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Abstract
The characteristics of human-induced wake in an indoor
environment was investigated by performing CFD simulations of
a manikin in a confined room. The manikin motion with and
without limbs’ swinging were achieved by the dynamic mesh
method to update the new grids with each time step. The spatial
and temporal characters of wake flow induced by the two motion
modes was compared. Results indicated the common features of
the wake flow at different part of the body, such as the significant
downwash at the back and the upwash through the gap of legs. By
comparing the flow field generated by rigid motion and swinging
motion, significant discrepancies were found in terms of the
velocity field and the vorticity distribution, especially at the lower
part of the body which could be influential on the contaminant
dispersion. The swinging limbs increased the airflow disturbances
around the limbs and also influenced the region behind the torsos
comparing to the rigid motion.
Introduction
The human activity has been identified to wield significant
influence on indoor airflow patterns by producing distinct wake
flow regions and unsteady vortex shedding over the body [1-3]. Its
consequences on the indoor contaminant transport and dispersion
[4-6] received lots of attention especially in interior environments
such as aircraft cabins, hospital wards, surgical rooms and
cleanrooms, where occupants’ exposure levels to airborne
contaminants are highly valued [7-9].
The human-induced wake flow showed similarities with the
boundary layer separation when air flowed over bluff bodies,
forming a mixing zone that vortices entraining air into a reverse
flow region [10]. A number of studies had provided insights into
main aerodynamic features of flow over finite vertical cylinders
[11], such as the tip vortices around the free end, horseshoe vortex
at the bottom, arch vortex attached to the ground, and recirculation
region extending downstream behind the body. Therefore,
simplified geometries such as cuboids were used as substitutes of
human bodies at earlier stages [12,13]. However, discrepancies in
flow features due to geometry differences were also found, i.e. the
legs could be considered as two closely arranged cylinders whose
wake flow interacted with each other depending on the gap width
[10]. On the other hand, many studies considered the body as
stationary in a domain with a constant incoming flow. With
simplified geometries and stationary assumptions, the dynamic
effects of wind on human bodies had identified wake regions and
unsteady vortex shedding, by experimental and numerical studies
[1,2] However, the assumption of relative motion between the flow
and the stationary body neglected the flow disturbance caused by
the manikin motion, hence partially represented the near wake
characteristics of human wake during walking.
Recently more studies emphasized on the effects of realistic
human motion in the indoor environments, and used
anthropomorphic manikins than simplified geometries since they

provided more accurate results on the near-body regions [14]. Han,
Weng, Huang, Fu, Yang and Luo [15] experimentally measured
the motion-induced flow fields around a full-scale manikin under
rigid motion and stationary swinging. They found the
characteristics of wake flow related to pendulum frequency,
walking speeds and the spatial location. Numerically, by applying
dynamic mesh methods in the CFD approach, some studies had
obtained the visualization of human induced wake region. Hang et
al (2014) investigated the influences of human walking on the
indoor airflow and airborne transmission, and found the walking
indeed enhanced the airborne transmission from the source
manikin though its influence was minor compared to the
ventilation. Choi and Edwards [16] studied the human-induced
contaminant transport in room compartments with a moving
human model achieved by a human kinematics model, and found
that the transport mechanism of particle consisted of the
entrainment into the human induced wake and the backward
transport due to downwash effect and tip vortex formation.
Moreover, buoyancy-driven flow from body surfaces was
influential on the airflow patterns around the human body. The
thermal plume near the body could be comparable with the wake
flow under a low moving speed, but when the moving speed was
larger than 0.4 m/s, the wake flow re-dominates the microenvironment airflow patterns near the moving body [17]. Due to
the complex shape of human, some detailed information such as
the air flow field in the close vicinity of a person and convective
heat transfer between human body and surroundings can hardly be
obtained by experiments [14]. Comparing to experimental studies,
Computational Fluid Dynamics (CFD) approaches have become
more popular in studying indoor air flows [18] and human wake
[16], owing to advantages of low-cost and powerful visualization
capabilities. CFD methods with dynamic mesh technique have
been validated able to qualitatively capture the fundamental flow
features of the wake flow characteristics induced by obstacle
motion [12]
The studies into human-induced wake flow are gradually
developing its accuracy and integrating with air quality assessment.
However, some characteristics of the dynamic wake induced by
walking process remains unclear. Very few researches compared
the discrepancies induced by different motion modes used by
previous research, i.e. the rigid motion (no limbs swinging) and
the swinging motion (in gait cycles), to indicate the differences
that might arise in evaluating the dynamic flow field. Along with
the lack of focuses on the residual wake flow patterns when the
human body came to stop, which could be equally important if
contaminants were not removed instantly from the confined space.
In the present study, numerical methods were adopted to
investigate the details of wake flow induced by a thermal manikin
in the indoor environment under two motion modes, focusing on
the discrepancies in the flow field and vortex structures induced
by motion with and without limbs swinging during and after the
manikin’s moving. Techniques related to dynamic mesh modelling
was applied in the simulation to achieve the motion. It is expected

to improve the further assessment on contaminants levels for
indoor air quality based on more accurate prediction of humaninduced wake.
Numerical methods
Cylinder Geometry for Model Validation
The fluid dynamics of wake flow around human body conforms to
the fundamental behaviour of boundary layer separation of flows
over bluff bodies [2]. To validate the numerical modelling
accuracy, simulations of near wake flow around vertical cylinders
were conducted and validated against PIV measurements by
Rostamy, Sumner, Bergstrom and Bugg [19]. The computational
domain was a cuboid with dimensions of 1.96m × 0.91m × 1.13m.
A circular cylinder with a diameter of 31.5mm and an aspect ratio
(H/D) of 3 was fixed on the ground. The vertical cylinder has
similar aspect ratio with our manikin model (discussed later). The
free stream velocity was U = 20 m/s, turbulence intensity less than
0.6%, giving a Reynolds number of 42000 based on the cylinder
diameter.
To solve the boundary layer separation in the viscous sub-layer on
the cylinder surface, 10 prism cell layers were extruded from the
surface with an initial grid spacing of 1×10-4 m. This produced a
dimensionless wall distance (y+) of less than 5 to keep the first
grid point within the viscous sub-layer, and ensured a sufficient
number of grid points within the buffer region where turbulent
production rapidly increases. A structured hexahedral mesh with a
total 3.1 million cells was generated. The flow domain was
calculated by applying ambient flow conditions with the
experiment data, and the time step size for the transient flow was
1×10-3 s.

Flow and heat transfer models
For a three-dimensional time-dependent turbulent and buoyant
flow of an incompressible fluid, the Reynolds-average NavierStokes equations (RANS) are solved for the fluid phase. The
general transport equation where continuity, momentum equations,
turbulent quantities and energy are given is stated as equation (1):
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where, Φ represents the general variables, Γ represents the
diffusion coefficient and SΦ represents the source term, ui is the
velocity component in i direction, the expressions for Φ and S
corresponded to each transported variable. In the thermal condition,
the buoyant forces resulted from the density gradients in the
vertical direction was calculated by Boussinesq approximation.
The human motion was achieved by integrating dynamic mesh
technique. Re-meshing method was adopted to update the
deformed meshes before every time step in the unsteady process.
Model validation compared the RNG k-ε model with the Shear
Stress Transport (SST) turbulence model. The discretization
involved the QUICK scheme for momentum, and the SIMPLE
algorithm for pressure-velocity coupling. The second-order
upwind scheme was used for the convection and diffusion terms.
A time step which of 0.005s and the mesh was updated at each
time step matching the manikin movement.
Results
Air flow patterns across a vertical cylinder

Indoor Room Model Geometry and Boundary conditions
A manikin with a height of 1.7m was initially standing in a 4.6m
×6m×2.7 m quiescent room, with a distance of 1 meter to the
back wall as shown in Figure 1(a). The manikin was assigned to a
fixed surface temperature of 34℃, with the air temperature given
as 24℃. Unstructured tetrahedral cells and prism layers were
generated around the manikin surface (Figure 1(b)). To capture
boundary layer separation around the manikin, 10 prism layers
were generated on the manikin surface to keep the dimensionless
wall distance y+ < 5.

Figure1 (a) Computational domain of the room; (b) Prism layers and
mesh generation around the manikin.

The cadence (the number of steps per unit time) and the walking
speed of a person are subject to various factors. We assumed a
medium walking speed that 2 steps finished in one second with a
mean walking speed of 1.2 m/s according to the findings from [20].
In order to reduce the calculation of dynamic meshes, the walking
gestures were simplified as no bending of knees and elbows, only
swung as pendulums starting from the root of big arms and thighs.
Maximum joint angle displacements for arms and elbows are
15°and 30° respectively. The gait cycle was achieved by defining
the rotating velocities of limbs during each gait phase using UDF
in commercial CFD software ANSYS Fluent. The rotating
velocities were calculated from the length of limbs, the gait period
(1s) and the walking speed (1.2m/s).

Figure 2. Comparisons of streamlines, normalized u-velocity component
(u/U), normalized w-velocity component (w/U) on the mid-plane between
(a) PIV measurement data; (b) CFD results using RNG turbulence model;
(c) CFD results using kω-SST turbulence model.

The averaged velocity field on the centre plane of flow across a
vertical cylinder were compared with the measured data by
Rostamy, Sumner, Bergstrom and Bugg [19] (Figure 2). The
immediate downstream flow that originated around the free end
(top cylinder surface, free from other surfaces), and persisting in
the stream-wise direction was observed from in the simulated
results. The stream-wise counter-rotating vortex within the wake
were captured, one was the tip vortex near the free end and the
other was the base vortices near the cylinder-wall junction. Minor

differences occurred at the locations of the saddle points related to
the two vortices, and the prediction in the u and w velocity
components. The RNG model showed better performance over the
kw-SST in predicting the velocity distribution in the near wake
region. Overall, the reasonably good agreement from the
comparisons showed that the proposed numerical approach was
reliable for wake flow prediction behind a bluff-body.
Airflow field under rigid and swinging body motion
The comparisons between the rigid motion and the swinging
motion under thermal conditions are made in Figure 3 in terms of
the instantaneous velocity variation against time. Three sets of
points moving with the manikin were set at 20 mm to the limb
surfaces on the inner side (near-torso) and the farther side of the
arm, the thigh and the ankle respectively. Starting from 0 sec, the
swinging right arm and left leg were preparing to move forward
relative to the torso while the other limbs were moving oppositely.

relative motion of limbs to the points. Taking the left ankle for
example, velocities at the points were decreasing when the ankle
were moving away from the point, while increasing when it moved
towards the point by pushing the air in the swinging direction, and
drawn the air around to entrain the wake.
Velocity discrepancies between the two motion modes majorly
occurred during the walking process, more distinct at the lower
part of the body. The inner points around arms and thighs were less
influenced due to the confinement from body structures thus
showing similar characters under the two motion modes. Since the
farther side and the region around the ankle had less limited space
for wake flow to develop, the motion at those areas induced by
swinging showed a different pattern. A larger velocity amplitude
induced by swinging occurred at the lower body such as the ankle.
The highest velocities induced by the swinging leg would generate
2 times of the velocity under the rigid motion at the ankle’s height
during walking, which would yield considerable influence on
floor-board contaminants dispersion.
When the manikin came to stopped at t = 3s, the residual
momentum had led to notable velocity rises especially at the nearbody region. The residual wake flow propagated from the rear to
the front of the manikin through the narrow gaps between the limb
and the torso, hence generating an immediate velocity rise after its
stop. The swinging motion had experienced a larger increase in
velocities at those areas due to the inertia yielded by the swinging
of limbs. While at the points around the arm and the thigh, the
wake tailed away much quicker in the swinging motion than in the
rigid motion. It showed the use of rigid motion might over-predict
the influence on the wake around the upper body when the motion
stopped.
Flow Field Characters

Figure 3 Velocity comparisons of rigid motion and swinging motion at 3
sets of points (inner and outer side of arm, thigh and leg) against time

In the rigid motion, obvious oscillating flow induced by the vortex
shedding was captured, showing as limited amplitudes of
instantaneous velocity distribution occurred with a frequency. The
phenomenon is similar to the characters of vortex shedding
produced by bluff bodies that interacted with an external fluid flow
and produced periodical irregularities on the flow characters.
When vortices were formed at the back region of the body and
detached periodically from one side to the other, unsymmetrical
lift forces perpendicular to the inflow developed on each side, thus
leading to motion transverse to the flow. Regarding the arm, the
thigh and the ankle as cylinders with diameters of 0.1m, 0.2m and
0.08m, their corresponding Reynolds numbers of 9,000, 16,000,
6,400 were in the sub-critical Reynolds numbers range, in which
the shedding tends to be organized with an almost constant nondimensional vortex shedding frequency according to external flow
over a cylinder.
However, in the swinging motion, velocity magnitudes and
directions were re-dominated by the swinging momentum,
showing as periodic peaks and dips corresponding to full gait
cycles, while the amplitudes of vortex oscillation became minor.
The velocities collected at the detection points varied with the

Figure 4 Velocity contours and vectors on (a) mid-plane x = 0.0 m (midplane) (b) plane x = 0.12 m (through the leg) at t = 2.75s

Figure 4 showed the velocity contours and vectors on the midplane (X = 0m) and the plane through the right leg (X = 0.12 m)
under two motion modes at t = 2.75 s, when the limbs were
stretching in the final cycle before its stop. At the upper body, the
shed airflow formed downwash flow towards the back where the
highest velocities were observed. The flow patterns showed
similarities under two motion modes, however the rigid motion
predicted a larger region of high velocities. Noticeable
discrepancies were found at the lower region behind the gap of legs,
which showed a significant air movement induced by the swinging
motion, while the rigid motion predicted a calmer and shorter area
in terms of flow disturbances.
Figure 5 showed the contour of vorticity magnitude ωx, ωy, ωz in
the mid-plane across the body (X = 0 m), the vertical plane 0.2 m

behind the manikin (Y = 3.4 m) and the horizontal plane through
the waist (Z = 1.1 m) at t = 2.75s. In the mid-plane, a strong
negative vorticity concentration convected from the head and
shoulders, indicating an anti-clockwise circulation region at the
back of the upper body where the significant downwash occurred.
Besides, a strong positive vorticity protruding from the gap of the
legs identified a clock-wise circulation against the downwash
circulation behind the upper body. Re-circulations regions were
formed behind the solid torso during manikin’s walking.
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