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A B S T R A C T

The aim of this study is to investigate the human wake flow field generated by prostration cycle during prayers
and its impact on resuspended particles' dispersion. Prostration constituted of forward and backward rotations at
0.9 rad/s of the upper body towards and away from the floor respectively. The cycle was simulated by com-
putational fluid dynamic (CFD) model that was coupled to a dynamic mesh to adapt to the moving manikin at a
time step of 0.0005 s. The flow field was validated experimentally using a moving thermal manikin in a climatic
chamber. The validated CFD model was used to track the dispersion of floor-resuspended particles using the
Lagrangian technique at particle sizes of 1 μm and 10 μm.

It was shown the human prostration cycle disturbed the flow field in the person's microenvironment. The
forward and backward rotations resulted in significant pressure gradients and a wake flow trailing behind the
human body with peak velocities and turbulence intensities reaching 1m/s and 20% respectively. During the
backward rotation away from the floor, the flow was moving vertically upwards and was pushed out and pulled
back into the wake. This behavior was the cause of the transport and dispersion of particles from the floor to
higher levels in the space. Concentration fields showed that the breathable air quality was highly compromised
near the floor. Moreover, 1 μm particles presented a higher contamination risk than 10 μm since they were
transported more easily by the wake flow to the person's breathing zone.

1. Introduction

The indoor air quality (IAQ) of different spaces in the building
sector has been investigated extensively in literature, as it is directly
related to occupant health and wellbeing [1–3]. Air quality inside
buildings is associated with the presence of passive contaminants and
more critically active particulate matter [4]. Active contaminants ori-
ginate from frequent human occupancy (coughing, sneezing, skin
shedding) and particle carryover from the outside environment [5,6].
Indoor active particles can be airborne and directly infect occupants
through inhalation causing several respiratory illnesses such as asthma
[7] or other diseases such as eye irritations [8]. However, a large
portion of these particles settle on indoor surfaces (floors, furniture …)
due to gravity and are added to the particles carried over from outside
via walking. Therefore, over time, indoor surfaces become sinks or re-
servoirs for deposited particles.

Consequently, surfaces with large areas such as floors constitute a
critical source of contamination through the possibility of particle re-
suspension. Particles detach from the floor if the adhesive forces are
overcome by removal forces (mechanical, vibration, centrifugal) [9].

This detachment can occur in many modes which include particle
rolling, sliding and lift off [10,11]. After being resuspended and de-
pending on the flow field near the floor, they may get re-dispersed in
the room bulk flow to reach and contaminate the occupant's breathing
zone (BZ). Particle dispersion due to indoor human activities and its
effect on the breathable air quality were investigated both numerically
and experimentally in previous studies. Hyytiäinen et al. [12] studied
experimentally particle dispersion after resuspension from carpeted
bedroom floors due to a crawling toddler. They reported that the par-
ticles' concentration in the toddler's breathing level was 8–21 times
higher than that of a standing adult. Using computational fluid dy-
namics (CFD), Tao et al. [13] investigated the effect of human walking
speed on resuspended particles' transport from the floor. They reported
that the swinging motion of the legs dispersed particles towards the
upper body segments, especially during slow gait speeds.

However to the authors' knowledge, the impact of praying activity
typically conducted in multi-faith spaces on particle dispersion has not
been reported in literature. Multi-faith prayer rooms are small spaces
frequented by occupants of different religious backgrounds to perform
prayers. In some religions such as Islam, the praying person performs
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‘prostration’ starting off with a standing position and kneels towards the
ground. This brings the person closer to the floor which constitutes a
sink for active particles. After that, the praying person transitions be-
tween a kneeling posture and the ‘prostration’ position where the
forehead and hands, come into contact with the floor. The impact of the
forehead and hands on the floor is similar to the contact of the foot with
the ground during walking. Thus, it may give rise to particle re-
suspension from the floor in prayer rooms. The resuspended particles
can be directly inhaled by the praying occupant during prostration
where the breathing zone (BZ) is very close to the ground. Moreover,
the wake flow field generated by the rotation of the human body,
combined with the background ventilation flow, can disperse the re-
suspended particles in the upper room levels. Therefore, particles can
reach the occupant BZ as the occupant transitions back to the kneeling
position which presents a health risk to the praying person.

The aim of this work is to study the dispersion of floor emitted
particles due to occupant praying motion in a prayer room conditioned
by a conventional mixing ventilation (MV) system. Additionally, the
breathable air quality due to this dispersion is assessed. Particle re-
suspension from the floor is estimated by considering this surface as a
source of pollution emitting particles. Moreover, the dynamic flow field
generated by the prayer motion is modeled to study its effect on the
particles' spreading for different particle sizes. To achieve this, a tran-
sient 3-D CFD model is developed for this study to predict the different
airflow field variables (MV and human wake airflow fields) as well as
particles' concentration and behavior. The CFD model is coupled with
dynamic meshing modelling to simulate the praying motion of the
thermal manikin and to accurately predict the induced wake flow field
[13,14]. The flow field predictions by the CFD model with dynamic
mesh are validated experimentally in a climatic chamber equipped with
a MV system and moving thermal manikin.

2. Methodology

2.1. System and prostration cycle description

This study considers a multi-faith space conditioned by a conven-
tional heating ventilation and air conditioning (HVAC) system which is
the MV system [15,16]. MV systems supply cool fresh air from high
levels in the space, either from a ceiling diffuser. The supplied air mixes
with the warm polluted indoor, cools the space and dilutes con-
taminants. Therefore, MV system assures well mixed conditions in the
space, with uniform temperature and concentration of pollutants
[17,18]. In this work, the MV system is illustrated in Fig. 1(a) which
presents the multi-faith room and the praying person. The MV system
has the supply and exhaust diffusers at the ceiling level. Its air handling
unit (AHU) supplies cool recirculated air into the room to provide an
acceptable thermal environment for the praying occupants.

Islamic prayers involve many steps where the person starts off in a
standing position and then transitions to a kneeling position. Note that
the duration of each prayer step differs from person to person de-
pending on age differences. In this study, typical durations were re-
corded by observing an average praying person of typical height of

1.7 m [19].When the person is kneeling, the first step in the prayer
prostration cycle would be for the upper body segments (back, ab-
domen, chest, arms, hands and head) to rotate forward around the hip
segment. This rotation occurs at an average velocity of 0.9 rad/s at a
radius of 1m (0.82m/s) [20]. The body rotates until the palms of the
hands and the forehead come into contact with the floor and strike it.
The rotation motion takes an average of 2 s to finish. This corresponds
to Position 2 as seen in Fig. 1(b) which shows the different steps of the
prayer cycle during prostration phase. In prayer, Position 2 of the body
(hands and forehead in contact with the floor) is defined as “prostra-
tion” and the praying occupant remains in this position for approxi-
mately 4 s. After prostration, the upper body segments rotate in the
opposite direction with the same speed, until they reach the initial
kneeling position again and stop (Position 3 in Fig. 1(b)) for 4 s. Due to
the rotation motion, the occupant's breathing zone (BZ) does not have a
fixed location and varies between a low (prostration position) and a
high (kneeling position). The BZ is defined as a sphere of diameter 2 cm
situated at 2.5 cm away from the occupant's nose [21,22].

While standing, the person's BZ is far off from the contaminated

Nomenclature

AHU Air handling unit
BZ Breathing zone
CFD Computational fluid dynamics
DNS Direct numerical simulation
DPM Discrete phase model
dp Particle diameters in (μm)
DRW Discrete random walk
Δt Time step size in (s)

IAQ Indoor air quality
IFBZ Intake fraction at the BZ
HVAC Heating ventilation and air conditioning
LES Large eddy simulations
MV Mixing ventilation
PIV Particle image velocimetry
RANS Reynolds averaged Navier-Stokes
t Time (s)
UDF User defined function

Fig. 1. Illustration of a) the praying room space conditioned by the MV system
and occupied by the praying person, b) the different steps of the praying cycle.
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floor. Additionally, the occupant remains still during the standing po-
sition and does not disturb the particles on the floor. When transi-
tioning to a kneeling position, the occupant is closer to the polluted
ground surface. Moreover, when the person performs prostration, the
flow field in the occupant microenvironment is disturbed. Therefore,
the prayer cycle of the current study is not considered in its entirety.
The work is focused on a part of the prayer cycle named “prostration
cycle” which is repeated twice and the critical kneeling posture is
considered as the initial position (See Fig. 1(b)). Hence, the term
“prostration cycle” in this work is used interchangeably with the
“prayer cycle” term. The duration of the prayer cycle under con-
sideration starting from the kneeling position lasts for an average
duration of 12 s.

2.2. CFD modeling

In this study, the dynamic flow field in the room involves complex
physical behaviors. This is due to the presence of the MV system which
establishes a flow field characterized by significant turbulence in-
tensities, as well as stagnant recirculation zones. On the other hand, the
occupant is a heat source having a higher temperature than its ambient
surrounding. Therefore, density differences generate thermal plumes
which rise to the upper levels in the space. When the praying person
starts to rotate, pressure differences will be established between the
front and the back of the body forcing air movement. Consequently, a
complex flow is generated due to the human wake flow that trails be-
hind the body as well as the thermal plume. In addition, particles are
emitted from the floor due to prostration. The particles are character-
ized by complex transient trajectories that depend on the MV flow field
as well as the human wake flow. Consequently, in order to solve for the
different flow field variables (velocity, temperature, particles' con-
centration …), 3-D CFD modeling was adopted. The CFD model was
used to understand the flow field behavior generated by the HVAC
system and the human body motion. It was also used to track the dis-
crete phase in the continuous phase and calculate their concentrations
at different locations in the space.

Since 3-D CFD modeling was adopted, the commercial software
ANSYS Fluent version 17.2 [23] was used to solve for the continuity,
energy, pressure velocity coupling equations as well turbulent kinetic
energy and dissipation rates equations. In order to represent the praying
person in the CFD model, a computational thermal manikin model was
used. The computational domain of the space with its different com-
ponents as well as the thermal manikin with its different dimensions
can be seen in Fig. 2.

2.2.1. Dynamic mesh model
To obtain accurate physical results for the flow field variables, the

space needs to be accurately meshed. Due to the presence of a rotating
thermal manikin in the space, the mesh needs to adapt itself to this
motion while still preserving grid quality. Therefore, the mesh adopted
in this study was a dynamic mesh. Dynamic meshing has been widely
used in many studies to predict the behavior of flow fields in the pre-
sence of a time-dependent moving object and yielded good results
[24–26]. When the manikin rotates forward and backward, a specific
control volume in the space, encompassing the circular path followed
by the manikin, is directly affected by the rotation motion while the rest
of the space remains static. Therefore the mesh in the domain is divided
into two zones: a static mesh zone and a dynamic mesh zone as can be
seen in Fig. 3(a) and (b). The dynamic mesh zone and static mesh zones
exchange information through their common interfaces, by applying
the sliding mesh theory [23]. Therefore, instead of updating the mesh
in the entire computational domain and risking the deterioration of the
entire grid quality, only the dynamic mesh zone is affected. This
meshing technique saves considerable computational time and pre-
serves the mesh quality. Note that the spring based smoothing method
as well as the local re-meshing methods have been applied to update the

mesh in the dynamic mesh zone [24] (See Fig. 3(b)). Due to the motion
and the use of dynamic mesh, the developed CFD model is transient and
should be advanced in time at a time step Δt. The choice of the time step
should ensure that the distance crossed by the manikin is not too large
that it causes the mesh elements to overlap causing negative cell vo-
lumes. For this study, several time steps were tested starting from
Δt=0.01 s and decreasing it gradually. A time step of 0.0005 s was
found adequate to update the mesh for the transient CFD model, while
capturing the motion of the manikin during the prostration cycle.

For both static and dynamic mesh zones, an unstructured grid with
tetrahedral elements was chosen. Face sizing of 1.5 cm, 2 cm and 6 cm
were set for the manikin/floor, supply/exhaust and wall boundaries
respectively. This grid configuration ensured a mesh independent so-
lution with a maximum relative error of less than 5% [27]. Note that
the relative error was defined based on the difference of average tem-
perature in the y= 1.7 m between two consecutive mesh configura-
tions. The static mesh of the space was characterized by 352,646 ele-
ments and 65,476 nodes while the dynamic mesh zone is characterized
by 169,678 elements and 32,897 nodes as can be seen in Fig. 3(b). The
different mesh cases can be seen in Table 1.

2.2.2. Airflow modeling
The flow field mechanisms generated by the rotating thermal

manikin and the MV system lead to high turbulence intensities in the
space. Therefore, a proper turbulence model should be adopted. The
application of direct numerical simulation (DNS) or large eddy simu-
lations (LES) requires considerable computational cost and time espe-
cially with the use of dynamic mesh adopted in this work [25]. Con-
sequently, the Reynolds-averaged Navier-Stokes (RANS) method was

Fig. 2. Illustration of the computational domain equipped with the MV system
and containing the manikin in its initial kneeling position.
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chosen to model the unsteady flow and disturbances due to the moving
occupant [28,29]. The RNG k-ε model with enhanced wall treatment,
was used due to its simplicity, robustness and accuracy in predicting
airflow fields over solid bodies [30–32]. This model was adopted in the
study of Tao et al. [13] on dynamic meshing modelling of human
motion, and compared with other turbulence models. It was found that
the RNG k-ε model gave the most compatible results with experimental
particle image velocimetry (PIV) measurements.

Since small density variations are present in the space, the
Boussinesq approximation was chosen to account for buoyancy driven
flows [24,33,34]. The momentum, energy, k, ε equations were dis-
cretized using the second order upwind scheme. As for pressure, the
“PRESTO!” scheme was used since it accounts for pressure gradients at
the boundaries [34]. In this study, human motion is considered; hence
all variables are time dependent. As for the pressure-velocity coupling,
the “PISO” algorithm was chosen due to its suitability in transient ap-
plications [23]. In order to consider a converged solution, several

criteria were taken into consideration. In fact, the scaled residuals were
lower than 10−8 for the energy equation and lower than 10−6 for the
rest of the variables [27]. Moreover, the net heat flux was 1% less than
the total heat gained and mass balance was ensured in the space
[35,36].

2.2.3. Discrete phase modeling for particles' transport
When the manikin approaches the floor, the physics involved are

similar to the motion of the foot as it approaches the ground [37,38].
Khalifa et al. [37] investigated the unsteady film jet and particle re-
suspension, due to a falling foot, modeled by a uniformly descending
flat object. It was shown that as the distance between the object and the
floor decreases, the air gap between them is squeezed which generates
high velocity radial jets [37]. This shear flow was shown to detach
particles from the surface at a distance of 2 cm from the foot bound-
aries; for a small descending foot velocity of 0.5 m/s. The manikin's
forehead and palms having comparable surface areas to that of the foot,
are approaching the floor (Position 2 in Fig. 1(b)) at a higher velocity of
0.82m/s. In this work, the particles are considered to be resuspended
from areas 3 cm outside the forehead and palms' boundaries. These
particles were chosen as dust particles having a density of 2.5 g/cm3

that were reported to be resuspended from carpeted surfaces, com-
monly used in multi-faith rooms [39]. The areas from which particles
resuspend can be seen in Fig. 4 which represents a section of the human
upper body in the prostration position.

Note that the aim of this study is to investigate particle dispersion.
Hence, the floor was considered to be seeded by a certain mass of
particles, and a fraction of these particles detach upon prostration, and
remain very close to the floor. Consequently, the levitated particles
were injected from the assigned surface areas (See Fig. 4) at a small
height above the floor. Accordingly, the flow field generated by the
manikin's rotation to the initial kneeling position (Position 1 in
Fig. 1(b)) can disperse the injected particles. Note that a similar ap-
proach was adopted in the CFD model of Tao et al. [13], on particle
dispersion due to human walking. They considered an imaginary plane
above the floor where particles were injected and studied their dis-
persion once the human started walking.

The resuspended particles from the floor are affected by several
forces. These forces include gravity forces which depends on particle
diameter and causes the particles to settle and deposit on different
surfaces. Other forces include the drag forces induced by the flow field
(shear velocities and turbulence intensities) and defined using the
spherical drag law [40,41]. There are also secondary forces such as the
thermophoretic forces, Brownian motion and Saffman lift forces. These
forces are two orders of magnitude smaller than the gravity and drag
forces and will not be taken into account in this work [42–45]. To track
the resuspended particles in the CFD model and thus solve for the
particles' concentration, the discrete phase model (DPM) in Fluent, was
used [46–48]. At first the airflow field was converged with the manikin
in the initial kneeling position and then the rotation motion was as-
signed in ANSYS Fluent [23]. Once the manikin reaches the prostration
position (See Fig. 3(b)), the particles were introduced into the space
and tracked in time using the Lagrangian technique with the discrete
random walk (DRW) model. The Lagrangian technique treats the par-
ticles as discrete phase and tracks their trajectories in space by solving
for the second law of Newton [34,49]. This technique was adopted in
the study of Tao et al. [13] and yielded good results which is why it was
adopted in this work as well.

2.2.3.1. Properties of DPM injections. In this work, the particles were
injected at a height of 10−4 m above the floor, within the boundaries of
the assigned surfaces (See Fig. 4), at zero velocity, using a DPM
injection file. This technique was also adopted in the study of Tao
et al. [13] and Goldatesh et al. [50] in their CFD study on particle
resuspension due to human walking.

As for particle diameters, typical diameters are considered due to

Fig. 3. Illustration of: a) the computational domain with the different mesh
zones, b) the corresponding mesh during the kneeling and prostrating positions.

Table 1
Grid independence test using 5 different mesh cases.

Face sizing
Manikin/walls
(cm)

Number of elements in
static (dynamic) zones

Relative error between two
consecutive meshes (%)

Mesh 1 2/10 116,992 (113,118) –
Mesh 2 2/8 152,090 (113,118) 34.1%
Mesh 3 1.5/7 183,708 (169,678) 15.6%
Mesh 4 1.5/6.5 220,450 (169,678) 6.3%
Mesh 5 1.5/6 352,646 (169,678) 4.2%
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the varying position of the BZ. Therefore, two particle diameters of
1 μm and 10 μm were investigated in this work corresponding to the
predominant resuspended particles in indoor spaces due to human ac-
tivities [39]. The resuspension phenomena is considered to be in-
stantaneous after the manikin impacts the floor at 2 s. Hence, these
particles were injected instantaneously following the prostration at
t = 2 s. The fraction of detached particles was determined by analogy to
the walking resuspension model of Goldasteh et al. [50]. In their study,
the values of wall friction velocities due to foot impact were used to
calculate the resuspended fraction of particles from the floor. By ana-
logy, in this work, the prostration impact would resuspend 0.3% of
seeded particles from the floor [50]. Consequently, for a typical dust
loading of 8.2 g/m2 over a total surface area of 0.2 m2, this corresponds
to a resuspended particles' mass of 5mg. Note that ANSYS Fluent tracks
parcels representing a sample of particles having similar properties. In
this work, 600,000 parcels were distributed uniformly across the in-
jection surface areas for 1 μm and 10 μm. Note that the DPM method is
a statistical approach, and the higher number of parcels, the better the
convergence. In other words, the number of parcels should be enough
to produce a statistical sample representative of the full range of par-
ticle behavior [23]. In this work, several simulations were performed
with an increasing number of parcels and the fluctuations in the mean
values of particle concentrations were estimated. It was found that a
parcel number of 600,000 was enough to produce a convergent statis-
tical sample with fluctuations smaller than 5% and a compromise be-
tween computational cost and accuracy [23]. In consequence, a total of
5mg were injected instantaneously at 10−4 m above the three surfaces,
at t = 2 s (See Fig. 4).

2.2.4. Boundary conditions
A physical solution to the problem is determined by the proper as-

signment of the boundary conditions in the space. The MV supply dif-
fuser is set as a velocity inlet having a constant velocity, specified air-
flow temperature, turbulence intensity and length scale. The MV
exhaust diffuser is assigned as a pressure outlet with zero gauge pres-
sure, turbulence intensity and hydraulic diameter. Surfaces such as
walls, floor, ceiling, and thermal manikin are assigned as walls gen-
erating a heat flux adding to the room load to be removed by the MV
system. Note that to model the manikin rotation motion, a user defined
function (UDF) was assigned as a condition in the dynamic mesh set-
tings. The boundary conditions used in the CFD model of the different
surfaces are summarized in Table 2(a).

As for the boundary conditions related to the DPM model for par-
ticles' tracking, the exhaust was assigned as an escape condition. This
means that the DPM model stops tracking the particles when they have
exited the space. Wall boundaries (thermal manikin, floor, walls,
ceiling) are assigned as a trap condition, which means that particles
reaching these boundaries have deposited on the assigned surfaces. As
for other particles, they remain tracked by the DPM model in the space.

2.3. Occupant contamination assessment

Upon dispersion, particles of diameter 1 μm or 10 μm [39] can reach
the occupant BZ and be directly inhaled. Since the person is moving, the
BZ location and the breathable air quality vary with the angular posi-
tion of the occupant with respect to the vertical z-axis. Hence, it is
important to assess contamination with time at the BZ when the oc-
cupant changes position. It is noteworthy that some BZ positions are
more critical than others such as during prostration since the occupant
is close to the source of contamination for a long period of time (4 s). In
order to assess the risk of direct contamination during the prayer cycle
(See Fig. 1(b)), the time-dependent intake fraction IFBZ used in previous
studies [34], is defined in equation (1) below:

=
′

IF
Particles concentration at the BZ of the occupant

Concentration of particles detached from floor surfaceBZ
(1)

This index represents the percentage of particles inhaled from the
breathing zone at any time during the prostration cycle by the praying
person from a polluting source which is the floor in this case. Hence at
each BZ time- dependent position, the IFBZ is averaged in space over the
BZ surface area and evaluated for particle diameters of 1 μm and 10 μm.

2.4. Experimental methodology

The developed CFD model presented above predicted the flow field
behavior in the space, which was used as input by the DPM model in
ANSYS Fluent [23]. In addition, the dynamic mesh adopted in this
study predicted the velocity fields in the space due to the manikin
forward and backward rotational motions. Therefore, accurate numer-
ical values of velocity were needed for accurate prediction of particle
behavior in the room and especially in the praying person surrounding.
Consequently, experiments were conducted in a climatic chamber
equipped with a MV system to ensure the validity of the CFD and dy-
namic mesh models in predicting time-dependent velocity fields in the

Fig. 4. Illustration of a cross section of the occupant upper body in the position of prostration with the different zones of particles' resuspension.
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space.
The experimental chamber is similar to the space used in the CFD

model and shown in Figs. 2 and 5(a) with its various elements and
dimensions. The different measured boundary conditions in the ex-
perimental chamber are presented in Table 2(b). The MV system sup-
plied cool recirculated air at a velocity of 0.4m/s and a temperature of
19 °C assuring a temperature of 24 °C inside the space. In the middle of
the room, a thermal manikin representing a praying occupant in a
prayer room, was positioned (See Fig. 5(b)). The thermal manikin was
manufactured with 3mm-thick aluminum sheets and had the same di-
mensions as the computational thermal manikin (See Fig. 2(b)) which
mimicked the anatomy of an average 1.7 m tall human [51]. The
manikin was divided into 2 parts: the moving upper body (head, hands,

trunk and arms) and the fixed lower body. Note that the different
segments (head, hands, trunk and arms, lower body) were connected
one with the other. The inside of the manikin was equipped with a heat
source of 75W identical to the heat flux generated by an occupant at
sedentary activity or standing person. The heat source was placed in the
middle of the manikin's body at a height of 0.7m in order to insure a
uniform heat flux distribution of 39W/m2 among the different seg-
ments. Note that the manikin edges were insulated with Styrofoam
insulation having a U-value of 1.14W/m2.K. The manikin upper body
(see dimensions in Fig. 2(b)) was connected to a shaft which is coupled
to a stepper motor; controlled using Arduino hardware and software.
The stepper motor used was a CM series, 20CM003 model 2-phase
Leadshine stepper motor, characterized by a 0.03 Nm holding torque,
and a 0.6 A phase current. The manikin performed the different steps of
the prayer cycle defined previously and illustrated in Fig. 1(b). The
velocities were measured with time as the manikin shifted from Posi-
tion 1 to Position 2 in 2 s, as the manikin remained in Position 2 (4 s)
and when the manikin shifted back to Position 2 in 2 s. To measure the
angular velocity of the manikin, the time required for the manikin to
reach the prostration was measured using a stop watch. Knowing the
angle the manikin forms with the vertical z axis and the recorded time,
the angular velocity can be calculated and used as input in the CFD
model. All of the different boundary conditions measured experimen-
tally and used later on as input into the CFD model are summarized in
Table 2.

Table 2
The different boundary conditions used in the CFD model and measured ex-
perimentally.

a) Boundary conditions for the CFD configuration

Boundary Condition

MV supply Velocity inlet (constant value): 0.4 m/s
Constant inlet temperature: 19 °C
Turbulence intensity: 5%
Hydraulic diameter: 0.451m
DPM condition: Reflect

MV exhaust Pressure outlet, zero gauge pressure
Turbulence intensity: 5%
Hydraulic diameter: 0.451m
DPM condition: Escape

Thermal manikin upper
body (head, arms
and trunk)

Rotating Walls with constant heat flux (39W/m2) and
a constant rotation speed of 0.9 rad/s
DPM condition: Trap

Ceiling, walls, thermal
manikin lower body

Fixed walls with constant heat flux
Ceiling (10W/m2)
Walls (10W/m2)
Thermal manikin lower body (39W/m2)
DPM condition: Trap

Floor Fixed walls
DPM condition: Trap

b) Boundary conditions measured experimentally

MV supply Measured velocity: 0.4 ± 0.1 m/s (Inlet flow rate
64 L/s).
Measured inlet temperature: 19 ± 0.3 °C
Turbulence intensity: 5 ± 1%
Instrument used: OMEGA HHF2005HW model
characterized by an accuracy of± 0.5 °C for
temperature and± 10% of full scale velocity
measurement, ranging between 0.2m/s and 20m/s.

MV exhaust Exhaust flow rate: 64 L/s
Measured outlet temperature: 24 ± 0.3 °C
Turbulence intensity: 5 ± 1%
Instrument used: OMEGA HHF2005HW model
characterized by an accuracy of± 0.5 °C for
temperature and± 10% of full scale velocity
measurement, ranging between 0.2m/s and 20m/s.

Thermal manikin upper
body (head, arms
and trunk)

Surface heat flux due to 75W heat source: 39W/m2.

Rotation speed: 0.9 rad/s
Instruments used:
- CM series, 20CM003 model 2-phase Leadshine
stepper motor, characterized by a 0.03 Nm holding
torque, and a 0.6 A phase current
- SWEMA03 anemometers having a temperature
measurement accuracy of± 0.1 °C and velocity
measurements ranging between 0.05 m/s and 3 m/s
with an accuracy of± 4% and a response time of
0.2 s + real time data logging (SWEMA Multipoint
software)

Ceiling, walls, thermal
manikin lower body

Ceiling lights (100W)
Walls with U-value of 1.5W/m2·K (10W/m2)
ΔTin-out measured using OMEGA T-type
thermocouples having a measurement accuracy of
± 0.1 °C and connected to an OMEGA data logger.
Thermal manikin lower body (39W/m2)

Fig. 5. Illustration of a) the experimental chamber equipped with a MV system,
b) thermal manikin and c) SWEMA03 hot wire anemometer system.
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To perform velocity measurements, omnidirectional hot wire an-
emometers were used (See Fig. 5(c)). The hot wires used to measure the
velocities, temperatures and turbulence intensities of the MV supply
and exhaust were OMEGA HHF2005HW models characterized by an
accuracy of± 0.5 °C for temperature and±10% of full scale velocity
measurement, ranging between 0.2m/s and 20m/s. Another time of
hot wires used were SWEMA03 anemometers having a temperature
measurement accuracy of± 0.1 °C and velocity measurements ranging
between 0.05m/s and 3m/s with an accuracy of± 4% and a response
time of 0.2 s. The anemometers were equipped with SWEMA Multipoint
software allowing for real time data logging of thermal and velocity
fields. These hot wires were placed along the manikin's radial path at a
y-distance of 40 cm from the manikin mid-plane (y= 1.7m) and x-
distance of 0.5 m from the wall (See Fig. 5). The velocities were mea-
sured at 4 different heights (0.3 m, 0.8 m, 1.2m and 1.5m). Conse-
quently, as the manikin rotated forward from Position 1 to Position 2, it
disturbed the air in its vicinity. Hence, the hot wires could sense the
motion and measure the corresponding airflow velocities as they were
changing with time. When the manikin stopped moving in Position 2,
the turbulence intensity in the air dropped and the hot wire could sense
the decrease in velocities. Finally, as the manikin rotated backward to
Position 2, the hot wires could sense the increase in velocities once
more. Note that this technique was also adopted in previous studies of
Han et al. to validate their CFD model's ability in predicting the wake
flow field of a walking manikin.

2.4.1. Experimental protocol
The experiment was initiated by turning on the MV system and the

lights (100W) inside the room. The thermal manikin heat source was
then turned on and set to emit 75W. The MV supply velocity and
temperature were set at 0.4 m/s and 19 °C to remove a typical load of
25W/m2 due to manikin (75W), lighting (100W) and walls (100W)
assuring a room temperature of 24 °C (See Table 2). Note that the heat
flux from the walls was measured using an OMEGA heat flux meter OS-
652 model characterized by an accuracy of± 1% for heat flux mea-
surement at ambient temperature of −18 °C to 43 °C and response time
of 1 s. After 5 h of running the experiment, the flow field in the room
reached steady state conditions. In fact, a total heat of 275W was
generated by the internal loads in the room (walls, manikin and
lighting) and the inlet air was supplied at 19 °C. This caused the outlet
air temperature to rise by 3.5 ± 0.3 °C. Therefore, heat balance was
ensured in the system. On the other hand, the measured supplied inlet
and outlet flow rates were equal since there was no moisture generation
in the room, and infiltration was minimal. Hence, mass balance was
also ensured. Initially, the manikin was in the kneeling position of
prayer (Position 1 as seen in Fig. 1(b)). The prayer cycle was initiated
using the Arduino hardware and the manikin performed the same
prayer cycle described previously. Subsequently, real time velocities
were instantly measured at different heights, logged and then compared
with CFD model results. Both experimental sets were repeated five
times to ensure consistency of the results and accuracy.

3. Results and discussion

When the person performs forward and backward rotational mo-
tions in the space, the velocity and pressure fields in the vicinity are
affected. In addition, the behavior of the wake flow dictates the beha-
vior of particles near the occupant and thus the breathable air quality
and risk of contamination. The experimental chamber was modeled
numerically by CFD and the boundary conditions used as input in the
model (MV supply, exhaust, thermal manikin …) were measured ex-
perimentally (Table 2). At first, the CFD model results were obtained
and presented in this section for the airflow field to understand its
dynamic behavior and to validate the airflow velocity fields. Then, the
DPM model was run to track the dispersion of resuspended particles'
and assess the breathable air quality for particle diameters commonly

found indoors: 1 μm and 10 μm. A small particle diameter (1 μm) and a
larger one (10 μm) were selected to study the effect of particle size on
the breathable air quality.

3.1. Airflow field behavior and validation

The prayer cycle previously described is divided into two phases.
The first phase that starts at instant I1 includes the forward rotation
(2 s) and the prostration (4 s) and the second phase that starts at instant
I2 includes the backward rotation (2 s) to the initial kneeling position
(4 s). The different phases can be seen in Table 3. These phases I1 and
I2 are discussed below based on the airflow field direction, streamlines,
velocity, pressure gradients and turbulence intensities.

Fig. 6 represents velocity contours and vectors, pressure contours in
the y=1.7m mid-plane, as well as streamlines, between 0 s (before the
motion) and 2 s (as the manikin reaches prostration). At time t = 0 s, it
can be seen that buoyant thermal plumes moved upwards from the
different segments of the thermal manikin at a velocity of 0.2 m/s and
reached higher levels in the space. Moreover, the MV flow field es-
tablished a quiescent environment with low background velocities
ranging between 0.05 and 0.1m/s as can be seen in Fig. 6 at time 0 s.
Note that the initial turbulence intensities in the space reached max-
imum values of 10% and were found near the floor before the manikin
started moving. Fig. 7 shows the turbulence intensities contours for the
praying cycle starting from the kneeling position: [0 s–12 s]. It is clear
that at t= 0 s, the turbulent intensity is highest near the floor. More-
over, no airflow was circulating around the fixed manikin body as seen
from diminished pressure differences between the front and back of the
manikin (see Fig. 6 at t = 0 s). This is supported by the experimentally
measured and predicted values of velocity provided in Fig. 8 which
shows their variation with time during the prostration cycle at the 4
different heights (z= 0.3m, z= 0.8 m, z= 1.2m, z= 1.5m). In ad-
dition, the predicted and measured background velocities at t= 0 s and
at all heights were 0.065m/s and 0.07 ± 0.02m/s respectively. Fur-
thermore, good agreement was obtained between experimental and
predicted velocities with a maximum relative error of 7.14% at
z= 0.3m.

When the prayer cycle starts (phase I1), pressure difference ensued
between the front and back sides of the manikin. High pressure region
built up at the front of the body while a low pressure region was ob-
served at the backline. This drove the airflow from the front to the back
of the manikin body. This can be seen from the pressure contours in
Fig. 6 at times 0.5 s, 1.5 s and 2 s. According to Fig. 6, a constant
pressure difference of 1.6 Pa existed between the front and the back and
was maintained before the manikin reached the prostration position at
2 s. This pressure difference did not vary since the rotation velocity of
the manikin between 0 s and 2 s remained constant. The local airflow

Table 3
Description and illustration of the different instances constituting the prayer
cycle.

Phase Description Illustration

Phase 1:
I1
(6 s)

The manikin rotates
forward (2 s)
towards the
prostration position
at the floor (4 s)

Phase 2:
I2
(6 s)

The manikin rotates
backward (2 s)
towards the
kneeling position
(4 s)
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behavior around the manikin body can be also seen in the streamlines
shown in Fig. 6. At times 0.5 s, 1.5 s and 2 s, streamlines originated from
the front, wrapped around and curled back into the manikin body. This
shows that there was airflow entrainment induced by the rotating

manikin which pushed the air in front of it. The displaced air joined the
flow at the back of the body to occupy the void left by the manikin. This
airflow field behavior increased turbulence intensities to 20% behind
the head and back of the manikin (see Fig. 7 [0.5 s–2 s]). Note that

Fig. 6. Illustration of velocity contours, pressure contours in the y center plane (y= 1.7m) and 3-D velocity streamlines between t = [0 s–2 s].
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during the forward rotation between 0 s and 2 s, the streamlines re-
mained close to the body.

Due to the pressure driven airflow from the front to the back, a wake
flow field region trailed behind the manikin body. The wake flow be-
tween 0 s and 2 s can be seen in the velocity contours and vectors at the
y= 1.7 m plane shown in Fig. 6, for a moving manikin speed of 0.82m/
s. According to Fig. 6, the wake had a triangular shape with peak ve-
locities of 1m/s found at the back of the head and upper trunk areas.
Note that the initially rising thermal plume still persisted despite being
disturbed by the motion. According to the velocity vectors between
[0.5 s - 2 s] in Fig. 6, the region between the manikin's current and
initial kneeling positions showed that the flow was moving downwards
catching up to the manikin body. Additionally, as the motion pro-
gressed in time, the wake flow length increased since the manikin
crosses a longer distance and more air was entrained into the wake. At
the final prostration position at 2 s, the wake reached a maximum
length of 1.4 m.

The manikin motion between 0 s and 2 s also disturbed the micro-
environment surrounding the manikin. According to Fig. 8 during I1,
the measured and predicted velocities increased gradually at the dif-
ferent heights as the manikin approached the measurement locations
seen in Fig. 5(a). The predicted/measured velocities reach maximum
values of 0.18m/s (0.19 ± 0.02m/s), 0.2 m/s (0.21 ± 0.02m/s),
0.22m/s (0.21 ± 0.02m/s) and 0.22m/s (0.21 ± 0.02m/s) for
heights of z= 0.3m, 0.8m, 1.2 m and 1.5m respectively. Good
agreement was also found between experimental and predicted values
with a maximum relative error of 13.3% obtained at z= 0.8 m at 3.5 s.
Smaller peak velocities were found at z= 0.3m since this height cor-
responds to the height of the fixed lower body which is the furthest
from the wake flow field. At the higher levels (z= 0.8 m, 1.2m and
1.5 m), higher velocities were found since these measuring locations
were closest to the turbulent wake flow field. It can also be seen in

Fig. 8 during I1 that after the manikin crossed the measuring locations,
the velocities at all heights decreased after the peak, to reach the
background velocities once more.

After the manikin reached the prostration position at 2 s, the man-
ikin stayed still in the prostration position until t = 6 s. Fig. 9 illustrates
the velocity vectors and contours, pressure contours at the y= 1.7 m
mid-plane, as well as streamlines between 6 s and 12 s. According to
Fig. 9 at t = 6 s, it can be seen from the pressure contours and
streamlines that there was no pressure difference or airflow circulation
between the front and back. Moreover, turbulence intensities at the
head and back dropped to 12% (see Fig. 7, t = 6 s). As for the wake, its
velocity diminished to 0.2m/s and according to the velocity vectors;
the wake was transported in front of the manikin (see Fig. 9 at t = 6 s).
Note that the thermal plume hasn't had the time to rise again from the
body during the prostration position. According to Fig. 8 during I1,
predicted and measured velocities at all heights dropped to the back-
ground velocities. This was due to the dissipation of the wake flow as
well as the 40% decrease in turbulence intensities around the manikin.

At t = 6 s, the motion reversed direction and the manikin rotated
backward to the initial kneeling position at t = 8 s (phase I2). The
physics governing the airflow behavior in the backward rotation was
similar to the forward rotation. The pressure difference (1.6 Pa) drove
the airflow from the back to the front (see Fig. 9). Additionally, similar
streamlines originated from the back, wrap around and curled back to
the front of the manikin body. However, in this case, the streamlines
moved further away from the body. Due to this airflow behavior, si-
milar turbulence intensities of 20% were found at the front of the head
(hence the BZ) and the upper trunk area (See Fig. 7). The updraft ob-
served in the streamlines as well as the increase in turbulence intensity
can be the cause of the dispersion of resuspended particles from the
floor to upper regions closer to the BZ.

Similarly, a wake flow field with a triangular shape was formed with

Fig. 7. Illustration of the contours of turbulence intensities (%) for the entire duration of the prayer cycle: [0 s–12 s].
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peak velocities of 1m/s. However, it trailed behind the front part of the
manikin body. The velocity vectors between [6.5 s - 8 s] (See Fig. 9),
showed that the flow was moving upwards in the region between the
manikin's current and initial kneeling positions, which can cause par-
ticle dispersion. According to Fig. 8 during I2, the measured and pre-
dicted velocities increased gradually at the different heights as the
manikin approached the measurement locations seen in Fig. 5(a). The
predicted/measured velocities reach maximum values of 0.18m/s
(0.19 ± 0.02m/s), 0.2 m/s (0.21 ± 0.02m/s), 0.22m/s
(0.21 ± 0.02m/s) and 0.22m/s (0.21 ± 0.02m/s) for heights of

z= 0.3m, 0.8m, 1.2m and 1.5 m respectively. Good agreement was
found between experimental and predicted values with a maximum
relative error of 13.3% obtained at z= 1.2m at 9.5 s. These peak values
were similar to the ones obtained during I1 due to similar manikin
velocity. It can also be seen in Fig. 8 during I2 that, after the manikin
crossed the measuring locations, the velocities at all heights decreased
after the peak, to reach the background velocities once more.

When the manikin reached the initial prayer cycle position, the
motion stopped and the prayer cycle ended at t = 12 s. According to
Fig. 9 at 12 s, no pressure difference or airflow circulation existed

Fig. 8. Experimental and predicted CFD values of the airflow field velocities measured at a height of: a) z= 0.3 m, b) z= 0.8 m, c) z= 1.2 m and d) z= 1.5 m for the
entire prayer cycle.
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Fig. 9. Illustration of velocity contours, pressure contours in the y center plane (y= 1.7 m) and 3-D velocity streamlines between t = [6 s–12 s].
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between the front and back. Moreover, turbulence intensities at the
head and trunk dropped to 12% (see Fig. 7, t = 12 s). As for the wake,
its velocity diminished to 0.2 m/s and according to the velocity vectors;
the wake was transported above the manikin head (see Fig. 9 at
t = 12 s). Note that the thermal plume started to form again due to
buoyancy effects. However, it remained close to the body since it didn't
have the time to rise above the manikin. According to Fig. 8, the pre-
dicted and measured velocities at all heights drop to the background
velocities. This was due to the dissipation of the wake flow as well as
the 40% decrease in turbulence intensities around the manikin.

3.2. Effect of manikin motion on particle dispersion and IAQ

3.2.1. Breathable air quality and particles' behavior
Due to the wake flow field, generated particles from the floor (dp of

1 μm and 10 μm) can re-disperse and reach the occupant BZ and dete-
riorate IAQ. The breathable air quality was assessed in the second part

of the prayer cycle once the person reached prostration (at t = 2 s) until
the end of the cycle (at t = 12 s). The results of particle behavior and
breathable air quality are illustrated in Figs. 10 and 11. Fig. 10 shows
the values of IFBZ as a function of time and hence position for particle
diameters of 1 μm and 10 μm. Figs. 11 and 12 show the particle tra-
jectories within −0.2 m to 0.2m laterally from the y= 1.7 mid-plane
of the body and the contours of concentration at the mid-plane. The
particles are represented by spheres. The particles colored in red cor-
responded to the closest particles (y= 1.5m plane) while the lightest
gray color corresponded to the furthest particles (y= 1.9m plane). The
particle trajectories and concentrations are shown from t = 6 s–12 s for
particle diameters of 1 μm (Figs. 11) and 10 μm (Fig. 12).

According to Fig. 10(b), the IFBZ decreased gradually with time as
the occupant shifts from the prostration to the kneeling position. This is
expected since the occupant was moving away from the floor pollution
source. However, the IFBZ decreased at varying rates depending on the
angular position of the manikin in the cycle. Based on the simulations of

Fig. 10. Illustration of: a) the different phases of the manikin praying cycle P1 e P6, b) the IFBZ variation with time for particle diameters of 1 μm and 10 μm.
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the prostration cycle, six different phases were recognized. These
phases from P1 to P6 can be seen in Fig. 10(a). Amongst these positions,
the positions with the significant decrease rates: P1, P3 and P5 were
discussed below.

During the first position P1 from t = 2 s–6 s, the IFBZ had a value of
1 at t = 2 s for both particle diameters showing that at the moment of
resuspension, the person inhaled the maximum amount of particles
from the floor. During P1 between 2 s and 6 s, the IFBZ started to de-
crease gradually by 35% and 41% for particle diameters of 1 μm and
10 μm respectively. In the absence of motion during P1, resuspended
particles started to gradually deposit on the ground moving away from
the BZ. This can be further seen in Figs. 11(b) and 12(b) which show the
contours of DPM concentrations from t = 6 s to t = 12 s for 1 μm and
10 μm respectively.

When the occupant was in the third position P3, the IFBZ decreased
considerably by 40% and 44% for particle diameters of 1 μm and 10 μm
respectively (See Fig. 10). During P3, the distance between the person
and the floor becomes significant as seen in Figs. 11 and 12 at
t = 6.85 s. Additionally, the particles followed the same circular

trajectory as the wake flow propagating higher into the space. This
meant that most of the particles that reached the BZ during P2 started
to move away from the BZ and further inside the wake mimicking its
radial path. When the occupant reaches position P5, a faster decrease of
82% and 90% was noted for the IFBZ for particle diameters of 1 μm and
10 μm respectively. During this time, the occupant was straightening
into the vertical upright kneeling position. In this case, in order for
particles to reach the BZ, they needed to be transported in the hor-
izontal direction (see Fig. 11 at 8 s). However, it was shown that the
particles' behavior was governed by the wake and according to the
velocity in Fig. 9 (at 7.5 s and 8 s), the horizontal component that can
transport the particles closer to the BZ was much smaller than the
vertical component moving the particles higher up. Consequently, the
amount of particles in the BZ decreased considerably during position
P5.

It is noteworthy that similar IFBZ trends and particle behaviors were
noted for both 1 μm and 10 μm particles. However, the IFBZ for 1 μm
was higher than the IFBZ for 10 μm from P1 till P6. In addition, the
decrease in IFBZ during each position from P1 to P6 was more

Fig. 11. Illustration of: a) particle dispersion caused by the praying manikin and b) DPM concentration contours from 6 s to 12 s, for 1 μm particles.
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significant for 10 μm particles since larger particles were more affected
by gravitational settling and could not reach the BZ at higher manikin
positions. A larger amount of these particles were re-deposited on the
floor, compared to 1 μm particles which are lighter and can disperse
and reach the BZ more easily. As seen in Fig. 12(a), a larger amount of
10 μm particles was found near the floor compared to 1 μm particles. In
addition, as seen in Fig. 11(a), a larger amount of 1 μm particles can be
found at the BZ compared to 10 μm particles.

In conclusion, the prayer cycle performed by praying people inside
prayer rooms or mosques, where the floor is a pollution source, con-
stitutes a health risk and can deteriorate breathable air quality. The
impact of the person with the ground during prostration resuspended
particles which were inhaled, due to the close proximity of the BZ to the
floor. Moreover, the wake flow generated by the rotation of the praying
person generated significant airflow speeds and turbulence which can
transport particles from lower levels near the floor to higher levels. It
was also seen that the smaller the particle size, the higher the con-
tamination risk since smaller lighter particles are more easily trans-
ported into the wake and hence the BZ as the person shifts from pros-
tration to the kneeling position. Consequently, in mosque and multi-
faith spaces involving occupant praying motion, it is important to
minimize the resuspension rates from the floor by efficient techniques.
These techniques include the right choice of the HVAC system, adopting

efficient cleaning techniques as well as choosing the right flooring
material which would minimize particle detachment.

3.3. Limitations and future work

In this work, it is worthy to mention that the adopted particle in-
jection method has certain limitations since the mass flow rate of in-
jected particles highly affects dispersion pattern. Adopted method as-
sumes that the injected mass flow rate is unaffected by the flow
disturbance at the floor level. Therefore, a resuspension model should
be developed in future work to compute the exact mass flow rate of
particles detached from the surface and hence dispersed due to the
prayer cycle.

In addition, the choice of air conditioning system in the multi-faith
space can affect the macroclimate airflow field behavior and turbulence
levels which could have a significant impact on particle dispersion. In
this work, the space was conditioned with the conventional MV system.
However, the choice of the HVAC system could constitute a parameter
for future work. Moreover, the manikin rotation velocity depends on
the age of praying people and can also constitute a variable parameter
for future investigations. In this study, an average manikin rotation
velocity of 0.9 rad/s was adopted to represent the average population.

Fig. 12. Illustration of: a) particle dispersion caused by the praying manikin and b) DPM concentration contours from 6 s to 12 s, for 10 μm particles.
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4. Conclusion

A 3-D CFD model of a praying space coupled with a dynamic mesh
was developed to study the airflow field behavior of the Islamic prayer
cycle and how that airflow field affected the dispersion of particles
resuspended from the contaminated floor. It was shown that the rota-
tion motion of the occupant during prayer generated a wake flow field
that followed the body. The wake flow field was shown to generate
significant airflow velocities reaching 1m/s and turbulence intensity
reaching 20%. Due to this wake, particles resuspended from the floor
due to the impact of the person with the ground, follow the same radial
trajectory as the wake. Therefore, particles can be transported from the
floor to high levels of 1.4 m in the space. When the person is in the
prostration position, the breathable air quality is deteriorated for all
particles sizes due the proximity of the person to the ground.
Additionally, it was found that smaller particles constitute a higher risk
of contamination to the praying person. In fact, they can be easily
transported by the wake to higher levels and contaminate the BZ,
compared to heavier particles which remain closer to the floor.
Therefore, in praying spaces, it is important to consider flooring types,
ventilation system and cleaning strategies as design parameters to
minimize the contamination risk of praying occupants.
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