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Abstract

The requirements of laboratory facilities differ dramati-
cally fromthose of other buildings. As we expand our bio-
containment needs to Biosafety Levels (BSL) -2, -3, and -4,
a clear need exists for an air quality and thermal comfort ini-
tiative targeting these facilities. The thermal comfort of occu-
pants in laboratories can be controlled by the choice of venti-
lation strategy. Added benefits are the realization of a signifi-
cant energy savings and improved indoor air quality. This
study employs an advanced numerical simulation and empirical
validation to assess the performance of active chilled beams in
a general laboratory layout having some equipment intensive
areas. The study examines the removal effectiveness of gases
and airborne particles in such a system. Chilled beam per-
formance is also compared to a ceiling diffuser system with
and without cooling panels. The results of this study show
that chilled beams improve thermal comfort and can be oper-
ated at reduced Air Changes per Hour (ACH) while main-
taining a comfortable environment in occupied zones ex-
pressed as the Predicted Percentage Dissatisfied (PPD). To
obtain a similar level of thermal comfort, a higher ACH
is required in a ceiling diffuser system with cooling panels
and bench exhausts. The chilled beam system also improves
the removal effectiveness of gases, or airborne particles be-
cause of the inherent better mixing in the room compared
with the use of ceiling diffusers. In the cases studied, chilled
beams have an insignificant effect on the fume hood contain-
ment. As satisfactory thermal comfort and air quality was
achieved at a lower flow rate when compared with an all-air
ceiling diffuser system, a savings of around 22% is estimated
in annual energy costs for cooling and ventilating a typical lab
in the Washington, DC area. The methodology and results of
this study may be applied to further research for other labora-
tory types, or climatic conditions than those proposed in this
study.

Introduction

A large portion of the laboratory space cooling load
is from heat producing research equipment located on
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benches. Moreover, many chemicals used in laboratories
are harmful to occupants’ health. Inhalation exposure is
a common concern raised by laboratory occupants. The
ventilation flow rate required to cool these laboratories
and meet local exhaust requirements is usually high. Care
needs to be taken in the design of the ventilation system,
particularly in instances where a fume hood and/or bio-
safety cabinet is present. In particular, significant airflow
across, or into the face of the fume hood, can dramati-
cally affect the hood containment. A general laboratory
uses more energy and water per square foot than the typi-
cal office building due to ventilation requirements and
other health and safety concerns. Because the require-
ments of laboratory facilities differ so dramatically from
those of other buildings, a clear need exists for an initia-
tive that exclusively targets these facilities. This is espe-
cially important as we move to Biosafety Levels (BSL) -2, -
3, and 4. The use of chilled beams is not intended to be
applicable to all types of laboratories. For example, the
use of chilled beams would not be appropriate for BSL-3
or BSL4 laboratories where the accepted methodologies
for control should not be compromised. Further, chilled
beams should only be considered for BSL-2 laboratories
after extensive consultation with experienced engineers
who understand the nature of the work performed in the
laboratory. The use of chilled beams should not override
the contaminant controls that are appropriate for a con-
tainment laboratory, particularly with respect to the use
of appropriate biosafety cabinets (BSC), or the handling
of hazardous materials on workbenches. Although parts
of this study were conducted in the presence of a fume
hood rather than biosafety cabinets, the results should be
generally applicable to Class 1 and Il biosafety cabinets
(BSC). Typical BSC types involve a laminar airflow re-
gime, which serves to protect the scientist from particu-
lates as well as the product in the cabinet. The strict appli-
cability of results from the fume hood cases to BSC sce-
narios is dependent on the flow profile at the sash and
the average face velocity, which should be similar in both
scenarios. Developed in the 1980s, chilled beams are
a relatively new technology (Virta et al., 1995; Barista,
2005). This type of room air-conditioning has spread rap-
idly in Europe where it is used to provide comfort cooling
in both new and refurbished commercial and industrial
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non-laboratory buildings. Chilled beams are flexible, sim-
ple to install and maintain, and provide an energy effi-
cient, costeffective alternative to traditional cooling sys-
tems. Chilled beams have not yet been employed in a
laboratory setting, but the technology is sufficiently ap-
propriate for BSL-1 and some BSL-2 laboratories.

There are two basic types of chilled beams: active and
passive (Building Services Research and Information As-
sociation, 2001). Passive beams, which provide only cool-
ing, rely entirely on the natural convection process with
chilled water coils and no air supply to the unit. Room
air supply is typically provided via floor, or low wall regis-
ters similar to displacement ventilation. Active beams
with chilled water coils and an air supply connection,
offer an increased cooling capacity using a primary air
supply to cause induced convection over the water coils.
The primary airflow required for fresh air supply is dis-
charged into a mixing zone via nozzles. The induced air is
drawn from the room through a water coil. In the mixing
section, the induced air is mixed with the primary air and
the total discharged into the room via slots as shown in
Figure 1. With active chilled beams, the air is cooled by
means of cold water, and the supply airflow rate is dimen-
sioned in a way that fulfills the requirement of good air
quality. Chilled beams combine the airflow characteristics
of ceiling diffusers with the energy benefits of load dissi-
pation using water. Active chilled beams can provide cool-
ing, heating, and ventilation.

In all-air systems, air is used to ventilate the buildings
in order to maintain a high level of indoor air quality
as well as to provide thermal comfort in the buildings.
With chilled beams, the airflow rates of the system need
only satisfy the indoor air quality requirements. A
cooling capacity, ranging from 90 W/m’ to 120W/m’
can be provided by using a water-cooled coil system. The
room air temperature can be controlled by regulating
the water flow rate of the cooling coil. This is because
water cooling can be more energy-efficient than air-based
systems (Mumma, 2001); it requires less parasitic energy
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(pump and fan energy) to remove heat from a space.
Laboratories that are heavily equipped present the most
ideal application of chilled beam technology, because they
often require many more air changes per hour than is
required by code just to offset the heat gain from the lab
equipment. By cooling and recirculating the air of the
chilled beams, the amount of air changes in a typical lab
can be reduced. With fewer air changes needed, duct-
work, air-handling units, exhaust fans and chillers can all
be downsized to offset the cost of the chilled beam units
and infrastructure.

The use of radiant cooling panels or a chilled beam
system is an alternative to air/water systems that separate
the tasks of ventilation and thermal space conditioning
by using the forced air to fulfill ventilation requirements
and using radiant cooling panels to provide most of the
cooling. In situations where the walls are radiantly
cooled, the air temperature can be warmer to achieve the
same level of comfort. A warmer air temperature results
in lower energy loss to the outdoors. However, the pre-
ferred installation of the radiant cooling panel is ceiling
mounted as this reduces air stratification and facilitates
collection of condensation. This study also assesses the
performances and energy costs of the cooling panel sys-
tem and compares them with those of chilled beams.

Purpose of This Study

Focusing on active chilled beams, this study investi-
gates and compares different types of ventilation strate-
gies in their performances and annual energy costs. The
primary objectives of this study are:

e To assess the performance of active chilled beams in
achieving required thermal comfort with minimum venti-
lation flow rate requirements and compare it with that of
a ceiling diffuser system with and without radiant cooling
panels.

e To evaluate chilled beams’
comes to removal of gases and airborne particles and

effectiveness when it

Figure 1

Sketch of active chilled beams.
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their effects on fume hood containment.
e To evaluate the cost reduction as a result of using
chilled beams with reduced ventilation flow rate.

Methodology and Validation

Computational Fluid Dynamics (CFD) is a very pow-
erful and efficient methodology to study temperature and
flow fielding in a room where there are many parameters
involved (Memarzadeh, 1998; Jiang et al., 1995; Kang et
al.,, 2001). It solves the set of Navier Stokes equations by
superimposing a grid system containing a huge number of
cells, which describe the physical geometry heat and con-
tamination sources and air itself. Figure 2 shows a typical
laboratory with space discretization subdividing the labo-
ratory into the cells.

In this study, CFD with a finitevolume approach
(Flomerics, 1995) was used to consider the discretization
and solution of the equations. The simultaneous equa-
tions thus formed are solved iteratively for each one of
these cells to produce a solution that satisfies the conser-
vation laws for mass momentum and energy. As a result,
the flow can then be traced in any part of the room simul-
taneously coloring the air according to another parameter
such as temperature. The airflow in a ventilated labora-
tory is turbulent. In this study, the turbulence is simu-
lated with the k¢ model (Wilcox, 1993; Chen, 1995).
The ke turbulence model represents the most appropri-
ate choice, because of its extensive use in other research
applications such as predicting mixing rate of a jet flow
and modeling airflow in urban open space (Gregory-
Smith et al., 1996; Palmer et al., 2003). No other turbu-
lence model has been developed that is as universally ac-
cepted as the k-¢ turbulence model.

This methodology was used extensively by Memar-
zadeh (Memarzadeh, 1998) in the “Ventilation Design
Handbook on Animal Research Facilities Using Static
Microisolators.” In order to analyze the ventilation per-
formance of different settings, numerical methods based
on CFD were used to create computer simulations of
more than 160 different room configurations. The per-

formance of this approach was successfully verified by
comparison with an extensive set of experimental meas-
urements. A total of 12.9 million experimental data val-
ues were collected to confirm the methodology. The aver-
age error between the experimental and computational
values was 14.36% for temperature and velocities, while
the equivalent value for concentrations was 14.50%.

The Predicted Percentage Dissatisfied (PPD) index
produced by Fanger and given in the American Society of
Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) guide (ASHRAE, 1997a) is widely used in
assessing thermal comfort (Memarzadeh et al., 2000).
This index can be estimated by equations that are based
on an empirical investigation of how people react to
differing environments. In CFD simulation, PPD can be
calculated for each cell in turn and a volume weighted
average can be produced for a specific zone. It is well-
known that each individual has a different perception of
the climate in a building and that any given climate is
unlikely to be considered satisfactory by all. In fact, 80%
occupant satisfaction is considered good, or a PPD of less
than 20%. The PPD is directly related to the Predicted
Mean Vote (PMV). While PPD provides the information
as to whether or not the environment is likely to be ac-
ceptable, PMV tells us what the problem is—whether it is
too hot or too cold—when the number dissatisfied is too
large. The equations implemented in the analysis shown
here are taken from Fanger’s equations for PMV and

PPD as given in BS EN ISO 7730: 1995.

Definitions

PMV = (0.303¢*M +0.028)}{(M -W) -3.05x10°(5733 -
6.99(M -W) -p,] -0.42[(M -W) -58.15]1.7x10°
SM(5867 -p,) -0.0014M(34 -t,) -3.96x10°f[(ty
+273)*(t, +273)*]

+Haho(ta -+t.)} )

where

tg = 35.7 - 0.028(M -W) - [{(3.96x10°,[(t, + 273)*-(t, +
273)4] + fclhc(tcl - t;\)}

h.=2.38(ty - t)*”  or h.=12.1v°

Figure 2

Super-imposed grid of cells for calculation.
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whichever is greater

f, = 1.00 + 1.291, for [, <0.078 m’KW"' or
+0.6451, for I, > 0.078 m?’KW"!

PPD = 100 - 95¢™ 3)

where n =0.03353PMV* + 0.2179PMV?

fy=1.05

List of Symbols

PMV= Predicted Mean Vote

PPD = Predicted Percentage Dissatisfied

M = Metabolic rate (W/m” of the body area)

W = External work (W/m’ of the body area [ = 0 in
most cases])

Icl = thermal resistance of clothing (m*KW-1)

fcl = Ratio of clothed surface area to nude surface area
ta = Air temperature (°C)

tr = Mean radiant temperature (°C)

v = Air velocity relative to the body (ms-1)

pa = Partial water vapor pressure in Pa

hc = Convective heat transfer coefficient (Wm?K)

tcl = Clothing surface Temperature (°C)
Model Setup

A generic laboratory that had one island bench, two
wall benches, one two-way throw, and two one-way throw
chilled beams was developed as the laboratory model for
this study as shown in Figure 3. Using the same chilled
beams, six cases were studied at different primary supply
flow rates and with and without a fume hood fitted, as
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listed in Table 1. The supply angle of the beams was 45°
from the ceiling for all cases. In Cases 4 through 6, a
fume hood was located against the wall opposite the win-
dows. These cases were designed to investigate the effects
of the chilled beams on the fume hood containment, as
well as the effectiveness of the beams in removing the
contaminant from the room if there was a contaminant
spill on the bench top.

The induced flow rate of the chilled beams is depend-
ent upon the primary flow rate and the dimension and
type of the nozzle through which primary air is supplied
to the mixing zone (Figure 1). This study does not take
into account geometric details to accurately calculate the
pressure in the mixing zone and, therefore, to determine
the exact induced airflow rate for each case. In this study,
typical ratios of the induced flow rate to the primary flow
rate were employed. The temperature drop of the in-
duced flow through a cooling coil was treated in the same
way as this parameter could be regulated to the required
value by adjusting the cooling water flow rate. The same
beam geometry was used for different airflow rates, which
makes sense within a narrow range of values. In reality;
however, the geometry of the beam and some of the sys-
tem operating parameters such as air temperature, water
temperature, nozzle quantity and type need to be changed
to achieve the mix airflow for total load capacity that the
room requires.

The following assumptions were made in the model
laboratory for this study.

e  Room dimensions: 6.35m (20’ 10”) wide, 11m (36’)

Figure 3
Laboratory with chilled beams.

One-way throw
Chilled beams

Two-way throw
Chilled beam
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Table 1
Chilled beams studied at different flow rate.
Primary | Induced Air | Induced air dT | Door Gap | Ceiling exh. | Hood exh.
flow rate| flow rate through Coil infiltration flow rate flow rate
CFM CEM d°F CFM CFM CFM

Without fume hood
Case 1,8 ACH 970 1746 7.8 200 -1170 a
Case 2,6 ACH 730 1971 B2 200 530 a
Case 3,4 ACH 485 2280 83 200 -685 a
With fume hood
Case 4,10 ACH 1210 2298 5.2 200 -310 -1100
Case 5,8 ACH 970 1746 7.8 200 -320 -850
Case b, b ACH 730 1971 82 200 -100 530

long and 3.2m (12’ 6”) high.
e Ventilation system: Two one-throw chilled beams
and one two-throw beam on the ceiling with ceiling ex-
hausts (one or two, depending on the total exhaust flow
rate) as shown in Figure 2.
e Door Gaps: There was a 200 CFM inflow through
the door gaps due to infiltration.
e Supply temperature of primary air: Primary air tem-
perature remained at 13.3°C (56°F). After mixing with
the induced air from the room, the supply air tempera-
ture was in the range of 59.4-62.6°F.
e Heat sources: The total heat generation from the
bench devices was 5808W. The total lighting heat sources
from the ceiling and the workbench was 2083W.
*  Occupants: Seven occupants each generating 80W
sensible heat.
e Environment: The external ambient was assumed to
be 31.5°C (88.7°F) with an external convective heat trans-
fer coefficient of 6W/m-K. Solar loading from the south-
facing windows on the external wall was divided as
1160W transmitted into the room and 1243W absorbed
by the glass. Another 30W was conducted through the
external wall section. The ceiling, floor and walls were
assumed to be adiabatic. Surface-to-surface radiation was
not modeled in this study.

For the sake of comparison, this same laboratory with
a ceiling diffuser system and ceiling mounted radiant
cooling panels was also numerically investigated using 16
different layouts of cooling panels and supply flow rates
(see the details of the 16 cases in Table 3 in the results
section). The cooling panels were above the bench top
and aisle shown in Figure 4. The set mounted above the
bench top includes three panels. The central panel is
0.6m (23.5”) wide, and the two against the side walls are
0.3m (12”) wide. The other set was mounted above the
two aisles. These cooling panels were maintained at
13.9°C (57°F) temperature. There were also bench ex-
hausts installed in these 16 cases. The bench exhausts
were configured with continuous slots mounted beneath
the shelves of the bench and along the length of the
benches. The supply temperature was 11.1°C (52°F),
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2.2°C lower than that of the chilled beams cases.

Great care was taken with regard to correctly model
the chilled beams, fume hood and the numerical grid for
CFD. The number of grid cells used in these cases was in
the order of 800,000 cells. Grid dependency tests were
performed to ensure that the results were appropriate and
would not vary upon increasing the grid density. In par-
ticular, attention in the tests was directed at areas contain-
ing the main flow, or heat sources in the room, for exam-
ple, the chilled beams and the area close to the glazing, as
well as areas of largest flow, or temperature gradients and
the flow through the door cracks. Grid was added appro-
priately in these regions and their surroundings.

Results

In this section, the air temperature and PPD are dis-
cussed in detail since they include the effects of all impor-
tant parameters on thermal comfort such as metabolic
rate, external work, clothing, local air velocity and mean
radiant temperature as shown in Equations (2) and (3).
Two sets of occupied zone, the walking zone and the
bench zone, are defined for evaluating and comparing the
performance of different ventilation schemes. The walk-
ing zone covers the areas of aisles and the doorways from
the floor to 1.8m (71”) above floor level and the bench
zone includes all benches from the top of the benches to
1.8m (717) above floor level, as highlighted in Figures 5
and 6, respectively. The simulation results are discussed
with respect to thermal comfort and air quality.

Thermal Comfort

The simulation results, mainly the average PPD and
temperature in the two occupied zones, are summarized
in Tables 2 and 3 for the chilled beam cases and for the
ceiling diffuser, with and without cooling panels respec-
tively. The average PPD for the chilled beam cases to-
gether with three ceiling diffuser cases without cooling
panels is also plotted in Figure 7 to show the trend. The
average air temperature in the occupied zones in the
chilled beam cases is 1-6°C lower than that of the cases at
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the same supply flow rate using ceiling diffusers plus cool-
ing panels, although the primary supply air temperature is

2.2°C higher. The average PPD in occupied zones falls
below 15% for all cases with chilled beams even at 4

ACH. The chilled beams appear to work well with vari-
able primary flow rate as the variation of the primary flow
rate from 10 ACH to 4 ACH does not have a substantial
impact on thermal comfort in the occupied zone. At the
lowest flow rate considered, 4 ACH (Case 3), the average
PPD with chilled beams is noticeably lower than that of
the ceiling diffuser cases of the same flow rate (C-Cases

13 through 16), especially in the bench zone where the
average PPD is greatly improved by chilled beams. Bench
exhausts were used in the ceiling diffuser cases. The re-
sults indicate that with chilled beams, the cooling capac-
ity can be well provided using a water-cooled coil system,
and the primary airflow of the system only needs to satisfy
the indoor air quality requirements.

Radiant cooling panels rely mainly on the direct cool-
ing of occupants by radiative heat transfer. When cooling
panels are used, sensible heat is removed from the room
by both ventilation and radiation. Through radiative heat
transfer, people in the room emit heat that is absorbed
by the radiant cooling panel surface. Therefore, a similar
level of thermal comfort can be achieved with higher
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average air temperature in the occupied zone than with a
chilled beams case, (see Case 3 and C-Case 8). It is no-
ticed that the average PPD in the two occupied zones
at 6 ACH drops below 20%, the designed thermal com-
fort condition, with any one of the three cooling panel
arrangements. The results also indicate that the two sets
of cooling panels cannot bring the PPD below 20% when
the ventilation flow rate is reduced to 4 ACH, the mini-
mum ventilation requirement for laboratories, unless
more cooling panels are installed. With chilled beams,
very satisfactory PPD (averaging around 10%) in the occu-
pied zones can be achieved at as low as 4 ACH. To obtain
a similar level of thermal comfort, 6 ACH is required
with two sets of cooling panels and bench exhausts (see
C-Case 8 in Table 3).

The temperature and velocity distribution in a verti-
cal plane half way through the length of the room are
presented in Figures 8 and 9, respectively, for chilled
beams at 8 ACH. The temperature in the room is quite
uniform except in the region around the heat sources in
the bench top. The temperature stratification from the
floor to the ceiling is less than 2°C, which is regarded as
one of the benefits of using the chilled beams.

While occupants can be thermally comfortable over-
all, they may still experience discomfort from drafts on a

Figure 4

Two sets of ceiling mounted cooling panels.

Two Aisle Panels, 0.6m (23.5”) x 7.3m (24°)
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Figures 5 and 6
Figure 5: Walking Zone—Defined as the volume from the floor to 1.8m (71”) above the
floor in the five highlighted areas. Figure 6: Bench Zone—Defined as the volume
above the bench top to 1.8m (71”) above the floor in the four highlighted areas.

Figure 6

Table 2
Chilled Beams—Air temperature and PPD in the occupied zones.
Primary |Induced Air[Supply | Ceiling | Hood | Average Air T Q) Average PPD (%) Return Air | Exh Air
flow rate | flow rate T |exh. flow|exh. ﬂuw‘ Walk zone Bench zonel Walk zone |Bench zone| T °C) T¢0
CFM CFM °C CFM CFM
Without fume hood
Cage 1,8 ACH 570 1746 158.3 BBk o 219 27 11.0 13.2 218 228
Cage 2,6 ACH 730 1971 15.2 930 o 220 232 1.3 11.9 218 236
Cage 3, 4 ACH 485 2280 15.4 -BE5 o 225 236 9.3 10.2 217 237
With fume hood
Cage 4,10 ACH 1210 99 17.0 -310 -1100 22 232 10.1 11.4 20 236
Cage 5,8 ACH 570 1746 16.3 -320 -850 22 23h 10.7 95 219 23h
Case B, 6 ACH 730 1971 16.2 -100 -330 23 237 10.0 52 219 239
Table 3

Sixteen ceiling diffuser cases using different layouts of radiant cooling panels.

Cooling panels | ACH | Bench exh. |Ceiling exh. Average Air T (°C) Average PPD (%)

CFM CFM Walking zone | Bench zone |Walking zone | Bench zone
C-Caszel Mo panel g -800 -370 24.0 254 7.6 13.0
C-Case? Bench Panels &} -500 -370 235 249 7.3 g8
C-Cased Aisle panels &) -300 -370 235 2418 7.3 8.9
C-Cased Bench & Aisle 8 -300 -370 231 246 79 79
C-Caseb Mo panel 5 -300 -130 264 276 128 251
C-Caseh Bench Panels & -500 -130 255 2.8 9.1 16.0
C-Case? Aisle panels B -500 -130 254 2656 8.5 14.9
C-CaseB Bench & Aisle 5 -300 -130 249 262 7.4 12.3
C-Cased Mo panel 5 -500 -208 274 287 16.7 30.0
C-Casell Bench Panels 5 -500 -208 267 282 13.4 24 4
C-Casell Aisle panels 5 -500 -208 265 280 12.3 23.1
C-Casel? | Bench & Aisle 5 -B00 -208 26.1 275 10.0 18.6
C-Caseld Mo panel 4 -600 -B6 288 30.3 251 47 .4
C-Caseld Bench Panels 4 -600 -B6 28.0 29.3 19.5 32.1
C-Casels Aisle panels 4 -600 -B6 274 29.2 15.5 3.2
C-CaselB | Bench & Aisle 4 -500 -86 275 235 15.0 267
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Figure 7

Average PPD in occupied zones.

40 @ Walking zone

35 |0 Bench zone

PPD (%)

specific part of their body. Occupants’ experience of draft
depends on air temperature, air velocity, and turbulence
intensity. In general, air temperatures within the comfort
zone and air velocities below 0.25 m/s (for summer) are
considered to meet the thermal comfort requirement
(ASHRAE, 1997b). ASHRAE allows for higher air veloci-
ties in warm, humid conditions as some research suggests
that occupants welcome the cooling effect the higher ve-
locities provide. As chilled beams operate at a high supply
flow rate due to the considerably high flow rate of in-
duced air, drafts can become a factor in causing thermal
discomfort. At 8 ACH, the average velocity in the occu-
pied zones with chilled beams is 0.24m/s. This is consid-
ered to be comfortable for an air temperature between 23-
24°C. When the air temperature is lower, this air velocity
could be high, particularly at some spots where the local
velocity is around 0.34m/s, as shown in Figure 8. The air
velocity and local temperature variations are responsible
for causing 11% PPD in the walking zone for the case of
8 ACH. The results also indicate that the air temperature
at ceiling exhausts is about 1-2°C higher than the recircu-
lation air temperature leaving the room. This is due to
the short-circuiting of the induced air, which can be im-
proved by adjusting the supply angle of the diffusers.

Air Quality and Hood Containment
The discussion in this section focuses on the three
chilled beam cases in the presence of a fume, Cases 4

through 6.

Fume Hood Containment
The fume hood located in the corner opposite to the
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windows (Figure 3) is a three-sided enclosure with an ad-
justable front sash opening. The fume hood is designed
to capture and exhaust hazardous fumes generated inside
its enclosure by extracting air from the back of the hood
to the outside of the building. Since exposure to volatile
chemicals constitutes one of the top health and safety
hazards to laboratory workers, a fume hood operates as a
principle safety device in a laboratory setting. According
to the Federal Occupational Safety and Health Admini-
stration (OSHA) the face velocity of the hood should be
in the range of 0.3m-0.5m/s (60-100 fpm). The sash open-
ing in this study was adjusted to obtain a face velocity of
0.5m/s for all three cases. As the room geometry, ventila-
tion system, diffuser/exhaust locations and operational
procedures within a laboratory all affect airflow, it is nec-
essary to assess how chilled beams in the laboratory influ-
ence the containment of the hood. In an ideal case, the
contaminants generated from a source at the sash open-
ing would be nearly 100% removed by the hood. In real-
ity; however, the contaminants leak backwards into the
room due to turbulent diffusion, even if there is no recir-
culation at the sash opening. The body movements in
front of the hood can also increase turbulence and reduce
effectiveness of hood containment. The lower the con-
taminant leakage, the better is the hood containment.
Quantitative fume hood containment tests reveal that the
concentration of contaminants in the breathing zone can
be 300 times higher from a source located at the front of
the hood face than from a source placed at least six
inches back (National Research Council, 1995). This con-
centration declines more as the source is moved farther

towards the back of the hood.
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Figure 8

Temperature distribution in vertical plane halfway through the length of the Lab.

Temperature (degC)
=30

26.25

18.75

Figure 9
Velocity distribution in vertical plane halfway through the length of the Lab.

In this study, the sash opening was assumed to be
filled with contaminants released towards the inside of
the hood to represent a worst-case scenario. The contami-
nants mass leaking back into the room were represented
through an imaginary box that was placed in front of the
hood extending 12” outside the sash opening as shown in
Figure 10. The total contaminants leaking into the room
was the summation of the net leakage at the five faces
of the imaginary box. The leakage factor, defined as the
fraction of contaminant mass flow rate leaking from the
hood to the room against the contaminant mass removed
by the hood exhausts, can be used to evaluate the hood
containment. This definition has the same meaning
as the Box leakage factor outlined by Memarzadeh
(Memarzadeh, 1996).
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0.5

0.25

=0

The leakage factor of Cases 4 to 6, shown in Figure
11, varies from 0.00139 to 0.00277. In a concurrent
study on hood containment, the leaking factor for a case
at 13 ACH with ceiling diffuser was in the range of
0.00183 to 0.00212. The slightly higher leaking factor
when chilled beams are operating can be due to the
higher turbulence level in the room caused by quite high
induction flow rates in addition to the primary flow rates.

Gas and Airborne Particle Removal Effectiveness
of a Chilled Beam System with Fume Hood

In order to examine how the chilled beam system
functions in removing contaminants from the room, a
chemical spill on the bench top at two locations was
considered. The chemical spill was modeled as a source
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located at the center of the affected bench, either at
Location 1 or at Location 2, as highlighted in Figure 12.
The concentration was assumed to be 1x10° ppm at the
top of the contaminants’ source. With the existence of
the source, the contaminants were dispersed in the room
by convection and diffusion and the distribution of the
contaminant concentration was computed in the CFD
simulations. The removal effectiveness of the chilled
beam system was evaluated by the average concentration
in the occupied zone as presented in Figure 13. The con-
centration at the breathing level in front of the four occu-
pants positioned closer to the source, as marked in Figure
12, were also monitored and plotted in Figures 14 and 15
for the two assumed source locations.

Figure 13 shows that the concentration level is lower
in the walking zone than in the bench zone for all
cases and the average concentration increases when the

Awrticles

primary flow rate decreases. Unlike the average concentra-
tion, the local concentrations at the breathing level of the
four occupants being monitored are not necessarily in-
creased when primary flow rate decreases. For example,
Figure 15 shows that for source Location 2, the case with
6 ACH has the lowest local concentration in front of oc-
cupant 4. As the induced flow is relatively high in the
chilled beam system, the flow pattern and the resultant
concentration distribution can be affected more by in-
duced flow rate change than by the primary flow rate
change. Table 4 presents the range of average concentra-
tion in the occupied zone for the two source locations
when using chilled beams, or a ceiling diffuser system.
For both systems, the fume hood is operating. The data
indicate that the removal effectiveness of the chilled
beams is in the same level of the ceiling diffusers even
though the primary flow rate of the chilled beams is

Figure 10

Sash opening and the imaginary box in front of the sash opening.

Figure 11
Hood leaking factors for Cases 4 through 6.
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lower. The chilled beam system in the cases studied seems

to generate a better mix condition in the room than ceil-
ing diffusers do, which improves the removal effective-

ness as a result.
Operating Cost Reduction

Table 5 presents the annual cooling costs for a typical
70m’ lab for the chilled beam cases. The following condi-
tions/assumptions are used in this calculation.

e The outdoor temperatures and ambient condition

are taken from weather data in Washington, DC.

¢ The cooling season is considered to be 4,489 hours
annually.

¢ The percentage of outdoor air is 100% for all cases.

e Supply air temperature is 13.3°C (56°F).

¢ Cooling load per CFM is considered to be the differ-
ence in air enthalpy when entering and leaving the
HVAC system. Perfect duct insulation is assumed.

¢ The ventilation flow rate (CFM) shown in Table 4 is
the flow rate required during the peak load of the day.
The average cooling load of a day is assumed to be 64.3%

Figure 12

Locations of contaminant sources and the four positions being monitored.
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Figure 13

Average contaminant concentration in occupied zones with two source locations for cases with fume hood.
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Figure 14
Concentration in breathing level of the four occupants for source Location 1.
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Figure 15
Concentration in breathing level of the four occupants for source Location 2.
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of the day’s peak load, as is the ventilation flow rate used
in the cost calculation.

* The cost of electricity is 0.1$/KWH, fuel is
8.03/MMBtu; chilled water generation efficiency is
1.0KW/TON; fan efficiency is 68%.

The simulation results demonstrate that with a fume
hood, the ventilation flow rate required in chilled beams
can be as low as 6 ACH for equipment-intensive laborato-
ries to be thermally comfortable while still meeting the air
quality requirement. A concurrent study reveals that
when using ceiling diffusers without bench exhausts and
cooling panels, the required flow rate to achieve a similar
level of thermal comfort and air quality can be as high as
13 ACH. With the reduced ventilation flow rate, a 22.5%

saving in annual energy cost for cooling and ventilating a

typical laboratory in the Washington, DC area can be
achieved as shown in Figure 16. In this calculation, 70%
and 100% of outdoor air are assumed for ceiling diffusers

at 13 ACH and chilled beams at 6 ACH. A fume hood is

present in both cases.
Conclusions

The following conclusions can be drawn from this
study:
1. Chilled beams improve thermal comfort, and can be
operated at as low as 4 ACH (without a fume hood in the
laboratory) while maintaining very satisfactory average
PPD (around 10%) in the occupied zones. To obtain a
similar level of thermal comfort, 6 ACH is required for
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Table 4

Comparison of Chilled bean system and ceiling diffuser system on average
contaminant concentration in occupied zones for cases with fume hood.

Walking fone Bench Zone
Ceiling diffuser at 13 ACH 940- 1550 1470- 2240
Chilled bearns at 106 ACH Go0- 1820 1440- 2430
Table 5
Annual energy cost for cooling a typical lab located in Washington, DC.
Primary |Induced Air | Total Air | Supply Air Delta-T OA Energy Cost For Cooling
flow rate | flow rate | flow rate T through Coil % Primary Air| Induced. Air | Total
CFM CFM CFM °F d°F
Without fume hood
Cagse 1,8 ACH 970 1746 2716 8.5 949 100 $2.040 $483 $2 523
Cagse 2,6 ACH 730 1971 2701 58.4 10.7 100 $1 536 $aEa $2.124
Case 3,4 ACH 485 2280 27B5 8.7 10.5 100 $1.020 pae $1,6589
With fume hood
Cased, 10 ACH| 1210 2299 3509 626 55 100 $2 546 $354 $2,900
Case 5,8 ACH 970 1746 2716 g8.5 100 100 $2,040 F4a8 $2.528
Case B, B ACH 730 1971 2701 58.4 108 100 $1 536 $594 $2.1350
Figure 16
Saving in annual cooling cost for a typical laboratory in the Washington, DC area.
$3,500
$3,000
$2,500 -
$2,000 -
$1,500 -
$1,000 -
$500 -
$0 -
13 ACH, 70% O.A. 6ACH, 100% O.A.

ceiling diffuser system with two sets of cooling panels and
bench exhausts.

2. The presence of an operational fume hood slightly
improves the thermal comfort in the room.

3. The average concentration in the occupied zone
caused by the bench top spills increases when the primary
flow rate decreases, but is not very sensitive to the change
of primary air flow rate. The chilled beams improve the
removal effectiveness of gases and airborne particles by
generating a better mixed condition in the room than
ceiling diffusers.

4. The chilled beams in the cases studied are seen to
have an insignificant effect on the hood containment.

www.absa.org

Applied Biosafety

5. Using chilled beams with a fume hood, satisfactory
thermal comfort and air quality can be achieved at 6
ACH (100% Outside Air) in comparison with an all-air
ceiling diffuser ventilation system at 13 ACH (70% Out-
side Air), which indicates a 22.5% saving in annual en-
ergy costs for cooling and ventilating a typical lab in the
Washington, DC area.

It should be noted that the use of chilled beams is
not intended to be applicable to all types of laboratories
and should not override the contaminant controls that
are appropriate for this type of laboratory, particularly
with respect to the use of appropriate biosafety cabinets

(BSCs) and/or fume hoods, and the handling of hazard-
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ous materials on the workbenches. Finally, the usefulness
of the chilled beam system may not be beneficial from a
cost standpoint in scenarios where the room flow rate is
already low, and energy costs are relative to other occu-
pied spaces.
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Disclaimer

The findings and conclusions in this report are those
of the authors and do not necessarily represent the views of
the National Institute for Occupational Safety and Health.

Abstract

Nanotechnology promises to improve the quality of hu-
man life, butit has also provoked concerns about potential
adverse health effects on workers, the environment and con-
sumers. Effective risk assessment and risk management of
nanotechnology requires: (1) knowing how engineered nano-
scale particles (NPs) can gain entry into the human body
(routes of exposure); (2) knowing whether engineered NPs
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can migrate from their point of entry to other locations in the
body (translocation); (3) determining what adverse hiological
effects may occur in response to engineered NP exposure
(toxicity); (4) knowing which measurement of exposure and
dose correlates best to toxicity (exposure and dose metrics);
and (5) knowing how best to monitor exposed populations to
detect the occurrence of any adverse health effects (health
surveillance). This article reviews what is currently known
about potential health risks to workers from exposure to en-
gineered NPs, as well as the best methods to control those
risks, in order to ensure that their use in the laboratory and
industry conforms to the best principles of occupational
health and biosafety.
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