
UC Berkeley
Building Efficiency and Sustainability in the Tropics 
(SinBerBEST)

Title
Experimental and numerical investigations of indoor air movement distribution with an 
office ceiling fan

Permalink
https://escholarship.org/uc/item/37s8h4w4

Author
Chen, Wenhua

Publication Date
2017-12-18
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/37s8h4w4
https://escholarship.org
http://www.cdlib.org/


Contents lists available at ScienceDirect

Building and Environment

journal homepage: www.elsevier.com/locate/buildenv

Experimental and numerical investigations of indoor air movement
distribution with an office ceiling fan

Wenhua Chenb, Shichao Liua,∗, Yunfei Gaoc,d, Hui Zhangc, Edward Arensc, Lei Zhaob, Junjie Liub

a Department of Civil and Environmental Engineering, Worcester Polytechnic Institute, Worcester, MA 01609, USA
b Tianjin Key Laboratory of Indoor Air Environmental Quality Control, School of Environmental Science and Engineering, Tianjin University, Tianjin, China
c Center for the Built Environment, University of California, Berkeley, CA, USA
d School of Architecture and Urban Planning, Guangdong University of Technology, Guangzhou, China

A R T I C L E I N F O

Keywords:
Ceiling fan
Blade geometry
Rotational speed
Air movement distribution
Moving reference frame
Thermal comfort

A B S T R A C T

Ceiling fans provide cooling to indoor occupants and improve their thermal comfort in warm environments at
very low energy consumption. Understanding indoor air distribution associated with ceiling fans helps designs
when ceiling fans are used. In this study, we systematically investigate the air movement distribution in an
unoccupied office room installed with a ceiling fan, as influenced by (1) fan rotational speed, (2) fan blade
geometry, (3) ceiling-to-fan depth, and (4) ceiling height. We both measured and simulated air speeds at four
heights in the occupied zone according to ANSI/ASHRAE/IES Standard 55 (2013) for seated and standing oc-
cupants. CFD predictions were validated by experimental results. In general, numerical results show that for an
unoccupied space, the fan blade geometry, ceiling-to-fan depth, and ceiling height only influence air speed
profiles within a cylindrical zone directly under a ceiling fan whose diameter is identical to that of the ceiling
fan. However, the average speeds within the cylindrical zone at each height are very similar (< 10% in dif-
ference) for the different blade shapes studied, indicating a minor influence of blade geometries on occupants'
perception of the thermal environment. The results also indicate that the velocity profile remains similar in the
main jet zone (the tapered high-velocity zone under the fan blade) for various rotational speeds. The jet im-
pingement on the floor creates radial airflow at the ankle level (0.1 m) across the room, which is not the most
effective airflow distribution for cooling occupants.

1. Introduction

Energy constraints encourage the use of energy-effective electrical
appliances such as ceiling fans to achieve indoor thermal comfort,
especially in developing countries (e.g., China and India) and regions
with mild and warm climates. Ceiling fans accounted for approximately
6% of residential electricity consumption in India in 2000, which might
increase to 9% in 2020 [1].

Elevated air speeds from ceiling fans can offset the need for low
thermostat cooling set-points, and provide occupants with enhanced
thermal comfort at a lower energy consumption. ANSI/ASHRAE/IES
Standard 55 (2013) [2,3] recommends an elevated air movement
method to maintain thermal comfort in the occupied zone at increased
indoor temperature. Airflow from a ceiling fan with a speed between
0.5 m/s and 1.0 m/s compensates for approximately 3 K indoor tem-
perature increase [4] or even more [5]. Energy simulations suggest a
saving of 15% residential cooling energy by using ceiling fans and a
thermostat set-up of only 1.1 K [6], saving between 17% and 48% for

400 Florida households [7]. Additional simulations show that in com-
mercial office buildings, a 1 K setpoint extension is associated with
about 10% HVAC energy savings in most types of climate [8].

1.1. Ceiling fan evaluation approaches

The performance of ceiling fans is often evaluated from the per-
spective of energy consumption for created airflow rates [9–11].
Overall, a ceiling fan that provides a certain airflow rate at a lower
power input is rated with a higher efficiency. The American Energy Star
program defines the minimum efficacy levels for certified ceiling fans.
For instance, fans at a low speed must have a minimum airflow rate of
2124m3/hr and an efficiency of 263m3/hr/W [10] A nice summary of
the ceiling fan energy efficiency evaluation methods is presented by de
la Rue du Can et al. [1]. However, such performance evaluation does
not consider air movement distribution within the room, which is the
feature that affects occupants' thermal comfort.

Schiavon and Melikov [12] developed a cooling-fan efficiency (CFE)

https://doi.org/10.1016/j.buildenv.2017.12.016
Received 1 October 2017; Received in revised form 30 November 2017; Accepted 15 December 2017

∗ Corresponding author.
E-mail address: sliu8@wpi.edu (S. Liu).

Building and Environment 130 (2018) 14–26

Available online 18 December 2017
0360-1323/ © 2017 Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2017.12.016
https://doi.org/10.1016/j.buildenv.2017.12.016
mailto:sliu8@wpi.edu
https://doi.org/10.1016/j.buildenv.2017.12.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2017.12.016&domain=pdf


index to assess the performance of cooling fans, including ceiling fans,
by considering the reduction of equivalent temperature that is caused
by elevated air movement when compared to an environment with still
air. The CFE is defined as the ratio of cooling effect to fan power. This
method combines the factors of both the energy saving and thermal
comfort rather than pure airflow capacity. Based on the comfort with
elevated air movement described in the ANSI/ASHRAE/IES Standard 55
(2013) [2], the CFE index relies on the room air distribution to provide
thermal comfort at any given point.

A new ASHRAE Standard 216 (ceiling fan method of testing) is
currently under development to quantify and to predict airflow under
ceiling fans. To evaluate fan performance, the existing indexes focusing
on energy efficiency and airflow volume might not be enough. An index
is also needed that links fan speed to the distribution of air movement in
the occupied zone, since that determines occupant thermal comfort.
This second index is included in the goals of ASHRAE Standard 216. A
final goal of the Standard is a design tool to provide guidance for de-
signers when ceiling fans are applied. For the latter two goals, under-
standing air movement distribution in a room is a key component. This
team performed activities to support the ASHRAE Standard 216 effort.
First, detailed laboratory measurements of occupied zone air speeds,
with and without furniture, have been taken under a single ceiling fan.
The detailed measurements profiles are described [13].

1.2. Factors affecting air flow distribution by ceiling fans

Most fan studies have focused on the air flow volume induced by
ceiling fans, but not on the room air movement distribution, and par-
ticularly not on the distribution in the occupied zone. Laboratory
[14,15] and field [16] studies compared energy efficiency index and
indoor airflow distributions from different fan speeds and blade dia-
meters. The studies indicated that the vertical temperature difference
decreases with increasing fan speed, and that wider fan blades increase
airflow coverage with increased energy efficiency [16], and that fans
with a larger diameter and lower rotation speed reduce noise [17].
There are a few studies that examine the effect of air speed on bacterial
removal [18–21], all finding that increasing speed results in higher
disinfection efficacy. These studies did not examine the air movement
distribution in the occupied space.

There has been considerable effort to improve the design of the fan
blades in order to increase the flow volume, uniformity along the fan
radius, and to increase the air movement coverage area. Adeeb et al.
[22] focused on the number of blades and found that increasing the
number of blades resulted in a higher flow volume. Afaq et al. [23]
measured the effect of rake angles on the flow volume and found that a
6° upward rake angle (fan blades tilted above the horizontal level)
provided the highest flow volume. Jain et al. [24] found that introdu-
cing winglets and spikes on the blade tip increased flow volume.

Volk [25] designed aerodynamic attachments as auxiliary blade
attachments wedged onto the trailing edges of the main blades of
conventional ceiling fans. Bird [26] designed a positive twist adjacent
to the rotor end of the blade, so that blade pitch increases from a tip end
of the blade to the rotor end of the blade. Sonne & Parker [16] devel-
oped twisted and tapered blades with airfoil cross-section. The twisted,
tapered blades increase airfoil efficiency by reducing energy lost to
wingtip turbulence and flow separation. Parker published several pa-
tents [27–29] about the blade shape, providing the basis for the “Gos-
samer Wind” fan. Schimidt and Patterson [9] evaluated the power
consumption/airflow power of ceiling fans with an axial flux brushless
DC motor. The fan blades were reshaped aerodynamically to provide a
more constant air velocity across the area below the blades.

Additionally, laboratory measurements [30] indicated that a ceiling
surface began to reduce fan flow volume only when the distance be-
tween the ceiling and the fan (diameter is 1.4m) is 0.4 m or less.

1.3. CFD models

Numerical simulation using CFD has been successfully applied in
ventilation and indoor air distribution research [31–33]. All the re-
viewed work used Reynolds-averaged Navier-Stokes equation (RANS)
models because of their less computational requirements compared to
Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS)
[34,35]. Momoi et al. [30] compared the standard k-ε turbulence model
and the Reynolds stress model (RSM) in a study of turbulence models
used in ceiling fan simulations. The comparisons indicated unremark-
able differences between the two models.

Because of the complexity of ceiling fan’ geometries, it is generally
cost-prohibitive to directly model a rotating ceiling fan using the
moving mesh method [36,37]. Instead, the body force model (also
called momentum method) and multiple reference frame (MRF) method
are often applied [36,38]. Bassiouny et al. [39] fitted the previous
measured data [24] as Dirichlet-type boundary conditions based on the
body force model, and predicted the airflow induced by a ceiling fan
using the standard k-ε model. Zhu et al. [19] used MRF together with
the realizable k-ε model to examine the ceiling fan-driven flow in an
environmental chamber. Contrary to these, Babich et al. [38] concluded
that SST k-ω model is better than the standard k-ε and realizable k-ε
models when applying the body force model to ceiling fan simulations.
However, the conclusion was drawn when the ceiling fan was simulated
by a body force model rather than MRF.

We identified the following limitations of previous related studies.
First, the possible effects of fan blade geometries on airflow patterns
have not been thoroughly investigated. The challenges of considering
fan blade geometries in CFD simulations entail investigations into how
much air distribution varies with different fan geometries. Second, even
if previous studies have recognized that using ceiling fans is an energy-
efficient solution for thermal comfort via air movement elevation, many
factors, such as fan rotational speed and installation height, could in-
fluence air distribution and thermal environment in the occupied zone.
Insufficient guidance about these factors inhibits designers and practi-
tioners from applying ceiling fans properly in practice. Finally, turbu-
lent jets usually display the properties of self-similarity in the self-
preservation region (further down from the initial development region
close to the fan blades) where the flow profiles are self-similar [40]. We
hypothesize that similar self-similarity might exist for the primary air-
flow induced by a ceiling fan. Nevertheless, we could not find such an
investigation in the literature.

1.4. Objectives

This paper aims to provide fundamental knowledge on how fan
properties and room configuration affect the air movement distribution
in an office room. In particular, the present study systematically in-
vestigates the influences of (1) ceiling fan rotational speed, (2) fan
blade geometry, (3) distance between ceiling and fan, and (4) ceiling
height on air distribution in an unoccupied office, using computational
fluid dynamics (CFD) simulations. The CFD simulations were first va-
lidated by laboratory experiments and then applied to investigate these
factors.

2. Methodology

2.1. Baseline experimental data

Simulations in this study are based on a previous experimental study
of an office room conducted at the Center for the Built Environment
(CBE) at University of California, Berkeley [13]. The room had geo-
metries of 5.5 (X)× 5.5 (Z)× 2.5 (Y) m, as shown in Fig. 1a. A ceiling
fan (Haiku 60, Big Ass Fans, Inc.), 1.5 m in diameter, was installed at
0.2 m below the ceiling surface. Fig. 1b is a snapshot of the fan used in
the experiment. Smoke visualization was used to ensure that the room
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walls have negligible effects on the airflow generated by the fan.
In order to better describe flow characteristics, we divided the oc-

cupied zone into two regions, Zone 1 and Zone 2. As shown in Fig. 2,
Zone 1 is the cylindrical zone, with the same diameter (1.5 m) as the
fan, right below the fan blades, and the remaining area in the occupied
zone is Zone 2 (the occupied zone refers to the space from the floor and
1.8 m above the floor and more than 0.3 m away from internal walls, as
defined in ANSI/ASHRAE/IES Standard 55 (2013) [2]).

Due to the symmetry of air velocity distribution below the ceiling
fan, we measured the velocity magnitude over a half of a vertical plane
(the green plane in Fig. 1a) intersecting with the center of the fan. We
used omnidirectional anemometers to measure air speeds at a sampling
frequency of 0.5 Hz. The anemometer system, manufactured by Sensor
Inc., is designed for the typically low air speeds of room flow with an
accuracy± 0.02m/s or 1% of reading (0.05–5m/s). For each location,
we measured air velocity for a period of 3min. We measured air speeds
at four locations in total for eight heights in the occupied zone [13].
Since the thermal environment at four heights (0.1, 0.6, 1.1 and 1.7m)
is often applied to evaluate occupants' thermal comfort for seated and
standing occupants [2], this study uses air speeds at only the four
heights above the floor as shown in Fig. 2 (blue box represent Zone 2).
The measurements at each height consisted of 28 locations, every 0.1m
from the center of the ceiling fan.

The fan was operated at three rotational speeds, 72 rpm (revolu-
tions/minute), 124 rpm, and 182 rpm, according to three fan speed
settings.

2.2. Numerical simulation

We simulated three ceiling fans with different blade shapes to ex-
amine how airflow distribution is affected. The geometries of the three
fans (Fig. 3a–c) were obtained from a free CAD library [41]. They are
the only available digital fan models having three blades, and they
represent fans that are commonly available in the market. There was no
digital description of the Haiku plywood-bladed fan (Fig. 3d) for which
the laboratory velocity measurements had been obtained. We therefore
measured the Haiku airfoil parameters at four equally spaced stations
(Table 1), and obtained the comparable parameters from the three di-
gital fan models using SolidWorks, exporting to Gambit 2.4.6 for

meshing. The diameters of these four ceiling fans are identical, 1.5 m.
The blade thickness is roughly constant in each fan, between 4 and
5mm.

In order to get a high-quality computational mesh, the computa-
tional domain was divided into two parts, a rotating reference frame
around the ceiling fan and the rest region. After a range of trial simu-
lations considering the size of the rotating domain proposed by litera-
ture [42,43], we applied a rotating reference frame with a diameter of
2.0 m and a height of 0.17m (0.12 m above and 0.05m below the
ceiling fan). The mesh in the rotating reference frame consisted of
tetrahedral and hexahedral grids (Fig. 4). The grids outside of the ro-
tating reference frame were hexahedral to save computational re-
sources. We conducted a grid independence test with three mesh sizes
(2.4 million, 4.1 million, and 6.0 million) by comparing simulated
airflow accordingly. The test results indicated that a mesh with 4.1
million grids generated insignificant difference when compared with a
finer mesh, 6.2 million grids. Fig. S1 in the supplementary information
shows the comparison in detail. Consequently, we employed the
medium grid number (approximately 4.1 million) for all simulations in
this paper. The rotating reference frame accounts for 37% of the total
grids to capture air dynamics around the ceiling fan. We optimized the
mesh in Gambit and ensured the skewness of the grids less than 0.86.
The y+ values on the walls of the ceiling fan range from 3 to 25 that is
suitable for standard wall functions. The growth rate of cell-size is small
than 1.2. The aspect ratio is less than 6.2.

We applied the multiple reference frame (MRF) model to simulate
the rotating motion of ceiling fans. The rotating wall surfaces were
treated as stationary boundaries relative to the rotating frame. When
the equations of motion were solved in this rotating reference frame,
the acceleration of the fluid was supplemented by additional terms that
appear in the momentum equations. MRF is normally used for steady-
state conditions [20,44], with the dynamic mesh method often used for
transient state conditions. However, the high computational cost of
dynamic mesh has not been found to give significant improvement in
airflow prediction [36]. We used the standard k-ε model in this study,
as various researchers have found that the model provided a reasonable
estimation of the overall trend of airflow in terms of parameters such as
pressure and velocity, when the MRF approach was used to simulate a
ceiling fan [20,44]. For this investigation, the SIMPLE algorithm was
applied for the pressure coupling as it contains a slightly more con-
servative under-relaxation value of up to 0.8. Without heat sources in
the room, the numerical solutions were solved in the isothermal con-
dition with a second-order approximation. We used standard wall
functions for all wall boundaries. Rotational velocity was assigned to
wall boundaries for fan blades. Table 2 describes the simulated cases in
this study.

3. Results

3.1. Validation of numerical modeling of a ceiling fan

As depicted in Fig. 5, the numerical velocity profiles of fan1 at four
heights (0.1 m, 0.6 m, 1.1 m, and 1.7m) are compared with measured

Fig. 1. Experimental setup. a) Schematic of the office room;
b) Haiku ceiling fan.

Fig. 2. Measurement points for three rotational speeds (72 rpm, 124 rpm, and 182 rpm).
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data from the office room with the Haiku ceiling fan (Fig. 3) [13]. The
ceiling fan-driven flow is generally well-predicted by CFD modeling.
The velocity profiles for the four heights are all well represented by the
CFD predictions. As shown in Fig. 5a–d, the differences mainly happen
near the fan axis (Zone 1, width same as the fan diameter, shaded with
grey in Fig. 5). These discrepancies might be attributed to the geometry
difference between ceiling fans. As shown in Fig. 3a and d, the diameter
of the Fan 1 hub is larger than that of the Haiku hub. This may explain
the difference between the simulated and measured velocities at 1.7m
(Fig. 5a), where the peak happens closer to the fan center in the mea-
sured Haiku than the simulated Fan1. Besides, Haiku blade is wider and
has more curvature than the Fan1 (Table 1) and appears to push the air
flow outward slightly more than the simulated, as the air moves down
towards the floor, (seen in Fig. 5b and c for comparisons at 1.1m and
0.6 m heights). To quantify the uncertainties of simulated air speeds at
different heights, the normalized root-mean-square deviations
(NRMSDs) were calculated,

= ∑ −
−=NRMSD V V n

V V( ( ) )/
( )i

n
sim i exp i

sim max sim min
1 , ,

2

, ,

where i refers to a measured location at a certain height, and n is the
total number of the locations. The symbols sim and exp represent si-
mulation and experiment, respectively.

The maximum difference occurs at the height of 0.6m with a value
of approximately 19.3%. The velocity profiles in Zone 1 between the
measured and simulated are very close. The CFD models predict velo-
cities accurately in Zone 2. The differences between the predicted and
the measured velocities tend to reduce when the location is further
away from the fan axis. The results suggest that the ceiling fan-driven
flow can be predicted by the combination of Standard k-ε model with
the Multiple Reference Frame (MRF) fan model.

3.2. Influence of rotational speed

Fig. 6 depicts the measured air velocity profiles at four heights for

Fig. 3. Ceiling fan geometry and blade shapes: a) ceiling fan 1; b) ceiling fan 2; c) ceiling fan 3; d) Haiku fan.

Table 1
Parameters of fan blades.

a
(pitch angle)

Turning 
direction

Fan 1 Fan 2 Fan 3 Haiku Fan 1 Fan 2 Fan 3 Haiku

S1 S3

d (mm) 137.2 80.0 98.9 127 d (mm) 149.3 114.5 140.0 185
h1 (mm) 6.9 4.1 6.2 4 h1 (mm) 8.5 8.2 8.0 7.5
h2 (mm) 9.2 4.8 7.0 5 h2 (mm) 10.7 9.5 9.9 11
h3 (mm) 7.9 4.3 6.5 4 h3 (mm) 9.0 6.8 8.3 8
a (°) 6.7 6.7 4.3 6.1 a (°) 6.1 7.9 5.4 8.39

S2 S4

d (mm) 143.2 97.6 126.7 165 d (mm) 155.3 131.9 146.2 166
h1 (mm) 7.6 6.4 7.1 7 h1 (mm) 8.4 10.8 8.1 0
h2 (mm) 9.5 7.7 8.7 9 h2 (mm) 10.8 12.4 10.2 0
h3 (mm) 8.0 5.9 7.6 6.5 h3 (mm) 8.9 8.2 8.6 4
a (°) 6.6 7.2 5.3 6.6 a (°) 5.7 8.4 4.8 2.7
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the Haiku ceiling fan at 72, 124, and 182 rpm. Spatial-average velocity
in the occupied zone is increased with the increase of rotational speed.
There is a peak velocity in the Zone 1 (shaded zone in Fig. 6) for each
height even at the lowest rotational speed, except for the level at 0.1 m.
Air speed at the ankle level (0.1 m) is significantly elevated almost
across the entire room. In the regions beyond Zone1, air velocity at the
ankle level is even greater than that at other three heights. Fig. 6b
shows that air speed at 0.1m exceeds 0.5m/s when the ceiling fan is
operated at a medium speed, which could cause draft at occupants'
lower legs and ankles if the ambient temperature is not warm [45].

For the rotational speed of 72 rpm, the locations of peak velocity
shift outwards from the ceiling fan hub with the decrease of height,
which indicates that airflow spreads slightly outwards when moving
down. For the other two rotation speeds (124 and 182 rpm), the loca-
tions of these peak velocities at each height (except 0.1m) happened at

Fig. 4. Mesh for indoor airflow simulation with a ceiling
fan.

Table 2
Description of simulated cases.

Factor Cases setup Notes

Fan blade geometry Fan 1, Fan
2, and Fan 3

Rotational speeds were slightly different to
ensure the same airflow rate for the three
different fans (Fan 1–115 rpm, Fan
2–135 rpm, and Fan 3–130 rpm); Ceiling-
zone depth: 0.2m; Ceiling height: 2.5 m

Ceiling-zone depth
(distance from
fan to ceiling)

0.15, 0.2,
0.25, 0.3,
and 0.35m

Fan 1; Rotational speed: 115 rpm; Ceiling
height: 2.5 m

Ceiling height 2.5, 3.3,
and 4m

Fan 1; Rotational speed: 115 rpm;
Ceiling-zone depth: 0.3m

Fig. 5. Comparisons between the experimental and nu-
merical air velocity profiles at different heights: a)
Y= 1.7m, b) Y= 1.1m, c) Y= 0.6m, d) Y= 0.1m.
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approximately 0.5R (radius of the ceiling fan: 0.75m) horizontally from
the ceiling fan hub. In addition, when the airflow approaches a wall, air
velocity rises in the region near the wall due to the pressure created by

upward circulated flow, which was also observed by Jain et al. [24].
In Fig. 7, we normalized air velocity profiles using the maximum

(peak) velocity (Vmax) at the corresponding heights. All dimensionless
velocity ratios in Fig. 7a follow a similar profile at the height of 1.7 m.
The peak velocity of each speed occurs at approximately 0.5R (fan ra-
dius) horizontally away from the fan hub. At the heights of 1.1 m
(Fig. 7b) and 0.6m (Fig. 7c), as described in Fig. 6, the self-similarity
can be achieved for only high rotational speeds, such as 124 rpm and
182 rpm, not the low rotational speed, 72 rpm. The peaks for the 1.1m
and 0.6m with the 72 rpm moved outwards. Since the axial component
pushes air downwards while the acceleration components, which are
added as source terms into the momentum equations for all the volume
that is driven by the fan blades, generates rotational movement, this
phenomenon could be illustrated by the reason that the axial compo-
nent is reduced while the theta component (tangential velcotity) is
relatively increased at a low rotational speed or further down away
from the fan. Hence, the similarity of the vertical downward jet profiles
generated is broken by the relatively increasing influence of the tan-
gential velocity. The results suggest that velocity self-similarity can be
achieved at only high rotational speeds. The critical rotational speed
might depend on the blade geometry and size.

3.3. Effect of fan blade geometry

Fig. 8 shows simulated airflow patterns in the measured section
with three different fans (Fig. 3). The sectional views of airflow created
by the three ceiling fans illustrate a similar airflow pattern in the
measured section. In Fig. 8, vortexes are generated at the tip of fan
blades. A ceiling fan entrains airflow by producing negative pressure
above the blade, and drives the flow as a swirling jet that impinges on
the floor.

The biggest differences among the three flow profiles are probably
the horizontal coverage of the high-speed range (represented by colors
excluding blue). The differences might be attributed to the geometry
blade difference between ceiling fans. The main geometry differences
between the three fans are that 1) Fan 1 has slightly wider blade than
Fan 2; 2) the Fan 2 blade becomes narrower towards the blade tip; and
3) Fan 3 has a similar blade width as the Fan 1, but is curved (Fig. 3).
The shape of the Fan 2 may not spread the air as much as the other two.
That is what we see in Fig. 8 where the high-velocity zone is narrower
for Fan 2. However, the differences are small and probably negligible.

In Fig. 9, we normalized air velocity profiles by the maximum ve-
locity (Vmax) at the corresponding heights, and the radial distance (Z)
from the fan center by the fan radius (R), for the rotation speeds listed
in Table 2, around 124 rpm. The four figures in Fig. 9 compare the
normalized velocity profiles for the data from the three simulated fans
and the measured data from the Haiku fan at four heights. In general,
fan blades have a significant effect on the velocity distribution only in
Zone 1, directly below the ceiling fan. The positions of peak velocity are
different for four fans at four heights. However, the average (or the
integrated) velocities in Zone 1 are very close for the four fans. The
difference is diminished in the region outwards (Z/R> 0.5). This is
discussed in more detail in the discussion section.

Fig. 9b also compares the normalized velocity profiles with mea-
sured data from four ceiling fans by Sonne and Parker [16] at only
Z=1.1m since the literature does not report velocity at other heights.
It should be noted that fan A and fan B have five blades, and fan C and
fan D have four blades. The diameters of all the four fans are 1.32m,
but unfortunately, they [16] did not mention their shapes in detail. In
spite of differences in the blade number, diameter, and the fan shapes,
the comparison of dimensionless velocity profiles of the eight ceiling
fans (measured and simulated) in Fig. 9b suggests that self-similarity of
velocity could be reasonably obtained with the normalized radial dis-
tance. However, differences do exist. As air speed decays with height,
the swirling effect due to the revolving fan becomes comparable with
the downward flow momentum. Therefore, the shape of ceiling fan

Fig. 6. Airflow performance of the Haiku ceiling fan at different rotational speeds. a)
72 rpm; b) 124 rpm; c) 182 rpm.
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blades appears to have a considerable influence on airflow pattern. As
depicted in Fig. 9c, the difference of normalized velocity profiles among
Fan 1–3 is remarkable and cannot be ignored at Z/R < 1.5. In addition,
airflow stagnates close to the room floor and moves radially along the
floor where the revolving effect decays. Fig. 9d displays that normalized
speed follow a similar profile for the three fans when Z > R.

3.4. Influence of distance between fan and ceiling

A ceiling fan draws in room air through the space between the fan
and the ceiling. Too little depth in this space increases flow resistance
and may reduce airflow rate and air speed below the fan (too much
resistance ‘starves’ the airflow into the fan and reduces the flow below).
Fig. 10 shows air speed profiles with five distances between the fan and

the ceiling (D=0.15, 0.2, 0.25, 0.3 and 0.35m).
Fig. 10a–c shows that air speed profiles vary primarily in Zone 1.

The peak air speeds in Zone 1 at 1.7m are not decreased substantially
by the fan-to-ceiling distance. The peak and average air speeds at 1.1m
and 0.6m reduce significantly when the fan-to-ceiling distance is
smaller than 0.3m for the given rotational speed. This difference be-
tween 1.7m, 1.1m and 0.6 m suggests a reduced axial velocity com-
ponent and relatively increased radial velocity component further from
the fan. Air speeds at the height of 0.1m (Fig. 10d) do not vary con-
siderably, which might be attributed to the effect of the floor. Since the
air reached the floor and turned into a horizontal flow, the vertical
momentum decayed sharply and formed a horizontal jet zone within a
narrow range. The air speeds at 0.1 m are influenced less by the ceiling
fan than the floor, resulting in different velocity profiles compared to

Fig. 7. Velocity similarity of ceiling-fan driven airflow. a)
Y= 1.7m, b) Y= 1.1m, c) Y= 0.6m, d) Y= 0.1m.

Fig. 8. Comparison of simulated airflow patterns in the room with different ceiling fans (Fan diameter 1.5 m): a) Fan 1; b) Fan 2; c) Fan 3.
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other heights. We will discuss the average air speed in Zone 1 for
various fan-to-ceiling distances later in the discussion section.

3.5. Effect of the ceiling height

In this part, three typical ceiling heights (H1=2.5m, H2=3.3m,
H3=4.0m) are discussed to determine the influence of the ceiling
height. The distance between the ceiling and fan is fixed at 0.2 m.
Fig. 11 presents a comparison between velocity vectors of these cases at
115 rpm in the middle section of the room. The airflow patterns are
almost identical to that depicted in Fig. 8. However, the velocity

magnitudes decay with the increase of ceiling height owing to the re-
duced momentum at the same level above the floor.

Fig. 12 compares the simulated air speed profiles for the three dif-
ferent room heights. In Zone 1, the peak air speeds vary slightly for
room heights of 2.5m and 3.3m at 1.7m and 1.1m, but much closer
when compared to the peak air speed for the room height of 4m
(Fig. 12a and b). The reason might be that the 1.7m level for the two
ceiling heights (2.5 m and 3.3 m) is located in the jet potential core
region where air speeds decay marginally. The 1.7m height might be
outside of the potential core region when the ceiling height is 4 m, and
therefore decays more obviously. As air travels towards the floor, it

Fig. 9. Comparison of simulated velocity profiles in the
room with different ceiling fans at a) 1.7 m, b) 1.1m, c)
0.6 m, d) 0.1m. Rotational speeds: Fan1 (115 rpm), Fan 2
(135 rpm), Fan 3 (130 rpm), Fan A (105 rpm), Fan B
(103 rpm), Fan C (97 rpm), Fan D (120 rpm), Haiku ceiling
fan (124 rpm).

Fig. 10. Comparison of velocity components in various lo-
cations with different distances between the fan and the
ceiling (115 rpm): a) 1.7m, b) 1.1m, c) 0.6m, d) 0.1m.
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spreads more. Therefore, the magnitudes of the air speeds at the 0.6m
and 0.1 m are much smaller for the 4m ceiling height than the other
two. The influence of the ceiling height on air speeds will reduce with
the horizontal distance from the fan. For example, the difference in the
Zone 2 is much smaller when compared to Zone 1 under the fan. In
general, Fig. 12 indicates that an elevated ceiling height decreases air
speeds in the occupied zone directly under the ceiling fan.

4. Discussion and limitations

4.1. Average air speed in Zone 1

As shown in the “Results” section, air speed created by a ceiling fan
varies greatly in a narrow cylindrical region under the fan. Because a
person experiences fan speed not at a point, but the air speed over an
area, for designing typical office ceiling fans (e.g., 1.5 m in diameter),
we believe that information about the average air speed in the cylind-
rical region at each height is more practical and helpful than air speed
profiles. Table 3 summarizes the average air speeds in Zone 1 of all the
investigated scenarios at four heights (1.7, 1.1, 0.6, and 0.1m). It also
lists the percentage of difference in average speeds caused by various
factors, compared with the corresponding reference conditions (marked

in the table).
Table 3 shows that the rotational speed and ceiling height have a

stronger effect on the average air speed in Zone 1 than does the blade
geometry, or the distance between fan and ceiling. Average air speeds
are increased with the rotational speed. The ceiling height is an im-
portant factor for average air speed in the occupied zone. In a typical
office environment, with the ceiling height being increased from 2.5 to
3.3 m, the maximum average air speed reduction is 20% (happening
only at the 0.6 m height; the reduction is 4% for all the other heights)
when the rotational speed is 115 rpm and the distance between ceiling
and fan is 0.3m. However, the reduction can reach 54% when the room
is 4m high. Care needs to be taken when designing a high space room
as air speed in the occupied zone is significantly reduced. Fans with a
bigger size or longer down-rods are applied in such spaces to offset this.

Even if air speeds vary greatly among different blade geometries
when Z/R < 0.5 (Fig. 9), the average air speeds under the ceiling fan
are almost identical (relative difference smaller than 5%) for each of the
four heights, Z= 1.7, 1.1, 0.6 and 0.1 m. The result indicates that the
blade geometries simulated have little effect on the average air velocity
under the ceiling fan. Furthermore, the average air velocity in Zone 1
increases with increasing distance between fan and ceiling (from 0.2 to
0.35m) for Z=1.1, 0.6 and 0.1 m. The maximum increase (37%)

Fig. 11. Comparison of velocity distribution with different
distance (Fan: Ceiling fan1; Rotational speed: 115 rpm;
Distance between ceiling and fan: 0.3m).

Fig. 12. Comparison of velocity components in different
locations with different distance (Fan: Ceiling fan1;
Rotational speed: 115 rpm; Distance between ceiling and
fan: 0.3m).
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happens at the 0.6m height at 0.3 fan-to-ceiling distance. This distance
insignificantly influences average air speed at 1.7m, relative difference
smaller than 5%.

4.2. Turbulence kinetic energy (TKE) and turbulence models

Fig. 13 compares the simulated turbulence kinetic energy (TKE) for
the height of 1.1 m considering different scenarios. As depicted in
Fig. 13a, TKE is increased with the increase of the rotational speed. The
highest TKE occurs in the central axis (Y=0 in Fig. 13) of the fan jet.
With regard to the effect of fan blade geometry, Fig. 13b shows that
Fan3 creates the lowest level of TKE in Zone 1, directly below the
ceiling fan. However, the influence of blade geometry on TKE dam-
pened in the region outside of the fan jet. Generally, the TKE profiles
vary primarily in Zone 1 regarding the four investigated factors
throughout this study, which is similar to the findings for velocity.

Turbulence and vorticity could be important near fan blade surfaces

and tips. Some turbulence models, such as standard k-ω, have ad-
vantages to solve boundary layers than k-ε models. SST k-ω model
combines k-ω and k-ε models, such that the k-ω is used in the inner
region of the boundary layer and switches to the k-ε in the free shear
flow.

To further understand how turbulence models influence simulated
results, we compared air speeds using five common two-equation tur-
bulence models, standard k-ε, RNG k-ε, realizable k-ε, standard k-ω, and
SST k-ω. Fig. 14 shows the comparisons of predicted air speeds at four
heights. In general, standard k-ε exhibits slightly better predictions than
others when MRF model is applied, but it over-predicts at 0.6 m above
the floor. An advanced turbulence model (e.g., LES or DES) might be
applied for improvement in the future.

4.3. Comparison with a conceptual fan airflow model

For design purposes, Gao et al. [13] developed a conceptual fan

Table 3
Comparison of average air velocity in Zone 1 (under the fan blades) in the occupied zone.

Factors height (m) Average air velocity in Zone 1 (m/s) Relative difference (%)

Rotational speed
(rpm)
(Fan 1)

60 rpm 115 rpm 180 rpm - 60 rpm 115 rpm * 180 rpm -
1.7 0.61 0.95 1.37 – −36 ref 44 –
1.1 0.54 0.92 1.29 – −41 ref 40 –
0.6 0.10 0.81 1.19 – −51 ref 46 –
0.1 0.31 0.65 0.83 – −52 ref 28 –

Blade geometry
(115 rpm, 0.2 m fan-to-ceiling distance)

Fan 1 Fan 2 Fan 3 - Fan 1* Fan 2 Fan 3 –
1.7 1.01 1.01 0.98 – Ref. 0 −3 –
1.1 0.94 0.89 0.90 – Ref. −6 −4 –
0.6 0.81 0.85 0.83 – Ref. 5 2 –
0.1 0.42 0.42 0.43 – Ref. 1 2 –

Fan-to-ceiling distance (115 rpm, Fan 1) 0.2m 0.25m 0.3m 0.35m 0.2m* 0.25m 0.3m 0.35m
1.7 1.01 1.01 0.99 0.97 Ref. 0 −2 −4
1.1 0.94 1.03 1.04 1.08 Ref. 10 11 14
0.6 0.81 0.93 1.11 0.99 Ref. 14 37 22
0.1 0.42 0.49 0.44 0.43 Ref. 18 6 3

Ceiling height
(115 rpm, Fan 1, 0.3m fan-to-ceiling distance)

2.5m 3.3m 4m – 2.5m* 3.3 m 4m –
1.7 1.11 1.07 0.91 – Ref. −4 −18 –
1.1 1.12 1.07 0.86 – Ref. −4 −23 –
0.6 1.06 0.85 0.49 – Ref. −20 −54 –
0.1 0.50 0.48 0.19 – Ref. −4 −63 –

Note: ∗ Reference condition for the calculation of relative difference.

Fig. 13. Comparison of simulated turbulence kinetic energy
at the height of 1.1 m with different scenarios: a) rotational
speed; b) fan blade geometry; c) distance between fan and
ceiling; d) ceiling height (detailed parameter settings can be
found in Table 2).
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airflow model (Fig. 15) for an unoccupied room. The room with a
ceiling fan can be divided into five zones: a fan jet, an impingement
zone directly below the fan, a spreading zone of equal thickness across
the floor, another set of impingement zones at the base of the walls, and
wall zones with upward flow. These zones for airflow patterns can also
be found in Figs. 8 and 11 although slight differences in velocity con-
tours exist. Since a ceiling-fan jet is mainly located within a cylindrical
zone directly under the fan, however, it is possibly reasonable to simply
the fan jet using the conceptual model in Fig. 15 for general indoor
thermal environment designs when a detailed airflow pattern is not
important.

4.4. Draft potential if ambient temperature not high

In this study, the measured and simulated results (Fig. 6, Fig. 9,
Figs. 10 and 12) both show that the highest air speed occurs primarily
in the cylindrical zone below a ceiling fan, which is consistent with
previous findings [16]. Occupants located directly under a fan are likely
to be bothered by draft if the rotational speed is high and the ambient
temperature is not very high. A high air speed also exists at lower leg-
and ankle-level almost across the whole room. Ankle draft would be a
potential risk under cooler ambient conditions, recently assessed in a

human subject study [45].

4.5. Limitations

This study has a few limitations. First, the study focuses on an empty
room under isothermal conditions. A real room could be much more
complex regarding the effects on airflow pattern. Indoor occupancy and
furniture would substantially change the results presented in this study.
In addition, the fan geometries in this study are rather simple. Ceiling
fans with fixtures (e.g., light kits) or other distinctive blade designs
(winglets, spikes [24] and fan guard [46], etc.) might result in un-
certainties to the presented findings. Furthermore, multiple fans are
often applied in larger rooms, such as classroom [14,15]. This study
considers only one fan without interaction among multiple fans. Our
future studies would address these limitations.

4.6. Other uncertainties

We measured air speed at the steady condition continuously for
3min. No significant difference was found by measuring air speed for a
longer period, such as 5min and 10min. Besides, the measurements
with omni-anemometers were insufficient to capture airflow directions
and other detailed characteristics, such as vortices. Should someone
wish to examine this further, particle image velocimetry (PIV) might be
applied, as the technique has been used successfully in other indoor
environments [47,48].

5. Conclusions

After thorough investigation using experimental tests and CFD si-
mulations, we can draw the following conclusions:

1) Increasing rotational speed of a ceiling fan enhances average air
speeds in the occupied zone, especially in the region below the fan
blades. Furthermore, velocity profile self-similarity exists for dif-
ferent rotational speeds in the main jet zone below a ceiling fan.

2) Through validation against experimental data, the ceiling fan-driven
flow pattern is well predicted by the Standard k-ε turbulence model
when incorporated with the Multiple Reference Frame (MRF) fan

Fig. 14. Comparisons of mean velocity profiles for turbu-
lence models (Fan type: Fan1; Rotational speed: 115 rpm;
Ceiling height: 2.5 m; Fan-to-ceiling distance: 0.3m).

Fig. 15. Conceptual model for a ceiling fan in an unoccupied room [13].
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model.
3) Both the blade geometry and insufficient distance from fan to ceiling

may have significant effect on the velocity distribution in the cy-
lindrical zone below the fan blades. However, the average air speed
in the cylindrical zone is only slightly affected, suggesting that the
blade geometry is not practically critical in influencing the thermal
comfort of occupants. Moreover, similarities of air speed profiles
were identified for fans with additional blade shapes and different
numbers of blades.

4) For the examined configurations, the rotational speed and ceiling
height have a greater effect on the velocity distribution and average
air speed in the occupied zone than do the blade geometry and the
distance between fan and ceiling.
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