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Abstract: Precision ventilation is developed to achieve thermal comfort for occupants in an office
by creating micro-climate zones. The present study aims to achieve individual thermal comfort
for occupants with different metabolic rates by using higher airspeeds for enhancing heat transfer.
The variable jet interaction between two ACBs with JetCone adjustments cause higher velocity jets
to reach different regions of the occupied zone. The colliding jets from the center of a thermal
isolated room were moved towards different zones in an office configuration with a constant room
temperature of 23 ◦C. This study was conducted for five different cases in a room divided into
four zones according to occupants’ metabolic rates. The experimental and CFD results show that
occupants facing symmetrical airflow distribution and with a constant 1.2 metabolic rate (Case 1) had
a similar predicted mean vote (PMV) index. The zones with higher-metabolic-rate occupants, i.e.,
1.4 met and 1.6 met in cases 2 and 3 were exposed to air velocities up to 0.4 and 0.5 m/s, respectively.
In case 4, the air velocity in the single zone with 1.6 met occupants was raised to 0.6 m/s by targeted
airflow distribution achieved by adjusting JetCones. These occupants with higher metabolic rates
were kept thermally neutral, in the −0.5 to +0.5 PMV range, by pushing the high velocity colliding
jets from the center towards them. In case 5, the results showed that precision ventilation can
maintain the individual thermal comfort of up to three different zones (in the same office space) by
exposing the occupants with metabolic rates of 1.2, 1.4, and 1.6 met to airspeeds of 0.15, 0.45, and
0.55 m/s, respectively.

Keywords: active chilled beams; individual thermal comfort; JetCones; metabolic rates; precision
ventilation

1. Introduction

Modern offices are designed with different layouts to promote communication and
knowledge-sharing among employees. Open-plan office configurations are the most used
office layouts in Scandinavia [1]. These open-plan offices involve the absence of partitions
to accommodate many employees by reducing individual space [2]. Studies have shown
that employee’s satisfaction with comfort and productivity can be enhanced by providing
a comfortable environment along with a sustainable open-plan office design [3,4]. It is
a widely known fact that people spend up to 90% of their time indoors [5] and the need
for individual thermal comfort is necessary to enhance their productivity [6]. This can
improve the occupant’s ability to perform manual tasks. Thermal comfort is defined as the
condition of mind that provides satisfaction with the thermal environment [7,8]. Fanger’s
theory about thermal comfort showed that thermal comfort is dependent on metabolic
rate, clothing insulation, and environmental conditions [9,10]. Hence, for a large-scale
office setup, managing individual thermal comfort for the occupants of different ages,
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gender, and health seems challenging with conventional HVAC systems such as mixing
ventilation [11,12].

Mixing ventilation systems are the most-used ventilation systems due to their ability
to provide thermal uniformity [13]. In these systems, the cool air is supplied through the
ceiling and the airflow in the room is continuously driven by the inertia of the supply air
to maintain temperature symmetry. Active chilled beams (ACBs) are a type of mixing
ventilation system. Studies have shown that ACBs are successful in maintaining thermal
uniformity due to adequate air mixing [14]. Latif et al. [15] concluded that most of the
studies on ACBs are carried out for large-scale open-plan office configurations. These office
types have greater occupant density and may require multiple ACBs to meet a sensible
cooling demand [16]. A typical ACB generally consists of a primary air plenum, mixing
chamber, nozzles, and a heat exchanger. Processed air from the Air Handling Unit (AHU)
is forced into the set of nozzles as primary air [17]. The purpose of the nozzles is to provide
high-speed primary air and consequently create high dynamic pressure and low static
pressure to facilitate induction, i.e., pressure differences between the mixing chamber
and room. ACBs with JetCones can provide adjustable airflow patterns by controlling
adjustment regulators [18,19]. These adjustment pins (see Figure 1) can be moved from 0 to
9 to vary the magnitude and direction of the airflow coming out of the ACB.
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grill [15].

Personalized ventilation systems (PV) (also known as task ambient systems) have
been used over the decades to create a micro-climate thermal environment around office
occupants [20–22]. These systems include multiple air terminal devices (ATDs) (around
an individual or an office desk) which operate simultaneously to blow different air jets
directly on the occupants [23,24]. The combination of mixing ventilation and personalized
ventilation systems are also applied in the office rooms to build micro-climate zones with
different ATDs [25,26]. However, these systems involve multiple ATDs and a direct blow
of air on the occupants, which is not pleasing for the office aesthetics. Unlike PV systems,
the supply jets from the ACBs inlets spread horizontally across the ceiling due to the
Coandă effect [27]. These horizontal jets move along the ceiling and collide with incoming
supply jets from other ACBs to result in a colliding effect [28]. Studies have shown that the
downfall of these colliding inlet jets creates maximum local airspeeds [29]. In this study,
the collision of supply air jets with each other and with the walls is used to create different
velocity zones in the same office space. These high- and low-velocity zones are established
based on the metabolic requirements of occupants in the same shared office space.

Precision ventilation [30] involves advantages of both mixing ventilation and personal-
ized ventilation to achieve individual thermal comfort. Precision ventilation is achieved by
using ACBs (with JetCones) which can direct airflow in different directions along the ceiling.
This use of ACBs eliminates the need for multiple air terminal devices around a single
workstation in order to achieve individual thermal comfort [23]. In our previous study [30],
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precision ventilation achieved individual thermal comfort for a dual desk-chair setup by
directing more airflow towards occupants with higher air velocity needs (metabolic rates).
This paper expands the previous work by including an experimental and a CFD study in
order to achieve precision ventilation by using the variable jet interaction between two
ACBs as part of larger open plan offices, i.e., four-desk-chair setup. This variable jet interac-
tion or the movement of colliding jets is achieved by adjusting the JetCones of two ACBs to
establish different air velocity zones in an office space.

2. Methodology
2.1. Experimental and Simulation Setup

Full-scale laboratory experiments were conducted in a room with dimensions 4.2× 4× 2.8 m
(length (L) × width (W) × height (H)) at the Aalborg University, Copenhagen. The experi-
ments were carried out during summers (between the months of May–September). The
two ACBs used in the study were connected to a duct network, which delivered 15 L/s
of primary air to each unit. The supply air temperature from the ACBs was set at 20 ◦C
and a temperature difference (∆t) of 3.5 K was maintained between supply and room air
temperatures. The constant airflow of 50 L/s was supplied from each ACB, such that
100 L/s of total airflow (w) was maintained in the room.

Heat load (q) = wCp∆t (1)

According to the Equation (1), 22 W/m2 of heat load was maintained in the room
measuring 16.8 m2, which is considered acceptable in Scandinavia. The heat balance in the
room was maintained by the cooling power of the ACBs. Table 1 shows the features of the
ACBs used in this study.

Table 1. ACB specifications.

Units Values

ACB dimensions (L × W × H) 0.6 × 0.6 × 0.2 m
ACB units 2
Functions Cooling, heating, and ventilation

Operating system Cooling 2-pipe system
Distribution profile Radial

Capacity 769 W each

The test room was built with an open-plan office configuration, consisting of four
workstations and two ACBs installed in the ceiling, each 2 m apart. Each workstation
consisted of a desktop, computer, and a lamp as a heat source as shown in Figure 2a. The
room was divided into four zones to establish different velocity (or individual thermal
comfort) zones. The positions of the four dummies (1.4 m, the height of a seated person),
were 1.85 m apart so that their thermal flux had a negligible effect on each other [31]. The
dummies were separated by open-plan 40 × 75 cm desks (L × W) under the plexus. The
real office atmospheric environment was established for replicating human heat release by
placing electric bulbs inside the dummies. The metabolic rate of each dummy was varied
by changing the number and capacity of the electric bulbs installed inside. The heat fluxes
of 65, 80, and 95 W/m2 were applied for 1.2, 1.4, and 1.6 met, respectively. Dantec hot
sphere anemometers with an absolute accuracy of ±2% of the reading (between the range
of 0–1 m/s) were used to measure the air velocity in the room [32].
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Figure 2b shows the geometry of the actual experimental setup made in Solidworks
2020 version. The geometry was imported to ANSYS 17.1 to conduct simulations for
different cases [33]. The grid independence test was carried out and tetrahedral meshes
were generated in the entire computational domain with a 3.67 million element size (see
Appendix A). The RNG k-ε turbulence model along with a similar setup (solver, boundary
conditions, and numerical algorithm) was applied according to previous studies on preci-
sion ventilation [30,34–36]. In simulations, the geometry of the ACBs was made circular
in order to have radial flow and 50 L/s airflow (sum of primary and secondary airflows)
produced from each ACB unit. The airflow distribution in the ACBs was altered according
to the different cases described below.

2.2. ACB Airflow Distribution

In this study, ACBs consisted of four adjustment regulators to be able to adjust JetCones
on each side of the unit. Four dummies (D1, D2, D3, and D4) were used as a heat source
with heat flux adjusted with respect to changing metabolic rates in each case. Two ACBs
in five different cases were investigated to achieve precision ventilation for an open-plan
office configuration.

Table 2 shows the cases in which JetCones are positioned according to different
metabolic rates. In each case, the adjustment pins of each ACB were regulated relative to
the JetCone positions of the other ACB unit. The following cases were studied in this paper
under non-isothermal conditions:

1. In case 1, the metabolic rates in all zones were kept at 1.2 met. The adjustment pins
of both the ACBs were kept at the same position (position 5) to achieve a uniform
thermal environment for all four velocity zones.

2. In case 2, the metabolic rates of the two dummies in zones 1 and 2 were raised to
1.4 met. The pin positions were adjusted to push more airflow towards zones 1 and 2.

3. In case 3, the metabolic rates of the two dummies in zones 1 and 2 were raised to
1.6 met. The pin positions were adjusted to push maximum airflow towards zones 1
and 2.

4. In case 4, the metabolic rate of the dummy in zone 1 was raised to 1.6 met. The
pin positions were adjusted to push maximum airflow towards zone 1 to achieve
individual thermal comfort.
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5. In case 5, the metabolic rates of the two dummies in zones 1 and 4 were raised to 1.6
and 1.4 met, respectively. The pin positions were adjusted to push maximum airflow
towards zone 1 and medium level airflow to zone 4.

Table 2. Different cases of precision ventilation with respect to metabolic rates and JetCone positions.

Cases
Metabolic Rates (Met) Adjustment Regulator Positions

D1 D2 D3 D4 ACB 1 (adj. 1 + adj. 2 . . . ) ACB 2 (adj. 1 + adj. 2 . . . )

Case 1 1.2 1.2 1.2 1.2 5 + 5 + 5 + 5 5 + 5 + 5 + 5
Case 2 1.4 1.4 1.2 1.2 7 + 7 + 0 + 0 7 + 7 + 0 + 0
Case 3 1.6 1.6 1.2 1.2 9 + 9 + 0 + 0 9 + 9 + 0 + 0
Case 4 1.6 1.2 1.2 1.2 0 + 9 + 0 + 0 0 + 9 + 0 + 0
Case 5 1.6 1.2 1.2 1.4 0 + 9 + 0 + 7 0 + 9 + 0 + 7

2.3. Measuring Points and Thermal Comfort Criteria

The horizontal air velocity and temperature measuring points were taken as shown
in Figure 3. The vertical velocity measuring points were taken at the heights of the ankle
(0.1 m), abdomen (0.6 m), and face (1.1 m) of a seated person (see Figure 3a). Temperature
measuring points were taken at six different heights from the floor to ceiling to observe
air temperature symmetry (see Figure 3a). The horizontal measuring points were taken at
16 different positions in the room for thermal comfort measurements as shown in Figure 3b.

Sustainability 2022, 14, x FOR PEER REVIEW 5 of 19 
 

4- In case 4, the metabolic rate of the dummy in zone 1 was raised to 1.6 met. The pin 
positions were adjusted to push maximum airflow towards zone 1 to achieve 
individual thermal comfort. 

5- In case 5, the metabolic rates of the two dummies in zones 1 and 4 were raised to 1.6 
and 1.4 met, respectively. The pin positions were adjusted to push maximum airflow 
towards zone 1 and medium level airflow to zone 4. 

Table 2. Different cases of precision ventilation with respect to metabolic rates and JetCone 
positions. 

Cases 
Metabolic Rates (Met) Adjustment Regulator Positions 
D1 D2 D3 D4 ACB 1 (adj. 1 + adj. 2…) ACB 2 (adj. 1 + adj. 2…) 

Case 1 1.2 1.2 1.2 1.2 5 + 5 + 5 + 5 5 + 5 + 5 + 5 
Case 2 1.4 1.4 1.2 1.2 7 + 7 + 0 + 0 7 + 7 + 0 + 0 
Case 3 1.6 1.6 1.2 1.2 9 + 9 + 0 + 0 9 + 9 + 0 + 0 
Case 4 1.6 1.2 1.2 1.2 0 + 9 + 0 + 0 0 + 9 + 0 + 0 
Case 5 1.6 1.2 1.2 1.4 0 + 9 + 0 + 7 0 + 9 + 0 + 7 

2.3. Measuring Points and Thermal Comfort Criteria 
The horizontal air velocity and temperature measuring points were taken as shown in 

Figure 3. The vertical velocity measuring points were taken at the heights of the ankle (0.1 m), 
abdomen (0.6 m), and face (1.1 m) of a seated person (see Figure 3a). Temperature measuring 
points were taken at six different heights from the floor to ceiling to observe air temperature 
symmetry (see Figure 3a). The horizontal measuring points were taken at 16 different 
positions in the room for thermal comfort measurements as shown in Figure 3b. 

 
Figure 3. Velocity and temperature measuring points: (a) vertical and (b) horizontal. 

Predicted mean vote (PMV) and predicted percentage dissatisfied (PPD) indices were 
used to calculate thermal comfort for human dummies in an enclosed environment. In the 
PMV-PPD model, measuring points were taken along the length of the room to calculate 
thermal comfort, i.e., PMV-PPD indices for each zone. Figure 4 shows the PMV-PPD curve 
used to represent thermal comfort according to Fanger’s method. The horizontal PMV 
axis represents the seven-point thermal sensation scale (i.e., cold to hot). The vertical PPD 
axis shows the percentage of people predicted to experience local discomfort. According 

Figure 3. Velocity and temperature measuring points: (a) vertical and (b) horizontal.

Predicted mean vote (PMV) and predicted percentage dissatisfied (PPD) indices were
used to calculate thermal comfort for human dummies in an enclosed environment. In the
PMV-PPD model, measuring points were taken along the length of the room to calculate
thermal comfort, i.e., PMV-PPD indices for each zone. Figure 4 shows the PMV-PPD curve
used to represent thermal comfort according to Fanger’s method. The horizontal PMV axis
represents the seven-point thermal sensation scale (i.e., cold to hot). The vertical PPD axis
shows the percentage of people predicted to experience local discomfort. According to ISO
7730 and ASHRAE 55 standards, the acceptable thermal comfort limit lies between −0.5
and 0.5 [37–39], as highlighted in Figure 4.
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Figure 4. PMV-PPD measurement graph with thermal comfort limits [9].

The Equations (1) and (2) indicate the variables contributing to the calculation of
PMV-PPD indices using Fanger’s method. These variables were calculated based on mean
measured values of the local air temperature (Ta), mean radiant temperature (Tr), and local
air velocity (Vr). The mean radiant temperature air temperature was assumed equal to local
air temperature [40] and relative humidity (RH) was measured at 60%. The clothing factor
was assumed to be 0.6 clo during the summer [41]. The metabolic rates (M) in the equation
were varied depending on the type of case. The metabolic rates for 1.2, 1.4, and 1.6 met
were kept at 65, 80, and 95 W/m2 per dummy, respectively. Whereas the rate of mechanical
work (W) was kept at zero. The clothing surface area (fcl) and the convective heat transfer
coefficient (hc) were calculated iteratively.

PMV = (0.303e−0.036M + 0.028) {(M − W) − 3.05 × 10−3 [5733 − 6.99(M − W) − pa] − 0.42[(M − W) − 58.15] −
1.7 × 10−5 M (5867 − pa) − 0.0014 M (34 − Ta) − 3.96 × 10−8 fcl [(Tcl + 273)4 − (Tr + 273)4] − fcl.hc(Tcl − Ta)},

(2)

PPD = 100 − 95exp [−(0.03353PMV4 + 0.2179PMV2)] (3)

The room was divided into four zones and PMV-PPD values were measured at 16
different positions (see Figure 3b) for each case. Four different points were taken in each
zone to measure air velocity and air temperatures for calculating PMV-PPD thermal comfort
indices under different scenarios.

3. Results and Discussion

This study was conducted in five different cases of precision ventilation in an open-
plan office through the jet interaction of two ACBs. The experimental results were verified
through data validity with CFD. The experimental air velocities measured at 16 different
points in the room were compared with the fixed velocity points taken in the ZX velocity
plane in a three-dimensional room. The air velocity points (of both experiments and CFD)
were considered for case 1 (as shown in Figure 3) at a fixed height of 1.1 m from the floor.
Validation showed a less than 10% deviation from the simulation results as shown in
Figure 5. The maximum deviation was shown at points D2d and D3d, but the results were
still considered acceptable to perform thermal calculations using PMV-PPD equations [42].
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3.1. Air Velocity Distribution

Optimal airflow is the requirement of maintaining the heat balance between the human
body and the surrounding environment [43]. Occupants with higher metabolic rates require
higher air velocities to accelerate the heat transfer [44]. Previous studies have shown that a
local air velocity range up to 1.2 m/s is considered acceptable by raising room temperatures
up to 28 ◦C during experiments [43,45]. In the previous study on precision ventilation [30],
single ACBs established high velocity zones by pushing more airflow towards the targeted
zones. The airflow along the ceiling and walls reached the occupied zone for creating
micro-climate zones in the dual desk-chair setup. This study took advantage of high
velocity colliding air jets to create high velocity micro-climate zones for an open-plan office
setup. The jet interaction between two ACBs of all five cases is shown in the figures below
(Figure 6).
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Figure 6 shows the movement of colliding air jets from the two ACBs in an office room.
The air velocities up to 0.8 m/s were reached following the collision of supply jets near the
ceiling. Figure 6a–c shows that high speed colliding jets are moved (from the center) to the
right side of the room by changing the JetCone positions from 0 to 9. In Figure 6b,c it was
observed that higher air velocities are seen around dummies with 1.4 and 1.6 met due to
the change in position of JetCones from 5 to 9, respectively. The single zone with metabolic
rate of 1.6 met in case 4 was dealt with by directing higher air velocity jets towards one
corner of the room with JetCone adjustments. Figure 6d shows the 2D velocity plane 1 m
away from the center of the room to show the shift in colliding jets from the center to the
high metabolic zone, i.e., zone 1. Figure 6e shows the 3D illustration of case 5, where two
dummies (positioned diagonally) were supplied with two different velocity streams from
the two ACBs. The JetCones were positioned (as shown in Figure 6e) to supply maximum
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air velocities (up to 0.8 m/s) to the dummy with 1.6 met and up to 0.6 m/s air velocities
to the 1.4 met dummy; whereas the airflow to human dummies with 1.2 met was kept
unchanged. To observe the precision of airflow distribution in the occupied part of each
zone, the air velocity vectors at heights of 0.1 and 1.1 m from the floor were taken for each
case. The JetCones in ACBs were positioned (as in Table 2) to create micro-climate zones
with respect to occupants’ metabolic rates as shown in Figures 7–11.
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Figures 7–11 show that different velocity zones can be established by moving the
colliding jets from the center towards or away from the occupancy zones. This movement
of jets was used to create high- and low-velocity zones according to the metabolic rates set
for the human dummy. Figure 7 shows the basic case where all dummies had the same
metabolic rates, i.e., 1.2, and all four zones were supplied with uniform air velocities. The
average air velocities for all four zones were kept at 0.15 m/s, due to the low metabolic
rates. The pin positions of both the ACBs in this case were kept at position 5 in order to keep
high momentum created by the collision of air jets at the center of the room (away from the
four seating zones). In Figures 8 and 9, the high-velocity colliding jets are directed from the
center to (zones 1 and 2) the dummies with metabolic rates of 1.4 and 1.6 met, respectively.
The average air velocities in these high-velocity zones (zones 1 and 2) for cases 2 and 3 were
raised to 0.35 and 0.45 m/s, respectively. This maintained the internal body heat balance
and individual thermal comfort. Case 4 (Figure 10) shows velocity changes in only one
zone (zone 1) for achieving individual thermal comfort of the dummies with metabolic
rates (higher heat release) of 1.6 met. The JetCones of the two ACBs were positioned (see
Table 2) to increase the average air velocities of zone 1 to 0.6 m/s. However, the velocities
of zone 4 in the same case were also seen to increase at (points D4a and D4b) 0.1 m from the
floor (see Figure 10a). Figure 11 shows a case with a combination of metabolic rates (1.2, 1.4,
and 1.6 met) in a single office space. The pin positions were adjusted to have air velocities
of 0.15, 0.45, and 0.55 m/s in the specific zones with human dummies with metabolic rates
of 1.2, 1.4, and 1.6 met, respectively. The results of this case show that precision ventilation
can be achieved by creating low- and high-velocity zones in different combinations by
targeting the airflow according to the metabolic requirements.
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3.2. Air-Temperature Distribution

Vertical air temperature difference plays an important role when considering local
discomfort. The problem with local discomfort through the vertical temperature difference
is mainly observed in displacement ventilation systems where the airflow supply is near
the floor [46]. In mixing ventilation, the local discomfort caused by the vertical temperature
difference is low due to adequate turbulent mixing between supply and room air. Figure 12
shows the vertical air-temperature distribution for all five cases measured at 16 different
points (see Figure 3). The vertical temperature gradient in the occupied zone (up to a height
of 1.8 m from the floor) in all cases was found to be comparatively less than the temperature
gradient between the floor and ceiling heights.
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In case 1, the temperature difference for all points was less than 1 ◦C due to a uniform
thermal environment (see Figure 12a). In cases 2 and 3, the airflow is directed more towards
zones 1 and 2. Hence, the colliding jets (with higher momentum and lower temperature)
were moved towards zones 1 and 2 from the ceiling. The temperature near the ceiling (the
height of the seated persons) above zones 1 and 2 was found to be 0.5 ◦C less than in zones 3
and 4. Hence, a temperature stratification up to 1.5 ◦C was observed in high-velocity zones 1
and 2, compared to 1 ◦C for zones 3 and 4 (Figure 12b,c). In Figure 12d,e, the results of cases
4 and 5 show that the maximum vertical temperature gradient of 1.5 ◦C was reached, which
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is within an acceptable thermal limit [47]. The literature shows that greater airflow results
in lower vertical temperature difference in the room [48]. However, in precision ventilation,
greater airflow in any zone is supplied to the zone where there is more heat release and the
vertical temperature difference is seen to be slightly increased above that specific zone. In
addition to this, no substantial increase in horizontal temperature difference was observed
in any case. The horizontal air temperature difference (from the north to the south side of
the room) in all cases was found to be within the ±1 ◦C range.

One of the main characteristics of mixing ventilation, to maintain thermal uniformity,
was fulfilled through these results. This thermal uniformity was maintained by providing
cooling power to balance the heat released from the heat sources in the room. Figure 13
shows the temperature contours of the two selected cases (1 and 3). For all cases, tem-
perature contours were identical to the experimental results with an average room air
temperature of 23 ◦C. Figure 13b shows that thermal uniformity is maintained even when
supply air jets at 20 ◦C are pushed towards a specific side of the room. The temperature
difference between the supply air and room air was maintained at around 3.5 K. Room
temperatures can be raised in cooling modes to save energy while maintaining thermal
comfort by utilizing higher air velocities. This reduction in energy use by increasing room
temperatures can lead to an improvement in the overall energy efficiency of the system,
hence providing optimal and flexible energy management [49,50].
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3.3. PMV-PPD Calculations

PMV and PPD thermal comfort calculations were calculated based on experimental
and simulation data from all five cases. The PMV and PPD values at the height of a seated
person are determined by taking mean values of air temperature, radiant temperature, and
air velocity at 16 different positions (see Figure 3b). The mean values were taken at heights
of 0.1, 0.6, and 1.1 m, respectively. The PMV and PPD were calculated from the expressions
(2) and (3). The PPD is the function of PMV and was plotted in Figure 14. The PMV and
PPD points were plotted after this using measured and assumed variables, as shown in the
graphs below.
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In case 1, Figure 14a shows that ACBs airflow distribution was kept symmetrical and
PMV values are found within the acceptable thermal range of −0.5 to +0.5 [18]. The PPD
values are also less than 10%. Figure 14b,c show PMV-PPD values for cases 2 and 3, where
thermal comfort range is maintained by providing higher air velocities to zones 1 and 2.
At the same time, PMV-PPD values were maintained for zones 3 and 4 (dummies with
a metabolic rate of 1.2 met) by directing less airflow to these zones. Case 4 shows the
individual thermal comfort for zone 1 and PMV values are seen to be between 0.2 and
0.3. In case 4, the PMV-PPD values for zone 4 also seem to get slightly affected from the
high-velocity zone, i.e., zone 1 (see Figure 14d). Furthermore, the PMV values are increased
up to 0.6% and PPD up to 11.5%, but overall PPD values show that more than 80% of
occupants were satisfied. Case 5 included a combination of metabolic rates and ACB pin
adjustments, which were used to keep the PMV values within the −0.5 to +0.5 range, and
PPD less than 10% (Figure 14e). Hence, precision ventilation can effectively be applied to
create multiple micro-climate zones for real office occupants with different metabolic rates.

4. Conclusions

The occupants with higher metabolic rates working in offices require higher air ve-
locities to balance body heat. In this regard, a precision ventilation technique is used to
maintain the individual thermal comfort according to ISO 7730 and ASHRAE 55 standards
by creating high and low velocity zones. The collision of supply jets from the two ACBs
resulted in maximum air velocities up to 0.8 m/s. These high-velocity colliding jets es-
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tablished micro-climate zones in an open-plan office through ACB’s JetCone adjustments.
These JetCones adjustments moved these high velocity colliding jets to the targeted zones.
The following conclusions were drawn from the experimental and CFD study:

- The change in momentum caused by ACB JetCone adjustments resulted in up to three
variable air velocity zones in the same office space. The human dummies with low
metabolic rates (1.2 met) could be exposed to air velocities as low as 0.1 m/s. Whereas
dummies with metabolic rates of 1.4 and 1.6 met were able to become exposed to 0.45
and 0.55 m/s air velocities, respectively.

- The acceptable PMV range for thermal comfort i.e., −0.5–0.5, could be maintained for
the occupants with high metabolic rates using airflow adjustments. This also led to an
overall PPD of less than 10% for all five cases.

- Controlling the microclimate solely for a single velocity zone, i.e., case 4 with two
ACBs in a large office space showed PMV and PPD values slightly above acceptable
limits.

- The local thermal discomfort through the vertical temperature difference was not
found to be a problem while implementing precision ventilation. Both vertical and
horizontal temperature distribution in all cases was maintained with a temperature
difference in the occupied zone of less than 1.5 ◦C.

5. Limitations and Further Work

This study highlighted the significance of jet interaction and colliding air jets from two
ACBs for precision ventilation applications. Hence, colliding jets require more in-depth
study as psychometric parameters such as the temperature of the room and plumes from
the heat sources may affect the distribution.
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Nomenclature

Parameter Description Unit
ACB Active chilled beams -
AHU Air handling unit -
ASHRAE American society of heating, refrigerating and air-conditioning engineers -
ATD Air terminal device -
CFD Computational fluid dynamics -
HVAC Heating ventilation and air conditioning -
ISO International organization for standardization -
PMV Predicted mean vote -
PPD Predicted percentage dissatisfied -
RNG Renormalization group -
w Total airflow in the room L/s
Cp Specific heat constant for air J/(kg ◦C)
∆t Temperature difference K
q Total heat load W
fcl Clothing surface area factor -
hc Convective heat transfer coefficient W/(m2.K)
ta Air temperature ◦C
var Relative air velocity m/s
tcl Clothing surface temperature ◦C
pa Partial water vapor pressure Pa

Appendix A

A grid independence test was carried out with different mesh densities at line y1 = −0.5
y2 = −1.1 in the middle of the two desks. The variations after 3.67 million elements were
not observed and this grid size was considered suitable due to the insignificant influence of
higher grid size on the solutions and to avoid computational cost, see Figure A1.
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Figure A1. Grid independence test.

The mesh metrics on the horizontal axis in Figure A2a,b show mesh skewness and
element quality, respectively. For 3D geometry, skewness with a value of 0 indicates an
equilateral cell and value 1 of element quality is a perfectly shaped tetrahedral element.
Figure A2 shows that most of the elements had an element quality between 0.75 and 0.95
and a maximum average skewness of 0.1. This means that the skewness and quality of the
obtained mesh structure is acceptable for stable numerical computation.
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