systems, the air
flow characteristics in the waiting area of seven large
railway stations were studied [7, 8]. The space volume
varied from 540-9076 m*. The air supply flow rates were
from 0.455-23.67 m® s~', or 1.86-22.04 air changes per
hour. Air speeds at the occupied zone were measured and
the results are now used to evaluate the performance of
the ventilation system.

Values of the air speed measured in the tests reported
earlier [7, 8] were further analyzed statistically and then
correlated with macroscopic flow numbers including con-
ventional ventilation indices such as the number of air
changes per hour, ventilation rate per floor area VR and
others such as the Reynolds number Re and the modified
jet momentum number J*.

Two additional flow numbers X, and X, defined by
considering the range to be covered by air diffusers are
evaluated as well. Those are good for considering air
discharged from the diffuser with a large horizontal air
velocity component as most of the air diffusers used in the
Hong Kong Special Administrative Region (HKSAR,
formerly Hong Kong) would discharge air inclined at an
angle less than 5° to the horizontal.

2. Field studies

Field measurements [7, 8] were carried out in the wait-
ing halls of seven railway stations with mechanical ven-
tilation. They are labelled from A-G and a summary of
the sizes and mean room temperature T,,,., the brief
description of the mechanical ventilation system includ-
ing the mean inlet air speed uy and the inlet temperature
T, at each site are shown in Table 1. Measurements of
the mean air speeds were made at 1.45 m above floor
level during a three-minute period [5]. This height of
measurement was considered appropriate for the type of
activities within the railway stations. All the measure-
ments were taken in a three month period from December
1993 to February 1994. The outdoor air temperature in
this period was fairly constant. The number of measure-
ment positions, the room temperature and supply air
temperature made are shown also in Table 1. Description
of the experiments is reported earlier [7, 8] and will not
be repeated in here.

Since the air flow in the ventilated space is turbulent
[9], the instantaneous velocity V(¢) can be expressed as a
sum of the mean velocity v and fluctuation v’. The mean
velocity u is the average of the instantaneous values over

a time interval of 3 min [5]. From the measured mean
velocity, macroscopic flow parameters were measured,
This included the total ventilation flow rate Q (supply
only) which was calculated by summing all the mean face
velocity uy; of the ith diffuser multiplied by its free diffuser
area Ag;:

n=t

Q= Z ugiAgi (N
1

The air exchange rate ACH (in number of air changes
per hour) was calculated by the total ventilation flow rate
Q over the space volume V, .

0 x 3600
Z

room

ACH = (2)
The air exchange rates in those seven waiting halls are
shown in Table 1.

Another parameter measured was the ventilation rate
VR (dm*s~' m~?) which is simply the ventilation rate per
floor area 4,y

Q
VR = . 3)
Values of the ventilation rates of the stations are shown
in Table 1. This parameter has the same problem as the
air exchange rate in assuming perfect mixing in the room.
In designing a ventilation system for a high headroom
atrium, using the ventilation rate might be better than
the air exchange rate as the floor area of the room is
included. But the mean air speed in the occupied zone
might not be increased by using a higher ventilation rate.

Another parameter measured is the Reynolds number
(Re) which is given by:

Re = L 4)
)4

where v is kinematic viscosity of air (m* s=') and D is

hydraulic diameter perpendicular to the inflow direction

of a room expressed in terms of the room height H and

width B by:

D_2BH S
" B+H )

The hypothetical mean air speed in a room v,, (m s~') is
defined by [10, 1]

0

Vo = BH

(6)
Values of v, would be very closed to u,,,, for smaller
rooms, but differences are expected in bigger ventilated
spaces.

A good parameter found to be useful is the modified
jet momentum number J* [8]. This was derived using the
concept of the jet momentum number J proposed by
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Table 1
Summary information of the investigating sites and measuring parameters
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Station A B C D E F G
Dimension:

Length: L/m 79 47.5 56.3 49 46.1 67.5 17.4

Width: W/m 16 21.5 23 28.6 18.5 15.65 10.7

Height: H/m 7.18 7 4.25 3.58 4.02-7.8 5.58 29
No. of measurement positions 48 43 50 45 41 50 62
Ventilation system:

Mean inlet velocity Ug/m s~ 1.01*(1.922) 2.62 1.32 1.7 1.59 4.53 1.58

Mean inlet temperature T,/°C 21 9 22 17 17 15 21
Mean room temperature Tioom/°C 21.7 10.7 22.7 18.2 17.3 15.2 22,6
Hypothetical mean air velocity calculated by eqn 0.0082 0.0245 0.0132 0.0100 0.0372 0.0897 0.0024
(6) vm/m s~
Supply flow rate Q/m*s~! 4.678 8.157 17.09 14.06 6.882 23.67 0.455
Air exchange rate (by inlet) ACH/h~! 1.86 4.12 11.19 10.07 5.24 22.04 3.03
Ventilation rate VR/d m*s~' m~2 3.70 8.01 13.21 10.02 8.08 23.94 245
Modified jet momentum number J*/ x 10 ~* 13 45 42 49 33 280 14
Reynolds number Re/ x 10° 1.9 3 33 5.5 0.8 1.7 0.96
Mean diffuser spacing S,/m 15.5 13 6.3 7.4 18.6 13.15 10.7
Flow number X, 0.0334 0.1410 0.1379 0.1388 0.0547 0.2175 0.0803
Flow number X, 1.09 1.24 6.99 2.15 1.38 0.22 0.91
Umean/m 87" 0.207 0.346 0.146 0.222 0.157 0.310 0.103
Upnax/m 87" 0.37 0.66 0.33 0.49 0.25 0.58 0.33
Upnin/m 87" 0.06 0.19 0.07 0.12 0.08 0.14 0.05
uys/m s~ 0.158 0.28 0.113 0.17 0.12 0.22 0.075
Usg (OF Upeg)/m s~ 0.2 0.32 0.14 0.19 0.17 0.275 0.09
Uys/ms™! 0.253 0.415 0.17 0.27 0.18 0.38 0.12
UR = Uzs—lrs/m s 0.095 0.135 0.058 0.1 0.06 0.16 0.045
PDinean/ %o 12.14 34.84 8.09 16.43 12.82 26.08 5.40
PD, /% 20.10 56.70 15.66 30.46 6.02 14.86 3.63
PDuinl %o 2.17 21.32 2.96 9.27 19.41 42.69 17.47
PDys/% 9.84 29.25 6.60 13.31 10.15 19.60 3.63
PDsy/% 11.87 33.22 8.11 15.20 13.69 25.64 495
PDys/% 14.37 40.99 9.75 19.41 14.92 31.94 7.18
PDg = PDys— PDys/% 4.53 11.74 3.15 6.10 4.77 12.34 3.55

* Including an inlet at very high level.

Barber et al. [10, 11] and Ogilvie and Barber [12] to
be used as a design criterion for air diffuser system in
correlating with the air speeds at the occupied zone. The
jet momentum number J is a measure of the energy con-
tained in the supply air jet. It was defined by the supply
air jet momentum divided by the room volume V., in
order to incorporate enclosure size; and by the constant
of acceleration due to gravity (9.81 m s~') for dimen-
sionless number:

J=;%ld—i ©)

where u,; (m s™') is the average air face velocity over the
diffusers.

—

The idea was confirmed experimentally by Ogilvie and
Barber [12]. As reviewed by Liet al. [13], a jet momentum
number greater than 7.5x10~* was needed for an
incoming air jet attended to the ceiling to distribute air
at the occupied zone. This was further developed and
calculated by including the height of diffuser above the
ground level:

Quy;
9 A oomh

where £ is the height of the centre line of the supply air
jet from the floor level (m). Values of the two macroscopic
numbers Re and J* in the seven railway stations are
shown in Table 1.

J* = ®)
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3. Mean air speed at 1.45 m above floor level

The mean air speeds at 1.45 m above floor level of the
seven waiting halls were measured. The room mean air
speed U, 1S the average value of the measured mean air
speeds u at the different positions at 1.45 m above floor
level. The room mean air speed up,,, was used to evaluate
the Reynolds number defined in eqn (4). Typical mean

“air speed contour curves in stations E are shown in Fig.
1. Values of the mean air speeds at different positions of
each station are different, varying from 0.1-0.3 m s~'.
Therefore, using it as a lumped parameter is not good
enough to determine the thermal comfort in such halls.
Also, values of the mean air speed vary considerably from
one site to another. There were complaints on ‘draugh-
tiness’ in waiting halls with high mean air speeds, and the
feelings of ‘lack of air movement’ in waiting halls where
the mean air speeds are low.

Values of the mean air speed are analyzed statistically
by observing their measured frequency distributions at
each station. Maximum value u,,,, minimum value u,
and median value us, for each station are calculated and
shown in Table I. The mean air speed u,,.q is the average
value of those mean air speeds u measured over the time
interval of 3 min at different locations. The up,, is the
maximum value of u; and uy,, is the minimum value of u,
among those measuring positions. The us, is the value in
the middle of the set of measured air speed ¥ when
arranged in order.

Dimensions in m
Air speed contours in ms’

Fig. 1. Typical mean air speed contours in station E.
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The cumulative frequency distribution curves for the
air speeds are calculated. Values of the air speeds u,,
usy and u,s corresponding to 25, 50 and 75% of results
observed less than that air speed are shown in Table 1,
The u,s, ug, and u;s represent first quartile (25th percen-
tile), median value (50th percentile) and third quartile
(75th percentile) of the measured data set for u. The range
of ug is calculated from the differences of u;5 and uys is
also shown in Table 1.

4. Predicted percentage of discomfort (PD)

The human response to the thermal environment
induced by draught can be predicted by the predicted
percentage of discomfort (PD) at a point from the mean
air speed u, turbulence intensity 7u and air temperature
Ta at that point as proposed by Fanger et al. [9, 14]:

PD = (3.14340.369uTu)(34 — Ta)(u—0.05)*2>  (9)

This expression was modified by Chow and Fung [15]
that elevated air speed might be more comfortable to
local people when temperature is higher than 28°C. A
factor known as percentage of people feeling less
comfortable (PLC) was proposed for that. However, the
air temperature was lower than 28°C during the field
measurement and so the parameter PD was used.

The values of PD were calculated from the measured
u, Tu and Ta at the occupied zone at the same locations
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as those for measuring air speeds. Results were analyzed
statistically to get the mean PD,.,,, minimum PD_;,
maximum PD,,,, first quartile PD,s, medium value PDs,
and third quartile PD,s as shown in Table 1. The range
of PD denoted by PDy is calculated from PD;s—PDys.

5. Correlation of air speeds with macroscopic flow
parameters

The values u,s, usy, and u;s are plotted against the
macroscopic flow numbers including the air exchange
rate ACH, the ventilation rate V'R, the Reynolds number
Re and the modified jet momentum number J* from Figs
2-5.

The measured air speeds and the macroscopic numbers
were analyzed by Regression analysis [16]. The linear
correlation between a pair of experimental data (F, G) is:
G=uF (10)
If there are N pairs of experimental data (F,,G), i =1, 2,
3,..., N, the method of least square fitting is commonly
employed to derive the correlation relation. The deviation
E,; from the correlation relation for each pair of data is:

E,=G—a°F ()

The constant « is determined by differenting the sum of
errors squared X, E% with respect to o and setting the
result to zero:

35)

—3— =0 (12)

Expression for a is:

v(z-6)-(25)(z6)

A

The correlation coefficient R expressed in terms of the
sample variances vgr and vgg; and sample covariance vgg
of F;and G; is used to assess the correlation relationship:

RN =

N=—n——— 14
(vre * v6a)' 3 (9
with
Y(F—F? Y F-NF
i i
Urr = N—1) (Nl (15)
Y.G-G) Y.GI-N-G
b= V=) . (N—1) (16)
and
ZF,-G,—N-F-G
UFG= : (17)

(N=1)

0.4 usp = 0.016 ACH
) correlation = 0.31
"-(D
E -
® 03[
= L
g
: -
& 02t
2 I
i)
L)
Q
(1]
'E 0.1 i O Uazs
i B Uso
. X Uzs
0 s PO | i i i P | i .
0 ) 10 15 20 25

Air change per hour ACH / No.hr™

Fig. 2. Air speed uys, usg, U5 against air exchange rate.




558 W.K. Chow, L.T. Wong | Building and Entvironment 34 (1999) 553-563

04 | X uso = 0.015 VR
- Correlation = 0.44
|
° 03}
3 O X
i |
g 02 | ©
3 o WQ/X
8 [ ]
B & O
<. O Uzs
B Uso
X Urs
0 N 1 L] i A
0 5 10 15 20 25 30
Ventilation rate VR / dm®'m?
Fig. 3. Air speed u,s, us, u;5 against ventilation rate.
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- ‘ uso = 6x107 Re
g ‘L Correlation = 0.18
~ I
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& 02|
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Lo}
Q
[7)] "
< 01 O Uzs
@ Usp
X U7s
0 L P | i
0 1 2 3 4 5 6
Reynolds number Re / x 10°
Fig. 4. Air speed u.s, usy, u;s against Reynolds number.
where F and G and are the sample means of £, and G, Weak correlation relationship is resulted for R
and given by: approaches zero. The correlation relationship is strong
for R tends to 1.
ZF" Macroscopic numbers (e.g. ACH and V'R) are common
F= N (18) design criteria for a ventilation system. Operation engin-
eers are interested to know the condition in the occupied
G, zone under different operating conditions of the system
G- i (19 and so correlation relationships between the measured
- N ) air speeds and the macroscopic numbers are found. Not
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Uso = 1349 J'
X Correlation = 0.49

o o
w H

Air speed Uszs, Uso, Uzs / ms™
o
[\b)

O Uzs
B Uso
X U7s

1

O [ . 1 '
0 0.001

0.002

0.003

Modified jet momentum number J*

Fig. 5. Air speed ujs, usy, u;s against modified jet momentum number.

very good linear correlation relationships are observed
between those macroscopic numbers and the air speeds.
Examples for fitting us, with each of the flow numbers
ACH, VR and Re by a straight line are shown in Table 2
together with the correlation coefficients.

The air exchange rate ACH commonly used in the
industry is not a good parameter for specifying the air
quality in the enclosure. This is very obvious in large
spaces with incomplete mixing due to improper air dis-
tribution system design with the air diffusers. Without a
good air distribution system, simply increasing the air
exchange rate may not improve the air quality in the
occupied zone. This is demonstrated clearly in this study.

There is a better correlation between the values for us,
at the occupied zone with the modified jet momentum
number which was adjusted to include the height of the
supply air jet. A linear relationship between the modified
jet momentum number J* and the room mean air speed
uso in the occupied zone of correlation coefficient 0.49
was derived as:

Table 2
Linear correlation relations between 15, and flow numbers

Linear equation Correlation coefficient

gy = 0.1614CH 0.31
U =0.015SVR 0.44
sy = 6x 10~ Re 0.18
PDy, = 0.0144CH 0.30
PDg = 0.013VR 0.44
PDs, = 4.95x 10" Re 0.16

uso = 13449.]* (20)

Correlation relationships between PDy, and the macro-
scopic numbers ACH, VR and Re were found and shown
in Table 2. The correlation coefficients were very low.
The relation with J* is better as shown in Fig. 6 with a
correlation coefficient of 0.49:

6. The new flow numbers X, and X,

The relationship relating us, and J* given by eqn (20)
is still not promising as the separation distances Sy of the
diffusers are not included. A new flow number X, defined
by considering the relative value of the range R to be
distributed by a diffuser and the spacing S, as shown in
Fig. 7is proposed. The range R would be different for air
discharged by ceiling diffusers and linear diffusers; and
depends on the temperature of the air discharged. For
air discharging at a temperature very close to the ambient,
the range can be approximated by the equation for a free
particle trajectory under gravity:

[2h
R o~ udi - (22)
g

The new flow number X, can be defined by the ratio of
R to Sy, leaving all the other parameters to be constant:

Xn=aof - (23)

i —
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X
40 | PDs = 121.3 J°
I Correlation = 0.49

OPD2s
m PDsg
X PDys

0 | P L i "
0 0.001 0.002 0.003
Modified jet momentum number J°

Fig. 6. Percentage of discomfort PD,s, PDs,, PD,s against modified jet momentum number.

Diffuser

Range R
. ——
-
Separation distance S;
Fig. 7. Range of diffuser.
It is expected that larger the X, number, the shorter the Values of us, are plotted against X, in Fig. 8 and the
value of S, with respect to the range R and so a higher following line with correlation coefficient 0.50 was fitted:
value of us, will be the result. The values of S, were
Uso = 1.5X, (24)

calculated from the average of the diffuser spacings and
shown together with X, in Table 1. Another flow number X is also proposed by considering
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X

©
H
T

usp = 1.5 Xy
Correlation = 0.50

o
w
—r— T

Air speed ugs, Usp, Uzs / ms™
o
[\V]
1]

0.1 [~ O U25
» B Uso
g X U7s
0 " i A i i 4 i
0 0.05 0.1 0.15 0.2
Flow number X1
Fig. 8. Air speed u,s, uy, u;s against flow number X,.
the trajectory equation reported in the literature [13, 17]. n
An equation relating the horizontal distance z from the i 2 (26)
. . . Sattgi
jet to the vertical distance x was found:
X3 The values of usy are plotted with X, in Fig. 9 and the
z~ ) (25) following equation with a correlation coefficient of 0.36
¢ was found:
The flow number X can be derived by taking x to be the
height 4 of the diffuser above the ground level: uso = 0.24X, 27
X
04 -
X
03 uso = 0.04 X2

Correlation = 0.36

Air speed uzs, Uso, Uzs / ms™
o
)]

0.1 O Uzs
B Uso
X Uzs
he 0 .
ad: 0 2 4 6 8

14) Flow number X2

Fig. 9. Air speed us, us,, u;s against flow number X..
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. X
[ | PDsp = 1.3 X4
30 |- X Correlation = 0.57
o\o
\ |
e 20f
X B |
i [ |
10 | O O
[ X OPD2s
B m PDsg
i X PDg75
0 PR1 ! " i Bk i
0 0.05 0.1 0.15 0.2 0.25

Flow number X4

Fig. 10. Percentage of discomfort PD,s, PDs,, PDs against flow number X,.

It can be seen that the flow number X, is not as good as
X, in specifying the air speed at the occupied zone and it
is even worse than the modified jet momentum number
s

Further, correlations between PDs, with X, and X, are
found with correlation coefficients 0.57 and 0.39, respec-
tively:

PDs, = 1.3X, (28)
PDs, = 0.029X, (29)

Again, the flow number X, gives a better correlation as
shown in Fig. 10.

7. Conclusions

Data on the air speeds measured [7, 8] in the occupied
zone of waiting halls in seven large railway stations with
mechanical ventilation were further analyzed and
reported. Those values were induced by the ventilation
system under the normal modes of operation. The mea-
sured air speed and percentage of discomfort (PD) at the
occupied zone of different positions in each hall were
analyzed statistically to get the maximum, minimum,
medium, 25th percentile, 50th and 70th percentile values.

Four macroscopic flow numbers commonly used in the
literature [4-13] were calculated to check for correlation
relationship with the measured air speeds and percentage
of discomfort. Those numbers were the air exchange rate,
the ventilation rate, the Reynolds number and the modi-
fied jet momentum number. It is found that macroscopic
numbers commonly used in ventilation design such as air

exchange rate and ventilation rate are good enough in
specifying the performance of the ventilation system for
large spaces. It is found that both the mean air speeds
and the percentage of discomfort give a better correlation
with the modified jet momentum number for large ven-
tilated spaces.

Two more flow numbers X, and X, were defined by
considering the range to be covered by each diffuser. The
flow number X, was defined by taking the supply air jet
trajectory similar to the free particle trajectory and the
flow number X, was defined by considering empirical
expressions on the air trajectory. It is found that the first
flow number X, gives a better correlation with the mean
air speeds and the percentage of discomfort.

Acknowledgement

The authors wish to thank Dr W. Y. Fung for advising
on the field measurements.

References

[1] CIBSE Guides. Installation and Equipment Data. London, U.K.:
CIBSE, 1986.

[2) European Concerted Action. Indoor air quality and its impact on
man. Report No. 11: Guidelines for ventilation requirements in
Buildings, Office for Publications of the European Communities,
Luxembourg, 1992.

[3] ASHRAE Standard 62-1989. Ventilation for acceptable indoor air
quality. Atlanta, Georgia, U.S.A.: ASHRAE, 1989.

[4] ASHRAE Handbook—Fundamentals 1997. American Society of



W.K. Chow, L.T. Wong | Building and Environment 34 (1999) 553-563 563

Heating, Refrigerating and Air-Conditioning Engineers, Inc.,
Atlanta, Georgia, U.S.A.: ASHRAE, 1997.

[5] ISO Standard 7726. Thermal environments—instrument and
methods for measuring physical quantities. Geneva: International
Standards Organization, 1985.

[6] ISO Standard 7730. Moderate thermal environments—deter-
mination of the PMV and PPD indices and specification of the
conditions for thermal comfort. Geneva: International Standards
Organization, 1994.

{7] Fung WY. Numerical studies on the air flow and assessment of
thermal comfort indices related to draught in air-conditioned and
mechariical ventilated spaces. Ph.D. thesis, Department of Building
Services Engineering, The Hong Kong Polytechnic University,
Hong Kong, 1995.

[8] Chow WK, Wong LT, Fung WY. Field measurement in the air
flow characteristics of big mechanically ventilated spaces. Building
and Environment, 1996;31(6):541-50.

[9] Fanger PO, Melikov AK, Hanzawa H, Ring J. Air turbulence and
sensation of draught. Energy and Buildings 1988;12(1):21-39.

[10] Barber EM. Scale model study of incomplete mixing in a ventilated
airspace. Ph.D. thesis, Ontario, Canada: University of Guelph,
1981,

[11] Barber EM, Sokhansanj S, Lampman WP, Ogilvie JR. Stability of

air flow patterns on ventilated airspaces. ASAE Paper No. 82-4551,
Winter Meeting of American Society of Agricultural Engineers
(ASAE), 14-17 December 1982, Chicago, [llinois, U.S.A. Michi-
gan, U.S.A: ASAE, 1982,

(12] Ogilvie JR, Barber EM. Jet momentum number: an index of air
velocity at floor level. Building Systems: Room air and air con-
taminant distribution. Atlanta, Georgia. U.S.A.: ASHRAE, 1989,
pp. 211 4.

[13] LiZH, Zhivov AM, Zhang JS, Christiansen LL. Characteristics of
diffuser air jets and airflow in the occupied regions of mechanically
ventilated rooms—a literature review. ASHRAE Transaction
1993;99(1):1119-27.

[14] Fanger PO, Christensen NK. Perception of draught in ventilated
spaces. Ergonomics 1986;29(2):215-35.

[15] Chow WK, Fung WY. Investigations of the subjective response
to elevated air velocities: Climate chamber studies. Energy and
Buildings 1994;20(3):187-92.

[16] Mason, RL, Gunst RF, Hess JL. Statistical design and analysis of
experiments with applications to engineering and science. New
York, U.S.A.: John Wiley and Sons, 1989.

(17} Zhivov, AM. Theory and practice of air distribution with inclined
jets. ASHRAE Transactions 1993;99(1):1152-59.




