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 ABSTRACT

Lt
A Room Ventilation Simulator has been developed with several unique features: an outer room

with a HVAC (Heating Ventilating and Air-Conditioning) system to simulate different weather conditions
by controlling the ambient air environment around the test room; an inner test room of modular design
to facilitate changing room dimensions and configurations; an independent HVAC system for the inner
test room to study different air supplies; an air delivery system capable of providing air flow rates of 2
to 52 air changes per hour; a uniform floor heating system of 48 individually controllable panels to
simulate internal heat loads; a computer controlled data acquisition and probe positioning system to allow
automatic measurements at precisely positioned locations; and a flow visualization system to record room
air and contaminant flow patterns.

In this paper experimental results are descubed from a full scale test room (5.49x7.32x2.44 m)
including the spatial distributions of mean velocity, turbulence intensity, kinetic energy of turbulence,
temperature and contaminant concentrations. Discussions focus on the eftects of the diffuser air velocities
and internal heat loads on the air flow characteristics. The detailed experimental data are also useful for
evaluating and improving numerical simulation models of room air and air contaminant motions.
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INTRODUCTION

: -“'Understanding room air distribution is essential to the design of ventilation systems and control
of room thermal and air quality conditions. Air velocities in occupied zones of a room directly affect
the thermal comfort of occupants. The movement of air within a room also affects the release rate of
heat and contaminants from sources, determines how the heat and contaminants distribute, and thus affects
the air quality available to the occupants. In addition, proper air distribution can reduce the ventilation
rate necessary for removing air contaminants and moisture, and thus reduce building energy consumption.
Study of room air distribution is important to many applications including commercial and residential
rooms, clean room manufacturing, electronic and computer rooms, biomedical research, hospital disease
control, and greenhouse and animal agriculture (Christianson 1989).

Room air and air contaminant distribution is a complicated process. Researchers have developed
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a limited understanding through experimental measurements (e.g., Straub and Chen 1957, Baturin 199
Miller and Nevins 1972, Nielsen et al. 1978, Randall and Battams 1979, Timmons 1984, Sandberg 1
and Zhang et al. 1990) and numerical modelling (e.g., Nielsen et al. 1979, Baker and Kelso 19
Murakami and Kato 1989, Chen and Jiang 1991, and Whittle and Clancy 1991). Research efforts |
concentrated on high ventilation rate conditions (fully turbulent flow), isothermal conditions (no in
heat loads), limited if any internal obstructions (no furniture and equipment), and simple room geom
to simplify the problem. Realistic room ventilation flow usually has multi-flow features, including
and low turbulence, which increases the complexity of both physical and mathematical modelling
Physical modelling is also complicated by the difficulty of air velocity measurements since low ‘4
velocities (<50 ft/min) are involved. ) \

Methods commonly used for investigating room air and air contaminant distribution are ‘full $cdle
measurements, similitude model study and numerical simulations. Measurements in full scale rooms
essential to the understanding of room flow behaviour and the evaluations of indirect techniques such
similitude studies and numerical models, and currently are the only assured method of evaluating f60
airflow. However, it is generally expensive and inconvenient to conduct full scale experiments, and the'
results can only be applied to the rooms that are identical (at least very similar) to the prototype studied,

Similitude study involves experiments in a reduced scale model room and extrapolations of the
results from this model room to its prototype. More importantly, similitude makes it possible to
extrapolate experimental findings to a variety of rooms with similar geometry without the need fo
physical modelling of every prototype. The application of similitude to room air flow is limited by' -' .
knowledge of proper scaling methods for extrapolating the data. Knowledge of the reglon '
characteristics of the room air flow, including its turbulent behaviour, is necessary to the developmén'
of the scaling theory. 1250

Numerical simulation involves mathemattcaily modelling the room airflow and numenckﬂ
solving the model. While complicated, it is in principle the most generalized method and thus mast.
convenient for predicting room air flows. However, advances in numerical modelling are limited by ’the :
lack of compatible, adequately detailed experimental data for model evaluation, and by the ]acklbf :
knowledge of the room air flow characteristics, especially the turbulent flow features.

"The objectives of this research were to improve the understanding of the mean and turbulént
behaviour of realistic room ventilation flows and provide experimental data for evaluating and 1mprov1ng _
numencal smulatmn models of room air motion. hits S5

EXPERIMENTAL FACILITY AND PROCEDURE il b/

To investigate the various aspects of room air distribution, a Room Ventilation Simulator (Figure
1) was developed with several unique features: an outer room with an HVAC (Heating Ventilating and
Air-Conditioning) system to simulate different weather conditions by controlling the ambient air
environment around the test room; an inner test room of modular design to facilitate changing room 2
dimensions and configurations; an independent HVAC system for the inner test room to study different p
air supplies; an air delivery system capable of providing air flow rates of 2 to 52 air changes per hour;
a uniform floor heating system of 48 controllable panels to simulate internal heat loads; a computer'
controlled data acquisition and probe positioning system to allow automatic measurements at precisely
positioned locations; and a flow visualization system to record room air flow patterns. Additionally,
computer software was developed for data analyses. Details can be found in Wu et al. (1990), Zhang
(1991) and Zhang et al. (1992).

Results presented in this paper are from a full scale experimental-set up show in Figure 2. TT}P-
test room has a continuous slot diffuser and a continuous slot exhaust. Measurements indicated that the
flow inside the room was practically two dimensional except very close to the-two end walls (Zhang
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seations measured in the diffuser jet region and over the floor surface where relatively high velocity
“sradient was expected. Additionally, smoke generated by titanium tetrachloride was used to visualize the

TABLE 1 Test Conditions

™ |eb | S| & | & | S ™ | *™ |

Pt | 254 | 239 | 239 23.9 0 8193 0 27.9
W2 | 178 | 239 | 239 23.9 0 5735 0 19.5
" p3 | 076 | 239 | 239 23.9 0 2458 0 8.6
| P4 1.78 | 24.1 32.4 61.5 37.4 5735 0.0186 | 19.5
| ps | 178 | 233 | 2809 49.9 266 | 5735 | 0.0135 | 195
‘1 p6 | 178 | 231 | 267 39.7 164 | 5735 | 0.0085 | 19.5

- * w,=2 inch for all the tests.
;‘[ b ¢

"RESULTS AND DISCUSSION

_Flow Patterns
2 The common flow behaviour among the six test cases (Figures 3 through 8) is that the incoming
‘air attached to the ceiling after entering the room because of the Coanda effect. The air then travelled
“along the ceiling for a certain distance (called attachment length) until it separated from the ceiling or
reached the opposite wall. Air below the jet was entrained by the jet so that a reverse flow formed below
the jet. However, there were substantial differences among the six tests, which resulted from different

diffuser air velocities and thermal buoyancy effects caused by the internal heat loads.
A Effect of Diffuser Air Velocity. At the highest diffuser air velocity (Figure 3), there was a strong
'primary recirculation eddy in the upper right corner and a secondary recirculation eddy in the lower left
corner.

The flow pattern in the medium diffuser air velocity test (Figure 4) was very similar to that from
the highest diffuser air velocity case, but the secondary eddy at the lower left corner was not clearly
observed in the medium velocity case. This may be explained by the reduced inertial effect due to the
decrease in the diffuser air velocity. The momentum in the reverse flow was not enough to generate the
strong secondary eddy in the lower left corner.

At the lowest diffuser velocity (Figure 5), the reverse flow below the diffuser jet occupied only
a small upper portion of the flow field. This was again due to the small amount of momentum in the
diffuser air jet which resulted in much less entrained air. There appeared to be a large weak recirculation
flow in the lower portion of the flow field due to molecular viscosity, but the flow there was essentially
stagnant.

Effect of Thermal Buoyancy. For a lower internal heat load, the diffuser air jet attached to the
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ceiling for a longer distance before it separated from the ceiling. Therefore, the effect of the J;:-'
buoyancy was to pull the diffuser air toward the floor. 'I'hls was expected because the incoming alt| '

is dependent on the air velocities within the jet, which represents the inertial effect. As the air velg ..;"_
within the jet decay along the trajectory of the jet, the Coanda effect becomes smaller and smaller/
jet would start to separate from the ceiling surface when the Coanda effect is equal to the therm
buoyancy effect. The Archimedes number represents the ratio between the thermal buoyancy and inertiaf
effects and is therefore naturally used to characterize the room air flow patterns. '
It was also observed that flow in the non-isothermal cases had stronger random behavious.
compared to the isothermal cases. For the non-isothermal cases, flow observed at the same location byt
different times had more directional variations. :

Statistical Characteristics :

The room air flow involves turbulence. The movement of fluid elements in a turbulent flow field
has a strong random feature. Statistical analysis of the air velocity signals within the room"
fundamental step toward the understandlng of t.he flow behaviour.

floor was found to cause more fluctuations in the velocity signals of the occupied region (Zhang 1991),%
indicating the contribution of the thermal buoyancy to the generation of turbulence in the occupied reg_ic

Probability Density Function. Probability density functions are shown for test P3 (Figure 11).
The random fluctuation of air velocity at a fixed point followed the normal distribution in general for both
isothermal and non-isothermal flows, although the latter was noted to follow the normal distribution more
closely. Therefore, one can use measured mean velocity and standard deviation to determine the velogity
range at the measured point for a given confidence level, This agreed with the field measurement results’
of Thorshauge (1982). Such information is useful for assessing the thermal comfort in ventilated
buildings because one needs to know the percentage of time when air velocities in the occupied regio_gs
satisfy the given criterion. . dueetd

The histograms of velocuy ﬂucmanons (Figure 11) are skewed slightly to the right. This may 3
be caused by the limitation of the hot w1re anemometer which is unable to detect the reverse flow, ILﬂ N
other words, the negative velocities (i.e., air velocities in the negative direction) is sensed as positive 3
values by the hot wire anemometer. Asa result the histograms of velocity fluctuations are nght—skewqd g
since the negative ‘velocities are folded to the right. oy 8

. Energy Spectral Density Function, The energy spectral density function E(f) is defined as /f

b

=(uh)2 ' &
[E(f} df=(u’) ,

where, (u’)* is the variance representing the total energy of the velocity fluctuation. E(f) represents the
distribution of the kinetic energy of turbulence fluctuations over different frequency components. The
higher frequency components correspond to smaller eddies and the lower to larger eddies. ]
Velocities in the jet region contained higher levels of kinetic energy of turbulence as compared
to the occupied regions, especially for the low diffuser velocity case (Figures 12 and 13). The
distribution also extended to higher frequencies for the jet regions. The large velocity gradients in the
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#or regions were mainly responsible for the generation of the turbulence according to the turbulence theory

( inze 1975). High velocity gradients also generated more small eddies which corresponded to the high
frequency fluctuations.

It was also noted that thermal buoyancy due to the heat production from the floor increased the

ean Velocity

. Spatial distributions of mean velocity is shown in Figure 14', where all velocities are made

' " dimensionless by dividing by the diffuser air velocity. The trajectory of the diffuser air jet can be traced

4 by following the location at which the maximum velocity occurred in each measurement column (x/W).

" A common feature for all the tests was that the incoming air jet bent toward the ceiling after entering the

‘rfoom. It then travelled along the ceiling for a certain distance before separating from the ceiling again.

. This agrees with the flow patterns discussed earlier,

. 1 In the region where the jet attached to the ceiling, the measured velocity profiles were similar to

a2 "wall jet" type flow, Conventional "wall jet" theories (Schlichting, 1979) may be tested with the

~ present data to evaluate whether they adequately describe this region or modifications are necessary for

' acceptably accurate predictions.

g The velocity profiles close to the floor (y/H > .75) did not show similarity with the "wall jet" type
" flow, but were more or less uniform. With a higher diffuser air velocity (i.e., a higher Re,) than the case
studied, a higher remaining momentum from the diffuser air jet would be avallable to the reverse flow.

- Due to the surface effect, a "wall jet" type flow would also be produced in the regions close to the floor,
as reported by Jin and Ogilvie (1990). This is an important difference between high and low ventilation

" rate flows (i.e., between high and low Re,).

TABLE 2 Dependence of average velocity in the occupied region®

= on the Reynolds number
U,, m/s Re, U, m/s U/U, Test
0.76 2458 0.08 0.108 P3
1.78 5489 0.14 0.077 P2
2.54 8192 0.18 0.070 Pl

The average velocity in the occupied region increased with the Re, as expected, but the
dimensionless average velocity (U/U,) decreased (Table 2). This again indicates the dependence of the
air distribution on the Reynolds number. The decrease of the dimensionless average velocity (U/U,) may
be explained by the increased degree of turbulent mixing when the Reynolds number increased. This is

! Spatial distributions of mean velocities, turbulence intensities, turbulent kinetic energy and
temperatures are presented only for test P6 only due to the page limit. Data for the other tests can be
found in Zhang (1991).

2 The occupied region is defined as the space from the floor to 6 ft high level and 1 ft from each side
walls, which corresponds to 0.25 <y/H< 1.0 and 0.56 <x/W <0.94, respectively.
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in agreement with the previous experimental results in a 1/12th scale model (Zhang et al., 1990).;
researchers (e.g., Timmons, 1979) showed that when the Reynolds number was larger than a thres
the distribution of mean air velocity within a ventilated room became independent of the Reynolds nyr mber
and the threshold value increased with the room scale. However, most realistic room ventilation
have Reynolds numbers well below the threshold as in the present study. Therefore, the dependence
room air flows on the Reynolds number has to be considered in the study of realistic room ventil
flows. il

Increasing thermal buoyancy effect decreased the distance at which the air jet travelled along the
ceiling and also made the jet expand faster. When the jet fell, it produced a region with relatively hight
air velocities in some part of the occupied region. .'

The average velocity in the occupied region was higher in the non-isothermal case !hanr
isothermal case since the diffuser air jet dropped directly to the occupied region (Table 3). However.
for the three non-isothermal test cases, the average velocity in the occupied region decreased with the
increase of internal heat load and hence the Archimedes number. When the internal heat load increased;
turbulent mixing due to thermal buoyancy increased, resulting in a higher velocity decay in the di
air jet and thus a lower mean air velocity in the occupied zone.

TABLE 3 Dependence of average velocity in the occupied region?
on the Archimedes number

ATy, °C Ary, U, m/s u/u, Test .,
0.0 0.0 0.14 0.077 P2 _
16.4 0.0085 0.18 0.101 P6 . %%
26.6 0.0135 0.17 0.098 P5
37.4 0.0186 0.15 0.084 P4

Turbulence Intensity .
The turbulence intensity is defined as the ratio between standard deviation (u’) of velocity®
fluctuations and the mean velocity (U). It represents the degree of turbulence at a local point. .
The distribution patterns of the turbulence intensity within the test room were not as apparent as in meau
velocity distribution (Figure 15). In general, relatively high values were distributed in the intermitte:
region at the edge of the diffuser air jet and at the central region of the recirculation eddy. '
The average turbulence intensity in the occupied region increased with the increase of the diffuser '
air velocity as expected (Table 4). It also increased with the internal heat load because the thermal =
buoyancy caused the diffuser jet to drop into the occupied region and also contributed to the production
of turbulence within the occupied region. s

Turbulent Kinetic Energy

The kinetic energy of turbulence (k) is defined as 0.5u’®. It is a more appropriate term to
represent the importance of turbulence effect on the room air motion than turbulence intensity. The
kinetic energy of turbulence in the diffuser jet region was substantially larger than in the occupied region
(Figure 16), especially in the isothermal tests. Since the magnitude of turbulent kinetic energy in a local
region depends on the turbulence generated within the region and that transported from upstream, one
may infer that the turbulence within the room was mainly generated in the diffuser jet region due to the
strong interaction between the incoming air and the room air, and between the jet and the ceiling surface.
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TABLE 4 Average turbulence intensity in the occupied region*

U, m/s Re, ATy, °C Ary, u'/U, % Test
17076 2458 0 0 6.5 P3
o078 5489 0 0 23.6 P2
2.54 8192 0 0 27.9 Pl
178 5489 16.4 0.0085 26.1 P6
1.78 5489 26.6 0.0135 29.9 PS
1.78 5489 37.4 0.0186 33.9 P4

erated turbulence was then transported to the other parts of the room. In the transport process, the

elocity fluctuations were also damped by viscous effects, resulting in lower turbulent kinetic energy in

- the occupied region. This phenomenon agrees with the turbulence theory (Hinze 1975), since large mean

H@ocity gradients were present in the jet region, but not in the occupied region.

P The non-dimensionalized turbulent kinetic energy of the occupied region was larger in the case

- of a higher diffuser velocity (Table 5). If the diffuser air velocity increases further, a sufficiently high

velocity gradient may be present between the solid surfaces of the opposite wall and the floor and the

-adjacent flow, resulting in significant turbulence production, and thereby increasing the turbulent kinetic

E energy in the occupied region significantly. However, most realistic ventilation flows have low velocities

- (<50 fpm) over the floor surface so that such additional turbulence production is negligible as compared

1o the turbulence production in the jet region.

: The average turbulent kinetic energy of the occupied region in non-isothermal flows was
approximately 115% larger than in the isothermal flows (Table 5). This was again partly due to the
gp_ntribution of thermal buoyancy to the turbulence production, especially within the occupied region
itself, and partly due to the drop of the diffuser jet into the occupied region.

TABLE 5 Average Kinetic Energy of Turbulence in the Occupied Region*

U,, m/s Re, ATy, °C Aty k/(0.5U,) Test
0.76 2458 0 0 0.00009 P3
1.78 5489 0 0 0.00042 P2
2.54 8192 0 0 0.00044 P1
1.78 5489 16.4 0.0085 0.00082 P6
1.78 5489 26.6 0.0135 0.00098 PS5
1.78 5489 37.4 0.0186 0.00092 P4

Mean Temperature
The distribution of mean temperature for the non-isothermal tests conducted were mainly




determined by the mean velocity distribution (Figure 17). In other words, the temperature was Jgg
upstream of the flow. As the air travelled, it was heated by the adjacent warmer air through turbyl|
mixing and molecular diffusion.

In the occupied region, the room air temperatures were much more uniform than’ the
velocity distribution. This is mainly because the temperature field had a different boundary cond
from the velocity field. Temperatures on the surfaces of wa]!s ceiling and floor were higher th

Prandtl number of the air is about 0.7. The Prandtl number represents the ratio between the momen
and thermal diffusion rates due to molecular motion (Kays and Crawford, 1980).

Velocity Characteristics at the Diffuser '3

As shown in Figure 19, the mean velocity profile at the diffuser was not uniform. Nelther
the turbulent kinetic energy. Numerical modellers usually assumed a uniform turbulence intensity
between 4% and 5% (e.g., Murakami, 1991). This would be appropriate only for the central part of the *
diffuser. The measured profile of turbulence intensity showed higher values (up to 75%) at the ed; ]
of diffuser openmg (Figure 20). Since the diffuser air jet has a dominating effect on the romﬁ Al
movement, it is expected that numerical simulations of room air distribution are very sensitive to h’l
velocity and turbulence conditions at the diffuser. Therefore, measured profiles of mean velocity and
turbulence intensity at the diffuser are essential for evaluating numerical simulation models of room ﬂfl? ;
distribution. :

SUMMARY AND CONCLUSIONS

A unique Room Ventilation Simulator is developed to study the various aspects of room air a
air contaminant distributions. Experiments with a 5.49 x7.32x2.44 m full scale test room indicated'

1. Turbulence of room ventilation flows is mainly generated by the diffuser air jet. The turbule 13
kinetic energy in the occupied regions is significantly smaller and distributed in a lower
frequency range as compared to the diffuser jet region. i

2. Normal distribution can be used to approximate the velocity fluctuations in the room ventilation
flow. j

3. Air distribution in realistic isothermal ventilation flows is Reynolds number a:lepnandenté 4
Increasing the Reynolds number (Re,) decreases the dimensionless average velocity (U/U,) and
increases the turbulent kinetic energy and turbulence intensity in the occupied region. _

4, The internal heat load may have significant effects on the room air distribution, causing the -
diffuser air jet to fall more quickly after entering the room. This causes a higher spatial average
of mean velocity in the occupied region for the non-isothermal cases as compared to the |
isothermal case under the same diffuser air velocity. The thermal buoyancy also contributes t0
the turbulence production within the room and thereby increases the turbulent kinetic energy and
turbulence intensity in the occupied region.

5. The measured velocity and turbulent kinetic energy profiles at the diffuser were nonuniform. The
measured turbulence intensity at the diffuser edges was significantly higher than 4-5% as used
in many numerical simulations of room air motion.

NOMENCLATURE
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ACH = Air changes per hour;

Bew(T Ty
Arg = Archimedes number defined as — ;
i Ud!.
paic - CE(f) = Spectral density function of velocity fluctuations, (m/s)?*;
f = Frequency, Hz;
g = Gravitational acceleration rate, m/s?
H = Room height, m;
k = Turbulent kinetic energy, (m/s)?*;
L = Length of the room (in Z direction), m;

2 1, = Length of the diffuser slot (in Z direction), m;
= Ventilation rate, m/s;

Ugwy
1 Re = Reynolds number defined as — ;
" 14
T = Maximum temperature in room (e.g., on the heated surface), °C;
T, = Diffuser air temperature °C;
T: = Air temperature at the exhaust, °C;
AT, =TT °C;
ATy = TeT,, °C;
u' = Standard deviation of velocity, m/s;
U, = reference velocity, diffuser velocity at the measurement plane (z=0), m/s;
W = Width of the test room (in X direction), m;
wy = Width of the diffuser slot (in Y direction), m;
W, = Slot width of the exhaust, m;
X, ¥, 2 = Eulerian Cartesian coordinates, m;
Yo = Distance from the ceiling to the diffuser upper edge, m;
Yo = Distance from the ceiling to the upper edge of the exhaust, m;
o = Thermal diffusion coefficient, m%/s;
B = Thermal expansion coefficient, 1/K;
7 = Kinematic viscosity, m?s;
p = Density of diffuser air, kg/m’;
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Figure 1 Schematic of the Room Ventilation Simulator
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Figure 2 Experimental set up for the full scale room
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Figure 7 Flow pattern of test P5: U;=1.78 m/s, AT;=26.6 °C
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Figure 8 Flow pattern of test P6: Uy=1.78 m/s, AT;;=16.4 °C
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Figure 9 Sample velocity signals in test P1: U,=2.54 m/s, AT,=0 °C

(et region:x/W=

=0.125,y/H=0.0521; occupied region:x/W =0.375,y/H=0.6771)
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Sample velocity signals in test P3: U;=0.76 m/s, AT,=0 °C

(jet region:x/W=0.125,y/H=0.0521; occupied region:x/W=0.375,y/H=0.6771)

— 493 —



a. jet region:
x/W=0.125, y/H=0.0521

250+

Fragquenay
L
L4

100+

504

0
m--
b. occupied region: =
x/W=0.375, y/H=0.6771
m-
2504
im

veocly, m/s

B [ e e e [ e R R s T

M

o 002 003 ws oo om0

0.04
viecly, m/s

Figure 11 Histograms of sample velocity signals in test P3:
Uy=0.76 m/s, AT,=0 °C
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Figure 12 Energy spectra of velocity in test P1:U,=2.54 m/s,AT=0 °C
(jet region:x/W=0.125,y/H=0.0521; occupied region:x/W=0.375,y/H=0.6771)
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Figure 13 Energy spectra of velocity in test P3:U;=0.76 m/s,AT=0 °C
(jet region:x/W=0.125,y/H=0.0521; occupied region:x/W =0.375,y/H=0.6771)



‘ot region: 0.063 ~ 0.250
a. jet reglon: 0.125 0.375

0.031
0123 hsgiad 0.373 i 0.623 iy
s . l e
b. entire flow field: ? = B B

- == = e
= E E E
= — s —

o rax=0.J560 avg=0.1292 ® mn=0.0488

Y

: R 0.063 0.2590
a. jet region: 0,031 0.125 0,575
= E E E
. . 0250 @500 a7sa
b. entire flow field: | asas_ - u-i el asgs: —
sy == — E E B Bt
W sl el il — EE
=P = e Tl = . —
= E'EE EE EE
o maxaS51.5000 avge27.9237 ® nin=l2.5000
¥+

Figure 15 Distribution of turbulence intensity (100u’/U) for test P6:U,=1.78 m/s, AT;=16.4 °C
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Figure 16 Distribution of turbulent kinetic energy (k/0.5U.) for test P6:U,=1.78 m/s, ATy =16.4 °C
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Figure 17 Distribution of temperature [(T-T,)/AT,] for test P6: U;=1.78 m/s, ATy =16.4 °C
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Figure 18 Profiles of mean velocity and turbulent kinetic energy at the diffuser
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Figure 19 Profile of turbulence intensity at the diffuser
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