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ABSTRACT

Displacement ventilation has been known for its capacity to lower energy consumption and improve air
quality, but it has major thermal comfort limitations. The aim of this paper is to optimize the DV supply
conditions by using computational fluid dynamics modeling to achieve acceptable CO, concentration in the
breathing layer at minimum energy cost while preventing local discomfort due to draft and air
temperature difference between ankles and head. The results revealed that up to 44% energy savings can
be achieved if the selection of supply conditions is optimized. The model can be put into practice to give
recommendations on displacement ventilation preliminary design.
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I.  INTRODUCTION

A successful Heating, Ventilation and Air-Conditioning
(HVAC) system aims to provide both thermal comfort and
acceptable air quality in indoor environments. However,
designers must be concerned with the energy consumption
issue and its negative impact on the environment. One of the air
distribution systems that has been proven effective and energy
efficient is Displacement Ventilation (DV). Its advantages are
derived from the DV flow dynamics that divide the space
vertically into two zones: the lower room that is clean and cool,
and the wupper room that is contaminated and hot.
Consequently, better environmental quality is provided in the
occupied zone while less energy is consumed as the system
does not eventually cool the whole volume of the indoor air.
The DV strategy consists of supplying conditioned air near the
floor and extracting it at the ceiling level. However, supplying
cool air on the floor level may result in local discomfort and
excessive thermal stratification [1]. The DV air must be
supplied at relatively low velocities (typically < 0.2 m/s) to
reduce draft risk [2] and stratification must be controlled to
avoid discomfort due to "warm head and cold feet."

Furthermore, the supply air temperature must be higher than
that of conventional air-conditioning systems, typically in the
range from 18 to 22 [3, 4]. This provides an opportunity for
reducing energy consumption but limits the applicability of DV
systems to cooling loads no more than 40 W/m?” [5]. When the
cool air meets heat sources, it heats up and then displaces
upward by natural convection. After that it carries the air
contaminants to the upper room leaving the occupied zone
fresh and clean [6].

The stratified DV airflow is primarily governed by the
interaction of supply air with the thermal plumes rising above
heat sources and in the vicinity of warm walls. An important
controlling parameter of the DV flow is the stratification height
at which the sum of rising plume flow rates equalizes the
supply airflow rate. Above the stratification height, the airflow
goes downward since the total volume of plumes exceeds the
supply air volume. Another critical height is the plume terminal
height at which the density gradients disappear in the rising air
and the plume spreads horizontally. In this case a fully mixed
zone starts to build up in the upper room.
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Many researchers have investigated the Indoor Air Quality
(IAQ) and thermal comfort in built environments conditioned
with DV and reported important implications on the DV system
design [7, 8]. IAQ refers to the air quality in terms of airborne
pollutant concentration levels within and around buildings and
structures. It is directly related to the well-being, comfort and
health of the occupants. While developing design charts for DV
systems integrated with chilled ceilings, authors in [9]
indicated that TAQ is represented by the stratification height
that must be above 1.2 m (sitting height), and that thermal
comfort is represented by the room temperature gradient that
should be less than 2.5 K/m. Authors in [10] modeled the
transport of active particles in DV spaces. They reported that
the stratification in particle concentration established by
displacement ventilation is lowered as the particle diameter
increases until reaching a critical diameter where the particle
deposition onto surfaces overcomes the DV effect. Other
studies [11, 12, 13] investigated the conjuncture of DV system
with personalized ventilation to improve air quality and save
energy. The use of personalized ventilation at flow rates
ranging from 4 L/s to 10 L/s was reported to be able to improve
the quality of inhaled air significantly in the breathing zone.
Authors in [14] compared the performances of DV and mixing
ventilation from the viewpoint of thermal comfort using
validated Computational Fluid Dynamics (CFD) models. They
concluded that through proper design, DV can maintain a
thermal comfort environment at less energy cost. Authors in
[15, 16] reported that a vertical temperature gradient from 4 °C
to 5 °C slightly affected the local thermal comfort in DV
applications. Another study [17], showed that seated occupants
accepted up to 8 °C temperature difference between ankles and
head over wide ranges of air speed, temperature, and turbulent
intensity. Several studies have discussed the optimization of the
design and operation of displacement ventilation systems [18].
However, none of them coupled the criteria of IAQ and local
thermal comfort in addition to energy performance in the
optimization work. The aim of this paper is to optimize the DV
operational parameters to achieve both acceptable IAQ and
local thermal comfort for better well-being and higher
productivity of occupants while minimizing energy
consumption.

II. METHODS

This study considers a hypothetical room served by a DV
system and containing two occupant simulators and a point
source of CO,. A steady-state three-dimensional CFD model is
developed using ANSYS Fluent, a commercial non-linear finite
volume analysis software, to predict the velocity, temperature,
and species concentration fields for different sets of
parameters. Many studies concluded that CFD applications to
indoor airflow simulation achieved considerable successes [19-
23]. In fact, CFD can provide reasonably accurate predictions
when correct governing equations, boundary conditions, and
appropriate numerical schemes are carefully selected [24].
Several simulations were performed while varying the supply
air flow rate, temperature, and velocity to find the best choice
of supply conditions based on [AQ, local thermal comfort, and
energy consumption.

A. Physical Model

The indoor space under study is a 2.5 m (W) x 2.8 m (L) x
2.5 m (H) displacement ventilated room that contains two
cylindrical 100 W heat sources of 0.47 m diameter and 1.1 m
height representing two seated occupants [12], as shown in
Figure 1. A circular hole of 1 cm diameter positioned at a of
0.9 m height in the wall supplies 16.8 L/min of air at 32 °C
with 4% in CO, volume representing the expiratory activity for
two talking and breathing adult persons [25]. The lighting load
is typical of 12 W/m®. The walls of the room are adiabatic. The
supply grill lower edge is at 20 cm above the floor.
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Fig. 1. Schematic of the simulated DV room.

B. Discretization and Meshing

The room’s geometry is divided into 600,517 tetrahedral
elements ensuring grid independency and the mesh quality is
verified with a maximal cell skewness of 0.86. Mesh
refinement was applied to openings and around heat sources to
accurately capture the physics of high-gradient regions. The
discretization of all governing equations was conducted using a
second-order upwind scheme. This scheme achieves high-order
accuracy at cell faces by employing a Taylor series expansion
of the cell-centered solution around the cell centroid. The first
order standard scheme was used for discretizing the pressure
term. The velocity and pressure coupling in the Navier-Stokes
equation was achieved using a simple algorithm. This
algorithm creates an association between velocity and pressure
corrections, guaranteeing mass conservation and streamlining
the determination of the pressure field.

C. Computational Modeling

For steady-state three-dimensional incompressible turbulent
flow, the Navier-Stokes equation is given by:

a(UjUi) _ _or 0 ( au;

—_ — (=
oxj pox;  0xj oxj

7)) 4 PP
—ww) + g (1)

To close the Navier-Stokes and Reynolds stress equations,
the standard k-¢ model was employed where one transport
equation for turbulent kinetic energy, k, and another for
turbulent dissipation rate, ¢, where added to simulate turbulence
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and air recirculation. The standard k-¢ model is known for its
accuracy in predicting indoor flows and air pollutants
dispersion [26-28] The energy model was activated and
buoyancy was modeled using the Bossiness approximation for
faster convergence [29]. Thermal radiation effects were
included using the Surface-To-Surface (S2S) model which
calculates the radiative heat exchange in an enclosure of gray-
diffuse surfaces. The species transport model with an air-CO,
mixture activated to solve the steady-state species transport
problem represented by [30, 31]:

a ac
luc-@+p)z]=0 2)

where D is the molecular diffusivity and D, is the Eddy
diffusivity. The generation term is treated as a boundary
condition in the simulations.

The solution controls were set to default values and
manipulated when solution manifested instability or
divergence. The solution’s consideration converged when the
values of temperature and species concentration at room
exhaust were stabilized, the scaled residuals reached 5x107 and
the net heat and mass fluxes became less than 5% of the
smallest flux in the computational domain.

D. Boundary Conditions

The boundary conditions used in the simulations are
presented in Table I.

TABLE L BOUNDARY CONDITIONS OF THE CFD
SIMULATIONS
Boundary Type Details
Velocity: 0.12 m/s, CO, molar fraction:
. L. 0.0004 (400 ppm in outdoor air),
DV supply grill | Velocity inlet hydraulic diamsﬁer: 0.53 m, turbulent
intensity: 5% [22].
Exhaust grill Pressure Default values
outlet
Heated cylinder No-slip Heat flux: 56 W/m”
Velocity: 1.78 m/s, temperature: 32 °C,
CO2 source Velocity inlet CO, molar fraction: 0.04, hydraulic
diameter: 0.01m.
Ceiling Heat flux: 12 W/m®
Room walls Zero heat flux

E. IAQ Assessment Criteria

A breathing layer is defined in the CFD domain as being
the horizontal fluid layer between the heights of 0.88 m and 1.2
m [32]. The evaluated air quality is based on the volume-
averaged CO, concentration in the breathing layer. However,
ASHRAE recommends that the indoor CO, concentration
cannot be higher than 700 ppm above the outdoor air for
achieving occupant satisfaction with human bio effluents/body
odor levels [33], the maximal allowed value in this study was
set to 700 ppm as a conservative approach to prevent any
health issues or lack of productivity.

F. Local Discomfort Assessment Criteria

In order to evaluate local thermal comfort in the DV space,
a microclimate was defined for each occupant simulator as a
rectangular zone surrounding the cylinder at 20 cm from its
sides and top. Seated occupants may feel local discomfort if the

temperature gradient is sufficiently large. In the current study,
the percentage of dissatisfied, PD,q7, Will be obtained by
interpolation using the curve fit observed in Figure 2 that
describes PD,,, 4y versus AT,_p, the vertical air temperature
difference between ankles (0.1 m above the floor) and head
(1.1 m above the floor).

80 |
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Fig. 2. Percentage of seated people dissatisfied due to the function of air
temperature difference between head and ankles [34].

Another type of local discomfort is that occurring due to
draft and can be predicted using Fanger’s model [35]:

PDgrase = (34 — t5)(V — 0.05)%62
x(0.37VTu + 3.14) €)]

where PD,, is the percentage of dissatisfied people by draft, z,
is the mean air temperature, V is the air speed, and 7, is the
turbulent intensity percent. All air properties involved in the
thermal comfort assessment are computed in the occupant’s
microclimate by the CFD code.

The local comfort’s consideration is achieved when at least
80% of sedentary or slightly active people find the environment
thermally acceptable [36]. In other words, both the percentages
of dissatisfied people PDg,.; and PD,,,,, s must be maintained
at or below 20% to prevent associated local discomfort.

G. Parametric Study and Energy Analysis

The purpose of the parametric study is to find the optimal
set of supply conditions that minimize the energy consumption
of the DV system while keeping acceptable IAQ and reducing
to desired levels the local discomfort due to vertical thermal
gradient and draft. In this endeavor, the DV chamber
simulation parameters (different supply air flow rates,
temperatures, and velocities) are listed in Table II. Initially, the
supply flow rate was estimated by applying an energy balance
to the room whose cooling load is about 40 W/m? of floor area
and using a minimum supply temperature of 18 °C. The starting
supply flow rate used in the first simulated case was about half
of the estimated one based on the concept of partial volume
cooling of the DV system. For higher energy efficiency, the
supply flow rate was reduced until reaching the acceptable
limit of CO, concentration at the breathing level and the supply
temperature is increased until local discomfort occurs.
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TABLE II. SUPPLY CONDITIONS FOR SIMULATION CASES
c Supply Supply air Supply Supply air
ase . . g
number alrflogv rate temperature grill z;rea velocity
(m’/s) (°C) (m?) (m/s)
1 0.042 18 0.34 0.12
2 0.042 20 0.34 0.12
3 0.033 18 0.34 0.095
4 0.025 18 0.34 0.07
5 0.025 18 0.25 0.1
6 0.025 20 0.34 0.07

The cooling coil power (kW) is calculated as follows:
Q =g (hy — hy) “

where 1, is the supply air mass flow rate (kg/s) and h, and A
are the outdoor air and supply air enthalpies (kJ/kg),
respectively. The outdoor design conditions were assumed to
be those of Beirut for the cooling season: dry-bulb temperature
T, = 35 °C and wet-bulb temperature T, = 27 °C [37]. The
sensible heat ratio of the room is typically 0.8.

III. METHODS

The CFD code is used to solve the conservation equations
of mass, energy, and momentum to predict the three-
dimensional patterns of fluid and heat flows. The most
important feature of a successful DV simulation is to capture
the dynamics of the DV flow that result from the interaction of
the supply air with thermal plumes rising above heat sources
and exhalation flows from occupants. Stratification height that
divides the DV spaces into two zones of different fluid motion
patterns must be established as well as associated thermal and
species concentration stratification in the indoor air. This
section presents the predicted velocity, temperature, and
species concentrations fields in the simulated space.

A. Temperature Distribution

The indoor thermal fields on a vertical sampling plane are
presented in Figure 3.

0

Case 4 (0.025m"/5,0071 m/s,18°C) Case 5 (0.025 m*/5,0.10 /s, 18°C) Case 6 (0.025 m*/s,0071 m/s,20°C)

Fig. 3. Contour plots of thermal fields for all simulation cases.

The highest temperature values were obtained for the
lowest ventilation rate and especially when DV air is supplied
at higher temperature of 20°C (case 6). A lower cool zone and
an upper warm zone can be identified in the temperature
contour plots for all cases. However, the thermal stratification
reduces with increasing supply flow rate and the system will
behave like mixing if the supply flow rate is not controlled

appropriately. It is noticeable that the stratification height that
separates the two zones decreases with the supply flow rate
since the total thermal plumes volume equalizes the supply air
volume nearer to floor level. Also, the strength of stratification
decreases as the supply temperature increases due to smaller
thermal gradients in the room.

B. Airflow Distribution

Figure 4 shows the air velocity vector plots in the simulated
DV room on a vertical sampling for all cases. The buoyancy-
driven flow is well predicted where the thermal plume above
heat sources is captured and the air recirculation above the
stratification level is well predicted.

Velocity
gozo
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Case 1 (0042 m*/5,0.12 m/s,18°C) Case2(0.042 m"/s,0.12 m/s,20°C) Case3 (0033 m’/s,0095 m/s,18C)

Case 4 (0.025m°/5,0071 m/s,18°C) Case 5(0.025 m*/2,0.10 m/s,18°C) Case 6 (0.025 m*/5,0071 m/s,20°C)

Fig. 4. Air velocity vector plots for all simulation cases.

As the supply flow rate decreases, air recirculation occurs at
lower heights in the DV room since the stratification level gets
lower. In fact, the system’s behavior approaches the underfloor
air distribution system as the supply velocity decreases and
then air recirculation may occur in the lower zone and a piston
flow may characterize the upper room. [38] On the other hand,
the plume flow rate increases with the supply temperature due
to the lower thermal gradient in the room since the two
quantities are inversely proportional for stratified environments
[39]. The supply air velocity does not seem to have any
significant effect on the overall airflow patterns.

C. CO; Distribution

The contour plots of CO, concentration fields for all
simulated cases are shown in Figure 5.

Concentration

.1.'(‘0
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'Mln
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’ ~ ' ~ ‘ ' ™
— - —
N : \ N,
) £ agh. | ol
Case 4(0.025m”/s,0071 m/s.18°C)  Case$(0.025 m*/s,0.10 m/s, 18°C) Case 6(0.025 m?/s.0.071 m/s,20°C)
Fig. 5. Contour plots of CO, concentration fields for all simulation cases.
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It is noticeable that the volume of the lower clean zone
decreases with the supply flow rate due to the lowering of
stratification height. Indoor concentration reaches higher levels
for lower ventilation rates since less fresh air is introduced to
the space. The CO, concentration at the room exhaust increased
from 860 ppm to 989 ppm as the supply flow rate was reduced
from 0.042 m’/s to 0.025 m’/s. The use of supply flow rates
lower than 0.025 m’/s will result in unacceptable IAQ since the
average concentration in the breathing zone will exceed the
standard limit of 700 ppm. CFD predictions showed that supply
air velocity and temperature have negligible effect on the
species distribution when the supply flow rate remains
unchanged, which is consistent with the findings in [7].

D. Optimal DV Operational Parameters

It is of great interest to optimize the selection of DV supply
conditions to meet the IAQ and concerned local comfort
criteria while minimizing energy consumption. The predicted
values of volume-averaged CO, concentration in the breathing
layer, denoted C,,;, , for all simulated cases are shown in
Table III. The values of all parameters needed for assessing and
identifying local discomfort for the two occupants are
presented in Tables IV and V. All listed values were computed
within the occupants’ microclimates.

supply air flow rate and highest supply temperature) in case 6,
which makes it the optimal case. The judgment of IAQ and
local comfort along with energy consumption for all cases are
summarized in Table VI showing that moving from case 1 to
optimal case 6, energy savings of up to 44% can be achieved
on the system.

TABLE VL SUMMARY OF PARAMETRIC STUDY RESULTS

Case Acceptable | Local comfort | Local comfort | Cooling coil
number 1AQ for occupant A | for occupant B | power in kW

1 Yes No No 2.26

2 Yes No No 2.12

3 Yes No No 1.78

4 Yes Yes Yes 1.34

5 Yes Yes Yes 1.34

6 Yes Yes Yes 1.26

TABLE III. VOLUME-AVERAGE CONCENTRATION IN THE
BREATHING LAYER FOR ALL SIMULATION CASES
Case 1 Case2 | Case3 Case 4 Case 5 Case 6
Cavg: 615 613 651 697 692 700
(ppm)
TABLEIV. LOCAL DISCOMFORT PARAMETERS FOR
OCCUPANT A

Case ATafh PDre,,,p_ diff t, 1 %4 Tu Pdeft
number (°C) (%) (°C) (m/s) (%) (%)
1 2.8 3.6 20.1 0.32 8.94 25.8

2 2.72 54 22.12 0.31 9.27 21.66

3 34 8 20.8 0.25 10.08 20.22

4 4.35 18 22 0.23 10.4 17
5 4.27 17.5 21.8 0.22 10.5 16.47
6 4.4 19 24 0.23 10.53 14
TABLE V. LOCAL DISCOMFORT PARAMETERS FOR
OCCUPANT B

Case ATa—h PD,,,,,,,,, diff t, \ 4 Tu Pdeﬁ
number (°C) (%) (°C) (m/s) (%) (%)
1 2.85 3.7 20.1 0.33 8.83 26.23

2 2.76 5.5 22.08 0.32 8.77 22.11

3 3.45 8.2 20.8 0.26 10.15 20.25

4 4.18 16.4 21.9 0.21 10.47 15.65

5 4.18 16.4 21.8 0.216 10.55 15.96

6 4.32 17.8 24 0.218 10.55 13.22

The results show that for cases 1, 2, and 3, the DV system
can provide good TAQ but fails to achieve local thermal
comfort with PD,,,; > 20%. For cases 4, 5, and 6, the levels of
local discomfort due to both draft and air temperature
difference between ankles and head are acceptable with
PD, . aip < 20% and PD g, < 20% and IAQ is acceptable as
well. However, the DV system exhibits the lowest values of
PD, e ayr and PDy,,; and the highest energy efficiency (lowest

IV. CONCLUSION

A steady-state three-dimensional CFD model was
developed to predict the airflow, temperature, and CO,
concentration distributions in a displacement ventilated room.
The CFD model used in a parametric study where the produced
predictions were used to evaluate air quality in the breathing
layer and local discomfort due to draft and air temperature
difference between ankles and head in the vicinity of occupants
for different cases. The simulation parameters were the supply
air flow rate, temperature, and velocity. The results of the
parametric study were used to optimize the selection of the DV
parameters for acceptable IAQ and local comfort at minimum
energy cost. The following conclusions can be drawn:

e Results showed that up to 44% energy savings can be
achieved when moving from the worst case (case 1) to the
optimal case (case 6) while improving the indoor
environmental quality in the DV space.

e The findings of this study can be used to make few
recommendations for preliminary design and optimization
of similar ventilation projects.
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