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Background 
Air movement is an excellent supplement to air conditioning in large spaces, such as auditoriums, within 
older buildings. These spaces are typically characterized by aging HVAC systems that have difficulty 
maintaining temperature setpoints. Additionally, spaces with high occupant density can often have poor air 
quality during peak occupancy periods. Thermal comfort studies have shown that people prefer an increase in 
air velocity when thermal conditions move up the scale from slightly cool to hot [1], since perceptible air speed 
provides a sensation that allows occupants to feel cooler at higher indoor temperatures. This concept can be 
easily applied through the use of high-volume, low-speed (HVLS) fans, providing a solution to thermal 
comfort and indoor air quality issues common to older, occupant-dense spaces, like auditoriums.  
 
However, auditorium owners who install HVLS fans often fail to maximize the benefits of these fans. To avoid 
this pitfall, owners should keep the following guidelines in mind when operating HVLS fans: 
    

1 .  Using HVLS fans to elevate air speed within an auditorium while increasing the thermostat setpoint 
can provide occupants equal or improved comfort within the space. 

2 .  An increased setpoint will decrease energy use and save money. 
3 .  An increased temperature setpoint will reduce or eliminate the limits to outdoor air intake that are 

required at a lower setpoint, which will in turn improve air quality. 
4 .  Using multiple, properly-placed fans in a space reduces the air velocity variation across that space, 

providing equal thermal comfort to all occupants regardless of their location. 
  
The auditorium at Campbellsville High School (CHS) in Campbellsville, Kentucky, provides an opportunity to 
illustrate how air movement increases thermal comfort and air quality. Due to an aging mechanical system, 
the CHS auditorium becomes increasingly warm during high-occupancy events in the spring, summer and fall, 
when the outdoor air temperatures are higher than the indoor air temperatures. To combat this problem, CHS 
installed HVLS fans to provide increased air movement for additional cooling with little or no modification to 
the existing mechanical system. Data on various environmental conditions were collected within this 
auditorium during two full capacity events. This paper will examine and discuss the implications of this data set 
as it relates to thermal comfort and indoor air quality after the installation of HVLS fans, highlighting the 
common pitfalls of building owners and operators.  

General Thermal Comfort Theory  
Due to differences in individual personal preferences, defining human thermal comfort is challenging. 
ANSI/ASHRAE STANDARD 55‐2013, “Thermal Environmental Conditions for Human Occupancy,” is the guiding 
standard used to determine thermal comfort acceptability in an indoor environment. The purpose of 
Standard 55 “is to specify the combinations of indoor thermal environmental factors and personal factors that 
will produce thermal environmental conditions acceptable to a majority of the occupants within the space.” 
The “majority” is defined as 80 percent of occupants. Standard 55 takes six major factors into consideration 
when determining the conditions for human comfort. These factors are air temperature, radiant 
temperature, relative humidity, air speed, the clothing level of occupants and the metabolic rate or activity 
level of occupants. 
 
Standard 55 defines two general methods for determining acceptable thermal conditions in occupied spaces: 
the graphic comfort zone method and the analytical comfort zone method. The graphic comfort zone method 
is limited to occupants with metabolic rates between 1.0 (seated, quiet) and 1.3 (filing, standing) met and 
clothing insulation (Icl) between 0.5 and 1.0 clo. The analytical comfort zone method applies to all spaces 
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within the scope of Standard 55, where occupants have metabolic rates between 1.0 (seated, quiet) and 2.0 
(walking, 2 mph) met. The CBE Thermal Comfort Tool, which is based on code defined in ASHRAE Standard 
55, can be used to comply with the analytical comfort zone method to determine acceptable thermal 
conditions within occupied spaces. For both methods, the Standard Effective Temperature (SET) model is 
used to evaluate all cases of comfort using elevated air speed (speeds above 0.2 m/s, or 40 fpm). As the CBE 
Thermal Comfort Tool complies with the analytical comfort zone method and is used to evaluate cases of 
comfort that employ elevated air speeds, this method will be used to evaluate occupant comfort within the 
CHS auditorium during both monitored events.  
 
The reader is urged to refer to Standard 55 for complete details about the six thermal comfort factors, the two 
general methods for determining acceptable thermal conditions in occupied spaces, and additional graphs 
and charts not included in this paper. 

Campbellsville High School Auditorium Study 
The CHS auditorium measures 121-by-66-feet with a sloped floor that creates ceiling heights ranging from 
approximately 15-20 feet. The HVAC system supplies conditioned air from ceiling-mounted round diffusers 
and returns air low along the floor and back wall, as well as higher in the front of the auditorium, as can be 
seen in Figure 1. Air handlers are supplied by either chilled or hot water via water loops from the main 
building. Construction is concrete block walls, a built-up roof and single pane fenestration. Two 12-foot, 
variable speed HVLS fans are hung in the centerline of the space, with controllers located on the back wall by 
the main entrances.  
 

 
Figure 1: Campbellsville High School Auditorium 

 
Within this space, data were collected during two different high-occupancy events. The first was the 
Campbellsville High School graduation ceremony on May 24, 2014, and the second was a Junior Miss Pageant 
on June 7, 2014. The table below summarizes conditions surrounding each event, as well as the status of the 
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equipment during each event. The primary difference between the events was that before graduation, the 
auditorium was not precooled and fans were on to provide additional cooling, while the auditorium was 
precooled prior to the Junior Miss Pageant and the fans were off. 
 

 
Table 1: Additional Event Information 

 
During both events, temperature, relative humidity and carbon dioxide were monitored at six locations 
within the auditorium. Air velocity readings with the fans on were taken on a separate day when the 
auditorium was devoid of occupants. Figure 2 illustrates the location of the sensors and data loggers, and 
shows where air velocity measurements were taken. Temperature, humidity and air velocity were measured 
to quantify thermal comfort, and carbon dioxide measurements were recorded to quantify indoor air quality. 
  

 
Figure 2: Data Logger Placement and Data Collection Location Diagram 

 
The sensor packs, represented by orange dots in the diagram, collected temperature, relative humidity and 
carbon dioxide data. One sensor pack was placed in a seat on the right side of the auditorium, three sensor 
packs were placed in the front right of the auditorium at 5-, 10-, and 15-feet above the floor and two sensor 

CHS Graduation Junior Miss

Start Time 3:00 PM 6:30 PM

End Time 4:00 PM 9:30 PM

HVLS Fan Status ON OFF

Space Pre-Cooled NO YES

Outdoor Temperature at Start (°F) 73.6 82.4

STAGE

Air velocity 

data collection 
locations

Sensor pack 107' 

from the front of 
the auditorium and 

5' above the floor

Sensor pack 76' 

from the front of 
the auditorium and 

5' above the floor

Sensor packs 20' from 

the front of the 
auditorium at heights 

of 5', 10', & 15' above 
the floor

Sensor pack 49' from 

the front of the 
auditorium, 14' of 

the right wall, and 2' 
above the floor

HVLS Fans

Return vents
Entrances
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packs were placed against the right wall in the middle and back of the auditorium.   
 
The temperature, relative humidity and carbon dioxide readings were logged once per minute for the entirety 
of both events. U12-013 onset data loggers were used to record the readings. The temperature and relative 
humidity sensors were on board the U12-013 data logger, and the eSENSE II SenseAir CO2 sensor was 
connected to the U12-013 data logger through an external port. 
 
A total of 65 air velocity data points were taken within the auditorium, collected at various seat and aisle 
locations. These locations are indicated by the green dots in Figure 2. The data were only collected on one 
side of the auditorium due to the symmetrical nature of the space. The air velocity data points collected in 
the auditorium seats were taken at head height of a seated adult, and the data points collected in the aisles 
were taken at head height of a standing adult. These readings were taken with a handheld Omega air velocity 
sensor. CHS set the fans at 45 percent of the fans maximum speed during the graduation. 

Results of CHS Auditorium Study 

Campbellsville High School Graduation Ceremony  

During the 2014 Campbellsville High School graduation, the auditorium was near full capacity. During this 
event, the auditorium was not precooled.  Occupants began to enter the space around 2:30 p.m., and the 
indoor temperature crept up until it reached its maximum of 75.9°F at 4 p.m., when the graduation ceremony 
ended and occupants started to leave. As the space emptied, the temperature gradually returned to the 
occupied setpoint of 70°F. While this temperature setpoint could not be maintained during the event, the data 
show that the latent capacity of the coil was sufficient to handle the humidity load within the space (see figure 
3). 
 

 
Figure 3: Graduation Event Operative Temperature and Relative Humidity 

 
The carbon dioxide levels during the graduation event rose to 2,000 ppm, at which point the sensor threshold 
was reached. Fitting a curve to the rise and fall of the data before and after the threshold was met, the carbon 
dioxide levels for the day were estimated to peak at approximately 2,750 ppm. The actual and estimated 
carbon dioxide levels during the graduation ceremony can be seen in Figure 4, below.  
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Figure 4: Graduation Event Carbon Dioxide Levels 

 
On graduation day, the HVLS fans ran at 45 percent of maximum speed. This is the speed maintained by the 
building owner during high occupancy events. The air velocity profile with the fans running at 45% is shown 
in Figure 5, below. The data points entered into Figure 6 were conditionally formatted to identify areas of 
high and low air velocity: the dark green boxes show locations with the highest air velocity, and the light 
green boxes show the locations with lower air velocity. As the graph shows, the highest air velocities are seen 
close to the wingtips of each fan and decrease as sensors move farther from the center of each fan.  The 
average air velocity recorded within the CHS auditorium was 50 fpm. This air speed will be used to calculate 
the thermal comfort levels within the space to represent an event with a higher air velocity.  
 

 
Figure 5: Air Velocity Measurements 

 

Using the temperature, air speed and relative humidity measurements collected during the CHS graduation, 
the space conditions can be entered into the CBE Thermal Comfort Tool to confirm compliance with Standard 55 (see 
Figure 6, below). The hottest occupant dry-bulb temperature during the event (77.7°F at the seated location) was used 
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to evaluate the comfort during the hottest portion of the event. During this time, the occupants were slightly cool due 
to their light level of clothing (0.57) and the average air speed of 50 fpm during the event. For temperatures at and 
below 77.7°F, the occupants were slightly cool, as the operative temperature during this event was not decreased to 
account for the introduction of elevated air speeds. This will be discussed further in the discussion portion of this paper. 
It was assumed that the occupants had a met rate of 1.0 (seated, quiet) and clothing insulation of 0.57 (trousers, short 
sleeve shirt, socks, shoes, underwear) during the graduation ceremony.  
 

 
Figure 6: Computer Generated ASHRAE 55 Report-Graduation Event with air speeds less than 20 FPM. 

 

Junior Miss Pageant 

During the Junior Miss event on June 7, 2014, the auditorium again was near full capacity. Before the event, 
the auditorium was precooled, with the HVAC system placed in the occupied mode that morning, and the 
HVLS fans did not run. Occupants started to load the space around 6 p.m., and the temperature rose toward a 
maximum temperature of 73°F, which was achieved at 9:30 p.m., when the Junior Miss event ended and 
people began to leave. As the space emptied, the temperature gradually returned to the occupied setpoint of 
70°F. From the data, again, it is clear that the latent capacity of the coil was sufficient to handle the humidity 
load in the space (see Figure 7). 
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Figure 7: Junior Miss Event, Temperature and Relative Humidity 

 
The carbon dioxide levels during the Junior Miss Pageant peaked around 3,250 ppm. This peak is higher than 
the peak during the graduation event, which was a result of the sensors being recalibrated after the 
graduation event. The carbon dioxide levels during this pageant can be seen in Figure 8 below. 
 

 
Figure 8: Junior Miss Event, Carbon Dioxide Levels 

 
Using the temperature, air speed and relative humidity measurements collected during the event, and the same 
met rate and clo value assumptions as the graduation event, the space conditions can be entered into the CBE 
Thermal Comfort Tool to confirm compliance with Standard 55. As Figure 9, below, shows, the occupants’ thermal 
sensation was again slightly cool, in this instance due to the low clothing factor and the precooling of the space before 
the event (rather than the elevated air speed). 
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Figure 9: Junior Miss Event, all seating locations have air speeds less than or equal to 20 FPM 

Discussion 
During both events studied in the Campbellsville High School auditorium, the operative temperature increased 
following the start of the event. The CHS graduation ceremony, unlike the Junior Miss event, showed a 
continuous increase in temperature until a maximum loading event, but the springtime outdoor air conditions 
were cool enough to prevent significant upward trending past 75.3°F. The Junior Miss operative temperature 
increased when the event began, but peaked around 73.7°F and maintained this temperature until occupants 
left. These events were similar to those that originally compelled the district to install two HVLS fans. High 
occupancy events during warm months showed a great increase in operative temperature within the 
auditorium, which permitted a greater opportunity for elevated air speed.  Using the information collected at 
CHS, we can illustrate how to maintain occupant comfort in auditoriums when warm outdoor air temperatures 
produce an uncomfortable interior space. This data provides an opportunity to make recommendations to 
auditoriums owners and operators, helping them improve thermal comfort and air quality within these 
spaces. 
 
This study identifies one common pitfall when operating HVLS fans:  failing to alter the thermostat setpoint. 
Air movement produced by HVLS fans, as illustrated by the CBE Thermal Comfort Tool, allow occupants to 
feel cooler at higher air temperatures. This means that increased airflow allows the temperature setpoint to 
be raised while the same level of occupant comfort is maintained. In the case of the CHS auditorium, it is 
clear that the setpoint was not modified when HVLS fans were in operation, since the CBE Thermal Comfort 
Tool shows that occupants were slightly cool during both events. 
 
During the Junior Miss event, the space was precooled, which allowed the space to maintain a lower 
operational setpoint than it did during the graduation ceremony. Precooling is typically recommended for 
spaces that experience temperature setpoint drift, as the space will begin in the cool condition and warm up 
during the event. However, to achieve this level of precooling, additional energy must be consumed prior to 
the event to precondition the space. This is wasteful and unnecessary, as the CBE Thermal Comfort Tool showed 
that occupants were slightly cool during the event even at the maximum temperature achieved within the space. 
Energy savings could have been realized if precooling was not used and air dry-bulb temperature was allowed to 
increase during the event, offset by air movement from HVLS fans.  
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By raising the setpoint within the CHS auditorium, decreased energy use by the HVAC system can be realized. 
Typical building design and operational guidance place the indoor cooling temperature setpoint at 75°F to 
76°F, primarily for energy conservation. Other studies [3] have shown the energy saving benefits of increasing 
indoor air temperature, assuming human comfort is maintained through elevated air speeds. According to 
researchers at the Center for the Built Environment, energy savings achieved by raising the thermostat setting 
from 75°F to 82°F could reach 30 to 40 percent, depending on climate zone. The CBE Thermal Comfort Tool can 
identify “windows” of comfort thermal comfort where thermostat setpoints are offset by elevated air speeds to 
create energy savings.  
 
Using the CHS graduation as an example, we can calculate acceptable ranges of comfort with the CBE Thermal 
Comfort Tool. Assuming that the air conditioning system is able to maintain the relative humidity within the 
space, and the metabolic rate and clothing levels are 1 met and 0.57 clo, we can establish a window of comfort 
for this space by varying the indoor air temperature. Figure 10 illustrates a traditional HVAC-only scenario, 
identifying the highest operative temperature at which occupant comfort can be maintained without 
elevated air speed. 
 

 
Figure 10: Graduation Event, Increased Operative Temperature Set Point 

 
Figure 11 shows an alternative scenario, in which temperature is increased and elevated air speed is 
introduced through the use of HVLS fans. Using the same humidity, met rate and clo level assumptions as in 
the traditional scenario, a temperature setpoint of 81°F is possible, which could result in significant energy 
savings. We could apply this technique to other types of facilities with similar layout and size to identify 
conditions which are thermally comfortable yet offset the thermostat setpoint.  
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Figure 11: Graduation Event, Max Operative Temperature Set Point With Elevated Air Speed to 50 fpm 

 

The concept of expanding temperature setpoint window through the use of air movement has some practical 
limitations that should be considered. As the thermostat range is expanded for existing systems, the system 
cooling coil effectively becomes oversized, which may lead to shorter runtimes and possible loss of humidity 

control. It is also important to maintain a low leaving coil temperature to help control humidity within the space.  At 

certain levels, increased air speed might cause a breeze within the space, which could be considered 

unacceptable to some occupants. To ensure comfort is maintained, additional equipment might be required, such 
as a dedicated humidistat or additional controller capabilities to continuously sample space conditions and 
dynamically adjust system parameters as a whole. Some experimentation might be required to develop 
acceptable windows of comfort. Operators should be trained on the best methods for their space based on the 
available information and system resources to identify the range of thermostat setpoints and air velocities 
that produce acceptable results in the space. 
 
During high-occupancy periods within the CHS auditorium, elevated carbon dioxide levels were noted. High 
carbon dioxide levels indicate poor air quality.  To maintain acceptable indoor air quality, carbon dioxide 
should be below 1,000 ppm [4]. At carbon dioxide levels higher than 1,000 ppm, decision-making 
performance diminishes significantly. According to study performed by researchers at the Lawrence 
Berkeley National laboratory, seven of the nine scales of decision-making performance (basic activity, 
applied activity, task orientation, initiative, information usage, breadth of approach, and basic strategy), 
show a consistent decrease as carbon dioxide levels increase. Data revealed carbon dioxide levels in excess 
of 3,250 ppm during two events held in the CHS auditorium, suggesting poor indoor air quality. If ventilated 
outdoor air was provided at a volume necessary to maintain air quality, the HVAC system might not have 
been able to cope with the increased cooling load at the given thermostat setpoint. Thus, if sufficient 
ventilated air is supplied to a space served by an aging HVAC system, higher thermostat setpoints will be 
required and HVLS fans should be installed to maintain occupant comfort. It is recommended that the CHS 
HVAC system be examined to identify the cause of the poor outdoor air supply. The HVAC system should be 
adjusted to supply more fresh air to lower the carbon dioxide levels within the space. By increasing the 
operational temperature setpoint within the space, the HVAC system would more likely have the capacity 
available to condition the additional outside air supplied to the auditorium, as illustrated in Figure 11 above. 
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Elevating the air speed to account for the increase in temperature set point would aid the HVAC system. This 
is illustrated in Figure 12, elevating the air speed within the space to 100 fpm. This elevated air speed allows 
more outside air to be brought in and the internal operational temperature to be increased to 83.5°F, which 
will increase the indoor air quality while decreasing the stress on the aging HVAC system.  
 

 
Figure 12: Graduation Event, Max Operative Temperature Set Point With Elevated Air Speed to 100 fpm 

 
One problem commonly encountered in serving large auditoriums is uneven air velocity. Large auditoriums 
typically have many obstructions (seats) that hinder air movement and lead to pockets of high and low air 
velocities. CHS is a prime example of this. In Figure 6, there is a large variance in air velocities over the seating 
area, which indicates that this particular application might have benefitted from additional HVLS fans spread 
across the auditorium. An increased number of fans within spaces like the CHS auditorium provides more 
consistent airflow and prevents localized areas of high and low air velocity, reducing or eliminating pockets of 
uneven space conditioning. Designers are urged to use a the CBE Thermal Comfort tool to examine the effect 
of modified air speeds on comfort, to ensure the requirements of Standard 55 are met, and to use equipment 
suppliers to help analyze space layouts and conditions to provide consistent and even air flow throughout the 
space. 

Recommendations 
The conclusion of this study provides several recommendations that should be considered by auditorium 
owners and designers of buildings with and without HVLS fans. 
 

1 .  Use HVLS fans to elevate the air speed within auditoriums while increasing the temperature setpoint 
to maintain occupant comfort within the space 

2 .  Increase the temperature setpoint to decrease the HVAC energy use and save money  
3 .  Increase the temperature setpoint within auditoriums to allow greater outdoor air intake through 

the HVAC system, which will improve the indoor air quality  
4 .  Install multiple, properly-placed fans within auditoriums to reduce air velocity variations and achieve 

thermal conditions that are consistent across the space 
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