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ABSTRACT

For a mechanically ventilated space, the nominal age of the air can be obtained by the reciprocal of the air change
rate. However, values of the local mean age of the air in practice may differ to some extent from the nominal one
since the nominal time constant employs as reference the theoretical optimum model. This discrepancy could
become more prominent in spaces conditioning with both ventilation and heating system where the indoor air
pattern is affected by turbulent mixed convection flow. Given importance of knowledge on the distribution of age
of the air in these spaces, the present study provides insights on how ventilation design in floor heating systems
can optimise the delivery of fresh air into the breathing zone. In this context, by establishing a computational fluid
dynamic (CFD) model validated against experimental data, the local mean age of the air as well as the indoor air
quality (IAQ) indices in the breathing zone of the floor heating system are examined under different ventilation
modes. Six different ventilation scenarios are regarded in order to find the optimal ventilation design in terms of
the delivery of the fresh air and ventilation effectiveness in occupied space. Furthermore, the integrated effects
of the floor temperature and inlet supply temperature along with the ventilation design on the distribution of
local age of the air are addressed. The obtained results indicate that the up-supply ventilation strategy is more
efficient than down-supply one in the ventilation effectiveness and delivery of fresh air into the breathing zone.
Moreover, it is shown that the mean age of the air in the breathing zone of the up-supply ventilation increases
with increment of the Ri (Richardson number), whereas an increase in Ri improves the delivery of fresh air in
down-supply mode. For a given floor temperature, the similar trend is also observed in the variation of age of the
air with the characteristic temperature of supply inlet, namely the temperature difference between inlet supply
and surrounding walls.

1. Introduction

between inadequate ventilation rate in built environments and human
health-related problems [4-6].

Over the past decade, the indoor air quality (IAQ) has been a global
concern of the public, governments, and scientific community since it
is well-known that IAQ is a critical issue related to human health, sat-
isfaction and productivity [1,2]. The importance of healthy indoor air
has recently been exacerbated by the spread of COVID-19 due to the
fact that careful air quality control can prevent airborne virus transmis-
sion in occupied spaces [3]. The air quality within an occupied space
depends on several parameters such as the indoor contaminants, nature
of air movement and HVAC (heating, ventilation, and air conditioning)
system. In this context, building ventilation plays a key role by han-
dling the quantity of air required in the indoor space under specific en-
vironmental conditions. Many studies have addressed the relationship
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Although the main purpose of applying different types of the ven-
tilation system is to remove heat and contaminants from the occupied
space, the delivery of fresh air and contaminant distribution are the di-
rect function of indoor air movement which could significantly affect
the IAQ within a ventilated space [7]. Indeed, each specific type of the
ventilation system would have its unique impact on IAQ since the indoor
air movement is dramatically dependant upon the ventilation design as
well as the geometrical and physical parameters of the enclosure [8-10].
Hence, an optimal design of ventilation system could contribute to an
improved IAQ while reducing the minimum volumetric flow rate which
leads to a remarkable energy saving.

The quality of indoor air can be measured by the absolute value of
contaminant concentration, ventilation effectiveness and relative indi-
cators such as the age of the air [11]. The latter, namely the local mean
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Fig. 1. Schematic and details of the case under
study.
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age of air, is a statistical value addressing the time that all molecules of
fresh air require to move from supply inlet to an arbitrary point [12].
The age of the air is an important index identifying the quality of indoor
air; the younger the age of the air, the better the indoor air quality. Us-
ing this value, it is possible to determine the air change efficiency of the
room, recommended for dwellings where no local source of contamina-
tion can be located and, at the same time, as a guarantee of desired air
quality throughout the entire volume of the room [13] .

The local mean age of the air can be calculated by either experiments,
i.e. the tracer gas decay method [14], or computational fluid dynamic
(CFD) simulations. The literature review shows that there are several
research articles that have employed the concept of the age of the air for
evaluation of IAQ in ventilated spaces. For instance, a numerical analysis
was performed by Ning et al. [15] on the age of the air in breathing zone
of a bedroom with different heights of conditioned air supply inlet. They
found that placing the supply inlet at a lower level is more effective in
both removing contaminants and saving energy. The local mean age
of air in a naturally ventilated office was evaluated by Buratti et al.
[16] through both tracer gas measurements and numerical simulations.
By comparing experimental and numerical results, it was concluded that
numerical model could be very useful for the prediction of the mean age
of air, allowing both costs and time saving in the evaluation of IAQ.

Through numerical evaluation of the mean age of the air, air qual-
ity in a naturally cross-ventilated educational building was investigated
by Diaz-Calderon et al. [17]. The obtained results showed that the cur-
rent natural ventilation standards, considering values of the air change
per hour, may lead to wrong decision in providing a healthy indoor air.
Ahn et al. [18] investigated ventilation and energy performance of par-
titioned office spaces under mixing and displacement ventilation. Their
numerical results indicated that local age of the air significantly varies
with both diffuser arrangement and ventilation strategy in addition to
that the displacement ventilation requires shorter time for the parti-
tioned room to achieve an indoor set-point temperature, compared to
the mixing ventilation.

For a mechanically ventilated space, a commonly used criterion for
the local mean age of air is the nominal time constant or nominal age of
the air. The nominal time constant of a ventilated space is the ratio of
the air volume to the air flow rate, i.e., the reciprocal of the air change
rate, and for flows without short-circuiting, it is equal to the local mean
age at air exit [19]. However, the value of local mean age of the air
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in practice may differ to some extent from the nominal one since the
nominal constant employs as reference the theoretical optimum model
or “ideal piston flow model”. This issue could be critical in spaces that
employ the lowest allowable air change rate to minimise the ventilation
energy consumption.

Indeed, the local mean age of the air can be considered as a func-
tion of the architectural parameters, the ventilation system design; the
location of supply inlet and exhaust vents as well as the supply inlet
variables, and the indoor air pattern [20,21] . The role of the latter in
delivery of the fresh air becomes more prominent when the indoor air-
flow is affected by both the ventilation system and heat source, i.e., the
complex relation between turbulent airflow and temperature driven by
mixed convection. Therefore, accurate understanding of the distribution
of local age of the air in each HVAC system is of significant importance
as it is related to determining the required ventilation rate in occupied
spaces.

Based on the literature review above, it is noticed that the available
studies have mainly neglected integrated effects of the ventilation design
and heat source on distribution of local mean age of the air. Given the
importance of knowledge on distribution of age of the air in combined
ventilation and heating systems, the present study aims to investigate
the delivery of fresh air in the breathing zone of a typical ventilated
space equipped with the floor heating system. In this context, six differ-
ent ventilation scenarios are introduced and the distribution of the age
of the air and the ventilation effectiveness in each case are compared
under different ventilation rates in order to find the optimal ventilation
design. Furthermore, the integrated effects of the floor temperature and
inlet supply temperature along with the ventilation design on the local
age of the air are addressed. Finally, the obtained results are verified by
monitoring the CO, decay rate in the breathing zone of various cases.
Findings of the present study are expected to provide insights on optimal
ventilation design in floor heating systems.

2. Methods
2.1. Cases description
The domain under examination is a typical room with dimensions of

4.0 m (length) x 3.0 m (width) x 3.0 m (height) and a volume of 36.0
m3. The enclosure is equipped with the floor heating system as well
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Table 1
Details of different scenarios considered for the ventilation mode.

scenario  supply mode  exhaust mode inlet vent outlet vent
S-1 up-supply down-exhaust A C
S-2 up-supply up-exhaust A D
S-3 down-supply up-exhaust B D
S-4 down-supply down-exhaust B C
S-5 up-supply down-exhaust A B
S-6 down-supply up-exhaust B A

as ventilation vents (supply inlet and outlet) located on the symmetrical
position of side walls with 10 cm distance from the ceiling and the floor.
The inlet vent with dimensions of 0.4 m (length)x 0.1 m (width) and the
outlet with a size twice as large as the inlet (0.08 m?) were considered.
The dimension of inlet and outlet vents were selected according to the
recommend aspect ratio of inlet and outlet vents by Chen et al. [22] to
achieve better ventilation efficiency. Fig. 1 illustrates the schematic and
features of the room under examination.

In order to evaluate the air quality in the breathing zone, the defini-
tion of “breathing zone” from the ANSI/ASHRAE standard 62.1 [23] was
regarded, namely “the region within an occupied space between planes
3 and 72 in (75 and 1800 mm) above the floor and more than 2 ft
(600 mm) from the walls or fixed air-conditioning equipment”. The
breathing zone as well as its horizontal mid-plane have been marked
in Fig. 1.

In terms of the ventilation design, six different scenarios were con-
sidered in the present study to find out the most effective one in the
floor heating system. In this context, three up-supply and three down-
supply cases were selected, namely all possible symmetrical ventilation
modes. Details of various scenarios and their corresponding inlet and
outlet vents are reported in Table 1.

To investigate the combined effects of ventilation strategy and venti-
lation rate on distribution of the local age of the air, three values of the
inlet air velocity corresponding to rather low values of the air change
per hour (ACH) were considered, which fall within the scope of this
study. Indeed, the difference between the nominal and local age of the
air in spaces ventilating with low ACHs may be a critical issue, as stated
in the Introduction section. Hence, in the present study, low values of
the ACH have been considered in order to highlight better this differ-
ence. Regarded values of the ACH are 0.2, 0.4 and 0.6, associated with
values of the nominal age of the air equal to 6000, 9000 and 18000s,
respectively. Table 2 reports the characteristics of different ventilation
rates considered in the present study.

In addition, four inlet air temperatures, namely 16, 18, 20 and 22
°C, and four floor temperatures, namely 23, 25, 27 and 29 °C, were con-
sidered in order to address the role of supply air temperature and floor
heating system (mixed convection) in distribution of fresh air in the
breathing zone. For the baseline simulations, namely various scenarios
for ventilation (Section 4.1), the inlet air temperature and floor temper-
ature were regarded equal to 20 and 25 °C, respectively, as adopted in
a similar study [24]. According to the ASHRAE Standard 55 [25], rec-
ommended range of floor temperatures design for those wearing normal
footwear is above 66°F (19°C) in cooling condition and below 84°F (29°C)
in heating condition. In this context, the range 74°F - 77°F (23°C - 25°C)
is a condition where the least amount of people will complain (6%) or
the most amount of people will be satisfied (94%).

Table 2
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It is noteworthy to mention that, for different simulations cases, the
operating conditions were regarded as to satisfy the thermal comfort
condition in the occupied space. The mean air temperature and velocity
in the occupied zone are in the range 20.76 °C — 22.27 °C and 0.051 m/s
- 0.085 m/s. Moreover, the maximum floor temperature is 29 °C and
drought rate does not exceed 4.7%.

A total of thirty-seven numerical simulations under different operat-
ing conditions were carried out. Firstly, the merit and drawback of each
ventilation scenario (Table 1) in terms of the IAQ are evaluated under
different ventilation rates. Then, combined impacts of the supply air
temperature and floor heating system along with the ventilation design
on the local mean age of the air in breathing zone were investigated. The
process of the whole analysis conducted in this study is demonstrated
in Fig. 2.

2.2. Numerical setup

The indoor airflow is a turbulent flow driven by buoyancy force and
momentum. The airflow was supposed to be incompressible due to the
small gradient of the pressure and low air velocity. It was assumed that
thermophysical properties of the air are constant except the density,
which was estimated through the Boussinesq approximation as a lin-
ear function of the air temperature; p = py[1 — S(T — T})]. The indoor air
was assumed as the humid air and the corresponding thermal properties
were estimated at relative humidity of 50% and reference temperature
of 20 °C.

For modelling the indoor turbulent airflow, the Reynolds Average
Navier-Stokes (RANS) method was considered and, in analogy with sim-
ilar studies [26,27], the RNG (Renormalisation Group) k-¢ model was
selected for the numerical simulation. The enhanced wall treatment
method was employed to model near-wall turbulent flow. This method
is based on the turbulent Reynolds number, Re, = py k%51, combining
a viscosity-affected layer and fully turbulent region with enhanced wall
functions [28]. The radiation heat transfer inside the computational do-
main was modelled by employing the discrete ordinates (DO) radiation
model, which solves the radiative transfer equation for a finite number
of discrete solid angles.

The polyhedral grid strategy was used to mesh the computational
domain. The domain was preliminary meshed with unstructured tetra-
hedral elements, which then converted to polyhedral mesh in order to
optimise the grid quality. A non-uniform mesh strategy was regarded,
with a more dense mesh in vicinity of solid walls and ventilation vents,
and a smoother mesh density with expansion rate for far-field regions.
To justify adoption of the enhanced wall function in RNG turbulence
model, it was ensured that, for a given Reynolds number, the distance
from the wall remains below y*= 5.

The 3D governing equations in this study were solved by means of
the finite volume method (FVM), implemented through ANSYS Fluent
software. A pressure-based solver was chosen as a solution method and
the second-order upwind scheme was adopted in order to convert the
governing equations into a set of algebraic discretized equations. For
coupling of the velocity and pressure terms, the SIMPLE (Semi-Implicit
Method for Pressure-Linked Equation) algorithm was employed.

The convergence of solutions was monitored by controlling the his-
tory of residuals. In order to optimise the solution convergence, under-
relaxation factors for momentum and turbulence terms were utilised.
The convergence criteria for the momentum terms, energy equations

Characteristics of different ventilation rates regarded in the present study.

volume flow rate (m?/h) inlet velocity (m/s)

air change per hour (ACH)

nominal age of the air (s)

1 7.2 0.050
14.4 0.100
3 21.6 0.150

0.2 6000
0.4 9000
0.6 18,000
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Fig. 2. A block diagram to describe the struc-
ture of the present study.
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and USD (user-defined scalar) was assumed as 104, 10~ and 1077, re-
spectively. As a final check of the solution accuracy, the heat flux bal-
ance across the domain boundaries was monitored to meet the discrep-
ancy criteria of < 0.1%.

2.3. Governing equations

The governing equations of the mass, momentum and energy balance
for the steady-state turbulent flow are given by:

V- (p)=0 )]
po(0- V)0 ==V (p+pogz) +pogh(T = Ty)Vz+V  Tppf ©)
V- (Dpe+p)) = V- [(k+k)VT + %,/ - 7] 3)

where in Egs. (1 - 3),0 is the velocity vector, p is the pressure, f
is the air thermal expansion coefficient and e is the energy per unit
mass;e = h — p/p + v*/2 and h is the specific enthalpy. Furthermore, 7, If
is the effective stress tensor which is given by7,,, = 7 + 7,, and in the
Boussinesq approximation can be expressed as:

F=u(Vo+Ve"); % =u(Vi+ Vi) 4)

The turbulence RNG k-¢ model’s governing equations are given by
[29]:

V- (px8) =V - (aepter V) +2uE; E;j — pe (5)

2
o ¥ € €
V.- (ped) =V- (agueffVE) +C|£;2y,E,-jEij - CQEp? 6)

where Ej; is the strain rate and C}_and C,.are the RNG turbulence coeffi-
cients that have been adopted identical to those employed in Ref. [30].
In Egs. (4- 6), u,randy, are defined as:

2
K
Mef/=/4+m;#,=pcﬂ? @)

A transport model has been used in numerical model to analyse the
age of the air. Indeed, the local mean age of the air is a passive quantity
that is determined in steady-state condition by the solution of airflow
equations. To obtain the local mean age of the air, a user-defined scalar
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(UDS) was incorporated into the CFD model; one additional convection-
diffusion equation was solved to calculate the transport of an arbitrary
scalarg;, which can be expressed in the following form:

V.(plp; — &Ve;) = S, ®

where ¢&; and S, are the diffusion coefficient and source term of the
scalarg;. The diffusion term & was compiled in numerical code via a
user-defined function (UDF) to account for turbulent diffusion. It can be
obtained from the effective viscosity of the air (4, ’ f) [31]:

Herr

— -5
& =(288%x107)p+ <o

©

4
whereS¢,is the turbulent Schmidt number.

In order to evaluate the mean age of the air in the breathing zone,
two normalised parameters are introduced, i.e. 7* and Q, defined as:
T,
Zbz (10)

Tn

Tt =

szn_"_'hz (11)

T

where 7,,is the mean age of the air in the breathing zone (s), 7,is the
nominal age of the air in the room (s) that can be calculated as the ratio
of the volume of the room (m?3) to volumetric fresh airflow (m3/s), and
7,is the air renovation time (s) which is expressed by:

12)

7. =27,

where 7,is the spatial average of mean age of the air in the room. In
fact, Eq. (11) is beneficial in quantitative assessment of age of the air in
the breathing zone for different ventilation strategies; larger values of
numerator (positive) and lower values of denominator indicate a better
delivery of fresh air into the breathing zone.

The ventilation effectiveness in the breathing zone (E,) can be eval-
uated as the ratio of the age of the air at ventilation outlet to the mean
age of the air in the breathing zone [15]:

T,

_ ‘out
Ebz - =
Thz

13)

The room air change efficiency (RACE) is calculated as the ratio of
age of the air at outlet to the air renovation time in the room [32]:

RACE = 224 % 100

T

(14)



A. Jahanbin and G. Semprini

Table 3
Summary of the adopted boundary conditions.
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boundary conditions (momentum, thermal, radiation and UDS)

supply inlet velocity inlet, v;, =0.05, 0.10 and 0.15 m/s (Table 2), T;, = 16, 18, 20 and 22 °C, turbulence intensity=4% and length scale = 0.01 m, ¢; =0
outlet pressure outlet, dg; / dx; =0

floor no-slip, isothermal; T = 23, 25, 27 and 29 °C, £€=0.9, dg; / dx; =0

ceiling no-slip, adiabatic, £=0.9, dg; / dx; =0

side walls no-slip, isothermal; T = 20 °C, £€=0.9, dg; / dx; =0

Table 4
Mesh independence of the results: comparison of the mean air temperature,
velocity magnitude and normalised age of the air.

mesh no. elements T v T
tetrahedral polyhedral C) (m/s) -

1 2173,439 388,212 21.346 0.069  0.983

2 2703,287 477,367 21.337 0.065  0.987

3 3670,439 637,109 21.322 0.063 0.985

4 4314,522 774,677 21.327 0.066  0.988

5 4782,660 814,432 21.339 0.064  0.986

To provide a better comparison for age of the air in the breathing
zone under different operating temperatures of both floor and supplied
air, two characteristic temperature differences are introduced as follows:

0, =T;~T, (15)

O =Ty — T, (16)

whereT,T,, andT},stand for the temperature of floor surface, surround-
ing walls and inlet supply air, respectively.

2.4. Boundary conditions

As the boundary condition, at the air supply inlets, the velocity in-
let condition with specified velocity and temperature was considered
and the pressure outlet condition was applied at outlets. For the tur-
bulence boundary condition, turbulent viscosity was calculated based
on the turbulent intensity and turbulent length scale. A non-slip condi-
tion was imposed on all solid walls. All solid surfaces were considered
to be opaque with corresponding values of internal emissivity (¢). Ac-
cording to similar studies [24,33], the ceiling surface was considered as
adiabatic while side walls were regarded as isothermal. The floor sur-
face was also considered as isothermal at various temperature levels.
Moreover, the infiltration effect was ignored since the ventilation room
usually has a positive pressure. Regarding the transport model for age
of the air in Eq. (8), the boundary conditions are a zero gradient at air
outlet and at solid wall surfaces, and a zero value at air supply inlet.
The summary of adopted boundary conditions is reported in Table 3.

3. Model validation
3.1. Grid independence of the results

The mesh independence of the results was checked by comparing
mean values of the air temperature, velocity and normalised age of the
air obtained by five different grids. As an operating condition, the S-1
case with an intermediate inlet velocity, namely ACH=0.4, was consid-
ered. Table 4 reports the number of tetrahedral and polyhedral elements
in each mesh as well as their corresponding mean values of the air tem-
perature, velocity magnitude and normalised age of the air. The table
shows that discrepancies between values of these parameters obtained
by different meshes are marginal. Regarding both accuracy and com-
putational efficiency, mesh 2 was selected for final computations. The
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maximum absolute discrepancy of mean values of the air temperature,
velocity and normalised age of the air from the selected mesh is equal to
0.07, 2.12, and 0.18%, respectively, implying the mesh independence
of the results.

3.2. Validation of numerical model

In order to validate the numerical model, the results obtained by
numerical simulations are compared with experimental data of Chen
et al. [22]. The experiments were performed in a test chamber with
dimensions of 1.0 m (x) x 1.0 m (y) x 1.0 m (2) with an identical inlet
and outlet vent size equal to 0.18x0.05 m2. The air enters into the room
from the up-supply vent and is discharged from the outlet vent, similar
to the scenario S-1 in Table 1. Measurements were carried out at room
temperature (20 °C) by an anemometer with range of 0-5 m/s and error
of 0.01 m/s. The velocity magnitude in x-direction was measured along
mid-line of the test chamber at seven points for three different values of
inlet velocity, namely 0.111, 0.287 and 0.444 m/s. The characteristics
of employed numerical model for model validation is identical to that
described in Section 2.2.

Fig. 3 compares the simulated and measured normalised x-velocity
magnitude along the mid-line of the chamber. The x-velocity magnitude
and position along z direction are normalised by inlet velocity (v* =v, /
v ;») and height of the chamber (Z*= z/H), respectively. The figure shows
a rather similar trend for the x-velocity magnitude in different cases.
It can be observed that values of the velocity increase significantly be-
tween Z*=0.8 and Z*=0.9, which are due to the airflow discharged from
the inlet vent. Comparison of graphs shows a good agreement between
the numerical results and experimental data. In order to evaluate quan-
titatively the deviation of numerical results from the experimental data,
the root-mean-square-deviation (RMSD) was evaluated for different val-
ues of velocity inlet, defined as:

_ \/Zﬁl ([(pExp],' - [(pNum]i)2
N

RMSD

an

The RMSD of simulated velocity magnitude from the measured data
for v ;, =0.111, 0.278 and 0.444 is equal to 0.032, 0.053 and 0.079,
respectively.

4. Results and discussion
4.1. Assessment of different ventilation scenarios

Contours of the air velocity magnitude on the mid-section plane
(Fig. 1) for different ventilation strategies are illustrated in Fig. 4. The
results are presented for the intermediate inlet velocity, namely 0.1 m/s,
corresponding to 0.4 ACH. For the up-supply ventilation cases, i.e. S-1,
S-2 and S-5, the figure shows that the fresh air enters the room and flows
under forced convection before ascending along the side wall towards
the floor due to its lower density. Then, this air stream is merged with
the buoyant upward flow created by the heat flux at floor surface. For
down-supply cases, on the other hand, the discharged air from the inlet
vent traverses a shorter path before approaching the floor and joining
the upward buoyant airflow.

Comparisons between different scenarios indicate that the distribu-
tion of velocity magnitude on the mid-plane varies remarkably in each
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Fig. 3. Comparison of normalised x-velocity along mid-line of the test chamber for three inlet velocities; 0.111, 0.278 and 0.444 m/s: Experiments vs. simulations.
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ventilation strategy. Nonetheless, it can be observed that the highest air
velocity magnitude in all cases belongs to the plume formed in mid-part
of the room due to the buoyancy force. amongst different cases, the high-
est air velocity in the plume belongs to S-4 and S-5 where it reaches to
0.22 m/s. In addition, the room mean air velocity for all cases is rather
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Fig. 4. Contours of the air velocity magnitude on the mid-section plane for various ventilation scenarios.

similar, ranging from 0.064 to 0.071 m/s.

Similarly, Fig. 5 compares the air temperature distribution over the
mid-section plane for various scenarios. The figure shows that heat flux
emitted from the floor surface disarranges the stratification of the tem-
perature on the mid-section plane. Contours imply that the configuration
of ventilation vents can affect significantly the temperature distribution
and, particularly, the formation of plumes in the lower half of the room.
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Fig. 5. Distribution of the air temperature on the mid-section plane for different ventilation scenarios.

It is evident from the figure that the highest air temperature in all cases
belongs to the air flow in vicinity of the floor surface (24.5 °C) and that
the airflow in vicinity of the inlet vent has the lowest air temperature
(20 °C). The room mean air temperature differs slightly in each case
which can be considered equal to 21.30 °C (+ 0.15 °C).

For various ventilation strategies, Fig. 6 compares the normalised
age of the air (*) on horizontal mid-plane in breathing zone at 0.4 ACH,
marked with red line in Fig. 1. The figure shows that the local age of the
air is distributed non-uniformly on the horizontal plane. It demonstrates
that, for up-supply cases, namely S-1, S-2 and S-5, the local age of the
air in vicinity of the wall with inlet vents (near X axis) is lower to some
extent than that in vicinity of the opposite wall containing the outlet
vents.

On the other hand, the distribution trend for down-supply scenarios,
particularly S-3 and S-4, is in reverse direction to up-supply cases. The
reason can be explained by contours of Figs. 4 and 5, where the sup-
ply airflows in S-1 and S-2 cases counteract the buoyant airflow caused
by the floor heating system on the left half of the room. Therefore, it
facilitates the delivery of fresh air into the breathing zone. A compar-
ison between different scenarios shows that the normalised age of the
air on the horizontal mid-plane of breathing zone is by far lower in
up-supply ventilation cases (often 7*<0.97) compared to that in down-
supply strategies.

In order to compare quantitatively the volume-averaged values of
the age of the air in breathing zone, Fig. 7 compares values of Q in
different cases under three different ventilation rates, namely 0.2, 0.4
and 0.6 ACH. For a given ventilation rate, the figure shows that values of
Q in up-supply scenarios (S-1, S-2 and S-5) are always larger than zero,
indicating a lower mean age of the air in the breathing zone than the
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nominal age of the air. On the contrary, age of the air in the breathing
zone of down-supply ventilation strategies takes negative values, except
S-4 at highest ventilation rate. For down-supply ventilations, it can be
observed that, utilising the down vent for exhaust air (S-4), instead of the
up vent (S-3), can improve to some extent the delivery of fresh air into
the breathing zone of floor heating systems. Among different ventilation
strategies, in terms of the air quality in the breathing zone, S-1 is the
best scenario for all ventilation rates, while S-3 is the worst one; for 0.2
ACH, the value of Q in S-1 is 189% larger than S-3, corresponding to
more than 314 s difference. It can be also observed from the figure that
increasing the ventilation rate improves the delivery of fresh air into
the breathing zone in all ventilation scenarios. However, it is evident
that the enhancement rate of the Q in each ventilation scenario differs
strikingly.

Indeed, the results obtained for different ventilation scenarios con-
firm clearly the fact that the nominal time constant, i.e. nominal age of
the air, cannot be considered as a precise criterion to guarantee the min-
imum required air change rate in an occupied space since the nominal
age of the air could differ from the local age of the air, due to the nature
of indoor air movement.

Another useful parameter to be addressed is the ventilation effec-
tiveness in breathing zone (Ep,), defined as the ratio of age of the air
at outlet vent to the mean age of the air in the breathing zone. In fact,
values of Ep, larger than 1.0 indicates a satisfactory effectiveness of the
ventilation strategy in the breathing zone. A comparison between re-
sults of Figs. 7 and 8 implies that there is a direct qualitative relation
between values of Q and E in all ventilation rates: A larger value of Q
is associated with a better ventilation effectiveness (Ep,). Hence, for a
given ACH, up-supply scenarios demonstrate a higher ventilation effec-
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Fig. 6. Contours of the normalised age of the air on horizontal mid-plane in breathing zone for different ventilation strategies.

tiveness compared to down-supply cases. For instance, at 0.6 ACH, S-1
and S-2 render 2.7% and 1.6%, respectively, larger values of Ep, than S-
3. Furthermore, as expected, the ventilation effectiveness in all scenarios
improves with increase in inlet velocity of supply air. It is noteworthy to
mention that evaluation of room air change efficiency (RACE) param-
eter for different cases showed the similar trend to Ep,, which for the
sake of brevity is not presented here.

To survey main reasons of various distribution of mean age of the
air in the breathing zone of each scenario, Fig. 9 depicts contours of
7* with streamlines on mid-section plane of the room at 0.4 ACH. The
breathing zone in each scenario has been marked with red dashed-lines.
A comparison between different scenarios shows a significant difference
in airflow pattern and age of the air distribution over the mid-section
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plane. Streamlines in all cases indicate a general upward airflow field
due to the prominent impact of the warm floor and natural convection.
Nonetheless, it can be observed that for up-supply strategies, particu-
larly for S-1 and S-2, the airflow discharged from the inlet weakens this
phenomenon in the breathing zone, at least in the half of the plane adja-
cent to the inlet vent. Therefore, a younger age of the air in the breathing
zone of these scenarios can be seen (r*<0.96), compared to down-supply
strategies. On the other side, for down-supply cases, namely S-3, S-4 and
S-6, the youngest age of the air can be observed in vicinity of the floor
(under breathing zone) due to the supply airflow pattern. Another issue
to be mentioned is on the role of vortex flows in down-supply scenarios.
It is evident from streamlines of S-3 and S-4 that large eddy currents
can bring back the upper stale air (adjacent to the ceiling) into the in-
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preventing a better delivery of fresh air to the breathing

4.2. Role of the floor temperature

In the previous section, the efficiency of six different ventilation sce-
narios in terms of the air quality in the breathing zone was evaluated, for
a given floor temperature and inlet supply temperature. In the present
section, effect of the floor temperature on the fresh air distribution in the
breathing zone is evaluated. In this context, two utmost up- and down-
supply scenarios, namely S-1 and S-3, are considered to be compared
in four different floor temperature levels and at a given ventilation rate
(0.4 ACH).
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Indeed, different floor temperature levels have influence on the dis-
tribution of indoor airflow. With increase of the floor temperature, the
impact of the natural convection is augmented, affecting the delivery
pattern of supply air into the breathing zone. In this context, the im-
portance of natural convection relative to the forced convection can be
addressed by employing theory of Richardson number (Ri), which can
be evaluated by using a combination of the Grashof number (Gr) and
Reynolds number (Re) as: Ri=Gr/Ré?.

Fig. 10 illustrates the role of characteristic floor temperature 6 in
variations of Q and the Ri for two ventilation scenarios. The figure
shows that by increasing 6y, the role of natural convection becomes more
prominent and the Ri therefore increases linearly with 6. Meanwhile,
the figure indicates that an increase in the Ri leads to a reverse trend
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Table 5 4.3. Impact of the supply air temperature

A comparison between various parameters in up- and down-supply ven-
tilation scenarios at different floor temperature levels.

Scenario 0p(°0) QW) T(°C) T* Ey, RACE [%]
S1 3 235.1 20.75 0.978 1.028 51.08
S-1 5 451.2 21.34 0.983 1.015 50.75
S-1 7 585.6 21.77 0.991 1.010 50.48
S-1 9 759.2 22.45 0.993 1.008 50.31
S-3 3 231.9 20.77 1.017  0.981 49.38
S-3 5 442.2 21.36 1.013  0.992 49.61
S-3 7 576.0 21.79 1.008 0.995 49.72
S-3 9 754.2 22.38 1.005 0.998  49.80

in the variation of Q in each ventilation scenarios; the value of Q in
up-supply mode (S-1) decreases with increase of the Ri while in down-
supply mode (S-3) an increase in Ri improves the delivery of fresh air
into the breathing zone. Nonetheless, its noticeable that, even at the
highest considered value of ¢y, the value of Q in up-supply scenario re-
mains larger than nominal age of the air (+1.44) and that in the down-
supply one is still negative (—1.05), implying a younger air in the breath-
ing zone of S-1.

Table 5 reports values of the required thermal energy (Qf), volume-
averaged air temperature (T), normalised age of the air in the breathing
zone (7*), ventilation effectiveness in the breathing zone (E;,), and room
air change efficiency (RACE) for two ventilation strategies at different
floor temperature levels. A comparison between values of z* and E,
for different values of 6y confirms that the delivery of fresh air in up-
supply mode (S-1) is more efficient compared to down-supply one (S-
3). In addition, regarding the room air change efficiency (RACE), it can
be observed that, unlike S-1 scenario, values of RACE in S-3 are less
than 50% for any value of 6y, indicating the insufficient level of room
ventilation in this scenario at the given ACH (0.4).

In terms of the required thermal energy, it can be observed that, by
employing S-1 scenario at lower values of 6, a better indoor air quality
with a significant lower energy consumption can be achieved compared
to S-3 scenario. However, this better air quality and energy saving is
at penalty of a slight decrease in the mean air temperature inside the
room.
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Effect of the inlet supply air temperature on the age of the air and
ventilation effectiveness in the breathing zone are investigated in the
present section. Fig. 11 shows variations of Q and Ej, with characteristic
inlet temperature difference (6;,) for two ventilation scenarios, namely
S-1 and S-3, at a given ventilation rate (0.4 ACH) and floor temperature
(25 °Q).

The figure shows that values of Q and Ej, in S-1 are significantly
larger than those in S-3, except when 6;,>0. While increase of the inlet
supply temperature improves Q in down-supply scenario, it weakens
delivery of the fresh air in breathing zone of up-supply scenario. For
instance, an increase in 6;, from —4.0 °C to —2.0 °C results in an 8.2%
reduction of Q in S-1, whereas the same increase in 6;, leads to an 8.7%
increment of Q in S-3. The same trend can be also observed for Ej,. It
is evident from the figure that, as the value of 6;, increases, plots of Q
in each scenario converge almost symmetrically to the nominal age of
the air (Q =0). However, it is noticeable that when 6;,>0, the rate of
changes in Q increases drastically in both ventilation scenarios.

In fact, the results of Fig. 11 can be explained by the role of buoyancy
force inside the room; a higher inlet temperature amplifies the upward
buoyant airflow driven by the floor heating system. In down-supply sce-
nario, this issue can facilitate the delivery of fresh air into the breathing
zone. On the contrary, in up-supply ventilation mode, this augmented
upward airflow would prolong the delivery of fresh air delivery to the
breathing zone. In both ventilation modes, when the inlet air temper-
ature is higher than the temperature of side wall adjacent to the inlet
vent, i.e. §;,>0, this effect becomes more striking, namely the larger rate
of changes in Q. Nonetheless, it should be noted that the discussion here
revolves around the spaces with a rather low air change rate.

5. Verification of obtained results

In order to verify the obtained numerical results, the decay rate of
CO, in the breathing zone of up- and down-supply cases, namely S-1 and
S-3, is compared for two values of the characteristic floor temperature,
namely 6 =3 and 5 °C. In this context, the CO, representing the indoor
contaminant was firstly distributed uniformly inside the domain with
concentration of 1.8 g/m® equal to 1000 ppm. Then, transient simula-
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tions was performed to monitor the decay rate of the CO, in the breath-
ing zone of each case. The numerical setup is identical to that presented
in Section 2, except solving a time-dependant species transport model to
determine the concentration of CO,. The decay rate of the contaminant
in the breathing zone can be given as [33,34]:

Vo = —In(C(/CO)/t o

where C(t) and C(0) represent the concentration of CO, in the breathing
zone at times t and 0, respectively.

Fig. 12 compares the time evolution of y,_for considered cases dur-
ing 1800s, at a given ventilation flow rate (0.4 ACH). The figure shows
that S-1 renders a higher decay rate compared to S-3, and that increas-
ing the floor temperature leads to a reverse trend in variation of the CO,
removal in the breathing zone of up- and down-supply scenarios; regard-
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less of a very first minutes, the results indicate that a 2 °C decrease in
the floor temperature of S-1 results in mean 3.8% augmentation of y,,,
while the same decrease in the floor temperature of S-3 leads to mean
2.3% decrease of y,,. A comparison between graphs confirms the results
presented in Figs. 7 and 10.

6. Conclusions

In the present study, the distribution of local age of the air in the
breathing zone of floor heating systems under various ventilation sce-
narios was investigated. A computational fluid dynamic (CFD) model
was established, validated against experimental data, to evaluate the
turbulent airflow field, temperature distribution and local mean age of
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the air as well as to obtain relevant indicators for indoor air quality
(IAQ). Six different ventilation scenarios at three ventilation rates were
regarded in order to find the optimal ventilation design in terms of the
better delivery of the fresh air. Furthermore, the integrated effects of
the floor temperature and inlet supply temperature along with the ven-
tilation design on the distribution of local age of the air were addressed.
Finally, the obtained results were verified by monitoring the CO, de-
cay rate in the breathing zone of various cases. The results obtained for
different ventilation scenarios implied that the nominal age of the air
cannot be considered as a precise criterion to guarantee the minimum
required air change rate in an occupied space since the nominal age of
the air could differ from the local age of the air due to the nature of
indoor air movement.

The main findings of the present study based on the obtained results
can be concluded as follows:

e A comparison between considered ventilation scenarios indicated
that the up-supply ventilation mode is more efficient than down-
supply one in terms of the ventilation effectiveness and delivery
of fresh air in the breathing zone. To be more precise, for a given
floor temperature and supply air condition, up-supply and down-
exhaust configuration (S-1) rendered the youngest age of the air in
the breathing zone while the down-supply and up-exhaust configu-
ration (S-3) was the worst scenario.

e For a given floor and supply air temperature, increasing the ven-
tilation rate enhanced the delivery of fresh air into the breathing
zone for all ventilation scenarios. However, it was shown that the
improvement rate of age of the air with ventilation rate varies sig-
nificantly in each strategy.

e It was revealed that alterations in the floor temperature leads to a
reverse trend in the variation of mean age of the air in up- and down-
supply scenarios; for up-supply mode (S-1), mean age of the air in
the breathing zone increased with increment of the Ri (Richardson
number), while an increase in Ri improved the delivery of fresh air
in down-supply mode (S-3).

¢ For a given floor temperature, reducing the characteristic inlet tem-
perature, 6;,, namely the temperature difference between inlet sup-
ply and surrounding walls, improved delivery of the fresh air in
breathing zone of up-supply scenario. On the other hand, for down-
supply ventilation, increase of the inlet supply temperature, i.e. a
larger value of 6;,, resulted in a younger age of the air in the breath-
ing zone.
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