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Creating a breeze in a space is necessary to enhance convective heat transfer and accordingly body
heat dissipation. In most tropical countries, ceiling fans are extensively used to create an indoor breeze,
improve the space air distribution and, hence enhance the feeling of comfort. The fan speed, diameter,
number of blades, blade angle, and location all play an important role in determining the induced flow
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pattern features in the space.
Keywords: Fe\{v previous st_udies ha.v.e investiggted fan induced ﬂow and its characterist%cs under different geo-
Ceiling fan rnetr.lc and operating con.dltlons. In this ngdy, an fmalytlcal aswellasa computatlo.nal model was useq to
Air distribution predict the flow pattern induced by a ceiling fan into a selected space. The numerical and mathematical
Ventilation results were compared to published experimental data. The results showed that the flow pattern has

different features as it leaves the fan and proceeds towards the floor. It has a divergence angle of almost
150°. Two correlations are introduced to help predicting the air velocity distribution due to using a ceiling

fan.
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1. Introduction

People feel discomfort when they get sweat in a space with a
stagnant air. Therefore, people try to create air breeze around their
bodies either naturally or mechanically to enhance body convective
heat transfer. Air motion helps sweat evaporation and, accordingly
brings body comfort feeling.

It is very difficult for many people in developing countries
to have an air conditioner to achieve indoor comfort conditions.
Instead, people depend mainly on natural ventilation; if aeromo-
tive forces due to the wind, or stack effect exist. Ceiling fans are
used in offices, residences as an alternative to extend the summer
comfort envelope. These fans are of affordable cost, simple in con-
struction, easy to install, and do not need regular or sophisticated
maintenance.

The flow-pattern features induced by ceiling fans are very help-
ful for people of interest working in the field of HVAC. This flow
is expected to be rotational, three-dimensional and turbulent. So,
knowing the flow characteristics, as a result of ceiling-fan rota-
tion would help improving the fan design in addition to selecting
its optimum placement to save energy. Further in air conditioned
spaces, turning a ceiling fan on would help reaching the space con-
trolled uniform temperature much faster than if there is no ceiling
fan.
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Ankur et al. [1] experimentally investigated the flow field of
a ceiling fan in a full-scale space with no furniture. In this study,
they identified different flow regions in the space through smoke
visualization. In the same study they compared the effect of using
winglets or spikes at the blade tip on improving the induced flow
pattern and breaking down the tip vortices.

The authors [1] performed their experimental study on a
full-scale room of 3.6 m x 3.6 m with a height of 3.0m using a
1200 mm-diameter fan with a maximum speed of 240 rpm. They
identified the flow pattern into different regions. A cylindrical cone
region with a 10° cone angle with the fan vertical axis extending
downward below the fan is characterized by the highest velocities
in the room, and covers a large portion of the floor area. Another
thin region is adjacent to the room walls with an upward veloc-
ity; then, a region sandwiched between the previous two regions
exists and is characterized by small velocities (less than 0.1 m/s).
Finally, a region of vortices is seen at the blade tip, and a region
of flow entering the fan plane from above. In the same study, they
presented a quantitative variation of air velocity in the room at two
planes of two different heights measured from the floor.

Schmidt and Patterson [2] studied the performance of a new
high efficiency design of a ceiling fan with aerodynamic blades
versus conventional fans. They concluded that the new ceiling-fan
design can decrease the power consumption by a factor up to three,
compared to the conventional ceiling fans.

Rohles et al. [3] studied the effect of using a ceiling fan run-
ning below a false, high-ceiling in an open zone, at different heights
above the floor. They found that the velocities were the same with
or without the ceiling existence. They recommended the proper
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Nomenclature

D space depth (m)

H height (m)

P pressure (Nm=2)

R fan radius (m)

u,v velocity components (ms~!)

w space width (m)

Xij space coordinate system, i, j=1,2

Subscripts
f fan

r radial, used for fan axis in fan-plane

w wall

0 tangential, used for fan axis in fan-plane
z downward direction

Greek letters

air density (kgm—3)

dynamic viscosity (kgm~1s-1)
kinematic viscosity (m2s-1)
wall shear stress (Nm~2)
boundary layer thickness (mm)
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placement of measurements and the enough number of measure-
ment points (10 points) per location. They added that air velocities
diminished very rapidly beyond almost 40% of the height from the
fan hub.

Rohles et al., in another study, [4] reported that ceiling fan man-
ufactures claim that air of 28°C with a running ceiling fan will
provide the same amount of comfort as 24 °C without a fan. They
added that the turbulence and variable-characteristics of the air
plume, due to the ceiling fan, may be its major comfort-producing
feature. In the same article, the authors mentioned that ASHRAE
stated in their standards that loose paper, hair, and other light
objects may start to be blown about at an air velocity of 0.8 m/s.

Thorshauge [5] studied the velocity fluctuations in 12 different-
volume ventilated spaces. The author mentioned that the velocity
fluctuations were not periodic but intermittent. A linear relation-
ship between the mean velocity and standard deviation, maximum
velocity, mean acceleration, and standard deviation of the accelera-
tion was found. Neither the space volume, supply flow, nor the type
of outlet had any significant influence on this linear relationship.

Sonetal.[6] studied the effect of using a ceiling fan along with an
air conditioner on human thermal comfort. They found that without
the use or with a little use of the ceiling fan, thermal comfort is
strongly dependent on the location of the inlet diffuser. However,
thermal comfort has a strong dependence on the vertical air speed
due to the fan.

Schiavon and Melikov [7] investigated the effect of elevating
air speed in a space on potential saving of cooling energy. They
reported that the required power input of the supplied fan is a
critical factor that achieves energy saving at elevated room temper-
ature. However, they added that under their assumptions, energy
saving may not be achieved with ceiling, standing, tower and desk
fans widely used when the power consumption of the fan is higher
than 20 W.

2. Mathematical analysis

Flow induced by a ceiling fan is mainly 3D and rotational, partic-
ularly in the fan plane. This rotation effect starts to decrease once
the flow is forced downward into the space. Below is a mathemati-
cal formulation that can help predicting both the radial distribution

of the tangential velocity in the fan plane as well as the downward
velocity. The governing momentum equations in the tensor form
can be written as (Tannehill et al. [8]):

ou; ap; 3 (ou Oy
() =-Ben i (S 3)) v
Since the present study focuses on flow pattern in two different
planes in the space: the fan plane, and a mid-space downward
plane, two different coordinate systems are considered. It is
expected that the flow is rotational in the fan plane; therefore, the
cylindrical coordinate system is considered; while the Cartesian
coordinate system is used with the mid-space downward plane.
When analyzing flow in the fan plane, the following assump-
tions are adopted to simplify the model:

- The flow is mainly rotational, i.e. vy > vr.

- The fan rotational-speed is uniform, and the blades are identical,
i.e. vy(r) is only considered.

- The angular pressure gradient, dp/d6, is neglected.

Applying these assumptions on the f-momentum of Eq. (1) as
shown below:
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leads to the following partial differential equation in the polar form:

2
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This equation is in the form of Cauchy equation with a solution in
the form of (Trim [9]):

C
vy =Cir+ =2 (4)

The constants can be obtained from Dirichlet-type boundary con-
ditions in the form:

vg(R) = wR, and vy (%) =0

where w is the fan angular velocity. Applying the two boundary
conditions in the solution leads to the following distribution:

wR? 1  4r
vg(r) = [

1—QR/WY3 Lt w2

For the distribution of the downward velocity, a flow analysis in
a mid-plane, as shown in Fig. 1, is carried out. Similar assumptions
to that mentioned earlier are adopted to simplify the governing
equations to be solved. Assuming that the downward velocity is
dominant compared to the other components; hence, the govern-
ing momentum equation, considering the continuity equation, can
be reduced to the Laplace equation:

v, 9%y,
ox2  09z2
The boundary conditions in this case are as follows; taking z mea-
sured from the floor and upward:

} R§r<¥ (5)

=0 (6)

VZ(Xa Hf) :f(x)a VZ(X70)=0»
oy w
$2(0,2)=0, and v, (7,z) ~0 7)

The method of separation of variables (Trim [9]) is employed to
solve Eq. (6) along with the accompanied boundary conditions, Eq.
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Fig. 1. A general layout of a room with a ceiling fan showing the planes of interest.

(7). The solution is in the following form:
vz(x,z) = ZC” -sinh(Az) - cos(Ax), 0 <z < Hy,
n=1

and 0<x< (8

=

w
2

where Cn = (4/(W sinh AHy)) fOW/zf(x) cos Ax dx, and
A=((2n-1)/W)m.

It is worthy to mention that a fitting correlation, based on mea-
sured experimental results by Ankur et al. [1], was predicted in the
form of:

v2(X, Hp) = ag + a1X + ax? + a3x® + agx* + asx®

The coefficients of this polynomial are tabulated as follows:

ap a az as as as

1.6707 -8.2639 1789714 -771.7363 1163.4398 —585.2967

The above correlation was fitted with an R-square of 98%. Both
equations ((5) and (8)) can be used to predict the velocity distribu-
tion in the fan plane and downward of the fan till the space floor,
within the restricted dimensions. However, the equations can be
readjusted for different fan sizes and space dimensions.

3. Computational analysis

Experimental flow visualization to depict flow pattern due to
ceiling fans is neither easy nor simple. The computational fluid
dynamics has been extensively and promisingly used in many

complicated applications. In the present study, a finite-element
based commercial code, Ansys, is used to simulate the flow pattern
induced by a ceiling fan in a space. It is very important to study
this problem in the view of 3D including furniture in the space.
However, our point of view here is to get benefit from the flow
similarity extending below the fan and around its vertical axis, and
to predict the flow pattern based on which a seating zone can be
adopted. Therefore, two planes of importance were chosen: the fan
plane, and a vertical mid-plane passing through the fan rotation
axis. Fig. 1 shows the physical domain configuration with the two
studied planes.

In order to count for the turbulence effect, the two-equation,
k-&, model is adopted to predict the turbulence viscosity based on
the turbulence kinetic energy and its dissipation. In this model, the
turbulent viscosity is related to the turbulence kinetic energy, k,
and dissipation rate, & by the Prandtl-Kolmogorov as follows:

e =2 where €, =0.09.

Knowing aninlet velocity, the program calculates the turbulence
kinetic energy and its dissipation at the inlet, based on an inlet
intensity of turbulence and an inlet length scale factor. The program
uses the following equations:

3. . .
Kintet = i[mlet intensity x Vm]2 and  &jpjet

Cl/- k3/2
inlet scale factor x L¢

where L¢ is a characteristic length such as an inlet diameter,
hydraulic diameter, or plate length. Directly below the fan, the
diameter is taken as 90% of the tip diameter of the fan, as men-
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(a) Fan Plane: Grid configuration (left), Boundary conditions (right)

vo=v,=0

P 5

Fitting correlation from
I experimental study [1]

ve=v.=10
iy

vw=v,=10

(b) Room Mid-Plane: Grid configuration (left), Boundary conditions (right)

Fig. 2. The computational domain of the selected planes.

tioned in [1]. The product term of inlet intensity and velocity gives
the fluctuating velocity component at the inlet. The inlet intensity
default is taken 0.01, corresponding to a level of turbulence of 1% at
the inlet. The length scale at inlet region is a multiple of a charac-
teristic length and an inlet scale factor taken as 0.01 in the present
study.

The two-equation model assumes a fully developed turbulent
flow, which is not the case in the sublayer region near the wall,
where viscous effects are dominant. Therefore, a wall turbulence
model called the log-law of the wall is a remedy along with the k-¢&
model. This law of the wall is given as (Tannehill et al. [8]):

Tw 1 ES [Tw
U — == |n—,/ —
- 1 2]

The values of « (the von Karman constant), and E (a roughness
parameter) are 0.4 and 9.0, respectively.

The computational domains of both planes, shown in Fig. 1, are
indicated in Fig. 2a and b, respectively. The boundary conditions
are shown along with the computational domain for the fan plane
as well as for the vertical plane. Since it is not easy to specify the
inlet boundary conditions for the vertical plane, a Dirichlet-type
of boundary conditions is taken from real measurements of Ankur
etal. [1] for the downward velocity and then applied just below the
fan to help predicting the velocity distribution downward the fan
towards the floor.

A quadrilateral type-of-element with a quadratic approximation
function was adopted. In the fan plane, the discretized momentum
equations in the radial and tangential directions were iteratively
solved for a steady state assumption.

In order to prove a grid-independent solution, a successive mesh
refinement was adopted till the grid configuration for the fan plane
was 2800 elements, and for the mid-plane was 8442 elements.
Mesh refinement was applied in regions of expected sharp varia-
tion of the variables; such that the model can capture this variation.
The semi-iterative tri-diagonal matrix algorithm, TDMA, is used to
solve the assembled matrix of unknowns.

4. Results and discussion

Fig. 3a shows a qualitative enlarged portion of the velocity vec-
tors around the fan rotating-blades. It can be seen the swirl behavior
due to the fan rotation. As the fan rotates, the air layers attached
to the blades randomly rotate. Due to air viscosity and molecules
attraction forces, the rotation effect transfers to the air in the fan
plane and progress downward. The dense zones in the figure are
the places of maximum tangential velocities at the blade tip. But,
this velocity decreases as air moves towards the space walls. Quan-
titatively, Fig. 3b illustrates the air velocity contours as a result of
running a ceiling fan into the space. The figure presents the velocity
variation from the fan centerline to the bounded walls. This fig-
ure supports the pattern shown in Fig. 3a, and reinforces the flow
symmetry.

The tangential velocity variation at some distances from the fan
blade is shown in Fig. 4. The figure indicates that increasing the fan
speed by a factor of four would almost increase the tangential veloc-
ity by the same factor. The figure also illustrates that the air velocity
decreases at some distance away from the fan blades. Fig. 4 shows
a comparison between the numerically predicted results with the
mathematically calculated ones based on Eq. (4). Areasonable trend
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(a) Enlarged Portion of Velocity Vectors near the Fan Blades m/s
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(b) Velocity contours at the Fan Plane

Fig. 3. Flow pattern induced by the fan on its plane of rotation.

match was noticed for the four different rotational speeds. The
computational results obtained by Ansys showed underprediction
trends due to the carried assumptions to model the problem. The
fan plane might be of a little interest for the HVAC people, who
are usually interested in the occupied zone, which is almost 1.8 m
above the floor. However, the information obtained in the fan plane
might help the fan designers and people of interest to improve the
fan design and configuration.
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Fig. 4. Tangential velocity variation in the fan plane at different rotation speeds.
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(b) Velocity contours at the Room Mid-Plane

Fig. 5. Flow pattern induced by the fan on the room mid-plane below the fan.

The downward velocity variation is of great importance since
it directly produces the velocity movement in the occupied zone.
Fig. 5a indicates a qualitative enlarged portion of the flow behavior
near the fan blades. The figure clearly illustrates the down-
ward velocity progressively entering the occupied zone. The flow
entrained by the fan towards its center of rotation can be seen
above the fan plane. A velocity contour configuration for the whole
domain is indicated in Fig. 5b. The figure shows a symmetric behav-
ior about the fan axis and an air plume from the fan into the space.
A velocity relax is observed as the air plume progresses towards
the space floor.

Fig. 6 depicts a qualitative velocity distribution at different room
planes from the fan plane to the floor. The purpose of this fig-
ure is to trace the flow behavior as it enters the occupied zone.
It clearly shows the divergence zone below the fan forming a cone-
like region. In addition, a reverse upward flow close to the walls
is noticed due to the continuous entrainment of space air and its
discharge downward. The effect of fan hub is clearly shown in the
profile very near to the fan plane. This effect diminishes as flow
proceeds towards the floor.

Available experimental results by Ankur et al. [1] were used to
validate and judge the computational and analytical results. They
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Flow-cone boundaries

Fig. 6. A Qualitative depiction of flow pattern induced by the fan at selected planes
below the fan-plane.
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Fig. 7. Downward velocity variation at two planes below the fan compared with
measured values by Ankur et al. [1].

showed quantitative velocity values in two planes parallel to the fan
plane at distances 2.72 m and 1.5 m measured from the floor. Fig. 7
shows the downward velocity variation from the fan axis towards
the room wall. A comparison between the measured values and the
predicted ones at different planes are included in the figure. The fig-
ure illustrates a reasonable agreement in the velocity variation. The
values corresponding to z=2.72 m are the inlet values to the com-
putational and mathematical models. It is seen from the figure that
the air velocity is decaying as distance increases from the fan axis
towards the wall. It is noticed that the fan outflow effect is gradu-
ally decreasing at a distance slightly greater than the fan diameter.
As the air leaves the fan and proceeds towards the occupied zone,
a velocity decrease is also noticed due to entraining room air form
other parts and flow relaxation.

5. Conclusions

This study presented qualitative as well as quantitative figures
of flow features induced by a ceiling fan. The results depicted dif-
ferent flow regions with specific characteristics inside the space. A
downward flow zone with specific features was noticed. This may
help adjusting the seating area, particularly in places where natural
ventilation is not felt or not available.

The results showed that increasing the fan rotational speed
results in increasing the local downward velocity distribution
inside the space. Hence, operating a ceiling-fan at an improper
rotational-speed may cause disturbance for occupants. Further, the
study introduced two empirical correlations that can be used to
predict the induced-air velocity distribution in a space from the fan
plane downward towards the space floor with reasonable approx-
imation values.
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