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Abstract

Displacement ventilation (DV) is now widely used in enclosed environments such as office
buildings. Although DV can provide good indoor air quality, its ability to remove heat is limited.
On the other hand, passive chilled beams (PCBs) can have a high heat-removal capability.
Therefore, this investigation evaluated a coupled DV and PCB system in terms of air quality and
thermal comfort. This study first conducted experiments in a full-scale environmental chamber with
the DV-PCB system to obtain airflow velocity, temperature and contaminant concentration data. A
computational fluid dynamics (CFD) model was developed to simulate air distribution in an
enclosed environment with the DV-PCB system, which was then validated by the measured data.
The validated CFD model was employed to analyze thermal comfort and indoor air quality in the
enclosed environment with the DV-PCB coupled system using four indices: vertical temperature
gradient, draft rate, normalized contaminant concentration and age of air. The results indicate that
PCBs were quite effective in reducing the temperature gradient created by DV. However, the cold
downward jet generated by the PCBs created a “zone with high draft” under the PCBs, and the
magnitude of the draft was strongly correlated with the cooling load removed by the PCBs and the
size of the PCBs. In addition, the downward air jet generated by the PCBs could disrupt the
contaminant stratification and increase the mean age of air in the occupied zone.

Keywords: Passive Chilled Beam, Displacement Ventilation, Thermal Comfort, Indoor Air
Quality

Nomenclature

ACH Air change per hour I'yert  Turbulent diffusion coefficient
Apcg  Total cross-sectional area of PCB used Ts Air temperature at supply
c Contaminant concentration T, Setpoint temperature in room
C. Contaminant concentration at exhaust t Time
Cs  Contaminant concentration at supply Ty Turbulence intensity
Cc*  Normalized contaminant concentration u Airflow velocity
H Room height u*  Normalized velocity
h*  Normalized height % Coordinates in i direction
» Clothing level AT, ﬁei; (‘;eiﬁgegsﬁze difference between
PD Percentage dissatisfied people due to 0 Normalized temperature
draft
PMV  Predicted mean vote P Density




PPD  Percentage predicted dissatisfied people T Mean age of air

Qpcg  Load removed by PCB n Percentage of load removed by PCB
Sy Source v Kinematic viscosity
T Air temperature Vi Turbulent eddy viscosity

1. Introduction

Maintaining good air quality and providing thermal comfort in indoor environments is not only
critical for occupants’ health, but is also important for their productivity at work [1]. An optimized
heating, ventilation and air conditioning (HVAC) system is required to meet ventilation and thermal
needs in an indoor space. Among the various HVAC systems, displacement ventilation (DV) has
been thoroughly studied in the past forty years since its first application in Scandinavian countries.
A typical DV system supplies clean air to the lower zone of the room and exhausts air near the
ceiling, which creates a stratified air distribution. Previous researches [2,3,4,5] showed that such a
system provides higher indoor air quality than a mixing ventilation (MV) system. For example,
Xing and Awbi [2] measured contaminant concentration in rooms whose cooling loads varied from
10 W/m? to 60 W/m?* and showed that thermal plumes in DV systems drew uncontaminated clean
air from lower part and resulted in improved air quality at breathing zone. Gilani et al. [3]
numerically simulated the mean age of air in indoor environments with DV systems and illustrated
lower age of air in occupied zone than that in mixing zone, which demonstrated air quality benefits
of DV. Mateus and da Graga [4] studied the performance of DV systems in a concert hall and found
high CO; removal efficiencies of 1.2 to 1.7, which confirmed the air quality benefits of DV.
Besides, other researches [6, 7, 8] also demonstrate energy saving potentials of DV systems. Lin et
al. [6] performed a year-round energy analysis of DV applications in Hong Kong and concluded
the energy saving could be over 25%, compared to MV systems. Ahmed et al. [7] explored the
energy consumption in a room served by DV, and achieved an energy saving of more than 12.6%
due to reduction in cooling coil load. In addition, the low supply-air velocity from DV diffusers
ensures a low noise level [9, 10]. Because of these benefits of DV systems, they gained popularity
in Scandinavia and U.S. and were promoted by ASHRAE by developed design guidelines [11, 12].

However, because DV supplies fresh air directly to the occupied zone, its supply-air temperature
must not be too low. While supply air temperature in a MV system could be as low as 5 °C [10],
Lau and Chen [13] indicated the supply air temperature in a DV system is normally higher than 16
°C. This feature limits the cooling capability, and hence the applicability, of DV. Furthermore,
several studies [14, 15, 16, 17] have reported that a DV system, when used to remove a cooling
load larger than 40 W/m?, could create a large vertical temperature gradient in an occupied zone.
This temperature gradient can cause thermal discomfort, which might. To create a more thermally
comfortable environment and to enhance the ability to remove a high cooling load, remedies to
these limitations of DV must be sought. Meanwhile, chilled beam systems are commonly used in
indoor environments where cooling loads are high [18, 19, 20]. There are two types of chilled
beam systems: active and passive. Compared with active chilled beams (ACB), passive chilled
beams (PCB) are much less complex and less costly [21, 22]. Many studies have shown that PCBs
can remove large cooling loads while saving energy. Fredriksson and Sandberg [23] demonstrated
experimentally that a cooling efficiency (percentage of heat removed by the system) of 80% could
be achieved by PCBs. Kim et al. [24] found that, depending on the climate zone, the use of PCBs
resulted in energy savings between 8% and 24%, as compared to a variable air volume (VAV)
system. Rumsey and Weale [25] and TIAX LLC [26] showed that chilled beams increased energy
efficiency by 15% to 20% over conventional systems, since chilled beams use a higher chilled-
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water temperature than that in traditional air-conditioning systems [27]. Hence, PCBs are a good
candidate for coupling with DV in order to address the issue of low cooling ability. However, PCB
produces a downward jet which could significantly change the local airflow velocity and
temperature. Fredriksson and Sandberg [23] and Fredriksson et al. [28] used experimental methods
to visualize and to measure such air jet beneath PCB, and found its magnitude could be as large as
0.28 m/s. Kosonen et al. [29] indicated that the jet induced by PCB might further affect the thermal
comfort in occupied room space. In addition, a PCB can recirculate airborne contaminants near the
ceiling downwards to the occupied zone, which could be counterproductive to the contaminant
stratification produced by DV [30]. Therefore, a systematic study of the coupled DV-PCB system
is needed, to evaluate its thermal and ventilation performance.

Studies of indoor air environments can take two approaches: experimental measurements and
numerical simulations. Experimental measurements provide straightforward indoor air
environment information such as airflow velocity and air temperature, but constructing the
experimental apparatus and running experiments can be quite time-consuming and costly.
Moreover, the dimensions of a test chamber are usually fixed, and thus the size of the investigated
indoor space is limited [3 ,31, 32]. With the rapid development of computer processing power, the
computational fluid dynamics (CFD) method has also been widely used in the investigation of
indoor air environments. For instance, in some researches [3, 33, 34] it was used for predicting
indoor airflow velocity and temperature. In other studies, it was also used to simulate air quality
related parameters such as gaseous contaminant [35, 36, 37], volatile organic compound [38] or
particle concentrations [39]. This method numerically solves the governing equations, and the
results can provide a more comprehensive picture of the airflow at much lower cost than direct
measurements. However, CFD uses models to approximate flow and heat transfer physics, which
could lead to errors [40, 41]. Hence, it is vital that experimental data be used to validate CFD results
and that the appropriate approximations are used in the CFD method.

This study first constructed a coupled DV-PCB system in a full-scale environmental chamber to
measure airflow velocity, air temperature and airborne contaminant concentration. A CFD model
was also developed to simulate the airflow in this coupled system, and the simulated results were
validated by the measurement data. The validated CFD model was used both to depict the indoor
airflow characteristics in the coupled system, and to quantify the thermal and ventilation impacts
of PCBs on the DV system. Finally, this study proposed preliminary recommendations for the
design of DV-PCB systems on the basis of the analysis results.

2. Research Methods

This investigation used experimental measurements to obtain data for validating a CFD model and
employed the CFD model to analyze the air distribution for rooms with DV-PCB systems. This
section details the experimental method and the CFD model.

2.1 Experimental Measurements

2.1.1 Test chamber

In order to obtain high-quality experimental data for validating the CFD model, this study
constructed a coupled DV-PCB system in an environmental chamber as shown in Fig. 1. The
chamber had dimensions of 6.08 m in length, 5.15 m in width, and 3.05 m in height. In this chamber,
fresh air was supplied through two diffusers located at floor level at the corners of one of the side
walls, and exhausted through an outlet on the opposite wall near the ceiling. The chamber contained
tables; heated boxes with dimensions of 0.41 m x 0.41 m % 1.13 m and 84 W power, each simulating
a seated person; and heated boxes with dimensions 0of 0.41 m % 0.25 m % 0.51 m and 109 W power,
each simulating a personal computer (PC). Heat was generated by light bulbs installed inside these



boxes, and mini-fans were used to stir the inside air, so that the heated air could circulate. On the
ceiling of the chamber, there were four lights. The number and locations of the above items could
be changed, and thus the environmental chamber could be used to simulate different cooling loads
and various room layouts. For example, Fig. 2(a) illustrates an office layout where simulated
occupants are seated back to back at tables, Fig. 2 (b) shows a classroom layout where simulated
occupants are facing the same direction, and Fig. 2(c) is a conference room layout in which

simulated occupants sit around tables. The circled numbers in the figure are the locations for
measuring the air parameters.
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Fig. 1 Environmental chamber
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Fig. 2 Room layouts and measurement locations (yellow boxes: human dummies; red boxes:
PC’s; grey boxes: tables; circled numbers: measuring pole locations)

2.1.2 Air handling system and PCBs

Fig. 3(a) shows the air handling system of the environmental chamber, including a cooling coil,
two heaters and two variable-speed fans. With the use of these components and control software,
the supply-air flow rate and temperature could be adjusted as needed. Fig. 3(b) is the plumbing
system for the PCBs that were installed inside the chamber. Chilled water was supplied from a
water reservoir to beams. For each PCB, a flowmeter (OMEGA FTB-101, with £0.1% accuracy)
was used to monitor the water flow rate, which could be varied by turning the valve. Meanwhile,
supply and return water temperatures for each PCB were measured. The water temperature could
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also be adjusted in the building automation system. In this study, the supply water temperature was
controlled in the range of 12—18°C, and the maximum waterflow rate for each beam was 13 L/min.
By combining water supply temperature, return temperature and flow rate, one can calculate and
adjust the heat removal rate for each PCB.

Fig. 3(c) and Fig. 3(d) show a photograph and a 3D model of a typical PCB, respectively. Sheet
metal encloses cooling coils on four sides, while air can enter the PCB through the top surface and
exit through the bottom. Detailed dimensions of PCBs vary from manufacturer to manufacturer.
This study used three types of PCB (labeled A, B and C) made by three different companies, and
Table 1 lists their dimensions.
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(c) Photograph of a typical PCB (d) 3D model of detailed geometry of a PCB
Fig. 3 Schematic of coupled DV and PCB system

Table 1. Dimensions of the three types of PCB investigated in this study
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2.1.3 Experimental instruments and methods

Airflow velocity, air temperature and contaminant concentration are important pieces of
information in regard to indoor air quality and thermal comfort, and were thus measured in the
current study. Airflow velocity and temperature were measured using hot-sphere anemometers, the
accuracy of which was +0.01 m/s for velocity and +0.3°C for temperature. The hot-sphere
anemometers have measurement frequencies of 1 Hz. This investigation released a tracer gas
(sulfur hexafluoride, or SF¢) above a simulated occupant to simulate contaminant emission by the
occupant, and measured the tracer-gas concentration in the chamber using a multi-point sampler
[42] and a photoacoustic multi-gas analyzer [43], with minimum reading of 0.01 ppm.
Measurements were conducted along 5 poles that were evenly distributed throughout the chamber,
with 7 measurement heights on each pole. The distance between adjacent measurement locations
on the same pole was 0.46 m. This study also used an infrared thermometer (with reading
repeatability of £0.02% of absolute temperature) to measure surface temperatures. Before each set
of measurements, this investigation operated the HVAC system for more than two hours to reach a
steady state.

During the experiment, three computers (1, 2 and 3) were placed outside of chamber for
experimental operation and data collection. Computer 1 was used to control air handling and PCB
systems via a building automation system. Computer 2 was for reading airflow velocity and
temperature results through a LabView program. Computer 3 was set up for obtaining SFg
concentration readings. All the operations and data monitoring were performed in a non-intrusive
way in order not to affect airflow and contaminant concentration inside chamber.

2.2 CFD Modeling

To predict the airflow velocity, air temperature and contaminant concentration in the room, this
study developed a CFD model that employed Reynolds-Averaged Navier Stokes (RANS) equations
with the Re-Normalized Group (RNG) k —& model [44]. This turbulence model was adopted
because it had been recommended for predicting indoor airflow [45]. With the use of this model,
the transport equations for mean values were generalized as:
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where ¢ could represent velocity components U; (i = 1,2,3) , turbulent kinetic energy k , turbulent
dissipation rate ¢, energy E, or contaminant concentration C. The S; and I' geff stand for the

source term and effective diffusion coefficient of scalar ¢ , respectively. The Boussinesq
approximation was used to account for the variation in air density with temperature. One can refer



to ANSYS Inc. [46] for more details about this turbulence model and the Boussinesq
approximation.

Proper specification of boundary conditions and appropriate establishment of mesh structure are
important for accurate simulation of indoor airflow and contaminant transportation by a CFD
model. In this study, non-slip boundary conditions were prescribed on surfaces of heated objects
as well as walls. The surface temperatures were obtained from measurements. Each piece of the
PCB was modeled as an energy sink [47]. The corresponding heat absorption rate per unit volume
was calculated from the heat removal rate and the volume of the PCB. The SF¢source was assumed
to have zero momentum since the release amount was minimal. Fig. 4 illustrates the mesh structure
for this study. A combination of structured and unstructured meshes was used to discretize the
computational domain. Inflation layers of structured meshes were employed to capture the
relatively large temperature gradients around heated surfaces, while unstructured meshes were used
to handle the complicated interior geometry. This study performed a grid-independence study with
three grid resolutions: 0.89 million (coarse), 3.51 million (medium) and 8.42 million (fine). The
results indicated that a mesh with 3.51 million cells was sufficient to capture the airflow features
in the room. Examination of the average velocity magnitudes in a 0.2mx0.2mx0.2m air box
beneath PCB showed the difference between results in the “coarse” case and “medium” case was
17%, and that between “medium” case and “fine” case was less than 5%. The corresponding grid
size from “medium” case was thus used for further study.

Fig. 4 Mesh structure in the CFD model
This study employed a commercial CFD program, ANSYS Fluent 17.0 [46], to calculate airflow
and contaminant transport. The semi-implicit method for pressure-linked equations (SIMPLE)
algorithm was adopted to couple velocity and pressure equations. The second-order method was
used to spatially discretize U,, k, &£, C and E . This study considered the simulation to be



converged when normalized residuals were less than 10 for E and less than 10 for the u, k, ¢

and C terms. The airflow velocity, air temperature and contaminant concentration results from the
CFD model were then compared with the experimental data.

2.3 Indices for evaluating thermal comfort and indoor air quality

The above experimental measurements and CFD model were used to obtain airflow and
contaminant distribution information. To appraise the performance of the DV-PCB system, this
study employed the following indices to quantitively evaluate the resulting thermal comfort and air
quality.

2.3.1 Thermal comfort indices

According to the literature [48, 49, 50], the vertical air temperature difference between head and
ankle creates thermal discomfort for occupants. Therefore, this study examined the temperature
difference:

ATha1 =Tiim = Toam> AThaz =T17m = To.im (1
where AT,,; and ATy, represent temperature gradients for a seated and standing occupant,

respectively. ASHRAE [51] recommends that ATy,; be lower than 2 K, and that AT, ,, be lower
than 3 K.

Furthermore, unwanted cooling of the body caused by air movement leads to a draft sensation [52].
This study used the following equation to predict the percentage of people dissatisfied due to draft:

PD = (34-T)(u-0.05)"%%(3.14+ 0.37uT,), (2)

where u is mean velocity, T is temperature, and T, is the local turbulence intensity [52].

2.3.2 Air quality indices

The normalized contaminant concentration, C ", was employed to evaluate air quality in the room
[53]. It is defined as:

o' C-C
Ce_Cs

where C, Ce and CS are the contaminant concentration at a particular location, at the exhaust, and

3)

at the supply, respectively. When the room is in a perfectly mixed condition, cis equal to 1.

In addition, this study investigated the local mean age of air (MAA), 7, which is the average time
needed for air to travel from the inlet to a specific location in the room [33, 54]. This 7 is not a
pre-defined variable in ANSYS Fluent, but, according to its definition, it can be obtained by

solving:
or <u_>ﬂ_i r ot 4
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where the effective diffusion coefficient is given by:

Lot = pv+11/0.7 (5)



These indices both contain information about indoor air quality, but they evaluate air quality from
different perspectives: C* indicates the contamination level of room air when contaminant is
released in the room, whereas 7 is a direct measure of the freshness of room air.

3. Results

We first used measured data to validate the developed CFD model. The validated model was then
employed to study the characteristics of PCB-induced airflow in an indoor space, to analyze thermal
comfort levels, and to assess the ventilation performance of a DV-PCB system.

3.1 Model validation

To ensure that the CFD model yielded accurate predictions that could be used for further analysis,
this investigation first used experimental results to validate the model. We collected a large amount
of measurement data. However, because of the space limitations in this paper, we have used the
results only from Poles 1, 2 and 5 for a representative case (61 W/m?, 40% of cooling load removed
by two pieces of type B PCB) for the validation. The locations of these poles are shown in Fig. 2.
Meanwhile, Fig. 5 illustrates the airflow velocity, temperature and contaminant concentration from
the experiment and the simulation, with the values normalized as:

h'=h/H, u"=u/U, 9=(T-T,)/(T,-T,). C*=(C-C;)/(C. -Cy) (6)

where H, T and T, represent room height, supply air temperature and exhaust air temperature,

respectively. Here U is a constant velocity of 0.2 m/s.

As shown in Fig. 5(a), the airflow velocity in the lower part of room was generally higher than that
in the upper part. This difference was due to two factors. First, the DV system supplied fresh air to
the lower part of room. This was the main reason for the high air velocity along Pole 2 (close to the
DV diffusers) at ground level. Second, the downward jet generated by the PCBs impinged with
objects in the occupied zone and increased the local air velocity. Fig. 5(b) further depicts the air
velocity development beneath a PCB. The mean airflow velocity under the PCB started at a small
magnitude but increased continuously until it reached a peak. This increase can be explained by the
entrainment effect that drew ambient air to the jet center [55, 56]. The airflow velocity then
gradually decayed as a result of dissipation of airflow momentum and jet impingement with the
objects in the occupied zone. Fig. 5(c) shows the normalized temperature distributions along the
three poles. Although the PCBs created a downward cold jet that caused local mixing, there still
existed a temperature gradient in the bulk region because of the thermal plume. Finally, as shown
in Fig. 5(d), when PCBs were used, they could disrupt the contaminant stratification generated by
DV.
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(d) Normalized contaminant concentration
Fig. 5 Airflow velocity, temperature and contaminant distributions in a DV-PCB system
(Symbols: experimental data; lines: simulation data. )

The relative errors between the simulation and experimental results for the air velocity, temperature
and contaminant concentration were 26.9%, 14.4% and 20.9%, respectively. The discrepancies can
be explained in part by the uncertainties in the measurement positions. The errors caused by such
uncertainties may have been particularly significant in locations where the variable gradient was
large, such as the SF¢ concentration along Pole 5. Besides, SFs transport in the room is quite
sensitive to local airflow, which might lead to noticeable local discrepancy between simulation and
measurement in SFs concentration prediction. In fact, discrepancy of this kind was also reported in
previous indoor airflow and contaminant transport simulation works [31, 41]. Furthermore, the
CFD model employed a large number of approximations in discretization and turbulence modeling
and these approximations could also have contributed errors. However, the overall trends in air
velocity, temperature and contaminant concentration were still predicted with reasonably good
accuracy. Therefore, the CFD model was considered validated and was used for further analysis.

3.2 Characteristics of airflow induced by PCBs

Using the validated CFD model, this study examined the airflow characteristics around a PCB, as
illustrated in Fig. 6. The air inside the PCB was cooled and thus became denser. As a result, the air
dropped and generated a downward jet. Depending on its strength, the jet may have reached the
floor, or its velocity may have decayed to zero in mid-air. Meanwhile, if heat sources such as
dummies were placed at a sufficiently large distance from the PCB, the thermal plumes generated
by these heat sources could still have ascended without being affected by the downward jet from
the PCB. Besides, the airflow patterns show that if thermal plumes draw gaseous contaminants
from occupied zone into upper part, it could be recirculated downwards by PCB-induced air jet,
since gaseous contaminant passively follows indoor airflow.

Fig. 6(b) also depicts the air temperature contour in the vicinity of the PCB. Warmer air was drawn
toward the top of the PCB and was cooled significantly when it passed through the PCB. The cold
downward jet discharged from the PCB entrained the ambient air, which was warmer than the air
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in the center of the jet. Consequently, the temperature at the jet center continued to increase along
the centerline as the air in the jet core mixed with the entrained air. Since the temperature of the air
jet was still lower than the ambient, the jet then cooled the air in the breathing zone through
convection. With the use of the CFD model the mechanisms of PCB influence on local airflow and
cooled indoor air were visualized and were thus better understood.
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(a) Airﬂox;v pattern | (b) An example of the temperature
contour near a PCB (unit: °C)
Fig. 6 Airflow and temperature development around a PCB

3.3 Thermal comfort analysis

In a room with a DV-PCB system, many parameters could affect thermal comfort. To study the
effects of PCBs on thermal comfort in a DV system, this investigation simulated 14 cases with
various parameters, as listed in Table 2. These cases were designed as follows. Cases 1-4 had the
same high cooling load, supply air temperature and PCB type, while the overall percentage (77) of
the load removed by the PCBs varied. Therefore, these four cases were used to study the cooling
effect of the PCBs on indoor air and the influence of the PCB on the vertical temperature gradient,
at different 77. Section 3.3.1 presents the corresponding results. Cases 5-14 had the same medium

cooling load and Tsp (air temperature at H=1.1m), but used different combinations of PCB types
and different 77. When type A or B was used, two pieces of PCB were installed in the mid-section

of the room; when type C was used, three pieces were installed in parallel in the room. (Whether it
was a 2-piece or 3-piece case, the cooling load removed by each piece was the overall cooling rate
of all chilled beams divided by number of PCB pieces.)

Table 2. Parameters of the studied cases

Internal Percentage of
Case#  loadQ "D UPEAN joad removed Ts Note
(W/mz) numper by PCBs (77)
1 90 N/A 0%
Used to study the impact
2 90 2B 40% 21.0°C of PCBs on the
’ temperature gradient
3 90 2B 609 . .
& under a high cooling load
4 90 2B 80%
> 61 N/A 0% AdJTustidzgcgct:hat Used to study the impact
6 61 IA 40% P of PCBs on the PD

11



distribution under a

7 61 2A 60% medium cooling load
g 61 2A 80%
9 61 2B 40%
10 61 2B 60%
11 61 2B 80%
12 61 3C 40%
13 61 3C 60%
14 61 3C 80%

3.3.1 Influence of PCBs on temperature gradient

One drawback of a DV system is that it may create a large temperature gradient in the occupied
zone, which is not conducive to thermal comfort. Fig. 7 depicts the temperature profiles of three
cases in which PCBs were used to remove different amounts of cooling load in the room, and
illustrates how the PCB-induced cool jet changed the temperature profile. The results were obtained
from a location in close proximity to an occupant.

In Case 1 (a case with 0% load removed by the PCBs), AT,,, was larger than 3 K, and AT, ,, was

larger than 4 K, both of which exceeded the temperature gradient limits set by ASHRAE [37].
While the PCBs were in operation, however, they significantly reduced the temperature gradient in
the occupied zone, as shown in Cases 2 and 4. When the PCBs removed a small amount of heat in
a room, they could reduce the temperature in the upper part of the room, as demonstrated by a
comparison of Cases 1 and 2. In these two cases, the vertical temperature profiles in breathing zone
were mainly dominated by the DV system, which was why their temperature profiles almost
overlapped in lower part. When the cooling capacity of the PCBs was further increased (e.g. Case
4), they could also significantly decrease the temperature in the lower part of the room.
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Fig. 7 Vertical temperature profiles when different percentages of cooling load were removed by
PCBs
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Fig. 8 compares the AT,,, and AT,,, under different 7 and ACH. The AT,, was inversely
correlated to 17 and ACH. When the cooling load was high, the DV-only system was not able to

maintain a sufficiently small temperature gradient in the room, even when the air change rate was
as large as ACH = 7.9. However, adding PCBs to the DV system could solve this problem. In a
coupled DV-PCB system, the value of AT, results from combined effect of indoor space

conditions, DV system parameters and PCB system parameters. Thus, a careful design should be
implemented to ensure AT,, meets the thermal comfort requirement.
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Fig. 8 Head-to-ankle temperature differences under different 77 and ACH

3.3.2 Draft in the coupled DV-PCB system

Although PCBs can reduce the room temperature gradient, the downward cold jet could increase
the local percent dissatisfied. Fig. 9 compares the PD distributions for Case 5 (a DV-only system)
and Case 10 (a DV-PCB system). The DV-only system had a low overall PD in the occupied zone.
The added PCBs created a high-draft region beneath with a relatively low temperature, high air
velocity, and PD > 15%. However, this region was observed only under the PCB, and the global
PD remained the same.

PD (%)

(a) Case 5 (DV-only system) (b) Case 10 (DV-PCB system)
Fig. 9 PD distribution at a vertical cross-section through dummies and PCB
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Fig. 10 illustrates the change in PD with 7 beneath the PCB for the three sets of PCBs. With the
same cooling load, the larger the 7 was, the higher the overall PD became. Although the standing
and sitting heights differed by 0.6 m, the PD values at these two heights were comparable. Because
jet flow in the region was still developing, the air temperature along the jet core did not change
greatly. The PD at ankle level was much lower than that at standing or sitting heights, since the jet
decayed significantly when it reached ankle level.
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2 pieces of PCB A (2A) —e—1.1m 2 pieces of PCB B (2B) ®—11m 3 pieces of PCB C (3C) e 1.Im
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g———— 8~ ° : o
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Fig. 10 PD at standing, siting and ankle heights under PCBs for different PCB configurations

Fig. 10 shows that when other parameters were the same, the PD under the PCBs increased when
1 increased. Furthermore, the PD under the PCBs was inversely correlated with the total cross-
sectional area of the PCBs. For example, at n=40% and H= 1.1 m, PD was the highest in the “2B”
case and lowest in the “3C” case. The “3C” case had the largest PCB cross-sectional area and the
“2B” case the smallest. These results occurred mainly because the strength of the downward jet
increased with Qpeg/Apcg (total cooling load removed by PCB over total PCB cross-sectional

area).

From indoor design perspective, Fig. 9 and Fig. 10 indicate that seats are suggested to be located
at some distance away from PCB so that occupants could avoid high-draft region. Moreover, since
the development of high-draft region, when obstructed by a table, is likely to propagate along table
top surface, it is also not recommended to place tables away from PCB. However, as the high-draft
region was restricted to be beneath PCB, PD level at most part of the room was satisfactory.

3.4 Impact of PCBs on indoor air quality

Figs. 12(a) and 12(b) depict the transport of gaseous contaminant in Case 5 (DV only) and Case 10
(DV-PCB) when the contaminant was released from a single source. In Case 5, the contaminant
ascended with the thermal plume, which resulted in contaminant stratification. When PCBs were
used, the downward jet recirculated the contaminant downward to the lower part of the room. The
airflow pathlines in Figs. 12(a) and 12(b) also illustrated how PCB changed airflow pattern in the
room. The normalized contaminant concentrations in Figs 12(c) and (d) very clearly show the
impact of the PCBs on contaminant distribution. In the breathing zone, Case 5 exhibited much
higher air quality than did Case 10. Actually, the contaminant concentration in the breathing zone
in Case 10 was close to the perfectly mixed level (or the concentration at the exhaust).
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(a) 3D view of Case 5 (b) 3D view of Case 10

(c) Cross-sectional views of Case 5 (d) Cross-sectional views of Case 10
Fig. 11 Contaminant distributions in Case 5 (a DV-only case) and Case 10 (a DV-PCB case), where

the contaminant concentration C~ was normalized by the exhaust concentration in (¢) and (d).

The mean age of air (MAA) is another parameter that can be used to evaluate air quality. Fig. 12
shows the MAA distribution on a vertical cross section for the above two cases. Case 5 exhibited a
significantly smaller MAA than Case 10, since much less air recirculation existed in Case 5. Under
the same air change rate, the average MAAs at breathing height (1.1 m) in Case 5 and Case 10 were
351 s and 456 s, respectively. The corresponding MAA for perfect-mixing ventilation at this air
change rate was 501 s. Therefore, the PCB greatly increased the MAA in the room by enhancing
indoor air mixing. As a result, the high air change efficiency was negatively influenced by PCB. In
the design of a DV-PCB system, it is important that suffcient fresh air is provided so that ventilation
requirement could be met.

MAA (s)

720
640
560
480

(a) Case 5 (b) Case 10
Fig. 12 Local mean age of air (MAA) in Cases 5 and 10

4. Discussion
4.1 Evaluation of thermal comfort using PD

This study used PD to evaluate thermal comfort. Although it is a widely accepted index, PD was
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developed for the entire body. Our study used it to assess local thermal comfort, which may have
led to some errors. However, since a significant spatial variation in PD distribution was observed
in the room with the DV-PCB system (as shown in Fig. 9), the local PD distribution provided more
comprehensive draft-related thermal comfort information than would a single average PD value.
Moreover, the local distribution provided valuable information for indoor air distribution design.
For example, because a “zone with high draft” was found beneath the PCBs, it is recommended
that seats or desks not be placed directly under PCBs. In fact, many previous studies have also used
PD to evaluate local thermal comfort, either to evaluate the performance of a system [57, 58] or to
guide the design of an indoor space [59]. Therefore, we believe that PD can be used for evaluating
local thermal comfort.

4.2 Spatial distribution of predicted mean vote (PMV)

PMV is a widely used scale that quantifies thermal comfort into 7 levels based on the energy
balance of body [40]. Fig. 13(a) demonstrates PMV distribution (at clothing level |, =0.8)in a

vertical cross section in Case 4, where a very large cooling capacity of PCBs was used. Results
showed that while the overall PMV level in the room was around 0, right beneath PCB there existed
a band where PMV was -1. It suggests that when most region in the room gives neutral predicted
thermal sensation, occupants will feel slightly cool under PCB. Fig. 13(b) further plots the
distribution of PPD, percentage predicted dissatisfied people [40] for the same case. In most of the
room space, the PPD level was under 10%, but the PPD magnitude could be as large as 30% beneath
PCB. Results indicated that the impact of PCB on the PMV and PPD distributions was mainly in
the zone right beneath PCB. It should be noted that one can always adjust the clothing level to
adjust the PMV and PPD results. However, these results still illustrated clearly the spatial variation
of predicted thermal sensation level in a DV-PCB system.

PMV

F F L r‘l | »
_ _1 >
— | —= e : ‘ l — -3 . LY -
(a) PMV (b) PPD
Fig. 13 PMV and PPD distributions in Case 4
4.3 Impact of room layout

This study primarily used an office layout to analyze the performance of the DV-PCB system. In
practice room layouts vary and can include classrooms and conference rooms (Fig. 2). Fig. 14
compares temperature distributions in the three different room layouts under the same cooling load
(61 W/m?), same supply air temperature (18.5 °C), and same air flow rate. PCBs were not used
because they would have added another level of complexity. Although the local air distribution
could vary, quite similar temperature profiles were observed for these three cases. This finding
agrees with those in previous studies [60, 61] which indicated that the heat source arrangement in
the occupied zone has little impact on the overall temperature and airflow distribution in a room.
Therefore, the thermal and ventilation assessments of the DV-PCB system in this study will still be
valid if the room layout changes.
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Fig. 14 Comparison of temperature contours for three room layouts (unit: °C)

4.4 Limitations and future study

There are several limitations in this investigation. First, the current research assumed the indoor
space is well sealed, so air enters the room entirely from diffusers and leaves the room through
exhaust. This should be valid for a lot of indoor spaces because of the enhanced sealing
technologies implemented in today’s buildings. Nevertheless, in scenarios where major openings
(revolving doors, open windows etc.) exist, air from these openings might affect the indoor airflow
and contaminant distribution that are developed by DV-PCB system. Second, a lot of the results in
this study were obtained from CFD model. From Fig. 5, it can be noticed that CFD results deviates
from measurement data at some locations, especially at Pole 5 of contaminant concentration.
Hence, CFD analysis does not fully resolve the airflow physics in the room and might lead to some
errors. However, since the developed CFD model captured the airflow and contaminant
concentration trends with good accuracy, as discussed in Section 3.1, the conclusions drawn based
on CFD analysis are plausible.

This research studied thermal comfort and air quality in a room with a DV-PCB system. In order
to design a DV-PCB system that meets thermal and ventilation requirements, future study needs to
be performed to establish design guidelines. This involves further analysis of thermal comfort and
air quality in occupied zone based on various parameters including cooling load, air change rate,
whether the indoor space has a fagade etc. In addition, chilled ceiling is also widely used in high-
cooling load applications, and the physics for its cooling is different than that of passive chilled
beams. It is thus beneficial to perform a comparative study by replacing the PCBs in current study
with chilled ceilings and to investigate the differences. Finally, the experiments in current study
were performed in an environmental chamber. Although the conditions in the chamber were set up
to be as close to reality as possible, it will be valuable to conduct further experiments and analyses
in an actual indoor space that has a DV-PCB system.

5. Conclusions

This study used experimental measurements and CFD simulations to investigate indoor airflow and
contaminant concentration in a room with a coupled DV-PCB system. The CFD model was also
used to evaluate thermal comfort and indoor air quality. The study led to following conclusions:

(1) This investigation constructed a DV-PCB system in a full-scale environmental chamber and
measured the profiles of air velocity, temperature and contaminant concentration in multiple
locations in the chamber for validation of the CFD model. A comparison of the simulated
results and the measured data showed that the CFD model can predict indoor airflow and
contaminant transport in the chamber with good accuracy.

(2) When the cooling load is high, a DV-only system could create a high temperature gradient
between head and ankle levels, which may cause discomfort. However, passive chilled beams
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were found to effectively reduce the temperature gradient if the PCBs were used to remove
40% or more of the cooling load.

(3) The PCB-induced cold jet produced a high-draft region (PD > 15%) beneath the PCBs. The PD
under the PCBs was positively correlated with the amount of heat removed by the PCBs, but
inversely correlated with the total cross-sectional area of PCBs. The high-draft region was
observed only under the PCBs, and the global PD level remained unaffected.

(4) The PCBs caused an airborne contaminant near the ceiling to travel downward to the occupied
zone, thus disrupting the contaminant stratification created by DV. If the PCB-induced
downward jet was strong enough, the contaminant concentration at breathing height could be
similar to that with mixing ventilation. The PCBs also increased the mean age of air in the
room.

(5) This study assumes that the diffusers and exhausts are the only airflow inlets and outlets,
respectively, of the indoor space. Although air leakage from doors or windows can be minimal
due to advanced sealing technology, airflow from major openings (revolving doors etc.), if
applicable, might affect the indoor airflow pattern and contaminant distribution that are
developed by a DV-PCB system. Future research opportunities include development of a
design guideline for DV-PCB systems, investigating impact of different openings on DV-PCB
system and comparison of impacts of PCB and chilled ceiling on DV systems.
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