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Abstract 8 

Traditional displacement ventilation (DV) creates high indoor air quality in occupied zone in 9 
cooling season due to thermal plume created by heat sources which then effectively purge 10 
contaminants out of the breathing zone, but tend to be challenged when high cooling loads are 11 
present.  In addition, traditional DV, when supplying heated air via its diffusers has low ventilation 12 
effectiveness in heating season. This study investigated a novel wall-mounted displacement 13 
induction ventilation (DIV) system in comparison to traditional DV system. The investigation used 14 
an environmental chamber to mimic a typical classroom and measured the distributions of air 15 
velocity, air temperature, and contaminant concentration for validating the subsequent 16 
computational fluid dynamics (CFD) model developed across an array of operational modes. Then 17 
the CFD model was employed to evaluate the performance of DIV system in terms of ventilation 18 
effectiveness, mean age of air and vertical temperature gradient as it relates to thermal comfort. 19 
Each DIV unit receives 100% outdoor (or primary) air to its plenum chamber.  As the primary air 20 
pressurizes the chamber, it exits a series of nozzles, creating a low pressure which then induces 21 
room air across the integral hydronic coil. A room is typically supplied with multiple DIV units, 22 
which allows for individual control operation during both cooling and heating modes. Results 23 
showed that stratified air distribution was achieved in both cooling and heating modes with DIV 24 
system, which remedied the current limitation of traditional DV. 25 
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Nomenclature 28 

C  Contaminant concentration eT  Air temperature at exhaust 

1 .1mC  Contaminant concentration at head 
level of a seated person 1 1. mT  Air temperature at head level of a 

seated occupant 

eC  Contaminant concentration at exhaust 0 1. mT  Air temperature at ankle level  

oC  Outdoor contaminant concentration *T   Normalized temperature 

pC  Specific heat at constant pressure iu   Velocity in direction i 

C *  Normalized contaminant 
concentration 

U   Velocity magnitude 

E  Energy per unit mass *U   Normalized velocity 

F  Force VE  Ventilation effectiveness 
g  Gravitational acceleration ix  Coordinate in direction i 

Shi, Z. and Chen, Q. 2021. “Experimental and computational investigation of wall-mounted 
displacement induction ventilation system,” Energy and Buildings, 241: 110937. 
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h Height ,eff  Turbulent diffusion coefficient of 
scalar   

H  Height of room haT  Temperature difference between 
head and ankle levels 

*H   Normalized height    Turbulent dissipation 
k  Turbulent kinetic energy   Kinematic viscosity 
MAA Mean age of air t  Turbulent eddy viscosity 
S  Source of scalar      Random number 

T  Air temperature    Density 

0.1mT  Temperature at ankle level   p  Density of particle 

1.1mT  Temperature at head level (seated 
occupant) 

  Scalar 

sT   Temperature of supply air   
 29 

1. Introduction 30 

According to the Environment Protection Agency (EPA), an average American spends around 90% 31 
of his or her lifetime indoors [1, 2]. To improve the well-being and productivity of occupants, it is 32 
needed to create satisfactory indoor environment quality (IEQ) inside buildings. Indoor air quality 33 
and thermal comfort are two essential aspects for appraising IEQ [3], and the ventilation system 34 
inside a building should be well developed to fulfill the expectations on these two aspects. Among 35 
various types of ventilation systems, traditional displacement ventilation (DV) systems, which 36 
supplies clean air to the lower part of a room and exhausts air from ceiling, provides higher indoor 37 
air quality (IAQ) than a traditional mixing ventilation (MV) system when used for cooling [4, 5, 38 
6]. However, the IAQ benefit of traditional DV systems only exists under cooling seasons. When 39 
it is used for heating, the heated fresh air from traditional DV diffusers takes an immediate path 40 
upwards, due to buoyancy effects, into the unoccupied zone, which results in poor IAQ in occupied 41 
zone [7, 8]. Besides, in cooing seasons, since traditional DV supplies air to occupied zone directly, 42 
its supply air temperature could not be too low [9, 10], for thermal comfort reasons which greatly 43 
limits traditional DV’s capability to remove high cooling loads. In fact, Cho et al. [11] and Yuan et 44 
al. [12] showed that a traditional DV system was not suggested when the cooling load was higher 45 
than 40 W/m2. These limitations greatly hinder the applicability of existing traditional DV systems.  46 

In order to expand the applicability of traditional DV systems, previous studies tried coupling 47 
traditional DV with a water system, such as chilled ceiling (CC) or passive chilled beams (PCB). 48 
For example, Rees and Haves [13] and Loveday et al. [14] showed that a coupled traditional DV-49 
CC system could remove 62 W/m2 of cooling load while still maintaining satisfactory thermal 50 
comfort. Shi et al. [15] evaluated the performance of a coupled traditional DV-PCB system and 51 
concluded that PCB was a very effective complement for reducing the vertical temperature gradient 52 
caused by traditional DV. However, since CC and PCB were installed near ceiling in these coupled 53 
systems, the cooled air could generate local downward airflow that brought airborne contaminants 54 
down to occupied zone [16, 17] unfortunately negatively impacting IAQ levels. Moreover, these 55 
coupled traditional DV-water systems are still not applicable in heating seasons: if hot water passes 56 
through CC or PCB, the air warmed by hot water coils stayed at upper part of the room rather than 57 
entering occupied zone. Therefore, further improvements were needed to continue addressing the 58 
above-mentioned limitations. 59 

This study investigated a novel displacement induction ventilation (DIV) system for remedying 60 
these problems of traditional DV-water systems. The DIV system consists of multiple DIV units in 61 
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an array that were installed on the floor against the wall. Rather than suspending the water system 62 
near the ceiling, this system integrates heating and cooling coils into each DIV unit. When the 63 
primary (outdoor) air is supplied to the plenum and the air exits through nozzles, it entrains the 64 
room air across the integral hydronic coil.  The room air is sensibly cooled or heated in response to 65 
a thermostatic setting then mixes with primary air before the newly conditioned supply air is 66 
discharged to the room. In cooling mode operation, all units were used for cooling. In heating mode 67 
operation, some units were used for heating and others still supplied air with a slightly lower 68 
temperature than room air.  As an alternative heating approach, each DIV unit could also be 69 
equipped with optional rear finned tube type coils so the units could also be operated such that these 70 
finned tube coils could address heating loads while cool ventilation air is supplied to occupied zone. 71 
These unique control and equipment strategies have the capability of achieving stratified air 72 
distribution, and thus ventilation effectiveness that is greater than unity, in both cooling and heating 73 
seasons. Hence, these strategies give DIV system great potential to enhance the applicability over 74 
traditional DV system. 75 

Therefore, this research tried to explore the ventilation and thermal performance of the novel DIV 76 
system. A DIV system was first set up in an IAQ chamber to measure the distributions of air 77 
velocity, air temperature and contaminant concentration. The experimental data was used to 78 
validate a computational fluid dynamics (CFD) model. With the validated CFD model, this study 79 
analyzed the airflow and contaminant distributions in a modeled life-size classroom with the DIV 80 
system during both cooling and heating modes in accordance with ASHRAE 62.1-2019, Normative 81 
Appendix C [18]. The performance of the DIV system was evaluated and compared with that of a 82 
traditional DV system. Finally, this study discussed impact of DIV system on indoor environment, 83 
as well as droplet dispersion in an indoor space with DIV. 84 

2. Research Methods 85 

Previous studies [19, 20, 21, 22] used both experimental measurements and CFD simulations to 86 
evaluate ventilation system performance. Although experimental method provides reliable 87 
information regarding airflow and contaminant concentration in an indoor space, constructing the 88 
experimental setup is very time-consuming and there is little flexibility in the geometry of 89 
investigated indoor space. CFD simulations solve for the indoor airflow information by numerically 90 
resolving the partial differential equations that govern the indoor airflow and contaminant 91 
transportation, which provides solution in a quick manner and allows modification of room 92 
geometry [23, 24]. However, the CFD models incorporate inherent approximations that may cause 93 
inaccuracy [25, 26]. Hence, it is critical that a CFD simulation model is validated by measurement 94 
data before it is used for analyzing the performance of an HVAC system [27].  95 

The current study investigated the novel DIV system using combined experimental and CFD 96 
methods. This section first describes the concept of the DIV system as well as details of 97 
experimental setup and the developed CFD model. In addition, it specifies the cases used to study 98 
the performance of DIV system. Moreover, the key indices that were utilized for evaluating 99 
system’s ventilation and thermal performance are defined.  100 

2.1 Description of DIV unit and DIV system 101 

Fig. 1 shows the 3D geometry of a DIV unit, in which chilled and hot water coils are installed in 102 
its upper part. Aluminum fins (not shown on the figure) are configured perpendicularly to coils to 103 
enhance heat transfer. Outdoor air is introduced to the plenum noted where an elevated plenum 104 
pressure is produced.  The plenum pressure is the driving force; the plenum pressure drives the air 105 
across a series of nozzles downward inside the unit, behind the hydronic coil. As the air exits the 106 
nozzles, a resulting low-pressure area is created and correspondingly induces room air before the 107 
mixed (outside and room) air is discharged to the room (Fig. 2). Depending on the operating mode 108 
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of the unit, the induced air could be heated or cooled by the circulating hot or chilled water in 109 
response to the room thermostat setting or mode. Optional, rear finned tube heating coils are 110 
installed on the back wall behind each unit to provide an alternative heating approach, more often 111 
applied in extremely cold climate conditions, which are described below. 112 

 113 

 
 

Fig. 1 3D geometry of a DIV unit Fig. 2 Airflow patterns induced by a DIV unit 
 114 

A DIV system consists of multiple DIV units. Since each unit can be thermostatically controlled 115 
individually, the DIV system can address complex thermal environments by combining the units 116 
with different operation methods, as shown in Table 1. When all units are used for cooling, the 117 
system is in “cooling mode”, as shown in Mode 1. If they are all used for heating, the system is in 118 
“full-face heating mode” (Mode 2 – Operational mode typically reserved for low occupancy times, 119 
such as morning warm up when increased input is deemed necessary). If some units are activated 120 
for heating, while others for ventilation, it is in “staged-face heating mode” (Modes 3-1 and 3-2). 121 
Lastly, the optional rear heating coils can be utilized for a specific heating methodology while cool 122 
ventilation air is supplied from the diffuser, the DIV system serves as “rear heating mode”. 123 
Compared with traditional DV system which can only create stratified air distribution in cooling 124 
season, the design of DIV system allows it to create contaminant stratification in both cooling and 125 
heating seasons through various solutions. Besides, by innovatively integrating water coils into the 126 
units, this system should also have good energy efficiency that was demonstrated in other water 127 
systems such as PCBs or ACBs. Therefore, DIV potentially combines the benefits of multiple types 128 
of systems using a single system. This research investigated the performances of the novel DIV 129 
system under different operating modes, and compared them with those in traditional DV systems.  130 

Table 1. Different operation modes of DIV system 131 

Mode number Mode type Operation mode 

1 Cooling 
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2 Full-face heating 

 

3-1 Staged-face heating I 

 

3-2 Staged-face heating II 

 

4 Rear heating 

 
 132 

2.2 Experimental setup 133 

Airflow velocity, air temperature and contaminant concentration distributions are key pieces of 134 
information for understanding the thermal and ventilation performance of an HVAC system. To 135 
measure such information, this study constructed a DIV system that consists of 3 DIV units inside 136 
an IAQ chamber (6.08 m 5.15 m  3.05 m), as illustrated in Fig. 3. Fig. 4 further shows how the 137 
3 units were configured under the window in a series. In this system, conditioned outdoor air was 138 
supplied to the units through two air ducts that were located at two corners, while the exhaust was 139 
located on the opposite side of the chamber near ceiling which is optimal for any displacement 140 
ventilation operation. Both chilled water and hot water were supplied to every unit. The chilled 141 
water was from a chilled water reservoir inside the building, while the hot water was provided by 142 
a water heater outside of the chamber (Fig. 4b). This experimental system could provide chilled 143 
water whose temperature could be as low as 10 °C, while the temperature of hot water provided by 144 
water heater could be as high as 93 °C. To minimize heat transfer between the pipes and ambient 145 
air, all the exposed water pipes were well insulated. 146 
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Fig. 3 Sketch of test system in IAQ chamber 

 147 

  
(a) DIV system inside IAQ chamber (b) Hot water supply system 

Fig. 4 Photos of experimental setup 
 148 

Fig. 5 shows the layout of the IAQ chamber, which included 8 human models (heated boxes) and 149 
4 tables, to mimic a partial classroom. The dimensions and power of each human model were 0.41 150 
m  0.41 m  1.13 m and 84 W, respectively. Inside each dummy, light bulbs were installed to 151 
generate heat while a mini-fan was utilized to recirculate heated air, which was to uniformize the 152 
human model surface temperature. During the experiment, the supply air temperature and airflow 153 
rate were controlled by a LabView program on a computer located outside of IAQ chamber. 154 
Similarly, another LabView program was used to condition the air temperature in outdoor chamber, 155 
which simulated outdoor climate (Fig. 5). The supply water temperature of chilled water was set 156 
through the building automation system (BAS), while that of hot water was controlled on the water 157 
heater panel. Meanwhile, the water flowrate in each DIV unit could be regulated individually using 158 
valves. Besides, this study used a tracer gas, sulfur hexafluoride (SF6), to simulate the airborne 159 
contaminant in the room. It was released from the top of a human model.  160 
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 161 

Fig. 5 Layout of IAQ chamber in experiment (Red boxes: human dummies; Blue dots: pole 162 
locations) 163 

In the experiment, a variety of sensors were used to obtain the measurement data. Type-T 164 
thermocouples were instrumented at the inlet and outlet of water pipes in each DIV unit, as shown 165 
in Fig. 3. Meanwhile, water flow rates for every DIV unit were measured using turbine flowmeters 166 
with a measurement accuracy of ± 0.1%. Hot-sphere anemometers were utilized to measure the 167 
airflow velocity and air temperature inside the chamber.  The error for airflow velocity 168 
measurement was  0.02 m/s, and the error for temperature measurement was  0.2 oC. During the 169 
test, an infrared thermometer was used to measure temperatures on heated surfaces. This study 170 
measured SF6 concentration using a photoacoustic multi-gas analyzer [28], with corresponding 171 
measurement error being 0.01 ppm. As shown in Fig. 5, airflow velocity, air temperature and SF6 172 
concentration was measured on 5 different poles, with 7 evenly distributed heights along each pole. 173 
During the experiment, data acquisitions were conducted outside of IAQ chamber, so the operation 174 
of the experimental system did not affect the indoor airflow. 175 

2.3 CFD modeling of indoor environment established by DIV system 176 

This research developed a CFD model to investigate the airflow and contaminant distributions in 177 
indoor spaces with DIV systems. The model numerically solved Reynolds-Averaged Navier–178 
Stokes (RANS) equations [29] by adopting Re-Normalization Group (RNG) k  turbulence 179 
model [30, 31], which showed good performance in predicting indoor airflow characteristics [32]. 180 
The transport equations this CFD model solved could be expressed as: 181 

        i ,eff
i i i

u S
t x x x

    
        

 
         (1) 182 

where    stands for iu , E , C , k  and 𝜀  in momentum equation, energy equation, species 183 

transport equation, transport equation for k  and transport equation for 𝜀, respectively. Besides, 184 
this simulation assumed air density varied with air temperature by employing Boussinesq 185 
approximation [33, 34], which is valid since the air density variation in indoor environment was 186 
sufficiently small. 187 

To accurately capture the airflow characteristics in the indoor space with DIV system, it is critical 188 
to prescribe appropriate boundary conditions in the CFD model. This research used non-slip 189 
temperature boundary conditions for walls and heated surfaces in the computational domain, and 190 
the corresponding temperature values were obtained from measurement. A non-buoyant point 191 
source of SF6 was modeled to simulate the release of SF6.  Grid independence test was performed 192 



8 
 

by examining the average airflow velocity in a 0.2m 0.2m 0.2m cubic volume above a human 193 
dummy, which was key for characterizing the strength of thermal plume created by a human 194 
dummy. The test was conducted under three grid numbers: 623,597 (coarse setting), 3,076,949 195 
(medium setting) and 9,472,323 (fine setting). Comparison showed there was a difference of 27.9% 196 
between results in coarse setting and that in medium setting, and the difference between those in 197 
medium setting and fine setting was minimal. Hence, the grid number in medium setting was 198 
considered sufficient for the simulation.  This study utilized ANSYS Fluent 17.1 [35] as the 199 
numerical solver for the governing equations.  It employed SIMPLE (semi-implicit method for 200 
pressure-linked equations) scheme for pressure-velocity coupling and adopted second-order spatial 201 
discretization method for equation set (1). During the calculation, this research used 10-3 as the 202 
convergence criterion for residuals of iu , k ,   and C , and 10-6 for residual of E . 203 

2.4 Specification of cases used for performance evaluation 204 

With a validated CFD model, this study investigated the ventilation and thermal performance of 205 
the novel DIV system under various operating modes. A typical classroom (Fig. 6) was used as the 206 
indoor space for the DIV system, and its dimensions were 9.14 m  9.14 m  2.74 m, which was 207 
determined via NCES [36]. Three DIV units were evenly distributed against the exterior wall under 208 
the window. All the other three vertical walls were considered as interior ones. This simulated 209 
classroom contained 25 occupants (24 students and one instructor) and 6 overhead lights. The 210 
outdoor airflow rate used was 169 L/s, which was the outdoor airflow rate determined from 211 
ASHRAE Standard 62.1 -2019 [18]. 212 

 213 

Fig. 6 Layout of a real-size classroom for studying performance of DIV system  214 

This research explored the performance of DIV system under 4 operation modes that were 215 
described in Section 2.1. Table 2 lists the details of the studied cases. In particular, under “Staged-216 
face heating” mode, 2 combinations of the units were studied, and their performances were 217 
compared. In addition, to compare the performance of DIV system with that of traditional DV 218 
system, this investigation also included a DV-C case and a DV-R case. Moreover, since the indoor 219 
temperature setpoints in summer and winter are normally different, this study used 23.8 °C (75 °F) 220 
and 22.2 °C (72 °F) as the setpoints in cooling cases and heating cases, respectively. 221 

Table 2. Specifications of real-size classroom cases investigated in this study 222 

Mode Case # System Description 
Outdoor 
airflow rate 

Window interior 
surface temperature 
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Cooling 
DIV-C DIV 3 units cooling 169 L/s  27 °C 

DV-C DV Traditional DV system 169 L/s  27 °C 

Staged-face 
Heating 

DIV-SH1 DIV 
1 unit for heating (B) + 2 
units for ventilation (AC) 

169 L/s  16 °C 

DV-SH2 DV 
2 unit for heating (AC) + 
1 unit for ventilation (B) 

169 L/s  16 °C 

Full-face 
Heating 

DIV-FH DIV 3 units for heating 169 L/s  16 °C 

Rear heating 
DIV-RH DIV 

3 units for rear heating + 
front ventilation 

169 L/s  16 °C 

DV-R DV Traditional DV + radiator 169 L/s  16 °C 

 223 

2.5 Indices for evaluating performance of DIV system 224 

To evaluate the ventilation and thermal performance of the novel DIV system and to compare it 225 
with that of traditional DV system, it is important to use proper indices that could quantify such 226 
performance. Hence, the following indices were employed in this study. 227 

 Ventilation effectiveness (VE, or Ez)  228 

This study characterized the air quality at an arbitrary location of the room as [18, 37]: 229 

    e o
a

o

C C
VE

C C
or Ez-a





 

(2) 

where oC , eC  and C  stand for contaminant concentrations of outdoor air, at exhaust and at a 230 

selected location in a room, respectively. In particular, the average  aVE  at 1.1 m above the floor 231 

is of great importance, since it describes the air quality perceived by seated occupants [37, 38]. This 232 
value was hence used as one index to assess indoor air quality and was calculated by: 233 

1.1

( ) e o

m o

C C
VE or

C C
Ez





 

(3) 

If the room air is mixed perfectly by a ventilation system, VE is equal to 1.  234 

 Mean age of air (MAA) 235 

This research also adopted MAA, which characterizes the time needed for air to move from inlet 236 
to a certain location in the indoor space [39, 40, 41], to quantify the indoor air quality. It gauges 237 
the freshness level of indoor air directly. This study developed a user-defined function (UDF) in 238 
ANSYS Fluent 17.1 to solve for MAA. The transport equation of MAA could be expressed by Eq. 239 
(1) with the corresponding effective diffusion coefficient being  0 7,eff t .     . 240 

 Temperature gradient between head and ankle: ΔTha 241 

Air temperature difference between head and ankle could lead to thermal discomfort to an occupant 242 
[42, 43]. Hence, this study used haT  to quantify the thermal comfort in the room: 243 
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1.1m 0.1mhaT T T    (4) 

where 1.1mT  and 0.1mT  stand for air temperature at head and ankle levels of a seated occupant, 244 

respectively. For optimal thermal comfort, it is recommended that haT  to be less than 3 °C [44]. 245 

3. Results 246 

In this research, experimental data was obtained to validate the developed CFD model, which was 247 
then used for system performance assessment. This section details the validation of CFD model by 248 
comparing the CFD simulation results with measured data. It then evaluated the ventilation and 249 
thermal performance of DIV system in terms of VE, MAA and haT . 250 

3.1 Model validation 251 

This paper employed one representative case (cooling mode, 102 L/s of outdoor air) in the IAQ 252 
chamber for the validation. This case included 8 human models and 4 tables as illustrated in Fig. 5. 253 
It also had 4 overhead lamps, each with power of 64 W. The outdoor climate chamber was operated 254 
to create a summer outdoor condition and the window interior surface temperature was 27 oC. 255 
During the experiment, the SF6 mix (1% SF6 with 99% Nitrogen) was used as a tracer gas to 256 
simulate the airborne contaminant, and the background SF6 concentration in atmosphere is zero. 257 
All other details regarding the case layout could be found in Section 2.2. 258 

Fig. 7 shows the airflow velocity, air temperature and SF6 concentration distributions on three poles 259 
(1, 3 and 5) that were on the central vertical plane of the chamber. On these plots, height, velocity, 260 
temperature and SF6 concentration were normalized as: *H h H , 0*U U U (where 261 

0 0.2U m s ),    * s e sT T T T T    and    * s e sC C C C C   . Results showed that airflow 262 

velocity was generally larger near floor than in upper region of the room, which was because air 263 
was supplied near floor. Since some room air was recirculated back into DIV units, a second peak 264 
existed on some velocity profiles, especially if the pole was close to DIV unit, such as Pole 5. 265 
Meanwhile, because of thermal plumes, a clear vertical temperature gradient could be found on the 266 
temperature profiles from both experimental and simulation data. Since air temperature distribution 267 
was mainly determined by buoyancy force that was generated by thermal plume, the temperature 268 
generally did not vary much with distance from units. In locations that are very close to units (e.g. 269 
Pole 5), the air temperature at lower part was slightly lower than that in other locations, as observed 270 
in Fig. 7. SF6 distribution also showed a clear stratified pattern, which indicated that SF6 271 
concentration was generally lower in the breathing zone. Due to limit of space in this paper, 272 
comparison of results from only three poles was presented, but the results on the other two poles 273 
(2 and 4) were predicted by CFD model at similar accuracy. The discrepancies between simulation 274 
and measured results could be partially explained by the approximations in the numerical modeling 275 
process. Previous indoor environment simulations [37, 45] also showed some level of differences 276 
between simulated and measured results. For example, Chen et al. [45] reported relative 277 
discrepancies of 45%, 31% and 44% in airflow velocity, air temperature and SF6 distributions, 278 
respectively. In current study, the overall trends of airflow and contaminant concentration 279 
distributions matched reasonably well and the discrepancy was smaller than what was reported in 280 
Chen et al. [45]. The CFD model was thus used for further assessment of DIV performance.  281 

 282 

 283 
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(a) Airflow velocity 

  

(b) Air temperature 

 
 

 

(c) SF6 concentration   
Fig. 7 Comparison of simulated and measured results in IAQ chamber (Symbols: measurement 

results; Lines: simulation results) 
 

3.2 Performance in cooling mode 284 

The validated CFD model was employed to study the indoor environment in a classroom under 285 
different cooling and heating DIV modes. Fig. 8 illustrates the airflow distributions on two 286 
representative planes in the classroom in DIV-C case. The discharged cool air flowed along the 287 
floor with a minimum exit momentum sufficient and delivered fresh air to all occupants in the 288 
classroom (Fig. 8a). Meanwhile, some air in lower part of the room was recirculated into the DIV 289 
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units as shown on the vertical cross-section (Fig. 8b). By inducing the room air low within the 290 
breathing zone, the recirculated (or induced) air is fresher than exhaust air, due to the displacement 291 
thermal plumes driving the contaminants toward the elevated ceiling heights.   This airflow pattern, 292 
created by DIV displacement operation, is the critical approach for recognizing lower contaminant 293 
levels in the breathing zone, or seated areas, thusly delivering higher IAQ for occupants.  294 

 

 

(a) Near the floor (top view) (b) Near a DIV unit (side view) 
Fig. 8 Airflow distributions of two cross-sections in DIV-C case 295 

Fig. 9(a) further showed the indoor air quality (characterized by VEa) distribution on a 296 
representative vertical plane in DIV-C case. In the simulation, airborne contaminant was released 297 
from each of the 25 occupants at an equal rate. It can be seen from the figure that airborne 298 
contaminant moves up with thermal plumes that were generated by the occupants. Since the 299 
induced air was from lower occupied zone, its air quality was much higher than that in upper part 300 
(above the occupied zone) of the room. As a result, a clear contaminant stratification was observed 301 
and VEa values in occupied zone were high. This is critical for predominantly seated occupants 302 
within the occupied zone, where the highest levels of fresh air are required to ensure healthy 303 
breathing environments. For comparison, Fig. 9(c) illustrated the VEa distribution on a vertical 304 
plane in a corresponding traditional DV case (DV-C). In this traditional DV case, a large portion 305 
of the return air (corresponding to the induced airflow rate in DIV-C case) was recirculated. 306 
Referring to Figure 8 (a) and (c), it is noted VEa in the critical seated area for DIV-C ranges between 307 
2.2 and 1.3 as compared to DV-C where the VEa stays between 1.3 to 1.0.  The much-improved 308 
VE in the seated area of the DIV-C system is a result of the induced air in DIV-C being cleaner as 309 
compared to a similarly operated traditional DV-C. The average room VEs in DIV-C and traditional 310 
DV-C cases were 1.29 and 1.2, respectively. The drastic IAQ improvements were noted in the 311 
localized room regions where the occupants are. Meanwhile, Fig. 9(b) and Fig. 9(d) illustrated the 312 
stratified air temperature distributions in both DIV-C and DV-C. The quantitative comparison in 313 
Fig. 9(f) also showed that the temperature distributions on a vertical plane in both cases were 314 
similarly stratified. Both of their vertical temperature gradients in occupied zone met ASHRAE-55 315 
requirement (3 oC).  316 

 317 
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(a) VEa distribution in DIV-C (unit: -) (b) Temperature distribution in DIV-C (unit: 

°C) 

  
(c) VEa distribution in DV-C (unit: -) (d) Temperature distribution in DV-C (unit: 

°C) 

(e) VE in DIV-C and DV-C cases (f) haT  in DIV-C and DV-C cases 

Fig. 9 Comparison between indoor environments created by DIV-C and DV-C  
 318 

3.3 Performance in face heating mode 319 

DIV system presents the ability to heat while operating in displacement due to heating mode control 320 
strategies of using one or more of the DIV units for heating. Since there are three DIV units in the 321 
investigated DIV system, three face heating options are available: two “staged-face heating” 322 
options (cases DIV-SH1 and DIV-SH2) and one “full-face heating” option (case DIV-FH). Fig. 10 323 
illustrates the airflow distributions in a representative “staged-face heating” case. In DIV-SH1 case, 324 
unit B was on for supply of warm air (i.e. hot water active in hydronic coil) to the space while units 325 
A and C were in ventilation mode with no added heat from their respective hydronic coil.  Warm 326 
air discharged from unit B went slowly out into the room, while horizontal travel of supply air was 327 
aided by the ventilation air (no heat on) discharged from units A and C. This combination of 328 
ventilation and warm air was then further heated up by the heat sources in the occupied zone and 329 
moved up into the unoccupied zone. As was recognized in the cooling mode, a large portion of 330 
clean air reaches the breathing zone under this combined operating strategy. Note that although the 331 
air discharged by units A and C was considered “cool” as compared to the air temperature in the 332 
bulk region of the room, the cool ventilation air temperature was elevated relative to outdoor air in 333 
heating season for occupant thermal comfort. Therefore, this unique control strategy of supplying 334 
a combination of warm and “cooler” ventilation air to the room simultaneously (some units 335 
delivering the ventilation air while the remainder delivering warmer air) produce stratified room 336 
conditions, maintain occupant thermal comfort levels, and does not waste additional energy.  337 

 338 
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 339 

Fig. 10 Airflow distributions of two cross-sections in DIV-SH1 case 340 

Similar as Fig. 9, Fig. 11 illustrates the air quality and temperature distributions on vertical planes 341 
when DIV system is used for heating. Because of the indoor airflow pattern described above, 342 
“staged-face heating” options generate stratified air distributions in the indoor space, as showed in 343 
Fig. 11 (a) and Fig. 11 (c). The quantitative comparison (Fig. 11g) further showed that DIV-SH1 344 
presented slightly higher ventilation effectiveness than that in DIV-SH2. Figs. 11(b) and 11(d) 345 
illustrated the temperature stratification in the two cases, and the temperature gradients in occupied 346 
zone in both cases were within ASHRAE-55 requirement (< 3 °C).  Fig. 11 also reported the results 347 
in full-face heating mode (DIV-FH), a mode of operation traditionally reserved for low occupancy 348 
times such as morning warm up when increased heat input may be needed while ventilation 349 
effectiveness is less critical. The heating operation in DIV-FH continued to exude a stratified room 350 
condition and deliver a ventilation effectiveness greater than unity.  By comparison with scenarios 351 
where warm air is delivered from traditional overhead diffusers or TDV diffusers, where VEa can 352 
be as low as 0.8 to 0.7, the DIV-FH method showed better performance.  It is important to note for 353 
these types of systems, when occupants are present, the occupant sensible heat load is considerable 354 
and very limited heat is required from the DIV units. The goal of the staged face heating strategy 355 
is to 1) more closely load match the room loads for optimal thermal comfort, 2) optimize ventilation 356 
effectiveness during heating, and 3) minimize utility consumption. 357 

   

  
(a) VEa distribution in DIV-SH1 (unit: -) (b) Temperature distribution in DIV-SH1 

(unit: °C) 
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(c) VEa distribution in DIV-SH2 (unit: -) (d) Temperature distribution in DIV-SH2 

(unit: °C) 

  
(e) VEa distribution in DIV-FH (unit: -) (f) Temperature distribution in DIV-FH 

(unit: °C) 

  
(g) VE in face heating cases (h) haT  in face heating cases 

Fig. 11 Comparison of indoor environments created by face heating options 
 358 

3.4 Performance of optional rear heating mode 359 

This study further investigated the ventilation and thermal performance of DIV system in DIV-RH 360 
case. As demonstrated in Fig. 1, the chamber beneath rear heating coil is not enclosed but allows 361 
for an open pathway for ambient air. Hence, when hot water is delivered through the finned tube 362 
radiant coil, it drew surrounding room air towards the finned tube coils, heated the air up and 363 
created an upward air curtain to overcome the downward airflow typically recognized by cool 364 
window surface in cold climate regions. Meanwhile, the “cool” ventilation air discharged from 365 
front of DIV units was supplied to occupied zone directly, which resulted in stratified contaminant 366 
and temperature distributions throughout the room.  Again, “cool” ventilation air is with respect to 367 
the bulk room temperature but still elevated from ambient conditions to provide occupant thermal 368 
comfort.  Figs. 12(a) and 12(b) illustrate the VEa and temperature distributions in DIV-RH case. 369 
The results were compared with the VEa and temperature distributions of a traditional DV-R case, 370 
where similar finned tube hot water radiators were placed under window in a traditional DV system. 371 
Although a single traditional DV system was not recommended for delivering heated air to the 372 
space due to dominant buoyant forces driving the conditioned air upward versus delivering the air 373 
to the occupants [8], combining it with finned tube radiators allowed the traditional DV system to 374 
provide cool air to the occupied zone and hence retained contaminant stratification. Similar as in 375 
DV-C case, a similar rate of recirculation air was used for the DV part in this DV-R case. Overall, 376 
the ventilation performance of DIV-RH exceeds traditional DV-R, especially in the seated regions 377 
of the room where better IAQ is critically important, similar to the case for DIV-C (VEa 2.2 to 1.3) 378 
versus DV-C (VEa 1.3 to 1.0).  As illustrated in Figs. 11(e) and 11(f), the thermal performances in 379 
both cases were acceptable. 380 
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(a) VEa distribution in DIV-RH (unit: -) (b) Temperature distribution in DIV-R (unit: 

°C) 

  
(c) VEa distribution in DV-R (unit: -) 

 
(d) Temperature distribution in DV-R (unit: 

°C) 

  
(e) VE in DIV-RH and DV-R cases (f) haT  in DIV-RH and DV-R cases 

Fig. 12 Comparison of indoor environments created by DIV-RH and DV-R  
 381 

  382 
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 383 

3.5 MAA distributions in different operating modes 384 

This study further investigated the MAA distributions of all the cases listed on Table 2. Fig. 13 385 
demonstrates the MAA distributions in a cooling case (DIV-C), a face heating case (DIV-SH2) and 386 
a rear heating case (DIV-RH). In all the three cases, the MAA in occupied zone was lower than that 387 
in mixed zone, which again illustrated the capability of DIV system to create stratified air 388 
distribution under both cooling and heating modes. To quantitatively compare the MAAs of the air 389 
perceived by seated occupants in all the studied cases, Table 3 lists their average MAAs at breathing 390 
height (1.1 m above floor). As a reference, since the outdoor airflow rates in all these cases were 391 
equal, their MAAs at the exhaust were the same, and were equal to that in a perfectly designed 392 
mixed air system: 1311s (calculated via outdoor airflow rate and room volume). As noted in varying 393 
cases and shown in Fig. 13 below, the MAA at breathing height was at least 10% “fresher” than 394 
that at exhaust in DIV-C, DIV-SH1, DIV-SH2 and DIV-RH cases.  These results presented a clear 395 
idea of the improved IAQ under various operating modes when the contaminant source locations 396 
were not specified, which again showed stratified conditions for DIV in both cooling and heating 397 
modes.  398 

 
(a) DIV-C 

 
(b) DIV-SH2 

 
(c) DIV-RH 

Fig. 13 MAA distributions in three representative cases  (unit: s) 
 399 

 400 

 401 

Table 3. Average MAA at breathing height for investigated cases  (unit: s) 402 

Case DIV-C DV-C DIV-SH1 DIV-SH2 DIV-FH DIV-RH DV-R 
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MAA 1079 1152 1113 1128 1291 1136 1193 

 403 

4. Discussions  404 

4.1 Impact of DIV system layout on indoor environment 405 

In this investigation, the three DIV units were installed at an equal distance between each other 406 
under the window. Although this was a reasonable layout, this was not the only option. An 407 
alternative was to place the three units adjacent to each other as a “compact layout”, which could 408 
leave some extra space at the corner of classroom for students.  A hurdle for traditional DV systems 409 
which have one or two supply air diffusers is the aspect of near zone and uniform airflow and 410 
temperature distribution.  The benefit of a full wall array DIV has potential benefits to deliver a 411 
more uniform airflow distribution and room environment.  To mimic a compact or point source 412 
delivery of supply air, this study performed CFD simulations in cooling mode under a compact 413 
layout, and compared the results with those of original full-wall layout. A major concern for 414 
compact layout is it may lead to higher nonuniformity in temperature distribution, since the supply 415 
air is discharged from center of the classroom. Hence, particular attention was paid to the 416 
temperature uniformity, which could influence thermal comfort. Fig. 14 compares the temperature 417 
distributions at the ankle level (0.1 m) under the two layouts. With the same supply air temperature 418 
and flowrate, the average temperatures at the ankle level of the two layouts were the same. 419 
However, in compact layout, the temperature at the two corners of the classroom was 1 °C higher 420 
than that in the center, while in default layout the temperature distribution was a lot more uniform. 421 
The standard deviation (S.D.) of temperature at ankle level in compact layout was 16% higher than 422 
that in default layout. This comparison indicates the full-wall layout provided a better performance 423 
option in terms of thermal comfort. 424 

 

 

 
(a) Default layout  (b) Compact layout 

Fig. 14 Temperature distributions at ankle level in default layout and compact layout (unit: °C) 425 

4.2 Droplet dispersion in indoor space with DIV system 426 

In addition to gaseous contaminants, indoor contaminants could also be generated and transported 427 
in form of droplets, such as those originates from an occupant’s breathing, talking or coughing [46, 428 
47, 48, 49]. With the same indoor space with human models, this investigation further studied the 429 
transport of particles with different diameters that were generated at an occupant’s head level. The 430 
particles could be of various diameters and particles’ behaviors could vary with particle size. 431 
Hence, this research selected four diameters to study their respective behaviors: 5 μm, 50 μm, 100 432 
μm and 200 μm. The particles were released continuously for 5 seconds, and transient simulations 433 
were performed to study the dispersion of these particles over time.  434 
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To track the trajectories of the particles, Lagrangian method was adopted in the simulations. This 435 
method transiently solves the momentum equation that could be characterized as: 436 

( )
( )+p p

apD
p

gd u
F u u F

dt

   r r

r

-
= - +

 
(6) 

where pu


, u


, pr  and r  represent particle velocity vector, air velocity vector, particle density 437 

and air density, respectively. The left-hand side of Eq. (6) represents inertial force for a particle, 438 
while first term on right hand side represents drag term and second term on the right-hand side 439 
means gravitational force. Meanwhile, the discrete random walk (DRW) model was adopted to 440 
model the instantaneous velocity term iu¢ , which correlates turbulent dispersion of particles with 441 

the flow turbulent kinetic energy as: 442 

2 3iu kz¢ =  (7) 

where z  is a random number, and k is turbulent kinetic energy. The number of particles released 443 
in the simulation was sufficient to capture the behaviors of these particles. 444 

Fig. 15 demonstrates the distributions of particles at two time instances: 5 s (end of particle 445 
generation) and 13 s. It was observed that after the particles were released, the large particles (those 446 
with d>50 μm) easily dropped onto the table or the floor. For these large particles, the gravitational 447 
force dominates their movements, so their dispersions are almost not affected by ventilation 448 
systems. On the other hand, the small particles, such as those with d = 5 μm, followed the indoor 449 
airflow after they were released. Because of thermal plume created by the occupant, these particles 450 
first moved up, similar as gaseous contaminants, and their movements afterwards greatly depended 451 
on the airflow distribution created in the room. The behaviors of these particles could hence be well 452 
described by the transport of gaseous contaminants. In fact, the conclusion that the dispersions of 453 
small particles and gaseous contaminants are similar were also reached in many previous studies, 454 
such as Mazumdar et al. [50] and Yin et al. [51]. Therefore, the results presented in section 3 not 455 
only quantified the effectiveness of DIV system in removing gaseous contaminants, but also 456 
quantified its overall effectiveness in removing droplets generated by occupants.   457 

 458 

 

 

 
(a) At t = 5s  (b) At t = 13s 

Fig.15 Dispersion of droplets with different diameters (droplets released from t=0s to t=5s) 459 
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5. Conclusions 460 

This investigation employed experimental and computational methods to explore the ventilation 461 
and thermal performance of a novel DIV system, per ASHRAE standards 62.1-2019 and 55-2017. 462 
It led to the following conclusions: 463 

(1) This study set up a DIV system which consisted of three DIV units in an IAQ chamber. 464 
Experimental measurements were performed to obtain the airflow velocity, air temperature and 465 
contaminant concentration distributions. Meanwhile, a CFD model was used to simulate the 466 
airflow and contaminant distribution in a room with DIV system. The results simulated by CFD 467 
matched within acceptable ranges with those obtained in lab validated experiment. 468 

(2) When used for cooling, DIV system created stratified air distribution. The ventilation 469 
effectiveness was shown to outperform that of a corresponding traditional DV system with the 470 
same percentage of return air. The resulting temperature gradient from ankle height to head 471 
height in occupied zone met the ASHRAE 55-2017 requirement.  472 

(3) When used for heating mode, utilizing the benefits of the outlined control strategy and unique 473 
equipment operation, the DIV system in staged heating modes DIV-SH1 and DIV-SH2 474 
produced stratified contaminant distribution.  DIV-SH1 yielded higher ventilation 475 
effectiveness as compared to DIV-SH2. The ventilation performance in full-face heating mode,  476 
traditionally used for low occupancy  modes, was greater than unity and out-performed  a 477 
traditional mixed air distribution delivering warm air.  In addition, the ventilation effectiveness 478 
for the alternative “rear heating” mode also produced stratified room conditions, proving 479 
multiple heating strategies for delivering effective displacement ventilation. DIV-RH showed 480 
VE exceeds that of a combined traditional DV and radiator system.  481 

(4) In indoor spaces, particles with small diameters exhibit similar distribution as gaseous 482 
contaminants. Hence, the stratified air conditions resulting in a high level of ventilation 483 
effectiveness of DIV system demonstrated in this study could be also used to describe its 484 
increased effectiveness in removing particles generated in indoor environments. 485 
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