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Air terminal units play an important role in the energy consumption of a
building and ultimately the comfort of occupants, both acoustic and ther-
mal. This design guide was created with the goal of producing a best prac-
tice guide to aid in the selection of air terminal units by design engineers.
The team that produced this guide comprised a consulting engineer, manu-
facturers of air terminal units, a balancing commissioning and testing engi-
neer, and a manufacturer’s representative.

This guide was written in regards to current North American codes,
standards, and design practices. It is intended to aid design engineers in
selecting types of air terminal units and to explain methods for sizing units
while maximizing occupant comfort and energy efficiency. It also details
how to meet sound requirements and how to estimate life-cycle costs. The
authors’ intent was to cover the existing product base as well as new appli-
cation and component improvements.

ASHRAE Technical Committee (TC) 5.3, Room Air Distribution, is the
cognizant committee that reviewed and ultimately voted to approve this
guide. TC 5.3 is concerned with the distribution, diffusion, and conditioning
of air within rooms and similarly treated spaces. It includes consideration of
the principles of air distribution, air diffusion, and performance characteris-
tics of all types of air terminal devices, fan-coils, active and passive beams,
and high/low-pressure assemblies (air terminal units) or components,
including associated or related accessories for both supply and exhaust air.

TC 5.3 has developed information on air terminal units in ASHRAE
Handbook—HVAC Systems and Equipment, ASHRAE Handbook—HVAC
Applications, and ASHRAE Handbook—Fundamentals. This guide com-
bines the information presented in these Handbooks and goes into more
detail and analysis.
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 1
GENERAL

Engineers face numerous challenges and competing constraints when
designing mechanical systems for owners and operators. Owners have been
challenging engineers to design systems that are more energy efficient than
previous designs and have lower maintenance costs yet have low first cost.
The competing constraints have stretched engineering design fees, forcing
engineers and designers to use old rules of thumb and practices and foregoing
today’s high performance systems and practices. Most of this comes from the
way engineers where mentored, seldom questioning certain design practices.
A paradigm shift, a change in thought or perspective, is frequently required
for engineers to be open to new ideas and solutions about common design.

This design guide introduces the history of and new concepts and appli-
cations for a common element in all air HVAC systems—the air terminal
unit (ATU). For all-air systems, ATUs are ubiquitous. This guide can be used
as a complete, comprehensive in-house training program for new designers.
Experienced engineers and designers can navigate directly to chapters of
interest. New design paradigms are introduced throughout the guide.

The following paragraphs provide a brief summary of each chapter in
this design guide with key points in the design of ATUs.

The various types of ATUs are discussed and shown in Chapter 2. Also
discussed in this chapter are ATU construction types, basic control options,
ATU insulation options, and other accessories for the various types of ATUs.

Evolution of ATUs in all-air systems and the impact of the high-energy
consumption of mid-1970s buildings with all-air systems are discussed in
Chapter 3. Recent ASHRAE research projects related to the energy con-
sumption of fan-powered ATUs are also discussed in Chapter 3. Develop-
ment of new technologies, including electronically commutated motors
(ECMs), is also discussed. In addition, application of ANSI/ASHRAE/IES

Why Use 
This Guide?
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Standard 90.1 (ASHRAE 2016a), California Title 24 (CBSC 2016), and
other industry-wide energy standards is presented in Chapter 3.

As a reference source for HVAC acoustical theory, Chapter 4 has a
wealth of practical information related to ATUs. There is also a great
amount of information about sound and noise in general that can serve as a
reference source for acoustical theory.

Energy performance in building HVAC systems is directly related to their
control systems. Controls have evolved in the HVAC industry from pneu-
matic, electric, and analog to direct digital controls. In Chapter 5, the design
engineer can find references to the various control options for ATUs and rec-
ommended sequences of operations for the various ATUs and systems.

Chapter 6 discusses criteria the design engineer needs to know to prop-
erly specify and schedule ATUs. All too often, specifications are out of date
with current practice, and schedule sheets, which use old rules of thumb, do
not convey the needed information to properly select the ATUs. These out-
of-date specifications and conflicting schedules result in vendor bids and
submittals that vary widely. Chapter 6 addresses many of the conflicts in
specifications and schedules.

By improving proper selection, the engineer can design a better system,
resulting in acceptable sound levels, improved control of flow volume,
proper sizing of ATUs, and optimization of energy consumption. Also, units
have different performance ranges based on the manufacturer. Not all inlet
sizes have the same performance. Sizing an ATU correctly can be critical to
meeting HVAC system performance. The selection of the type of ATU
along with motor type and heater type plays an important role in the total
energy consumption of a system. Chapter 6 goes into detail on all of this
with a goal of allowing designers to understand and improve ATU selection.

Chapter 6 also aids designers in identifying the types of units available
and helps them evaluate the unit types to maximize system operation.
Installation methods and suggestions are also discussed.

This chapter also addresses the operation parameters to be considered
that can ensure that the size, type of unit, and controls are specified, which
optimizes the performance of the ATUs.

Chapter 7 addresses comparison of manufacturers’ ratings. Engineers
should ensure that specifications require Air-Conditioning, Heating, and
Refrigeration Institute (AHRI) certification on any products that are
included in AHRI certification programs. AHRI certification is extremely
important to establish consistency between manufacturers’ catalog data that
are used when evaluating performance criteria for a building.

Building energy modeling of examples is provided in Chapter 8, which
addresses shortcomings of the current energy modeling paradigm about fan-
powered ATUs. For this guide, an improved energy model on a annual
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building energy use is evaluated using the U.S. Department of Energy
(DOE) Office of Energy Efficiency and Renewable Energy (EERE) large
office reference building (EERE n.d.) built to ASHRAE/IES Standard 90.1-
2013 (ASHRAE 2013) baseline building requirements. Simulations were
performed with three different ATU selections.

Chapter 9 presents life-cycle cost analysis (LCCA) for the design engi-
neer. Owners expect evaluation of systems to reduce owning and operating
costs. The total cost of ownership between designs can only be evaluated
with LCCA. Designing a project “like the last one” is no longer accepted by
many building owners. The LCCA performed by the engineer adds real
value to the owner.

When designing any facility to be regularly occupied, the designer must
take into account occupant comfort and safety as the most important issues
in the design process. Once comfort and safety are ensured, other issues
such as energy should be considered. One of the more interesting aspects an
HVAC designer must address is the balance between energy consumption
(annual and instantaneous) and the first cost of the mechanical system (i.e.,
the life-cycle cost). As energy codes continue to advance toward the goal of
minimal energy consumption, the mechanical system must be designed to
meet that goal. This means that designers must be open to consider new
technologies as well as evaluate how an existing technology such as an ATU
may be best used.

ASHRAE, AHRI, and Associated Air Balance Council (AABC) stan-
dards applicable to ATUs are discussed in Chapter 10.

Testing, balancing, and commissioning for ATUs are discussed in
Chapter 11.

ATU applications are provided in Chapter 12.
In addition, this design guide is accompanied by supplemental materials

that can be found online at www.ashrae.org/ADGATU. These files include a
collection of ASHRAE-published research on energy modeling of variable-
air-volume (VAV) ATUs (ASHRAE 2016b) as well as materials that can
assist in the selection, application, control, and commissioning of ATUs.
This website will be updated as additional materials are available. If the files
or information at the link are not accessible, please contact the publisher.

REFERENCES
ASHRAE. 2013. ANSI/ASHRAE/IES Standard 90.1-2013, Energy stan-

dard for building except low-rise residential buildings. Atlanta:
ASHRAE.

ASHRAE. 2016a. ANSI/ASHRAE/IES Standard 90.1-2016, Energy stan-
dard for building except low-rise residential buildings. Atlanta:
ASHRAE.
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ment of Energy, Office of Energy Efficiency and Renewable Energy.
https://energy.gov/eere/buildings/commercial-reference-buildings.

CBSC. 2016. 2016 California building standards code. California Code of
Regulations, Title 24. Sacramento, CA: California Building Standards
Commission.

Davis, M. J.A. Bryant, D.L. O’Neal, A. Hervey, and A. Cramlet. 2007.
Comparison of the total energy consumption of series versus parallel
fan powered VAV terminal units, phases I and II. ASHRAE Research
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Special control and acoustical equipment is frequently required in air

distribution systems to properly introduce conditioned air into a space. In
these systems the airflow controls primarily consist of air terminal units
(ATUs), which can vary the airflow using modulating air valves, fan con-
trols, or both. ATUs may be supplied with or without cooling, fans, heat, or
reheat and with either constant or variable primary airflow rates. While
maintaining a constant or variable discharge airflow rate and/or tempera-
ture, ATUs may use plenum or room air induction to affect space tempera-
ture and ventilation control. ATUs may also include sound reduction
devices, heating coils, reheat coils, fans, diffusers, or cooling coils
(ASHRAE 2016).

GENERAL
ATUs are factory-made assemblies for air distribution that manually or

automatically do one or more of the following (ASHRAE 2016):
• Control air velocity, airflow, pressure, or temperature
• Mix primary air from the duct system with air from the treated

space or from a secondary duct system
• Heat or cool the air

To perform these functions, ATU assemblies are made from an appro-
priate selection of the following components: casing, mixing section, man-
ual or automatic air valve, coil, induction section (with or without fan),
sound reduction devices, and local controller (ASHRAE 2016).

ATUs are typically classified as constant-volume or variable-volume
devices and further categorized as either pressure dependent, where airflow
through the assembly varies in response to changes in system pressure, or
pressure independent (pressure-compensating), where airflow through the

Air Terminal Unit
Types
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assembly does not vary in response to changes in system pressure
(ASHRAE 2016).

Variable-air-volume (VAV) reset controllers regulate airflow to a con-
stant, fixed amount or to a variable, modulating amount calculated by
room demand. These controllers can be electric (pressure dependent), ana-
log or digital electronic (pressure independent), or pneumatic (pressure
dependent or pressure independent). To reset the VAV airflow control
device, pressure-independent controllers require an indication of actual air-
flow. Temperature inputs are also required for calculating room demand for
comfort conditioning (ASHRAE 2016).

ATU controls are categorized as one of the following (ASHRAE 2016):

• System-powered, in which the airflow control device derives the
energy necessary for operation from supply air within the distribu-
tion system

• Externally powered, in which the airflow control device derives its
energy from a pneumatic or electric outside source

ATUs may be supplied by the manufacturer with all the controls neces-
sary for their operation, including actuators, regulators, motors, and thermo-
stats or space temperature sensors, or the controls may be furnished by
someone other than the manufacturer (ASHRAE 2016).

An ATU air valve can be adjusted manually or automatically. If it is
adjusted automatically, it is actuated by a control signal from a thermostat,
flow regulator, or building management system (BMS), depending on the
desired function of the terminal unit (ASHRAE 2016).

AIR TERMINAL UNIT TYPES

Single-Duct Air Terminal Units
Single-duct ATUs (Figure 2.1) can be cooling only, cooling/heating if

the primary air unit provides both, or reheat if a heater is present. Reheat
ATUs add sensible heat to the supply air. Water coils, steam coils, or electric
resistance heaters are placed in or attached directly to the air discharge of
the unit. This type of equipment can provide local individual reheat without
a central equipment station or zone change (ASHRAE 2016).

Exhaust Valves

An exhaust valve (Figure 2.2) is a type of single-duct ATU designed for
exhaust air and consists of an airflow regulator and may also include an
actuator, an airflow-measuring device, and selected controls.



Figure 2.1   Single-Duct Air Terminal Unit
(Courtesy of Nailor Industries, Inc.)

Figure 2.2   Exhaust Valves
(Courtesy of Nailor Industries, Inc.)
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Venturi Valves
A venturi valve is a type of single-duct ATU and can be used for either

supply or exhaust. It consists of a round venturi-shaped valve body and an
internal shaft that supports a cone assembly (see Figure 2.3). A VAV venturi
valve also has an actuator and controller connected to the positioning arm
and shaft.

Figure 2.3   Venturi Valve
(Courtesy of Phoenix Controls)

The cone assembly is spring loaded on the shaft. As the pressure in the
primary duct increases, the cone compresses the internal spring and moves
closer to the venturi throat, increasing resistance to the airstream. As the
pressure in the primary duct decreases, the spring retracts and the cone
assembly moves farther from the venturi throat, decreasing resistance to the
airstream. This is called mechanical pressure independence.

If the venturi valve is provided with an actuator to allow for variable
airflow, the actuator and positioning arm reposition the shaft, which in turn
moves the cone assembly relative to the throat, changing the airflow.

Dual-Duct Air Terminal Units
Dual-duct ATUs (Figure 2.4) are typically controlled by a room thermo-

stat or sensor. They receive warm, cold, return, or ventilation air from sepa-
rate air supply ducts to provide the desired room control. Volume-regulated
units have individual airflow control devices to regulate the amount of
warm and cool air (ASHRAE 2016).

When dual-duct ATUs provide heat and cooling air to the space simul-
taneously, they use reheat. When a single temperature control device regu-
lates the amounts of warm and cold air to control temperature, a separate



Figure 2.4   Dual-Duct Air Terminal Unit
(Courtesy of Nailor Industries, Inc.)
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airflow control device may be used to control and limit airflow. To mix
varying amounts of warm and cold air and/or to provide uniform tempera-
ture distribution downstream, specially designed baffles may be required
inside the unit or at its discharge (ASHRAE 2016).

Dual-duct ATUs can have constant-flow or variable-flow control. These
are typically pressure independent to provide precise volume and tempera-
ture control. Dual-duct ATUs may also be used with dedicated outdoor air
supplied to the terminals, where the outdoor air inlet controls and maintains
the required volumetric flow of ventilation air into the space. A local heat-
ing coil may be needed in dual-duct units with cooling and outdoor air
(ASHRAE 2016).

Induction Air Terminal Units
Induction ATUs (Figure 2.5)supply primary air or a mixture of primary

air and recirculated air to a conditioned space. They accomplish this by with
a primary air jet that induces air from the ceiling plenum or individual
rooms via a return duct. Cool primary air is ducted to the terminal unit and
used as the inducing energy source. To modulate the mixture of cool pri-
mary air and induced air, an induction unit has devices actuated in response
to a thermostat. Reheat coils may be required in the primary supply air duct
to meet interior load requirements (ASHRAE 2016).



Figure 2.5   Air-to-Air Induction Air Terminal Units
(Courtesy of Titus)
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Fan-Powered Air Terminal Units
Fan-powered ATUs are used in HVAC systems as secondary air han-

dlers and typically installed in return air plenums. They are also frequently
used as small, stand-alone air handlers. They differ from air-to-air induction
units in that they include a blower, driven by a small motor, that draws air
from the conditioned space, ceiling plenum, or floor plenum that may be
mixed with the cool air from the main air handler. The characteristics of
fan-powered units are as follows (ASHRAE 2016):

• In heating mode, the primary air is mixed with warmer plenum air
to increase the air temperature entering the heater, thus reducing or
eliminating reheat.

• Downstream air pressure can be boosted to deliver air to areas that
otherwise would be short of airflow.

• Room airflow volumes can be kept high to improve occupant com-
fort.

• Airflow volumes may be reduced in low-load conditions to
decrease noise levels.

• Perimeter zones can be heated without operating the main air han-
dler when building cooling is not required.

• Main air handler operating pressure can be reduced with series
units compared to other ATUs, reducing the air distribution sys-
tem’s energy consumption.

• In thermal storage and other systems with relatively low supply air
temperatures, series fan-powered ATUs may be used to mix supply
air with induced return or plenum air to moderate the discharge air
temperature. Some units are equipped with special insulation and a
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vapor barrier to prevent condensation with these low supply tem-
peratures.

Fan-powered ATUs can be divided into two categories (ASHRAE
2016):

• Series, with all primary and induced air passing through a blower
operating continuously during the occupied mode

• Parallel, in which the blower operates only on demand when
induced air or heat is required

Series Fan-Powered Air Terminal Units
Series ATUs (Figure 2.6) typically have two inlets, one for cool primary

air from the central fan system and one for secondary or plenum air. All air
delivered to the space passes through the blower, which operates continu-
ously when the primary air fan is on and can be cycled to deliver heat when
the primary fan is off. As cooling load decreases, an airflow control device
throttles the amount of primary air delivered to the mixing chamber
(ASHRAE 2016).

The blower makes up for this reduced primary air amount by drawing
air from the conditioned space or ceiling plenum through the return or sec-
ondary air opening. A series unit may have two ducted inlets, like a dual-
duct terminal unit, in addition to the induction air inlet. The second duct is
typically used for dedicated outdoor air systems (DOASs). When the units
are in part-load condition, fan airflow and primary air can be varied, but fan
airflow should never be less than the total amount of air supplied by the
ducted inlets (ASHRAE 2016).

Parallel Fan-Powered Air Terminal Units
Parallel fan-powered ATUs (Figure 2.7) supply cool primary air directly

to the mixing plenum, bypassing the fan, so that the primary air flows
directly to the space. The blower section is mounted in parallel with the pri-
mary airflow control device and draws in plenum air. A backdraft damper
limits the amount of primary air flowing through the blower section when
the blower is not energized (ASHRAE 2016).

The blower in these ATUs is generally energized after the primary air-
flow has reached the minimum flow rate. Typically, the parallel unit pro-
vides constant-volume heating and variable-volume cooling (ASHRAE
2016). Although it is not recommended, these units are sometimes applied
in constant-volume mode with electronically controlled motors where, to
maintain constant airflow, the units gradually increase fan speed as the pri-
mary airflow is reduced. Parallel units are typically limited to one ducted
supply inlet.



Figure 2.6   Series Fan-Powered Air Terminal Unit
(Courtesy of Nailor Industries, Inc.)

Figure 2.7   Parallel Fan-Powered Air Terminal Unit
(Courtesy of Nailor Industries, Inc.)
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Bypass Air Terminal Units
Bypass ATUs (Figure 2.8) handle a constant supply of primary air

through the inlet. It reduces primary air to the zone by bypassing primary air
to the ceiling plenum to meet the needs of the conditioned space. Primary
air, diverted into the ceiling plenum, returns to the central air handler. This
method provides a low first cost with minimum controls, but it is energy
inefficient compared to other systems (ASHRAE 2016).

Figure 2.8   Bypass Air Terminal Unit
(Courtesy of Nailor Industries, Inc.)

VARIABLE-GEOMETRY DIFFUSER
A variable-geometry diffuser (Figure 2.9) is a ceiling diffuser with an

integral VAV device that can be cooling only, cooling/heating if the primary
air unit provides both, or reheat if a heater is present. Electric resistance
heaters are placed in the neck of the diffuser. The diffuser can only provide
heat when the central air handler is energized. This type of equipment can
only provide minimal local individual reheat without a central equipment
station or zone change.



Figure 2.9   Variable-Geometry Diffuser
(Courtesy of Titus)
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AIR TERMINAL UNIT BY APPLICATION
Not all ATUs are suited for all systems. Table 5 in Chapter 57 of

ASHRAE Handbook—HVAC Applications (ASHRAE 2015) summarizes
the different types of ATUs and their suitability for particular commercial
building applications.

AIR TERMINAL UNIT CONSTRUCTION
ATUs are constructed of a mix of the following parts: inlets, a flow sen-

sor, a controller, an actuator, an air valve, a casing, a liner, a mixing section,
heating coils, a filter rack, fans, motors, and sound-reducing devices.

Inlets
The inlet is the round, flat oval, or rectangular duct that is connected to

the primary ductwork system through a duct runout. The inlet generally
houses the flow sensor and air valve. Inlet sizing is covered in Chapter 6,
but as a general rule, inlets should be selected at a velocity of 2000 fpm
(10.16 m/s) or less.

Flow Sensors 
Flow or velocity sensors are installed upstream of the air valve in the

inlet. This minimizes turbulence in the airstream that would be associated
with the damper and allows for more consistent flow measurements.

Controllers
In a pressure-independent system, the controller processes inputs from

the thermostat or room sensor and the velocity sensor to regulate the air
valve and control airflow to satisfy set points. Controllers can be electric,
pneumatic, analog electronic, or direct digital.
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Electric Controls
Electric controls (see Figure 2.10) normally operate at low voltage, usu-

ally 24 V ac but sometimes 120 V ac. The room thermostat has single-pole,
double-throw contacts so that in cooling mode a temperature rise drives the
damper actuator in the opening direction and a temperature fall reverses the
actuator. Because the electric system has no velocity sensor and no control-
ler, there is no compensation for duct pressure fluctuations. Operation of the
terminal is pressure dependent; the thermostat directly controls the position
of the air valve with no reference to the airflow.

Pneumatic Controls
Pneumatic controls (see Figure 2.11) operate from a central system by

compressed air, usually at 15–25 psi (103–172 kPa). The thermostat
receives air at full pressure directly from the main air supply. In response to
room temperature, the air pressure is modulated to the controller, which reg-
ulates the air valve between a preset minimum and maximum. The sensor
and controller compensate for changes in duct pressure so that operation is
pressure independent. Pneumatic controls are proportional only. See Chap-
ter 5 for additional information on pneumatic controls.

Analog Electronic Controls
Analog electronic controls (see Figure 2.12) operate at low voltage,

usually 24 V ac, that can be supplied by a transformer, which is installed in
the control box of the ATU. These controls include either a pneumatic
velocity sensor with an electronic transducer or a thermistor type velocity
sensor as well as an electronic velocity controller that is pressure indepen-
dent. In response to room demand, the analog signal is modulated to the

Figure 2.10   Electric Control Pressure-Dependent Diagram
(Courtesy of Nailor Industries, Inc.)
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controller, which regulates the air valve between a preset minimum and
maximum. The sensor and controller compensate for changes in duct pres-
sure so that operation is pressure independent. Analog electronic controls
are proportional and may have an integral function as well.

Direct Digital Controls
Direct digital controls (DDCs) (see Figure 2.13) operate at low voltage

(24 V ac) that can be supplied by a transformer, which is installed in the

Figure 2.11   Pneumatic Pressure-Independent Control Diagram
(Courtesy of Nailor Industries, Inc.)
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Figure 2.12   Analog Electronic Pressure-Independent Control Diagram
(Courtesy of Nailor Industries, Inc.)
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Figure 2.13   Direct Digital Control Pressure-Independent Control Diagram
(Courtesy of Nailor Industries, Inc.)
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control box of the ATU. These controls include either a pneumatic velocity
sensor with an electronic transducer or a thermistor type velocity sensor as
well as an electronic velocity controller that is pressure independent. In
response to room demand, the analog signal is modulated to the controller,
which regulates the air valve between a preset minimum and maximum. The
sensor and controller compensate for changes in duct pressure so that opera-
tion is pressure independent. DDCs are proportional plus integral and may
be plus derivative.

Unlike pneumatic and analog controls, DDCs can be networked with all
the other building equipment, developing a single system for the building.
As part of the BMS, this allows remote set point adjustment and control.

In pressure-independent ATUs, the minimum and maximum capacities
for airflow are set by the operating range of the transducer in the controller
and the amplification of the terminal unit airflow sensor.

Actuators
Actuators stroke air valves in response to inputs from the controller to

increase or decrease airflow or to hold it constant. There are pneumatic and
electric actuators.

Pneumatic actuators have an internal spring that is overcome by control
air pressure. When air pressure is less than the spring tension, the actuator
retracts. Depending on how it is connected to a damper, the damper may
open or close with a control signal increase. Normal conditions are consid-
ered to be failure conditions to maintain building operations when control
systems fail. Normally open describes an actuator that fails open on loss of
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signal or power. Normally closed describes an actuator that fails closed on
loss of signal or power.

Electric actuators, however, are typically fail in place unless they have a
return spring. Spring return actuators are not recommend and are several
times the cost of fail-in-place actuators.

Air Valves
Air valves open or close in response to commands from the terminal

unit controller or electric thermostat to adjust airflow to maintain set points.
Modern pressure-independent air valves are round or rectangular devices.
Air valve composition varies among manufacturers. In general, air valves
have edge seals to minimize leakage at shutoff, limit stops to prevent the
damper from overstroking, and axle shafts with bearings and linkages for
opposed-blade dampers.

Casings
Casings for ATUs are generally made of galvanized steel but are also

available in stainless steel. With venturi valves, the valve is its own casing
and is generally spun aluminum. Casings must be supplied with adequate
access for servicing and replacing critical components.

Liners
Liners provide insulation value and can provide attenuation. Basic insu-

lation types found in ATUs include the following:
• Fiberglass insulation with a matt face
• Fiberglass insulation with a foil face
• Fiberglass insulation encapsulated in foil
• Closed-cell foam insulation
• Fiberglass insulation encapsulated in a solid metal liner (double

wall)
• Fiberglass insulation behind an interior perforated metal liner

Mixing Sections
Mixing sections for dual-duct ATUs are constructed of galvanized

metal with internal baffling to promote mixing of cold and hot/neutral air-
streams. Dual-duct units can be ordered with or without mixing sections.
Mixing sections are specified to minimize temperature stratification across
discharge ductwork; without a mixing section the air temperature stratifica-
tion across the discharge duct can be extreme.

Mixing sections for parallel fan-powered ATUs are constructed of gal-
vanized metal with no internal baffle. Mixing sections are under internal
positive pressure and may allow significant primary air leakage into the
ceiling plenum. In the cooling mode with the fan off, the backdraft damper
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at the fan inlet is under the same positive pressure as the mixing section and
may allow significant primary air leakage into the ceiling plenum.

Mixing sections for series fan-powered ATUs and induction units are
construction of galvanized metal. The mixing champers are negatively pres-
surized compared to the ceiling plenum supplying the induced air; conse-
quently, there is no exfiltration of primary air from the ATU.

Heating Coils
Standard heating coils are hot water or electric resistance heat and are

typically installed on the discharge of the terminal unit. Sometimes parallel
fan-powered ATUs have heating coils installed in the inlet of the induction
point, but this is not recommended because the generated heat shortens the
motor life and may be a safety hazard.

Standard hot-water coils are copper tube aluminum fins available in one
to four rows. One- and Two-row hot-water coils have been standard for the
industry. Recently, many designs have required heating with lower water
temperatures. Three- and four-row coils can achieve the required capacity but
require higher system pressure. Oversizing the coils is usually a better option.
Steam coils can be substituted for hot-water coils but are not common.

Electric resistance heaters are generally open-coil heating elements.
The heaters can be provided with stages of heat or silicon-controlled recti-
fier/solid-state relay (SCR/SSR) control for capacity modulation. They offer
minimum pressure drop and no water piping.

Electric heaters require internal safety devices per ANSI/UL 1995 (UL
2015). An airflow proving switch verifies presences of airflow over the
heater. It will sense airflow but does not guarantee that there will be ade-
quate airflow for heater operation. These can be electronic or pneumatic.
Thermal cutouts will de-energize the heaters if they sense temperatures
approaching safety limits.

Under normal operating conditions with adequate airflow, the electric
heating element will operate at temperatures around 600°F (316°C).
Because of the heater element’s low mass, the heat is rapidly dissipated into
the surrounding airflow. With low or restricted airflow, element temperature
can approach 1100°F (593°C). The conductors and connectors (wires, ter-
minal studs, wire connectors, contractor contacts, etc.) conduct heat as well
as electricity. Rapid and frequent resets of the safety cutouts causes damage
inside the control box due to the excessive heating of the conductors. Refer
to the manufacturer installation and operation manual (IOM) for minimum
airflow rates and installation direction to avoid irregular airflow.

Electric heater assemblies should be Underwriters Laboratory (UL) or
ETL listed to meet National Fire Protection Association (NFPA) safety
codes.
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Filter Rack
Filter racks can be provided on the induction port of fan-powered

ATUs. Filters are meant to be installed during construction to protect the
motors from construction debris and gypsum dust. Filters are not intended
to be used in occupied buildings after construction. Filters add additional
pressure drop to the system, wasting unnecessary energy and additional
maintenance to change out filters.

Fans
Fan-powered ATUs use forward curved fans. They are generally dual

inlet.

Motors
Fan-powered ATUs were initially introduced with AC induction motors

with permanent split capacitors (PSCs). Today, almost all fan-powered
ATUs are equipped with electronically commutated motors (ECMs), pro-
viding significant savings.

Sound-Reduction Devices
Sound attenuators or silencers are offered for discharge and induction

ports. An attenuator is commonly a lined length of ductwork attached to the
end of an ATU. Attenuators can also be attached to the induced air inlet of a
fan-powered ATU. A silencer is a dissipative or reactive device that is typi-
cally used when sound reduction is critical to an application.
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HISTORY OF VARIABLE AIR VOLUME AND HOW IT 
RELATES TO REDUCING ENERGY CONSUMPTION 
The Early Days
Single-Duct Bypass Units

Variable-air-volume (VAV) strategies came into use in the HVAC indus-
try in the 1960s. Energy was cheap then compared to today’s standards, but
nevertheless the pressure was on to find better comfort and lower energy
consumption. The first VAV systems used bypass single-duct air terminal
units (ATUs) or single-duct ATUs matched to air handlers with bypass
dampers that allowed a portion of the total airflow from the air handler to
bypass the occupied zones and directly return to the air handlers through the
return air plenum.

In the case of bypass barometric dampers mounted in the main supply
ducts off of the air handlers, the supply air was returned to the air handler
inside the mechanical room. Controls were pneumatic and pressure depen-
dent. Airflow control was accomplished by reducing the total pressure in the
duct system by opening the bypass dampers. As basic as this was, energy
was saved compared to the constant-volume systems that were slowly being
replaced. Comfort was improved as well. The VAV ATUs installed around
the perimeter of the building were equipped with either electric heaters or
hot-water coils for heating. All the heat was reheat.

Modulating Fan Volume
The success of these types of systems led to a search for ways to vary

the fan volume automatically and eliminate the energy used in generating
the airflow that was being bypassed. Variable inlet vanes and automatically
adjustable mechanical drives were also introduced in the 1960s to allow

History and 
Energy
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some dynamic control of the air-handler fans. Use of bypass single-duct
ATUs faded because there was no longer a need to generate the higher vol-
umes of airflow. Buildings could then be analyzed for heating and cooling
loads with the associated airflows based on the lower simultaneous load
totals rather than the sum of all loads. This led to smaller equipment for
central plants but demanded better control at the occupied zone levels. This
improved the building system’s total energy consumption compared to the
earlier systems.

Oil Embargo

In 1973, the Organization of Arab Petroleum Exporting Countries
(OAPEC) embargoed oil shipments to the United States. By the end of the
embargo in March 1974, oil had risen from $3.00 per barrel to $12.00 per
barrel, and every industry was seeking ways to decrease energy use. Con-
tractors and engineers had little experience with VAV and no way to heat
individual perimeter zones without the use of reheat. A consulting engineer,
Charlie Chenault, and a mechanical contractor, John McCabe, were intent
on designing a system that would provide maximum flexibility for individ-
ual perimeter zones (which was not possible with the multizone units) and
use variable-volume air handlers to address instantaneous loads rather than
total loads (which was not available with the multizone units) and eliminate
reheat. Since there were no known manufacturers of low-pressure, VAV, all-
air systems, they set about designing an all new operating sequence.

Fan-Powered Air Terminal Units

Fan-powered ATUs were developed in 1974 to eliminate reheat and
allow the building to reuse plenum heat during the heating season that was
otherwise wasted when returned to the air handler. These ATUs were con-
figured as parallel fan-powered terminals. Figure 3.1 shows the first typical
detail for fan-powered units. Figure 3.2 shows the components used, and
Figure 3.3 shows an installation picture.

The performance improved comfort and produced energy savings. Sav-
ings reported to be around 22% in Houston were common (Graves 1986).
However, there were some problems. Dampers stuck because of poor instal-
lation. The units were noisy because the fan was exposed above the ceiling
and the backdraft dampers in the fan discharge tended to flutter. Heating
fans had been oversized, as was common practice at that time. Too much air
generated too much noise. The control sequence was flawed in that it
allowed the damper to close before the fan started. Once building standards
tightened up the curtain walls, this caused air stagnation in occupied spaces.



Figure 3.1   Exterior Zone Variable-Air-Volume Arrangement
(Figure 2, Graves 1986)

Figure 3.2   Components
(Figure 1, Graves 1986)
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Pressure-Independent Controls
Also in the 1970s, pressure-independent pneumatic controls were intro-

duced that allowed individual ATUs to be preset with maximum airflow
limits that allowed each zone to function independently without over taxing
the central plant sized for simultaneous peak rather than total peak loads.
These offered large improvements in building energy consumption.



Figure 3.3   First Installation
(Figure 3, Graves 1986)
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Series Fan-Powered Air Terminal Units

During this decade, a new configuration appeared. Both units used the
same components with a different arrangement. The new ATU took all the
air through the fan rather than just the heating air like the parallel unit. The
fan was required to run constantly, using more fan energy, but that energy
was offset by eliminating the leakage in the parallel unit. An induction port
was added between the primary air device and the fan. The primary air was
still variable, but the fan air was constant volume and equal to the maximum
primary airflow. Names for the devices began to change. The original unit
was called a parallel unit, a variable supply unit, or an intermittent fan unit.
The new design was called a constant-volume unit, a constant-fan unit, or a
series unit. Figures 3.4 and 3.5 compare the two configurations.

Sick Buildings

Building envelopes were being tightened during this time, as well, to
decrease the amount of heat allowed to escape or enter the building,
depending on the season. Air infiltration and exfiltration rates at this point
were huge compared to today’s standards. It was common at this time to set
the VAV dampers to close during dead-band operation. Once the building
envelopes were tightened, the closed VAV dampers contributed to sick
building syndrome. Consequently, minimum set points allowing a minimum
calculated outdoor air into the building became necessary. This increased
the building loads but significantly improved the indoor air quality.
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Electronic Controls
During the 1980s, electronic controls (originally analog and later digital,

which led to the development of building automation systems [BASs]) were
developed that allowed the ATUs to communicate. Modulating electric actu-
ators were developed and soon all the components in the air-conditioning
system could communicate, allowing the building controls to dynamically
reset themselves in concert as the building loads demanded. This allowed
even further energy savings by eliminating more of the wasted energy that

Figure 3.4   Parallel Air Terminal Unit Configuration
(Courtesy of Nailor Industries, Inc.)
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Figure 3.5   Series Fan-Powered Air Terminal Unit Configuration
(Courtesy of Nailor Industries, Inc.)
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was not needed to meet instantaneous loads in the building. Also, the elec-
tronic controls had enough memory and computing ability to calculate
when to start and stop the systems daily based on outdoor air temperatures
in the morning and evening, respectively, as well as to perform evaluations
based on dynamic occupancy levels.

An Official Name for Fan-Powered Air Terminal Units
In 1986, the unit finally got an official name from ASHRAE and Air

Conditioning and Refrigeration Institute (ARI): fan-powered air terminal
unit. By the late 1980s and into the 1990s, both series and parallel fan-pow-
ered ATUs were used extensively. Glass designs in buildings had improved
and building leakage was being controlled much more tightly than in earlier
years. This brought new requirements to the product. More reliable pres-
sure-independent controls and better air-measuring stations were required
to manage the minimum amounts of fresh air to each zone in the building.

Energy Concerns—Again
Energy costs were rising even before the 1979 oil shock when the Shah

of Iran fell and the United States lost a large supply of oil from the Middle
East. As energy awareness increased, new issues arose concerning fan-pow-
ered ATUs. The fan energy in fan-powered ATUs came under scrutiny.
Many engineers believed that the parallel unit used less energy because the
fan ran only in the dead band and heating modes. Others believed that the
series unit used less energy because of the lower inlet static requirements
placed on the air handlers.

ASHRAE RP-1292 Fan-Powered Units’ Energy Comparison
In the 1990s, comparisons between buildings that used parallel and

series fan-powered ATUs were being made to evaluate their respective abil-
ities to heat and cool the buildings for best comfort and energy efficiency. In
2003 this led to ASHRAE Research Project RP-1292, Comparison of the
Total Energy Consumption of Series versus Parallel Fan Powered VAV Ter-
minal Units (Davis et al. 2007), which modeled both types of unit and pro-
jected total building energy consumption for both types. The research
project evaluated the ATUs’ energy consumption based on total system
energy. The ATUs tested used permanent split capacitor (PSC) motors.
Leakage in parallel ATUs was found to be a dominant energy component
for a system. The goals of the research project included understanding how
to build better buildings, how to create better environments, and how to cap-
italize on new and existing technologies. The project determined that the
energy consumption of both terminals was equivalent when PSC motors
were used. The biggest energy use was casing leakage in parallel ATUs and
motor and plenum heat in series ATUs. The new and existing technologies
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at the time of this project were dedicated outdoor air systems (DOASs),
lower coil and discharge air temperatures at the air handlers, and electroni-
cally commutated motors (ECMs). The results from the final report of RP-
1292, completed in 2007, are as follows (Davis et al. 2007):

• Series units are better suited for blending low-temperature air from
the air handler.

• Series units are better suited for DOASs using a dual-duct inlet
plenum, with one duct for primary air and one for outdoor air.
Induction from the ceiling plenum is required, and accurate fan
airflow is a must.

• Leakage in the parallel units was the single largest energy cost
next to operating schedule. Leakage was great enough that oversiz-
ing the units could create a first cost disadvantage as well as an
operating cost disadvantage due to a need for larger air-handler
fans. The amount of leakage also reduces or eliminates any possi-
bility of reclaiming heat from the plenum in the heating modes.

• Series units are better suited for occupant comfort and noise.
• Motor heat and plenum heat at part-load conditions were the big-

gest energy consumers in the series units.
• Outdoor air requirements are greater for the parallel units. Series

units recirculate unvitiated air as defined by ANSI/ASHRAE Stan-
dard 62.1-2007 (ASHRAE 2007b) from the return air plenum back
to the occupied space during all operating modes.

• Considering all issues, there was insignificant difference in energy
consumption between the parallel and series units as long as both
used PSC induction motors.

The leakage from the parallel unit is difficult to fix without significantly
increasing the price of the unit. Fixing the leakage requires replacing the
backdraft dampers with motorized air control dampers and sealing all the
seams on the unit. This completely eliminates the first-cost advantage over
the series unit. Alternatively, the motor and plenum heat issues with the
series unit are easy to fix with better controls and an ECM. This also has
costs, but energy savings are much larger, occupant comfort is improved,
and payback periods are much shorter.

Assessing Electronically Commutated Motors
Further research was undertaken by an industry consortium, Fan Pow-

ered Terminal Unit Consortium, to determine the differences in perfor-
mance between units with PSC motors and ECMs. The consortium
consisted of two ECM manufacturers; three ATU manufacturers; one test-
ing, balancing, and commissioning contractor; and a laboratory research
professional. This research, “Performance of ECM Controlled Fan-Powered
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Terminal Units,” (VAVRC 2011) started in 2008, was donated to ASHRAE
and Air-Conditioning, Heating, and Refrigeration Institute (AHRI) upon
completion in 2011. This project contrasted PSC motors and ECMs in par-
allel ATUs and in series ATUs. The RP-1292 research (Davis et al. 2007)
and the Consortium research (VAVRC 2011) both determined that buildings
using series systems demonstrate a measurable energy savings over build-
ings using parallel systems.

Modeling Energy with ECMs
In December 2013, AHRI contracted with Baylor University to study

and propose new methods for modeling series VAV fan-powered ATUs tak-
ing advantage of the programmability of the ECM (O’Neal et al. 2016). in
this work, the equations developed in RP-1292 (Davis et al. 2007) and the
Consortium research (VAVRC 2011) were modified into heat and mass bal-
ance equations and then verified to perform as the original equations in the
previous research. Control sequences that allowed the fan and motor to
modulate along with the VAV valve were evaluated for energy savings.
These sequences significantly reduced the fan energy and the induced ple-
num heat, causing the series fan-powered ATUs to operate at significantly
lower energy levels, lower noise levels, and improved comfort levels. The
control sequences in Chapter 5 and the models presented in Chapter 8 not
only reflect these improvements but also point to the ability to balance
series fan-powered ATUs based on airflow measurements made by the fan/
motor assembly and to calibrate the entire ATU to one measured value.

Single-Duct Air Terminal Units
While the series and parallel fan ATUs were being developed, the single-

duct ATU was often used throughout a building with baseboard or other ele-
ments taking care of perimeter heat. Adding a heating coil to a single-duct
ATU became a common application, but was not without issues. ANSI/
ASHRAE/IES Standard 90.1-2007 (ASHRAE 2007a) set rules for reheat
and limited heating to 30% of the primary airflow. This often results in
fairly high required discharge temperatures to meet skin loads. As most
commercial offices use ceiling (plenum) return air, and as hot air rises,
spaces become stratified with air temperatures near the floor being several
degrees cooler than those at the thermostat.

Realizing that ventilation air was passing into the plenum without enter-
ing the occupied space several feet (metres) below the ceiling, ASHRAE
imposed a limitation in ANSI/ASHRAE Standard 62.1-2010 (ASHRAE
2010) that if the discharge air was more than 15°F (8.3°C) above the ther-
mostat setting (designated as the “average temperature in the occupied
space”), the required ventilation rate must be divided by 0.8, resulting in an
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effective 25% increase in outdoor air. (This is one of the obvious reasons for
using fan-powered VAV ATUs.)

Addenda to ANSI/ASHRAE/IES Standard 90.1-2013 (ASHRAE 2013)
and the 2013 edition of California Title 24 (CBSC 2013) were added that
allowed up to 50% of cooling airflow maximum if the unit started at 20%,
as well as controlled discharge temperatures (Taylor et al. 2012). The use of
time proportional rectifier, silicon-controlled rectifier (SCR), or thyristor-
controlled electric heat or variable-flow hot-water valves along with digi-
tally programmed electronic controllers makes this a cost-effective solution.

At the same time, tests conducted in California (Taylor and Stein 2004)
showed that the amplified pressure-based inlet sensors employed on ATUs
are accurate way below the ability of most DDC controllers to resolve the
signals accurately. With modern DDC controllers using precision flow
transducers and 16 bit (or greater) processors, this allows for oversized air
valves with greater turn down or lower minimum air flow.

The result is that single-duct reheat ATUs have been successfully used
in many buildings in more temperate climates. A recent study of several
buildings in California (Arens 2014) showed that high occupant satisfaction
levels could be obtained with a combination of accurate DDC flow control
at very low airflow delivery rates of 0.2 cfm/ft2 (1.0 L/m2) when combined
with effective air distribution devices (in this case, plaque diffusers). It is
important to note that the diffuser type is very important to comfort levels in
the space at these low flow conditions. It is also important to note that there
may be significant penalties in reheat of primary air in single-duct VAV
applications designed as described previously over fan-powered terminal
unit systems.

Variable-Air-Volume Air Terminal Unit Energy Modeling Research 
Published by ASHRAE

An ASHRAE Topical Compilation titled Modeling and Energy Con-
sumption with Parallel and Series VAV Terminal Units with ECM and PSC
Motors (ASHRAE 2016b) is available with the supplemental materials
accompanying this book at www.ashrae.org/ADGATU. This downloadable
PDF is a collection of selected conference papers, technical papers, and
research project final reports cosponsored by ASHRAE Technical Commit-
tee (TC) 5.3, Room Air Distribution, and TC 7.7, Testing and Balancing,
published since 2007. In its fourth edition at the time of publication of this
book, the compilation continues to be updated as relevant research is pub-
lished. As later editions are published, the file at www.ashrae.org/ADGATU
will be updated, and readers are encouraged to revisit the supplemental
materials website periodically to check for the most current edition.
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Ventilation Control
The control of ventilation rates has prompted a look at how best to man-

age this often expensive (depending on the climate) variable. There are
actually three ventilation rates to be managed. A space can be declared not-
to-be-occupied, and ventilation is shut off. A space that is available for
occupancy but not occupied must have a minimum based on floor area, typ-
ically 0.05 cfm/ft2 (0.254 L/s·m2). Finally when occupied, the space must
be supplied with an additional quantity of ventilation air based on occu-
pancy and activity level. The result is that many spaces do not have a con-
stant ventilation minimum. And again, if we vary the quantity of ventilation
to one location, the change in pressure of the supply duct will affect all the
others on the same system, so pressure-independent dampers are required if
accurate delivery is to be obtained. At the same time, economizer operation
can be enhanced if the same ductwork can make use of a variable rate of
unconditioned outdoor air when conditions are appropriate (typically out-
door air < 60°F [16°C] and dew point < 55°F [12.8°C]).

Variable Air Volume in Hospitals
Hospitals have to contend with cross contamination and spread of odors

before considering energy. Consequently, their systems are designed more
for safety and patient well-being than for energy consumption. ANSI/
ASHRAE/ASHE Standard 170 (ASHRAE 2017) prescribes minimum total
air changes per hour in most hospital spaces. Fan energy and reheat energy
are increased because of the total supply air required compared to commer-
cial buildings. However, no one will ever be concerned about the amount of
energy being consumed in a hospital if ebola, SARS, tuberculosis, or even
some lesser disease such as scabies, measles, mumps, or whooping cough
breaks out among the general patient population.

Air Filtration

High-performing hospitals are designed to minimize energy consump-
tion while maintaining asepsis control. Compared to office buildings, hospi-
tals require a higher level of air filtration, resulting in increased fan energy.
Sometimes high-efficiency filters are installed downstream of ATUs serving
critical spaces such as operating rooms or isolation rooms. When filters are
installed downstream of a fan-powered ATU, fan energy consumption is
increased. The filtration required in hospitals has not changed since the
mid-1970s; however, the filter rating procedures have changed since that
time. Minimum filter efficiencies for hospitals are specified in Table 6.4 of
ASHRAE/ASHE Standard 170 (ASHRAE 2017).
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Outdoor Air and Recirculation

Typically, the amount of outdoor air in hospitals is about 25% to 30%.
This is about twice as much compared to office buildings, meaning that the
outdoor air load is about twice as much as with office buildings but the addi-
tional capacity per airflow is about three times as much because of the latent
load in the outdoor air. This has changed over the last 30 years from 100%
outdoor air systems to today’s levels based on ASHRAE/ASHE Standard
170 (ASHRAE 2017).

Variable Air Volume in Industrial Facilities
Industrial facilities may have contaminants that preclude recirculation

unless proper filtration is supplied at the recirculating air handler. Oil mist
or other air pollutants cannot be allowed to pass through the coils or blowers
on any equipment, including ATUs. If these types of contaminants are pres-
ent, single-duct reheat or dual-duct units are the only options for air control.

Variable Air Volume in Schools
Schools have two major considerations for air-conditioning units that

have to be addressed: noise and fresh air. High classroom population densi-
ties require a higher level of outdoor air to be supplied to classrooms than is
necessary in office areas or work areas within schools. Because outdoor air
increases the amount of energy required to both dehumidify and cool the air
in the warmer months or to heat the air in the cooler months, this system
diversity has to be addressed. This energy can be costly. Some method to
reduce the airflow during unoccupied times is necessary, and not using the
air-conditioning equipment in humid climates is not an option as that can
increase mold potential. Some options are dual-duct units, single-duct
reheat units, and series fan-powered ATUs.

EVALUATING ENERGY USE IN EACH TYPE OF 
TERMINAL UNIT COMMONLY USED TODAY

It is important to note that while all building costs are important to con-
trol and that energy is one of the largest costs, comfort for the occupants
must never be ignored for the sake of costs. Occupant comfort and produc-
tivity are linked. The cost to pay the personnel occupying the building is
about two orders of magnitude greater than the cost of utilities. It is also the
greatest reason for leases not being renewed. Costs must be controlled to
make the building profitable, but comfort must be maintained to lease the
building.
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Single-Duct Air Terminal Units—Pressure-Independent Controls
Single-duct ATUs require enough static pressure at the inlet to push the

air across the inlet sensor and the air valve and hardware, through the termi-
nal unit, across the heating coil, through the downstream duct or multiple
outlet plenum and runout ducts, through the room diffuser or grille, and
around the occupied space. Generally, at full load this amounts to 0.25 to
0.5 in. w.g. (62.2 to 124.4 Pa) static pressure at the inlet of the ATU. The
heater on this type of unit is arranged for reheat. Discharge air temperature
has to be controlled to avoid air being supplied into the room that is so
buoyant that it cannot get to floor level. It is common today to reset the air-
flow by increasing it from dead band to heating mode to maintain total heat
to the space at a lower temperature, as described previously.

Single-Duct Bypass Air Terminal Units
Bypass ATUs are a type of single-duct ATU. They have a damper that

regulates the amount of air going to the zone, but rather than reducing the
total amount of air, they dump the air diverted from the zone into the return
air plenum. This is a pressure-dependent device that uses a lot of energy
when compared to the pressure-independent single-duct ATUs typically used
today. There is no good way to measure airflow to the zone served by a
bypass terminal unit; consequently, providing minimum airflow requirements
to the zone is difficult to impossible. Electric reheat is not recommended.

Dual-Duct Air Terminal Units
Dual-duct ATUs are used mainly in hospitals and cleanrooms today.

These types of units can provide constant or variable airflow and room pres-
sure while varying the discharge temperature by modulating a heating and
cooling damper inside the unit. Pressurization is important for these units to
control contamination and odors. The heat mixed with the cooling air is
reheat and, as such, is discouraged in nonprocess systems. The inlet pres-
sure is similar to that in the single-duct units, but somewhat higher pressure
levels are required to achieve the necessary mixing of the two airstreams for
occupant comfort. In this case, the only reason from an energy point of view
to use this terminal unit is the need for pressurization to control contamina-
tion and odors. With dual-duct ATUs, process control and comfort are more
important than energy consumption. Dual-duct systems have a higher cost
than single-duct systems. They require two sets of ductwork, one for the
heating deck and one for the cooling deck. Some systems use a neutral deck
carrying preconditioned air, but there is still that extra set of ducts. There
are two types of dual-duct air handlers. One has two fans, each with its own
coil—essentially two air handlers. The other type uses two coils with one
fan. Fan energy is higher in the single-fan unit, but the initial cost is lower.
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Parallel Fan-Powered Variable-Air-Volume Air Terminal Units
Parallel fan-powered VAV ATUs require similar inlet static pressures to

those of single-duct VAV ATUs in the cooling mode. They require inlet
static pressures that are greater than those in single-duct VAV ATUs in the
dead band and heating modes since the static pressure providing primary
airflow has to also overcome the discharge pressure that the operating fan
creates in the mixing chamber.

According to ASHRAE RP-1292 (Davis et al. 2007), the primary air
leaking out of the casing can be as high as 12%, which eliminates the ability
to reclaim any room heat in the plenum during the heating mode. The back-
draft dampers used by most manufacturers can become stuck after a few
cycles, creating much more leakage than when new. This results in the ple-
num being cold due to the primary air leakage from the casing resulting in
little or no supplemental heat to raise the temperature of the inlet air to the
heater. Heat is therefore mostly reheat.

While parallel VAV ATUs provided a great improvement in air-condi-
tioning and heating systems in 1974 with constant-volume air handlers,
using current controls and motor options offers a better design, providing
higher comfort levels and lower energy consumption using the series ATU.
Because of this paradigm shift, if fan-powered ATUs are used, it is recom-
mended that they always be series units with ECM control sequences to
vary the fan airflow in concert with the varied primary air.

Series Fan-Powered Air Terminal Units
Series fan-powered ATUs are the optimum type of VAV ATUs to use in

a modern office building. Inlet static pressure is at or near zero at the inlet of
the unit. The ECM can be adjusted to minimize plenum heat in the cooling
mode while allowing increased air temperatures as the room approaches
dead band to avoid overcooling the occupied zone. During heating mode,
the fan can be reset to a higher volume, reclaiming heat from the ceiling to
eliminate reheating. The additional supplemental heat can be applied when
the mixed air is at or very near the room temperature. When operating at
less than full load and providing both cooling and plenum air, the unvitiated
air in the return air can supplement the amount of fresh air required for the
system. This will reduce the total amount of outdoor air required somewhat.
See ASHRAE Standard 62.1 (ASHRAE 2016a) for proper calculations.

Fan-Powered Chilled-Water Air Terminal Units
There is now an opportunity to bring all these technologies together in a

single device called a fan-powered chilled-water air terminal unit. As
described in two ASHRAE Journal articles (Int-Hout 2015; Int-Hout and
Wilbar 2014), applying a sensible cooling coil (as used in induction and
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active chilled-beam units), accurate ECM fan flow control, a DOAS ducted
to each variable-volume series fan-powered terminal, and effective air dis-
tribution devices (like the plaque diffusers installed in the research by Arens
[2014]), we can not only manage ventilation air at each zone but also accu-
rately predict the energy savings (which are quite phenomenal) resulting
from operating the fan box at as low an airflow as possible. Acoustics will
be quite impressive as well. A fan-powered chilled-water ATU offers a
blend of the desirable functions of the equipment described in previous
paragraphs. This is a relatively new device with a very small installed pres-
ence. It is basically a series fan-powered VAV terminal unit with an
expanded induction port with a sensible coil for lowering the return air tem-
perature without changing the water content. Coupled with a dedicated and
preconditioned outdoor air supply, this unit offers new opportunities for
future applications.

MOST CURRENT ENERGY AND MODELING RESEARCH
ASHRAE RP-1292 (Davis et al. 2007) and the subsequent research by

the Consortium (VAVRC 2011) were all conducted expecting that pressure
differences within the system would cause the air to move. Consequently,
all the equations in those two research projects were written with pressure
and temperature as the controlled entities to evaluate airflow and energy
consumption. In discussions with modeling companies, it was discovered
that their programs were written as heat and mass balances. The AHRI 8012
research program (O’Neal et al. 2016) was formulated to rewrite all the
equations into a format usable with the existing modeling tools while simul-
taneously verifying the validity of the new equations on the same appara-
tuses used in the original research. This work was completed in December
of 2016 with a final report issued to AHRI.

This research was undertaken in tandem with AHRI’s Systems Steering
Committee (SSC), which is developing building system data to evaluate
entire systems rather than just single component appliances within a build-
ing. When evaluating individual appliances within a building there is a min-
imum energy level that will be approached as the appliance is made more
efficient; effectively it is the point at which no more improvement is feasible
or possible. Sometimes referred to as the max tech level, this is the point at
which the energy needed to drive the appliance has reached the point where
the energy use will be capped by the second law of thermodynamics. Conse-
quently, evaluating a building energy model by summing all the appliances’
energy consumption is one way to evaluate a building’s energy use.

Commercial buildings do not usually operate at full load. Most, if not
all, of the year they operate at a partial-load condition. At part-load condi-
tions, some appliances may use more and others may use less energy, but
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the building almost always uses less. After running into this max tech lim-
itation in full-load evaluations, the HVAC industry began looking at part-
load conditions for appliance efficiencies.

Even part-load ratings may not accurately define the building’s energy
use. When and for how long is the building at full, 75%, 50%, or less load?
What differences are there between heating and cooling? Models can use
climate data to provide this information, but the energy use may still be
overstated. This is because the different appliances do not change efficiency
equally, and they all affect the other appliances in the building. A more effi-
cient coil may allow the BAS to reduce fan energy, pumping energy, and
tower energy. It may also reduce humidity levels if controlled properly,
which in turn will cause the interior to be more comfortable in cooling mode
at a slightly higher set point. If the occupant raises the set point, the tem-
perature difference at the curtain wall can be decreased. All of this points to
a need for rating equipment at multiple points or providing a rating map for
each appliance that can be overlaid in the modeling process to more accu-
rately predict energy use in commercial buildings.

The energy models presented in Chapter 8 were developed using these
new equations and the research done for the projects discussed in this chapter.

LEAKAGE
Leakage in a duct system can be very costly. When considering VAV

ATUs there are two types of leakage that have to be evaluated: leakage
through the air valve to the zone and leakage out of the ATU into the return
air plenum. Different types of air terminals have different levels of leakage
to consider.

Single-Duct Air Terminal Units
Zones serviced by single-duct ATUs generally have minimum airflows,

which are designed to provide adequate ventilation to the occupied space.
Because these air valves do not close during operation, there is no air valve
leakage. Offices that are unoccupied but surrounded by occupied offices in
the same zone may have air valves that are closed. The cost of conditioned
air that leaks through the damper and exits the duct system into an unoccu-
pied space, which in turn is associated with adjacent occupied spaces, is cal-
culated at $0.04/cfm per year ($0.085 per L/s per year).

Unlike ductwork, single-duct ATUs have damper shafts and electrical
penetrations in the casing. Casing leakage is dependent on the static pres-
sure inside the unit. Casing leakage can be documented at $1.84/cfm per
year ($3.90 per L/s per year). The air valve acts as a static pressure regula-
tor. Static pressure downstream of the air valve is usually very low. There
are only a diffuser and downstream ducts to create static. Leakage can occur
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through the appurtenances downstream of the damper; however, because of
the very low static pressure, there will be very little leakage. Static pressure
upstream of the air valve can be much higher; however, the casings are typ-
ically well sealed and the only leakage point would be at the damper shaft.

Dual-Duct Air Terminal Units
Leakage in dual-duct ATUs is very similar to leakage in single-duct

ATUs with one major exception. Damper leakage is critical. In cooling
mode, warm air leaking through the heating damper increases the amount of
cooling load required to satisfy the zone. The reverse is true in the heating
mode.

Fan-Powered Variable-Air-Volume Air Terminal Units
Parallel Units 

Casing leakage in parallel ATUs can range from 5% to as high as 12%
of the primary air. This casing leakage can be evaluated at $1.84/cfm per
year ($3.90 per L/s per year). Damper leakage is similar to the damper leak-
age in single-duct ATUs. This leakage of cold air into the return air plenum
significantly reduces or eliminates the amount of reclaimed heat that can be
harvested from the return air plenum. See the Parallel Fan-Powered VAV
Air Terminal Units section under the Evaluating Energy Use in Each Type
of Terminal Unit Commonly Used Today heading for a better understanding
of what causes leakage.

Series Units
Because the mixing chamber in series fan-powered VAV ATUs, which

mixes return air and plenum air, is slightly negative compared to the return
air plenum, there is no casing leakage from the unit into the return air ple-
num. Generally, the static pressure at the inlet of the series unit is much
lower than that needed for single-duct or parallel ATUs. Consequently,
damper leakage should be very low.
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 4
Sound is an important part of HVAC design that is often poorly evalu-

ated during the design process and may not be directly evaluated until there
is an acoustical issue in the building. The acoustical environment is import-
ant as it can directly enhance or impede conversation, lower or raise work
productivity, and impact the stress levels of occupants. There are many dif-
ferent types of occupancies, and each have distinct acoustical design goals
and challenges. For example, a conference room needs to be quiet and
should provide a level of conversational privacy to adjacent spaces. A con-
cert hall needs to have ambient sound levels at as low a level as possible,
and the design of the acoustical space must allow the performance to be
clearly discerned by all attendees. Some spaces have design requirements
based on codes, such as a hospital or doctor’s office requirement to maintain
patient confidentiality between adjacent spaces.

This chapter addresses the fundamental components and concepts of
HVAC acoustics as related to the selection of air terminal units (ATUs).

NOISE VERSUS SOUND
In order to discuss sound, it is important to understand the difference

between sound and noise.

• Sound is the propagation of a vibrational disturbance or wave in an
elastic media (solid, gas or liquid). It is most commonly associated
with being detected by the human ear and having been distributed
by air.

• Noise is any unwanted or undesirable sound. The perception of
noise can vary by occupant and can be considered subjective.
There are common levels of sound and frequencies that typically
are considered noise.

HVAC Acoustics
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FREQUENCIES/TONES
Frequency is the number of cycles per second of an oscillation (hertz,

Hz) in an elastic medium such as air or structural elements (see Figure 4.1).
The audible frequency range for humans is from about 20 to 20,000 Hz.
Since this range of frequencies is large, it is often broken down into smaller,
discrete portions known as octave bands, where the listed frequency is the
center of the octave band and the ratio of each successive octave band is 2:1
(see Table 4.1 and Figure 4.2).

Tone is a sound of a distinct single frequency which does not change
with characteristic properties such as amplitude or phase (see Figure 4.3).

SOUND POWER VERSUS SOUND PRESSURE
Sound pressure is a pressure fluctuation above and below the ambient

(average, or equilibrium) atmospheric pressure caused by a sound wave.
The amplitude of the fluctuation is proportional to how loud an occupant
perceives the sound to be. Sound pressure can be measured with a micro-
phone.

The range of sound pressure fluctuations that can be detected by the
human ear is large. A young adult may have a threshold of hearing range
starting at 0.000020 Pa and it may extend to the threshold of pain (20 Pa).
Because this range of sound pressure fluctuations is extremely large, the
decibel (dB) scale is used to make the scale of values more manageable.

Figure 4.1   Frequency
(Figure 7.1, Price 2011; Reprinted with permission of Price Industries)
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Table 4.1   Octave Band Mid Frequencies
(Engineering ToolBox n.d., Octave Band Frequencies)

Octave Band Mid Frequency, 
Hz

Lower Band Limit, 
Hz

Upper Band Limit, 
Hz

1 63 44 88

2 125 88 177

3 250 177 355

4 500 355 710

5 1000 710 1420

6 2000 1420 2840

7 4000 2840 5680

8 8000 5680 11360

Figure 4.2   Frequency Ranges of Typical Indoor Noise Sources 
(Figure A-5, Schaffer 2005)
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Sound pressure is converted to dB by the use of the log function referencing
the threshold of hearing:

(4.1)

where
Lp = sound pressure level, dB
p = root mean square value of sound pressure fluctionation, Pa
pref = reference quantity defined as threshold of hearing, 20 Pa

The dB scale corresponds well to the subjective response of people to
sounds as shown in Table 4.2 and Figure 4.4.

The rate at which acoustical energy is emitted by a sound source is
called the sound power level. Independent of the acoustical environment,
sound power is dependent on the operating conditions of the equipment
generating the sound. Equipment is given sound power level ratings to assist
engineers in estimating the sound levels that will be present in the environ-
ment the equipment will be operating in and to enable engineers to compare
different sound sources (Price 2011).

Sound power level is defined in Equation 4.2:

(4.2)

where
Lw = sound power level, dB
w = acoustic energy radiated by source, W
wref = reference power defined to be 10–12 W

Figure 4.3   Pure Tone with Varying Amplitude
(Adapted from Figure 7.3, Price 2011, with permission of Price Industries)
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Because of the influence of the acoustical environment (space effect),
sound power cannot be measured directly. Instead, it is calculated from lab-
oratory measurements of sound intensity or sound pressure. The differences
between sound pressure and sound power can be explained using an electric
room heater as an example. The heater emits heat energy, measured in
watts, and this heat energy wattage is a power rating independent of the
heater’s environment. The temperature of the room, however, depends on
the heater’s power rating as well as the distance from the heater, the heat
absorbed by the walls, and the heat transfer through walls and windows, etc.
Similarly, a sound has a specific sound energy or sound power level: the
sound pressure measured in a room is the sound power of the source plus
the distance from the source, the amount of sound energy absorbed by the
walls, and the amount of sound energy transferred by the walls and the win-
dows, etc. (Price 2011).

Phon
A phon is a unit of apparent loudness level for pure tones, as perceived

by a person with normal hearing. It is intended to compensate for the effect

Table 4.2   Subjective and Objective Changes in Sound by dB Value
(Table 7.2, Price 2011)

Subjective Change Objective Change
Much louder More than 10 dB

Twice as loud 10 dB
Louder 5 dB

Just perceptibly louder 3 dB

Figure 4.4   Representative Sound Pressure Levels
(Figure 7.4, Price 2011; Reprinted with permission of Price Industries)
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of frequency on the perceived loudness of pure tones. Because human hear-
ing sensitivity varies with frequency, saying that two sounds have the same
equal intensity is not the same as saying they have equal loudness. A phon
is defined as the dB sound power levels that are perceived to be equivalent
to the intensity in dB of the sound power level of a pure tone of 1 kHz.

Phon is defined in ISO 226 (ISO 2003). It is not commonly used in the
design of occupied spaces, but it is used as a unit of loudness by American
National Standards Institute (ANSI). The value “50 phon” is equivalent to
“as loud as a 50 dB, 1000 Hz pure tone.”

Sone
A sone is a unit of subjective loudness equal to the perceived loudness

of a pure tone of 1 kHz having a sound power level of 40 dB (40 phon). The
sone was proposed by Stanley Smith Stevens in 1936 (Miller 1975). It is not
commonly used in occupied space design. Table 4.3 compares phon and
sone levels.

PERCEPTION OF SOUND
The perception of sound is extremely subjective, and reliably predicting

the response of a person to a sound can be challenging. A sound that is
acceptable to one person may be extremely annoying to another. While esti-
mating the acoustic acceptability of an environment may be difficult, there
are several factors that provide good indication of acceptability. The most
commonly used indicators include loudness, frequency spectrum, and room
criteria. The typical objective of sound control design is to achieve an
acceptable level of sound with an acceptable sound spectrum distribution,
not the lowest possible levels of sound in all frequencies. Due to the variety
of occupant activities and space construction styles, the appropriate indoor
design sound levels will vary from space to space (AHRI 2008).

People can detect small changes in sound levels, as shown in Table 4.4.
In a typical environment with broadband sounds (not tonal in nature), 3 dB
is a typical minimum perceptible change. This means that reducing the
sound power output of the source results in a barely noticeable change. For
an occupant to perceive that the loudness is half or double requires a change
of 10 dB (AHRI 2008).

Table 4.3   Phon versus Sone
Phon 40 50 60 70 80 90 100 110 120 130 140
Sone 1 2 4 8 16 32 64 128 256 512 1024
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INDOOR ACOUSTICAL DESIGN GOALS AND 
SOUND RATING SYSTEMS

Occupant satisfaction with the background noise level depends on the
architecture of the space, the sound quality of the noise itself, the occupant’s
sensitivity to sound, and the type of space use. The quality of the noise is a
function of its spectrum shape. A rumble, hiss, or tonal noise may be objec-
tionable but may not have an excessive overall sound level. In many cases, a
minimum level of background sound is desirable to obtain a level of acous-
tical privacy in multiple-occupancy spaces or between occupied spaces
(AHRI 2008). Examples of such spaces include medical office exam rooms,
open-plan cubicle spaces, conference rooms, and private offices.

Fortunately for HVAC designers, the sound produced by the air distri-
bution system is frequently a principal factor governing the steady-state
background sound in conditioned spaces and is fairly predictable for given
spaces. It is important to consider any internally generated noise from occu-
pant activities and equipment. Another factor that often must be considered
is the intrusion of outdoor noises from traffic and equipment (AHRI 2008).

To achieve the desired degree of occupant satisfaction with the back-
ground sound, it should have the following properties (AHRI 2008):

• A balanced distribution of sound energy over a broadband fre-
quency range

• No tonal components such as whine, whistle, rumble, or hum
• No noticeable time-varying components such as motor starts, relay

closures, etc.

The background sound should be bland, consistent, and free of discernible
noise sources.

Table 4.4   Subjective Effect of Changes in Sound Pressure Level, 
Broadband Sounds (Frequency  250 Hz)

(Table 8, Chapter 8, ASHRAE 2017)

Subjective Change Objective Change in Sound Level (Approximate)
Much louder More than +10 dB

Twice as loud +10 dB
Louder +5 dB

Just perceptibly louder +3 dB
Just perceptibly quieter –3 dB

Quieter –5 dB
Half as loud –10 dB
Much quieter Less than –10 dB
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Several rating systems have been developed to assist in determining or
estimating the characteristic of an acoustic space. Commonly used rating
systems include weighted sound levels, noise criteria (NC), and room crite-
ria (RC).

Weighted Sound Levels (A, B, C, D, and Z) 
The weighted sound levels (A, B, C, D, and Z factors) were first used in

the late 1930s with sound level meters to provide a single-number measure
of the relative loudness of noise at a specific location. This system was
developed for and is commonly used for quantifying outdoor environmental
sound levels. The different weight factors are defined for use at different
average sound levels (IEC 2003). The weight factors are intended to
approximate the frequency response of the human ear to the measured
sound power levels, and each factor applies a specific weight that is relative
to the response of the human ear to each frequency.

The A-weight, commonly referred to as dB(A), is the most commonly
used of the five. It is used for typical sound levels found in occupied spaces
such as factories and offices and outdoor spaces and was intended for use in
spaces with low-level sounds around 40 phon. It is now commonly used for
evaluating environmental and industrial noise and occupant exposure to
sound in those spaces to assess the potential for hearing damage and other
health effects related to sound exposure. An exposure to higher than 85
dB(A) increases the risk factor for long-term hearing damage.

The C-weight is fairly linear across several octaves and is often used for
subjective measurements at very high sound pressure levels (100 dB and
above). B-weight and D-weight are no longer described in IEC 61672 (IEC
2003) and should not be used for any legally required measurement of
ambient sound levels. The Z-weight is defined as a flat frequency response
from 10 Hz to 20 kHz ± 1.5 dB. Z-weighting was introduced in IEC 61672
and is intended to provide dB meter manufacturers with defined low and
high frequency cutoff points.

A-, B-, and C-weight levels can be obtained from octave-band levels by
applying the corrections shown in Table 4.5 to each band level and then
combining the resulting band levels to obtain a single value. To combine the
octave bands after applying the appropriate weight factor to the octave band
dB (shown in Figure 4.5), Equation 4.3 is used:

(4.3)

where IL is the individual band level. Figure 4.6 shows addition and conver-
sion of raw data to A-weighted decibels (dB(A).

IL 10 10ILi 10

i
 
 log=
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Noise Criteria (NC) Method
The NC method is one of the oldest and is the predominant design crite-

rion used by HVAC engineers and HVAC equipment manufacturers. The
method is widely published and provides a single number, making it easy to
use for rating interior noise levels. The single-number rating is somewhat
sensitive to the relative loudness of a given sound spectrum, but it does not
provide any subjective rating of sound quality.

Table 4.5   Weight Correction Factors 
(Engineering ToolBox n.d., Decibel A, B and C)

Center Frequency,
Hz

A-Weight Correction, 
dB

B-Weight Correction, 
dB

C-Weight Correction, 
dB

31.5 –39.4 –17 –3
63 –26.2 –9 –0.8

125 –16.1 –4 –0.2
250 –8.6 –1 0
500 –3.2 0 0

1000 0 0 0
2000 +1.2 0 –0.2
4000 +1.0 –1 –0.8
8000 –1.1 –3 –3

Figure 4.5   Weighting Factors
(Engineering ToolBox n.d., Decibel A, B and C)
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NC charts are shown in Figures 4.7 and 4.8, and the tabular NC sound
power levels are provided in Table 4.6. The NC curves define the limits that
the octave band spectrum of a noise source must not exceed to achieve a
level of occupant acceptance (AHRI 2008).

The limitations of the NC method include the following (AHRI 2008):
• If the NC is determined by a prominent singular tangent peak, the

actual background sound may be quieter than desired because the
sound spectrum on either side of the tangent peak drops off too
quickly to provide masking for unwanted speech and activity
noises.

• The sound spectrum is not required to match the shape of the NC
curve; thus, many different sound spectrums can have the same
NC number but have different subjective sound perceptions (rum-
ble, neutral, or hiss characteristics).

The shape of the NC curve is not optimized to provide a well-balanced,
neutral sound. That means that NC values should be used with caution in
spaces with critical sound goals such as speech privacy or masking occu-
pant activities (AHRI 2008).

Room Criteria (RC) Method
RC ratings are an excellent tool for approximating a well-balanced,

bland-sounding spectrum. RC ratings provide guidance when a certain level
of background sound is required for masking or other purposes. Unfortu-
nately, they are not a good tool to evaluate terminal units, because the
resulting rating is typically so low as to not impact the space sound quality.
A low RC number and resulting rating of rumble gives little guidance to

Figure 4.6   Addition and Conversion to A-Weighted Decibels (dB(A))
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Figure 4.7   Noise Criteria (NC) Curves

Figure 4.8   Sample Noise Criteria (NC) Plots
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compare terminals and, as a result, RC is not recommended, nor used, as a
single-number rating for air terminal devices (AHRI 2008).

More information on the RC method can be found in Chapter 48 of
ASHRAE Handbook—HVAC Applications (ASHRAE 2015) and in AHRI
Standard 885 (AHRI 2008).

Comparison of Sound Rating Methods
Table 4.7 shows the different sound rating methods and where they are

most often used. Table 4.8 shows recommended design guidelines for
HVAC-related background sound in select room types. Additional room
types are listed in Table 1 in Chapter 48 of ASHRAE Handbook—HVAC
Applications (ASHRAE 2015).

MODULATION OF SOUND SOURCES
HVAC equipment such as terminals and air handlers may vary the vol-

ume of air to meet the demands of the zone, based on the sequence of oper-
ation. This can lead to changes in the amount of acoustical energy in the
occupied space and can change the peak frequency, as well. For example, a
parallel fan-powered terminal only runs the fan during heating mode of
operation. When a call for heat occurs, the primary air damper is typically at
the minimum air volume setting, which makes the air diffusers very quiet.
When the fan turns on, there is an increase in air volume that in some cases

Table 4.6   Tabular NC Values by Octave
(Table 13, AHRI 2008)

NC
Octave Band

1 2 3 4 5 6 7 8
63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz

15 47 36 29 22 17 14 12 11

20 51 40 33 26 22 19 17 16

25 54 44 37 31 27 24 22 21

30 57 48 41 35 31 29 28 27

35 60 52 45 40 36 34 33 32

40 64 56 50 45 41 39 38 37

45 67 60 54 49 46 44 43 42

50 71 64 58 54 51 49 48 47

55 74 67 62 58 56 54 53 52

60 77 71 67 63 61 59 58 57

65 80 75 71 68 66 64 63 62
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is perceived by zone occupants as a higher-frequency air-moving sound
(~2000 Hz). At the same time, radiated sound from the ATU increases; it
has a lower frequency characteristic (~250 to 500 Hz). Depending on the
occupant location relative to the ATU, the dominant HVAC sound might
change from higher-frequency air movement to lower-frequency motor/fan-
generated sound. Occupants often are aware of changes such as these,
which often lead to complaints about noise.

Sudden changes in occupied space acoustical signatures should be
avoided when possible.

ACOUSTIC ABSORPTION, REFLECTION, AND 
TRANSMISSION

All building materials have acoustical properties that vary based on
their material composition. Acoustical materials (media) are those that are
specifically designed to absorb sound rather than let it reflect back in to the
space. Sound absorption is defined as the incident sound energy striking a
material that is not reflected back or transmitted through the absorbing
material (see Figure 4.9).

Sound energy is a pressure wave in air, and when it strikes a surface,
part of the sound energy is reflected back away from the surface, part of the
sound energy maybe absorbed by the surface material, and the rest is trans-

Table 4.7   Comparison of Sound Rating Methods
(Table 4, Chapter 48, ASHRAE 2015)

Method Overview

Considers 
Speech 

Interference 
Effects

Evaluates 
Sound 
Quality

Components 
Presently 
Rated by 

Each Method

dB(A)
• No quality assessment 
• Frequently used for outdoor noise 

ordinances
Yes No

Cooling 
towers 

Water chillers
Condensing 

units

NC

• Can rate components 
• Limited quality assessment
• Does not evaluate low-frequency 

rumble
• Used to evaluate systems 

Yes Somewhat Air terminals 
Air diffusers

RC

• Should not be used to evaluate 
components 

• Evaluates sound quality 
• Provides improved diagnostics 

capability

Yes Yes
Not used for 
component 

rating
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Table 4.8   Design Guidelines for HVAC-Related Background Sound in Rooms 
(Table 1, Chapter 48, ASHRAE 2015)

Building Type Room Type
Octave Band 

Analysisa

Approximate 
Overall Sound 

Pressure Levela
NC/RCb dB(A)c

Residences, 
apartments,

condominiums

Living areas 30 35

Bathrooms, kitchens, utility rooms 35 40

Hotels/motels

Individual rooms or suites 30 35
Meeting/banquet rooms 30 35
Corridors and lobbies 40 45
Service/support areas 40 45

Office buildings

Executive and private offices 30 35
Conference rooms 30 35

Teleconference rooms 25 30
Open-plan offices 40 45

Corridors and lobbies 40 45

Courtrooms Unamplified speech 30 35
Amplified speech 35 40

Performing arts 
spaces

Drama theaters, concert and recital halls 20 25
Music teaching rooms 25 30
Music practice rooms 30 35

Hospitals and clinics

Patient rooms 30 35
Wards 35 40

Operating and procedure rooms 35 40
Corridors and lobbies 40 45

Laboratories
Testing/research with minimal speech 50 55

Extensive phone use and speech 45 50
Group teaching 35 40

Churches, mosques 
and synagogues

General assembly with critical 
music programsd 25 30

Schoolse

Classrooms 30 35
Large lecture rooms with speech amplification 30 35

Large lecture rooms without speech 
amplification 25 30

Libraries 30 35
Indoor stadiums, Gymnasiums and natatoriumsf 45 50

Gymnasiums Large seating-capacity spaces with speech 
amplificationf 50 55

Notes:
a Values and ranges are based on judgment and experience and represent general limits of acceptability for typical building occupancies.
b NC: this metric plots octave-band sound levels against a family of reference curves, with the number rating equal to the highest tangent 

line value.
RC: when sound quality in the space is important, the RC metric provides a diagnostic tool to quantify both the speech interference level 
and spectral imbalance.

c dB(A): these are overall sound pressure level measurements with A-weighting and serve as good references for a fast, single-number 
measurement. They are also appropriate for specification in cases where no octave-band sound data are available for design.

d An experienced acoustical consultant should be retained for guidance on acoustically critical spaces (below RC 30) and for all performing 
arts spaces.

e Some educators and others believe that HVAC-related sound criteria for schools as listed in previous editions of this table are too high 
and impede learning for affected groups of all ages. See ANSI/ASA S12.60 (ASA 2010a, 2010b) for classroom acoustics and a justifica-
tion for lower sound criteria in schools. The HVAC component of total noise meets the background requirements of that standard if HVAC-
related background sound is approximately NC/RC 25. Within this category, designs for K-8 schools should be quieter than those for high 
schools and colleges.

f RC or NC for these spaces need only be selected for the desired speech and hearing conditions.
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mitted through the absorbing body. The sound energy that strikes a surface
and is absorbed causes the fibers or particles in the surface material to
vibrate. This sound energy transformed into vibration generates heat due to
friction between fibers/particles. The more fibrous a material, the better the
sound absorption. Denser materials are less absorptive, more reflective, and
may potentially transmit more sound energy. Absorptive materials are often
more effective over specific frequencies.

In general, higher-frequency sounds are more easily absorbed and low-
frequency sounds less easily absorbed due to their long wavelength.

Sound Directionality/Energy Dispersal 
(Space and/or Distance Effect)

Noise levels in rooms vary with distance from the source, room geome-
try, room volume, surface finishes, and furnishings.

In an outdoor setting and without reflecting surfaces, measured sound
levels decrease inversely proportional to the distance from the source. This
is true as long as there is only one sound travel path from the source to the
receiver. However, in a room there are many possible paths due to the
reflection of sound energy by room surfaces (both structural and furnish-
ing). As a result, sound levels in rooms, or plenums, do not continue to dis-
sipate with increasing distance from the source in all directions.

Figure 4.9   Sound Absorption
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A sound source such as that shown in Figure 4.10 will emit sound
waves in all directions, including in front, behind, and to the sides. Near the
surface, the sound wave approximates the surface shape, but as the pressure
waves expand, the shape quickly assumes a spherical shape. Most sound
sources emit sound in all directions but may emit sound with greater inten-
sity in one direction. Examples include human speech, musical instruments,
and air diffusers.

SOURCE-PATH-RECEIVER CONCEPT
When designing with terminal units, AHRI Standard 885, Procedure

for Estimating Occupied Space Sound Levels in the Application of Air Ter-
minals and Outlets (AHRI 2008), has a good methodology for analyzing
sound in occupied spaces. This standard includes sound levels from most of

Figure 4.10   Sound Directionality from Source
(Figure 30, Chapter 48, ASHRAE 2015)
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the components in the air distribution system, including terminals, low-pres-
sure ductwork, and diffusers. It does not include any sources upstream of the
terminal in the analysis, equipment room machinery, or ambient exterior
sound such as roads. Figure 4.11 shows the process steps of this concept.

AHRI Standard 885 can be used in two ways: 1) to estimate the occu-
pied space sound pressure levels when the acoustic performance of air ter-
minals and outlets is known and 2) to estimate the maximum permissible
sound power level from a terminal device so the design goal NC or RC is
not exceeded (AHRI 2008).

The steps required to estimate sound pressure levels by octave band are
as follows (AHRI 2008):

1. Obtain sound power levels by octave band for the air terminal or
air outlet at the specific operating point

2. Use the acoustical model to determine the sound paths to be ana-
lyzed

3. Determine the appropriate attenuation factors for each sound path
4. Logarithmically add the acoustical contribution of each sound

path to determine the overall space sound pressure level

Figure 4.11   Source-Path-Receiver
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ACOUSTICAL MODEL
Estimating the sound level in an occupied space requires identification

of the sound source then determination of the paths the sound may use to
enter the occupied space. The acoustical model shown in Figure 4.12 identi-
fies typical receiver sound paths for a fan-powered terminal unit and graph-
ically illustrates the process of sound pressure estimation.

The identified sound paths are as follows (Price 2011):
• Upstream duct breakout radiated. This is the noise generated by

the terminal that is transmitted through the upstream ductwork.
• Unit inlet and casing radiated. This is the noise generated by the

terminal that is transmitted through the terminal casing or that
escapes out the return air opening (if present).

• Discharge duct breakout radiated. This is the noise generated by
the terminal unit that is transmitted through the downstream
ductwork.

• Outlet discharge. This is the noise generated by the terminal that
travels down the duct and escapes at the air outlet.

• Outlet generated. This is the noise generated by the air outlet.

Upstream sound sources are not considered in acoustical models due to
the wide variety of paths and fittings the air can take. A more complete
acoustical analysis is presented in this chapter that does show the upstream
sources for a specific duct layout and equipment selection.

To estimate the occupied zone’s sound pressure levels it is necessary to
analyze the sound paths using the attenuation factors listed in this section.

Figure 4.12   Fan-Powered Terminal or Induction Terminal Acoustic Model 
(Figure 44, Price 2011; Reprinted with permission of Price Industries)
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Additional information concerning this analysis can be found in AHRI
Standard 885 (AHRI 2008).

Terminal manufacturers who participate in the AHRI Standard 880 cer-
tification program (AHRI 2011) use a standardized set of attenuation factors
to estimate the radiated and discharge NC values. This standardized set of
attenuation factors allows a more relevant comparison of acoustical perfor-
mance between vendors and also allows designers to use a single number
for estimating occupied space sound levels in a familiar format.

The standardized set of attenuation factors in Appendix E of AHRI
Standard 885 (AHRI 2008) makes the following assumptions:

• For the radiated sound path:
• All air outlets have 10 dB of absorption in all octave bands.
• Ceiling plenums are 3 ft (0.91 m) deep with a 20 lb/ft3 (320 kg/

m3) dense mineral fiber acoustical ceiling tile (see Table 4.11)
• For the discharge sound path:

• There is an environmental correction factor (see Table 4.10)
• Discharge ductwork is 5 ft (1.5 m) in length and is lined with

1 in. (25 mm) thick fiberglass liner and is one of three different
dimensions based on air volume (see Tables 4.20–4.23):
• Small box (<300 cfm [<0.14 m3/s]), duct is 8 × 8 in. (200 ×

200 mm)
• Medium box (300 to 700 cfm [0.14 to 0.33 m3/s]), duct is

12 × 12 in. (300 × 300 mm)
• Large box (>700 cfm [0.33 m3/s]), duct is 15 × 15 in.

(381 × 381 mm)
• The diffuser takeoff is 8 in. (0.2 m) in diameter and has an end

reflection correction factor (see Table 4.18)
• The number of diffuser takeoffs is total cfm/300 cfm (total m3/s

/ 0.14 m3/s) (see Table 4.19)
• Each diffuser takeoff has 5 ft (1.5 m) of vinyl core flex duct

(see Tables 4.14 and 4.15)
• The occupied space is 2400 ft3 (67.96 m3) and the occupant is

5 ft (1.5 m) away from the terminal (see Table 4.12)

The total attenuation factors are shown in Table 4.9, and attenuation
factors for other ceiling types, duct sizes, and duct materials are shown in
Tables 4.20 to 4.23.

Environmental Effect
Because terminal unit sound power levels are measured in a reverberant

room, a correction factor must be used (the environmental adjustment fac-
tor) to take into account the room volume of the reverberant room compared
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to a free field measurement. Environmental adjustment factors are shown in
Table 4.10.

Ceiling/Space Effect
To calculate the sound level in an occupied space resulting from a sound

source located in a ceiling plenum, a transfer function is used in addition to
the environmental adjustment factor. This ceiling/space effect adjustment
factor includes the combined effect of the absorption of the ceiling tile, the

Table 4.9   Typical Sound Attenuation Values, dB 
(Table E1, AHRI 2008)

Diffusers

 Deduct 10 dB in all octave bands to compute diffuser NC

VAV terminals: Radiated sound ceiling plenum noise sources: Total deduct from sound power to 
predict room sound pressure (includes environmental effect), dB

 Assumes 3 ft (0.91 m) deep plenum with non-bounded sides

Octave band mid frequency, Hz

125 250 500 1000 2000 4000

Type—Mineral fiber, 
20 lb/ft3 (320 kg/m3) density 18 19 20 26 31 36

From Table D15 of AHRI (2008)

VAV terminals: Discharge sound, noise source in occupied space:

Octave band mid frequency, Hz

125 250 500 1000 2000 4000 8000

Small box, 8 × 8 in. (200 × 200 m)
<300 cfm (<0.14 m3/s) 24 28 39 53 59 40 28

Medium box, 12 × 12 in. (300 × 300 mm)
300–700 cfm (0.14–0.33 m3/s) 27 29 40 51 53 39 30

Large box, 15 × 15 in. (381 × 381 mm)
>700 cfm (>0.33 m3/s) 29 30 41 51 52 39 32

From Table D18 of AHRI (2008)

Table 4.10   Environmental Adjustment Factors
(Table C1, AHRI 2008)

Octave Band, 
Mid Frequency, Hz 63 125 250 500 1000 2000 4000 8000

Environmental 
Adjustment Factor 4 2 1 0 0 0 0 0
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plenum cavity, and the room volume. The data are based on research con-
ducted under ASHRAE Research Project RP-755 (Warnock 1997).

The ceiling/space effect adjustment factor assumes the following condi-
tions:

• The plenum is at least 3 ft (0.91 m) deep
• The plenum space is either wide (over 30 ft [9.1 m]) or lined with

insulation
• The ceiling has no significant penetrations directly under the ter-

minal unit

Ceiling/space effect adjustment factors are provided in Table 4.11.
To calculate the sound level in an occupied space when the sound

comes from a single sound source in the room (including a single diffuser),
use the values in Table 4.12. These values can also be used for computing
the sound traveling from an ATU through the supply ductwork and entering
the room through a single diffuser. The sound generated by the diffuser
should be logarithmically added to the ATU sound transmitted through the
diffuser (AHRI 2008).

If there is a distributed array of diffusers in the space, the distributed
ceiling array space effect can be calculated using Equation 4.4 (AHRI
2008):

(4.4)

where
x = ratio of floor area served by each outlet to square of ceiling

height
h = ceiling height, ft (m)
N = number of evenly spaced outlets in the room, minimum of 4
f = octave band mid frequency, Hz
A = floor area per diffuser, ft2 (m2)

= A/h2

Addition of dB
To add two dB values together, use Equation 4.5:

(4.5)

where
LP = resulting total sound power, dB
n = number of paths being added logarithmically

SA 5 xlog 28 hlog 1.13 Nlog– 3 flog 31–+ +=

LP 10 10n1 10 10n2 10  10n 10+ + + log=
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Duct Breakout Transmission Loss, Lined or Unlined
Airborne acoustical energy within a duct can be transmitted through the

duct walls; this is called the duct breakout. The amount of acoustical energy
that is transmitted is independent of either internal or external duct lining
(insulation) and is dependent on the duct geometry (AHRI 2008).

Circular Sheet Metal Ductwork Breakout

The duct breakout for circular sheet metal ductwork is calculated from
the duct’s transmission loss characteristics, cross-sectional area, and surface
area. This can be calculated using Equation 4.6 (AHRI 2008) and the data
for select sizes of round ductwork shown in Table 4.13. More information

Table 4.12   Space Effect, Point Source, dB
(Table D16, AHRI 2008)

Room 
Volume,
ft3 (m3)

Distance,
ft (m)

Octave Band Mid Frequency, Hz

63 125 250 500 1000 2000 4000 8000

2000
(60)

5.0 (1.5)

10 (3)

15 (4.6)

–4

–7

–9

–5

–8

–10

–6

–9

–10

–7

–10

–11

–7

–11

–12

–8

–11

–13

–9

–12

–14

–10

–13

–15

2500
(69)

5.0 (1.5)

10 (3)

15 (4.6)

–4

–7

–9

–5

–8

–10

–6

–9

–11

–7

–10

–12

–8

–11

–13

–9

–12

–14

–10

–13

–14

–11

–14

–15

3000
(80)

5.0 (1.5)

10 (3)

15 (4.6)

–5

–8

–10

–6

–9

–10

–7

–10

–11

–7

–10

–12

–8

–11

–13

–9

–12

–14

–10

–13

–15

–11

–14

–16

5000
(100)

5.0 (1.5)

10 (3)

15 (4.6)

–6

–9

–11

–7

–10

–12

–8

–11

–12

–9

–12

–13

–9

–12

–14

–10

–13

–15

–11

–14

–16

–12

–15

–17

This table is to be used for a single point source in the room.
Data in this table can be calculated using the Schultz equation:

                Space effect = 10log r + 5log V + 3log f – 25

where
r = distance from sound source, ft (m)
V = room volume, ft3 (m3)
f = frequency, Hz 
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on this calculation procedure can be found in Chapter 48 of ASHRAE Hand-
book—HVAC Applications (ASHRAE 2015).

(4.6)

where
TLout = transmission loss, dB (see Table 4.13)
Ar = dL (duct surface area), in.2 (mm2)
Ai = (d2/4) (duct cross-sectional area), in.2 (mm2)
d = inside diameter, in. (mm)
L = duct length, in. (mm)
Lwi = sound power level at duct inlet, dB
Lwo = sound power level breaking out of ductwall, dB

Circular Non-Metallic Flexible Duct Breakout
The duct breakout for circular nonmetallic flexible duct differs from

that of circular metal ductwork in that the radiated duct breakout is not

directly proportional to the length of the ductwork. The values for the duct

breakout are shown in Tables 4.14 (I-P) and 4.15 (SI).

Table 4.13   Transmission Loss in Circular Metal Ductwork
(Table 19, Chapter 48, ASHRAE 2015)

TLout versus Frequency in Unlined, Straight Round Metal Ducts, dB

Diameter, 
in. (mm)

Attenuation, dB/ft (dB/m)

Octave Midband Frequency, Hz

63 125 250 500 1000 2000 4000

d ≤ 7 (180) 0.03 
(0.10)

0.03 
(0.10)

0.05 
(0.16)

0.05 
(0.16)

0.10 
(0.33)

0.10 
(0.33)

0.10 
(0.33)

7 (180) < d ≤ 15 (380) 0.03 
(0.10)

0.03 
(0.10)

0.03 
(0.10)

0.05 
(0.16)

0.07 
(0.23)

0.07 
(0.23)

0.07 
(0.23)

15 (380) < d ≤ 30 (760) 0.02 
(0.07)

0.02 
(0.07)

0.02 
(0.07)

0.03 
(0.10)

0.05 
(0.16)

0.05 
(0.16)

0.05 
(0.16)

30 (760) < d ≤ 60 (1520) 0.01 
(0.03)

0.01 
(0.03)

0.01 
(0.03)

0.02 
(0.07)

0.02 
(0.07)

0.02 
(0.07)

0.02 
(0.07)

Circular sheet metal ductwork breakout

TLout 10
Ar
Ai
-----
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Table 4.14   Circular Non-Metallic Flexible Duct Breakout (I-P)
(Table 25, Chapter 48, ASHRAE 2015)

Diameter, 
in.

Length, 
ft

Insertion Loss, dB
Octave MidBand Frequency, Hz

63 125 250 500 1000 2000 4000

4

12
9
6
3

6
5
3
2

11
8
6
3

12
9
6
3

31
23
16
8

37
28
19
9

42
32
21
11

27
20
14
7

5

12
9
6
3

7
5
4
2

12
9
6
3

14
11
7
4

32
24
16
8

38
29
19
10

41
31
21
10

26
20
13
7

6

12
9
6
3

8
6
4
2

12
9
6
3

17
13
9
4

33
25
17
8

38
29
19
10

40
30
20
10

26
20
13
7

7

12
9
6
3

9
6
4
2

12
9
6
3

19
14
10
5

33
25
17
8

37
28
19
9

38
29
19
10

25
19
13
6

8

12
9
6
3

8
6
4
2

11
8
6
3

21
16
11
5

33
25
17
8

37
28
19
9

37
28
19
9

24
18
12
6

9

12
9
6
3

8
6
4
2

11
8
6
3

22
17
11
6

33
25
17
8

37
28
19
9

36
27
18
9

22
17
11
6

10

12
9
6
3

8
6
4
2

10
8
5
3

22
17
11
6

32
24
16
8

36
27
18
9

34
26
17
9

21
16
11
5

12

12
9
6
3

7
5
3
2

9
7
5
2

20
15
10
5

30
23
15
8

34
26
17
9

31
23
16
8

18
14
9
5

14

12
9
6
3

5
4
3
1

7
5
4
2

16
12
8
4

27
20
14
7

31
23
16
8

27
20
14
7

14
11
7
4

16

12
9
6
3

2
2
1
1

4
3
2
1

9
7
5
2

23
17
12
6

28
21
14
7

23
17
12
6

9
7
5
2
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Table 4.15   Circular Non-Metallic Flexible Duct Breakout (SI)
(Table 25, Chapter 48, ASHRAE 2015)

Diameter, 
mm

Length, 
m

Insertion Loss, dB
Octave Midband Frequency, Hz

63 125 250 500 1000 2000 4000

100

3.7 6 11 12 31 37 42 27
2.7 5 8 9 23 28 32 20
1.8 3 6 6 16 19 21 14
0.9 2 3 3 8 9 11 7

125

3.7 7 12 14 32 38 41 26
2.7 5 9 11 24 29 31 20
1.8 4 6 7 16 19 21 13
0.9 2 3 4 8 10 10 7

150

3.7 8 12 17 33 38 40 26
2.7 6 9 13 25 29 30 20
1.8 4 6 9 17 19 20 13
0.9 2 3 4 8 10 10 7

175

3.7 9 12 19 33 37 38 25
2.7 6 9 14 25 28 29 19
1.8 4 6 10 17 19 19 13
0.9 2 3 5 8 9 10 6

200

3.7 8 11 21 33 37 37 24
2.7 6 8 16 25 28 28 18
1.8 4 6 11 17 19 19 12
0.9 2 3 5 8 9 9 6

225

3.7 8 11 22 33 37 36 22
2.7 6 8 17 25 28 27 17
1.8 4 6 11 17 19 18 11
0.9 2 3 6 8 9 9 6

250

3.7 8 10 22 32 36 34 21
2.7 6 8 17 24 27 26 16
1.8 4 5 11 16 18 17 11
0.9 2 3 6 8 9 9 5

300

3.7 7 9 20 30 34 31 18
2.7 5 7 15 23 26 23 14
1.8 3 5 10 15 17 16 9
0.9 2 2 5 8 9 8 5

350

3.7 5 7 16 27 31 27 14
2.7 4 5 12 20 23 20 11
1.8 3 4 8 14 16 14 7
0.9 1 2 4 7 8 7 4

400

3.7 2 4 9 23 28 23 9
2.7 2 3 7 17 21 17 7
1.8 1 2 5 12 14 12 5
0.9 1 1 2 6 7 6 2

Note: 63 Hz insertion loss values estimated from higher-frequency insertion loss values.
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Flat Oval Sheet Metal Duct Breakout
The duct breakout for flat oval sheet metal duct can be calculated using

Equation 4.7 (AHRI 2008):

(4.7)

where
TLout = transmission loss, dB
Ao = L[2(ao – bo) + b] = duct outer surface area, in.2 (mm2)
Ai = b(ai – bi) + (b2/4) = duct internal cross-sectional area, in.2 (mm2)

where
L = length, in. (mm)
ao = inner width, in. (mm)
bo = outer height, in. (mm)
ai = outer width, in. (mm)
bi = inner height, in. (mm)

Lwi = sound power level at inlet, dB
Lwo = sound power level at outlet, dB
Note: for single-wall ducts, ai = ao and bi = bo.

The values for the flat oval metal duct breakout are shown in Table 4.16.
These tabulated values are from Table 25 of Chapter 48 of ASHRAE Hand-
book—HVAC Applications (ASHRAE 2015).

Table 4.16   Flat Oval Sheet Metal Ductwork Breakout 
(Table D5, AHRI 2008)

TLout versus Frequency for Flat-Oval Ducts
Overall Dimensions

Octave Band Mid Frequency, Hz
Duct Size (a × b) Thickness,

in. (mm)in. (mm) 63 125 250 500 1000 2000 4000 8000
12 × 6
24 × 6
24 × 12

(300 × 150)
(600 × 150)
(600 × 300)

0.028 (0.70)
0.028 (0.70)
0.028 (0.70)

31
24
28

34
27
31

37
30
34

40
33
37

43
36
27*

33*
26*
27*

33*
26*
27*

33*
26*
27*

48 × 12
48 × 24

(1200 × 300)
(1200 × 600)

0.034 (0.85)
0.034 (0.85)

23
27

26
30

29
33

32
23*

22*
23*

22*
23*

22*
23*

22*
23*

96 × 24
96 × 48

(2400 × 600)
(2400 × 1200)

0.044 (1.00)
0.054 (1.30)

22
28

25
31

28
21*

18*
21*

18*
21*

18*
21*

18*
21*

18*
21*

Note: The data are from tests on 20 ft (6 m) long ducts, but TL values are for ducts of the cross section shown regardless of length.
*These are estimated values.

Flat oval sheet metal ductwork breakout

TLout 10
Ao
Ai
------
 
 
 

log– Lwi Lwo–= =
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Rectangular Sheet Metal Duct Breakout
The duct breakout (TLout) for rectangular sheet metal duct can be calcu-

lated using Equation 4.8 (AHRI 2008) and is shown for select sizes in
Table 4.17.

(4.8)

where
TLout = transmission loss, dB (see Table 4.17)
Ar = 2L(a + b) = duct surface area, in.2 (mm2)
Ai = ab = duct internal cross-sectional area, in.2 (mm2)

where
L = length, in. (mm)
a = overall width, inside any insulation, in. (mm)
b = overall height, inside any insulation, in. (mm)

Lwi = sound power level at inlet, dB
Lwo = sound power level at outlet, dB

Termination Effect (End Reflection)
When a plane sound wave passes from a small space, such as a duct,

into a large space, such as a room, a certain amount of sound is reflected

Table 4.17   Rectangular Sheet Metal Duct Breakout, Lined and Unlined 
(Table D6, AHRI 2008)

TLout versus Frequency for Rectangular Ducts, dB
Overall Dimensions

Octave Band Mid Frequency, Hz
Duct Size (a × b) Thickness,

in. (mm)in. (mm) 63 125 250 500 1000 2000 4000 8000
12 × 12
12 × 24
12 × 48

300 × 300
300 × 600
300 × 1200

0.028 (0.70)
0.028 (0.70)
0.034 (0.85)

21
19
19

24
22
22

27
25
25

30
28
28

33
31
31

36
35
37

41
41
43

45
45
45

24 × 24
24 × 48
48 × 48
48 × 96

600 × 600
600 × 1200

1200 × 1200
1200 × 2400

0.034 (0.85)
0.044 (1.00)
0.054 (1.30)
0.054 (1.30)

20
20
21
19

23
23
24
22

26
26
27
25

29
29
30
29

32
31
35
35

37
39
41
41

43
45
45
45

45
45
45
45

Note: The data are from tests on 20 ft (6 m) long ducts, but the TL values are ducts of the cross section shown regardless of 
length.

Rectangular sheet metal duct breakout

10
Ar
Ai
-----
 
 
 

log Lwi Lwo–= =
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back into the duct, which significantly reduces the low-frequency sound for
smaller-diameter ducts (see Table 4.18). The values listed in Table 4.18
were tested with straight duct runs, so caution should be used for conditions
that vary drastically in configuration. Discharge sound power data measured
and reported in accordance with the AHRI Standard 880 (AHRI 2011) ter-
minal certification program includes the impact of one end reflection that
results from the certification test setup (AHRI 2008). These data for termi-
nation effect are based on ASHRAE Research Project RP-1314 (Cunefare
and Michaud 2007). End reflection losses for duct sizes not shown in
Table 4.18 can be calculated using Equation 4.9 (Cunefare and Michaud
2007):

(4.9)

where
a1 = 0.6747, flush-terminated duct, pink noise, full octave
C = speed of sound, 1127 ft/s (343 m/s)
a2 = 2.0088, flush-terminated duct, pink noise, full octave
 = 3.14159
f = octave band center frequency, Hz
D = diameter, ft (m)

Table 4.18   End Reflection Loss, dB 
(Table 3, Cunefare and Michaud 2007)

Duct Diameter,
in. (mm)

Octave Band Mid Frequency, Hz
63 125 250 500 1000 2000 4000

6 (150) 18 12 7 3 1 0 0
8 (200) 15 10 5 2 1 0 0

10 (250) 14 8 4 1 0 0 0
12 (300) 12 7 3 1 0 0 0
16 (400) 10 5 2 1 0 0 0
20 (500) 8 4 1 0 0 0 0
24 (600) 7 3 1 0 0 0 0
28 (700) 6 2 1 0 0 0 0
32 (800) 5 2 1 0 0 0 0
36 (900) 4 2 0 0 0 0 0

48 (1200) 3 1 0 0 0 0 0
72 (1800) 1 0 0 0 0 0 0

ELR 10 1
a1C
fD
----------- 
 

a2

+ 
 log=
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Branch Sound Power Division
For every duct junction that divides the airflow, acoustic energy is

divided as well. The acoustic division is distributed according to the ratio of
the branch cross-sectional areas (B) to the total cross sectional area (T) of all
ducts leaving the takeoff (AHRI 2008):

(4.10)

This branch power division is tabulated for various B/T ratios in Table 4.19.

Duct Insertion Losses, Lined and Unlined
As sound energy travels down the duct, a certain amount of acoustic

energy is absorbed by the duct material and/or liner as well as radiated by
the duct walls to the surrounding space. The net effect of the absorption and
radiation of the sound energy, the total amount of sound energy at the dis-
charge of the duct section, will be less than it was at the duct section
entrance.

The impact of the liner on acoustic energy absorption depends strongly
on the liner type and thickness as well as the duct geometry and length. Due
to the lack of scientific data for unlined sheet metal duct it is assumed that
the insertion loss is negligible (AHRI 2008). Additionally, unless otherwise
noted, the liner type is assumed to be dual-density fiberglass liner.

Table 4.19   Power Level Division at Branch Takeoffs
(Table 26, Chapter 48, ASHRAE 2015)

B/T Division, dB B/T Division, dB
1.00 0 0.100 10
0.80 1 0.080 11
0.63 2 0.063 12
0.50 3 0.050 13
0.40 4 0.040 14
0.32 5 0.032 15
0.25 6 0.025 16
0.20 7 0.020 17
0.16 8 0.016 18
0.12 9 0.012 19

Branch power division (dB) 10 B
T
--- 
 log=
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Lined Circular Sheet Metal Duct Insertion Loss
The attenuation for a lined circular sheet metal duct can be calculated

using Equation 4.11 (AHRI 2008) and the data contained in Table 4.20 for
1 in. (25 mm) thick liner and Table 4.21 for 2 in. (51 mm) thick liner.

(4.11)

where
As = attenuation, dB/ft (dB/m)
L = length, ft (m)
Lwi = duct entering sound energy, dB
Lwo = duct exiting sound energy, dB

Lined Rectangular Sheet Metal Duct Insertion Loss
The attenuation for a lined rectangular sheet metal duct can be found

using the data in Table 4.22 for 1 in. (25 mm) thick liner or for any liner
thickness by using Equation 4.12 (AHRI 2008):

(4.12)

where t is the thickness in in., Perimeter/Area is 1/ft, and the values for
coefficients A, B, and C can be found in Table 4.23.

IMPACT OF ROOM CHARACTERISTICS
Acoustical design for occupied spaces requires a quantitative approach

using information about the materials and surface treatments because the
absorptive/reflective characteristics will impact the occupant acoustical per-
ception of the space. One important consideration is the reverberation
potential of the occupied space.

Reverberation Time
Reverberation time is the time required for a loud sound to fade to inau-

dibility after the sound source is turned off. It is defined as the time (sec-
onds) it takes for the sound pressure level to decrease by 60 dB after the
sound source is turned off. This decrease in sound pressure is directly
related to the absorptive/reflective surface characteristics of the building
materials and any other surfaces such as office furniture.

A space with a long reverberation time is often referred to as a “live”
environment; a space with a short reverberation time is often referred to as a
“dead” environment. Most spaces fall between the two extremes.

AsL Lwi Lwo–=

Insertion loss/attenuation 10A Perimeter
Area

----------------------- 
  BtC=
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Table 4.20   Insertion Loss for Acoustically Lined Circular Ducts 
with 1 in (25 mm) Lining, dB/ft (dB/m) 

(Table D7, AHRI 2008)

Diameter, 
in. (mm)

Octave Band Mid Frequency, Hz

63 125 250 500 1000 2000 4000 8000

6.0 (150) 0.38 0.59 0.93 1.53 2.17 2.31 2.04 1.26

8.0 (200) 0.32 0.54 0.89 1.50 2.19 2.17 1.83 1.18

10.0 (250) 0.27 0.50 0.85 1.48 2.20 2.04 1.64 1.12

12.0 (300) 0.23 0.46 0.81 1.45 2.18 1.91 1.48 1.05

14.0 (355) 0.19 0.42 0.77 1.43 2.14 1.79 1.34 1.00

16.0 (410) 0.16 0.38 0.73 1.40 2.08 1.67 1.21 0.95

18.0 (460) 0.13 0.35 0.69 1.37 2.01 1.56 1.10 0.90

20.0 (510) 0.11 0.31 0.65 1.34 1.92 1.45 1.00 0.87

22.0 (560) 0.08 0.28 0.61 1.31 1.82 1.34 0.92 0.83

24.0 (610) 0.07 0.25 0.57 1.28 1.71 1.24 0.85 0.80

26.0 (660) 0.05 0.22 0.53 1.24 1.59 1.14 0.79 0.77

28.0 (710) 0.03 0.19 0.49 1.20 1.46 1.04 0.74 0.74

30.0 (760) 0.02 0.16 0.45 1.16 1.33 0.95 0.69 0.71

32.0 (820) 0.01 0.14 0.42 1.12 1.20 0.87 0.66 0.69

34.0 (865) 0 0.11 0.38 1.07 1.07 0.79 0.63 0.66

38.0 (965) 0 0.08 0.35 1.02 0.93 0.71 0.60 0.64

40.0 (1020) 0 0.06 0.31 0.96 0.80 0.64 0.58 0.61

42.0 (1070) 0 0.03 0.28 0.91 0.68 0.57 0.55 0.58

44.0 (1120) 0 0.01 0.25 0.84 0.56 0.50 0.53 0.55

46.0 (1170) 0 0 0.23 0.78 0.45 0.44 0.51 0.52

48.0 (1220) 0 0 0.20 0.71 0.35 0.39 0.48 0.48

50.0 (1270) 0 0 0.15 0.55 0.19 0.29 0.41 0.40

52.0 (1320) 0 0 0.14 0.46 0.13 0.25 0.37 0.34

54.0 (1370) 0 0 0.12 0.37 0.09 0.22 0.31 0.29

56.0 (1420) 0 0 0.10 0.28 0.08 0.18 0.25 0.22

58.0 (1470) 0 0 0.09 0.17 0.08 0.16 0.18 0.15

60.0 (1520) 0 0 0.08 0.06 0.10 0.14 0.09 0.07
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Table 4.21   Insertion Loss for Acoustically Lined Circular Ducts 
with 2 in (51 mm) Lining, dB/ft (dB/m) 

(Table D7, AHRI 2008)

Diameter,
in. (mm)

Octave Band Mid Frequency, Hz

63 125 250 500 1000 2000 4000 8000

6.0 (150) 0.56 0.80 1.37 2.25 2.17 2.31 2.04 1.26

8.0 (200) 0.51 0.75 0.33 2.23 2.19 2.17 1.83 1.18

10.0 (250) 0.46 0.71 0.29 2.20 2.20 2.04 1.64 1.12

12.0 (300) 0.42 0.67 1.25 2.18 2.18 1.91 1.48 1.05

14.0 (355) 0.38 0.63 1.21 2.15 2.14 1.79 1.34 1.00

16.0 (410) 0.35 0.59 1.17 2.12 2.08 1.67 1.21 0.95

18.0 (460) 0.32 0.56 1.13 2.10 2.01 1.56 1.10 0.90

20.0 (510) 0.29 0.52 1.09 2.07 1.92 1.45 1.00 0.87

22.0 (560) 0.27 0.49 1.05 2.03 1.82 1.34 0.92 0.83

24.0 (610) 0.25 0.46 1.01 2.00 1.71 1.24 0.85 0.80

26.0 (660) 0.24 0.43 0.97 1.96 1.59 1.14 0.79 0.77

28.0 (710) 0.22 0.40 0.93 1.93 1.46 1.04 0.74 0.74

30.0 (760) 0.21 0.37 0.90 1.88 1.33 0.95 0.69 0.71

32.0 (820) 0.20 0.34 0.86 1.84 1.20 0.87 0.66 0.69

34.0 (865) 0.19 0.32 0.82 1.79 1.07 0.79 0.63 0.66

38.0 (965) 0.18 0.29 0.79 1.74 0.93 0.71 0.60 0.64

40.0 (1020) 0.16 0.24 0.73 1.63 0.68 0.57 0.55 0.58

42.0 (1070) 0.15 0.22 0.70 1.57 0.56 0.50 0.53 0.55

44.0 (1120) 0.13 0.20 0.67 1.50 0.45 0.44 0.51 0.52

46.0 (1170) 0.12 0.17 0.64 1.43 0.35 0.39 0.48 0.48

48.0 (1220) 0.11 0.15 0.62 1.36 0.26 0.34 0.45 0.44

50.0 (1270) 0.09 0.12 0.60 1.28 0.19 0.29 0.41 0.40

52.0 (1320) 0.07 0.10 0.58 1.19 0.13 0.25 0.37 0.34

54.0 (1370) 0.05 0.08 0.56 1.10 0.09 0.22 0.31 0.29

56.0 (1420) 0.02 0.05 0.55 1.00 0.08 0.18 0.25 0.22

58.0 (1470) 0 0.03 0.53 0.90 0.08 0.16 0.18 0.15

60.0 (1520) 0 0 0.53 0.79 0.10 0.14 0.09 0.07
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Table 4.22   Sound Insertion Loss/Attenuation in Straight Lined Sheet Metal Ducts of 
Rectangular Cross Section for 1 in. (25 mm) Thick Liner, No Airflow, dB/ft (dB/0.3 m)

(Table D8, AHRI 2008)

Internal Cross-Sectional 
Dimensions,

in. (mm)

Octave Band Center Frequency, Hz

125 250 500 1000 2000 4000 8000

6.0 × 6.0 (150 × 150)
6.0 × 10.0 (150 × 250)
6.0 × 12.0 (150 × 300)
6.0 × 18.0 (150 × 460)

0.6
0.5
0.5
0.5

1.5
1.2
1.2
1.0

2.7
2.4
2.3
2.2

5.8
5.1
5.0
4.7

7.4
6.1
5.8
5.2

4.3
3.7
3.6
3.3

2.0
1.9
1.9
1.9

8.0 × 8.0 (200 × 200)
8.0 × 12.0 (200 × 300)
8.0 × 16.0 (200 × 410)
8.0 × 24.0 (200 × 610)

0.5
0.4
0.4
0.4

1.2
1.0
0.9
0.8

2.3
2.1
2.0
1.9

5.0
4.5
4.3
4.0

5.8
4.9
4.5
4.1

3.6
3.2
3.0
2.8

1.9
1.8
1.8
1.8

10.0 × 10.0 (250 × 250)
10.0 × 16.0 (250 × 410)
10.0 × 20.0 (250 × 510)
10.0 × 30.0 (250 × 760)

0.4
0.4
0.3
0.3

1.0
0.8
0.8
0.7

2.1
1.9
1.8
1.7

4.4
4.0
3.8
3.6

4.7
4.0
3.7
3.3

3.1
2.7
2.6
2.4

1.8
1.8
1.7
1.7

12.0 × 12.0 (300 × 300)
12.0 × 18.0 (300 × 460)
12.0 × 24.0 (300 × 610) 
12.0 × 36.0 (300 × 910)

0.4
0.3
0.3
0.3

0.8
0.7
0.6
0.6

1.9
1.7
1.7
1.6

4.0
3.7
3.5
3.3

4.1
3.5
3.2
2.9

2.8
2.5
2.3
2.2

1.8
1.7
1.7
1.7

15.0 × 15.0 (380 × 380)
15.0 × 22.0 (380 × 560)
15.0 × 30.0 (380 × 760)

15.0 × 45.0 (380 × 1140)

0.3
0.3
0.3
0.2

0.7
0.6
0.5
0.5

1.7
1.6
1.5
1.4

3.6
3.3
3.1
2.9

3.3
2.9
2.6
2.4

2.4
2.2
2.0
1.9

1.7
1.7
1.6
1.6

18.0 × 18.0 (460 × 460)
18.0 × 28.0 (460 × 710)
18.0 × 36.0 (460 × 910)

18.0 × 54.0 (460 × 1370)

0.3
0.2
0.2
0.2

0.6
0.5
0.5
0.4

1.6
1.4
1.4
1.3

3.3
3.0
2.8
2.7

2.9
2.4
2.2
2.0

2.2
1.9
1.8
1.7

1.7
1.6
1.6
1.6

24.0 × 24.0 (610 × 610)
24.0 × 36.0 (610 × 910)

24.0 × 48.0 (610 × 1220)
24.0 × 72.0 (610 × 1830)

0.2
0.2
0.2
0.2

0.5
0.4
0.4
0.3

1.4
1.2
1.2
1.1

2.8
2.6
2.4
2.3

2.2
1.9
1.7
1.6

1.8
1.6
1.5
1.4

1.6
1.5
1.5
1.5

30.0 × 30.0 (760 × 760)
30.0 × 45.0 (760 × 1140)
30.0 × 60.0 (760 × 1520)
30.0 × 90.0 (760 × 2290)

0.2
0.2
0.2
0.1

0.4
0.3
0.3
0.3

1.2
1.1
1.1
1.0

2.5
2.3
2.2
2.1

1.8
1.6
1.4
1.3

1.6
1.4
1.3
1.2

1.5
1.5
1.5
1.4

36.0 × 36.0 (910 × 910)
36.0 × 54.0 (910 × 1370)
36.0 × 72.0 (910 × 1830)

36.0 × 108.0 (910 × 2740)

0.2
0.1
0.1
0.1

0.3
0.3
0.3
0.2

1.1
1.0
1.0
0.9

2.3
2.1
2.0
1.9

1.6
1.3
1.2
1.1

1.4
1.2
1.2
1.1

1.5
1.4
1.4
1.4

42.0 × 42.0 (1070 × 1070)
42.0 × 64.0 (1070 × 1630)
42.0 × 84.0 (1070 × 2130)
42.0 × 126.0 (1070 × 3200)

0.2
0.1
0.1
0.1

0.3
0.3
0.2
0.2

1.0
0.9
0.9
0.9

2.1
1.9
1.8
1.7

1.4
1.2
1.1
1.0

1.3
1.1
1.1
1.0

1.4
1.4
1.4
1.4

48.0 × 48.0 (1220 × 1220)
48.0 × 72.0 (1220 × 1830)
48.0 × 96.0 (1220 × 2440)
48.0 × 144.0 (1220 × 3660)

0.1
0.1
0.1
0.1

0.3
0.2
0.2
0.2

1.0
0.9
0.8
0.8

2.0
1.8
1.7
1.6

1.2
1.0
1.0
0.9

1.2
1.0
1.0
0.9

1.4
1.4
1.3
1.3

Based on measurements of surface-coated duct liners of 1.5 lb/ft3 (24.0 kg/m3) density. Liner density has a minor effect over the 
range of 1.5 to 3.0 lb/ft3 (24 to 48 kg/m3).
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Two factors that influence the reverberation time are the volume of the
space and absorptive and reflective surfaces in the space. Larger spaces typ-
ically have longer reverberation times and require more attention to the
absorption characteristics of the room surfaces. Absorptive surfaces will
reduce the reverberation time; reflective surfaces will increase the reverber-
ation time.

Cross Talk
Cross talk is when noise from a space (talking, music, radiated noise,

etc.) enters the supply ductwork or return ductwork or, in the case of an
open plenum return, the ceiling plenum and propagates to an adjacent space.
The easiest way to control cross talk is to avoid connecting rooms with short
lengths of duct, having internal duct insulation, and using duct silencers in
the appropriate locations. In the case of an open plenum return, a return
grille attenuator should be considered, particularly in buildings where a
level of speech privacy between occupied spaces is required.

Speech Privacy
Noise decreases the intelligibility of speech by raising the listener’s

threshold of hearing by masking the speech. A certain level of difference
between noise and speech is required for the listener to discern the informa-
tion. Fortunately, speech is fairly redundant, meaning that much of a sen-
tence can be illegible yet the overall context of the conversation can be
determined by the listener.

Classrooms
Unfortunately, young listeners are more impacted by the masking of

speech by noise, which is why building evaluation programs such as United
States Green Building Council’s Green Building Rating System Leadership
in Energy and Environmental Design® (LEED®) for Schools (USGBC
2016) and the Collaborative for High Performance Schools (CHPS®,
www.chps.net/dev/Drupal/node) program limit the allowable background
noise. Acoustical Society of America (ASA) has two standards relating to

Table 4.23   Values for Coefficients for Equation 4.12
(Table D8, AHRI 2008)

Coefficient
Octave Band Center Frequency, Hz

125 250 500 1000 2000 4000 8000
A –0.865 –0.582 –0.0121 0.298 0.089 0.0649 0.15
B 0.723 0.826 0.487 0.513 0.862 0.629 0.166
C 0.375 0.975 0.868 0.317 0 0 0



74 ASHRAE Design Guide for Air Terminal Units

allowable background noise levels, one for permanent schools (ASA 2010a)
and one for relocatable classrooms (ASA 2010b). HVAC designers working
on educational facilities are encouraged to evaluate background noise levels
during the design process.

Hospitals
Hospital environments have many sources of sound, including beepers,

alarms, HVAC systems, conversations, and others. From a patient’s point of
view, many of the sound sources can be irritating, depending on their physi-
ological and psychological level of health. Understanding acoustics in
health care requires careful analysis. Some of the concerns include patient
privacy concerning medical information to meet standards and regulations
such as the Health Insurance Portability and Accountability Act of 1996
(HIPAA).

Maintaining speech privacy in health care settings will help reduce con-
versational mistakes, as it will help support open dialog among patients,
family members, and medical staff. Confidence that the conversation is pri-
vate may allow the patient to more openly verbally provide complete medi-
cal information.

HIPAA requires that pharmacies and health care providers in the United
States provide privacy for patient health information in electronic, written,
and oral formats. The HIPAA privacy standards apply to new construction
as well as renovations of all types of health care facilities, including phar-
macies, physicians’ offices, and hospitals. Unfortunately, the HIPAA pri-
vacy standards provide little guidance for HVAC designers, so it is
recommended that HVAC designers consult acoustical professionals with
experience in these type of spaces when necessary. The only guidance pro-
vided in this design guide is to carefully consider the static pressure drop in
the terminals and diffusers, place absorptive devices on the returns, and
locate terminal devices over unoccupied or intermittently occupied spaces.

DUCT SILENCERS
An analysis of ductborne sound energy may indicate that a silencer is

needed to attenuate the sound generated by the central fan or local ATU (fan
powered or non-fan powered).

In general, it is best to locate the silencer as close to the sound source as
possible to minimize breakout sound. Silencers are tested to ASTM E477
(ASTM 2013) with 5 diameters upstream and 10 diameters downstream of
straight duct with uniform inlet and discharge conditions. Close-coupled
silencers are not part of the standard, so test results for close-coupled silenc-
ers will have a different level of sound absorption and sound generation than
the test results from ASTM E477 would suggest.
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When the sound power levels in the discharge sound path from a termi-
nal are too high due to any number of factors, including high static pressure
drop, duct-borne sound energy from the main fan, or the lack of a liner in
the discharge duct, a close-coupled silencer may be indicated. Since ASTM
E477 does not provide testing without the inlet and discharge duct lengths,
terminal unit manufactures use the AHRI Standard 880 (AHRI 2011) certi-
fication program to certify them as an assembly. An integrated silencer is a
specifically constructed sound trap that is designed and installed in a man-
ner to minimize the system effect (unexpected pressure losses) and maxi-
mize the sound absorption. The use of the AHRI Standard 880 certification
program assures HVAC designers that the actual sound attenuation and
pressure drops will be as installed, rather than theoretically predicted and
based on uniform inlet and discharge conditions.

RECOMMENDED INSULATION FOR AIR TERMINAL UNITS
The participants in the AHRI Standard 880 (AHRI 2011) certification

program use dual-density fiberglass as the standard liner type. This means
that all certified AHRI ratings are based on dual-density fiberglass and other
liner types are considered appurtenances. Manufacturers can certify an
alternative liner such as solid metal or closed-cell foam; if they do, it will be
listed in the online AHRI Directory of Certified Product Performance
(www.ahridirectory.org/ahridirectory/pages/home.aspx).

Minimizing Radiated Sound
For single-duct terminals, the impact of liner is fairly consistent for all

manufacturers and is discussed in the following two subsections.
Unfortunately, is not possible to predict the impact on radiated sound

when an alternative liner type is used for fan-powered terminals, because
each manufacturer uses different ATU constructions, overall dimensions,
and aspect ratios of fan to induced air inlet, and the absorption characteristic
varies based on those factors. Manufacturers must provide designers with
the relevant sound power levels for radiated and discharge sound. Caution:
Radiated sound power levels are different for alternative liner types when
compared to fiberglass liner. When a manufacturer provides the same radi-
ated sound powers as for fiberglass liner when an alternative liner is speci-
fied, it is strongly encouraged that the designer ask for the actual as-tested
data.

Discharge Sound Attenuation Factors for Alternative Liners
For non-dual-density fiberglass liner types, such as closed-cell liner,

foil-faced fiberglass liner, and solid metal liner, the recommended AHRI
Standard 885 (AHRI 2008) attenuation factors used to estimate the space
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sound values are modified with the attenuation factors provided by the
equipment manufacturer. (Attenuation factor values are not generally avail-
able except from manufacturers.) Table 4.24 provides recommended liner
reduction attenuation factors for discharge sound NC calculation.

Radiated Sound Attenuation Factors for Alternative Liners 
(Single Ducts)

As a reminder, distance and ceiling type (if a ceiling is present) are the
only absorbing factors in the sound path to the receiver from the ATU. Radi-
ated sound power levels from the ATU are not the same for liner types other
than dual-density fiberglass liner. This means that when a designer selects a
liner that is not dual-density fiberglass, the radiated sound power levels will
be different than that for the dual density fiberglass liner (Price 2011).
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 5
Air terminal units (ATUs) are factory-made assemblies for the purpose

of controlling air distribution in buildings. They were developed to regulate
the volume of air delivered to a space. Variable-air-volume (VAV) devices
significantly improve building energy efficiency. ATUs operate using either
manual or automated controls and perform one or more of the following
functions (ASHRAE 2016d):

• Control air velocity, airflow rate, pressure, or temperature
• Mix primary air from the duct system with air from the treated

space or from a secondary duct system
• Heat or cool the air

To achieve these functions, terminal unit assemblies are composed of appro-
priate selections of the following components: casing, air valve, mixing sec-
tion, manual or automatic air control device, heat exchanger, induction
section (with or without fan), sound reduction devices, and flow controller
(ASHRAE 2016d).

This chapter reviews the development of ATU controls. For more
detailed information on controls, see Chapter 7 of ASHRAE Handbook—
Fundamentals (ASHRAE 2017b).

HISTORY OF AIR TERMINAL UNIT CONTROLS
Mechanical Regulators

The major reason air terminals are used in an HVAC system is to con-
trol occupant comfort and building energy consumption. Controls have
evolved since ATUs were first introduced in the 1950s. The first ATU con-
trols were simple mechanical regulators that relied on the setting of a spring
against a lever, which controlled the air valve, versus the pressure in a bel-

HVAC Controls
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lows. Controls have evolved to the current direct digital controllers that can
be adjusted on a smart phone app or by a complex building automation sys-
tem (BAS). The common element of this controls evolution has been reduc-
ing energy consumption while maintaining occupant comfort.

Mechanical constant-volume regulators were commonly used in the
1950s, 1960s, and early 1970s. These regulators were used for both single-
duct and dual-duct applications. A constant-volume mechanical regulator
worked by mechanically controlling the volume of air that passed through a
unit using a plunger and spring. The tension on the spring could be set to
adjust the airflow being controlled.

On a mechanically regulated dual-duct ATU, both heated air and cooled
air were provided to the ATU. The temperature of the discharge air was
determined by a room thermostat that sent a pneumatic signal to an actuator
that changed the position of a damper to provide either more heating or
more cooling.

On a single-duct ATU with a mechanical regulator, the tension on the
spring was set to provide the required constant airflow. Reheat coils, typi-
cally hot water, were located on the discharge of the ATU and controlled by
the thermostat using a pneumatic signal to provide heating as required.
Energy was inexpensive, and although the mechanical regulators used a sig-
nificant amount of energy to operate, they performed well. Large buildings
often had both chillers and boilers operating year round to satisfy this type
of system.

Variable Air Volume
Pressure-Dependent Systems

As energy costs increased in the 1960s, energy consumption in build-
ings became more critical. A solution was the introduction of a variable-air-
volume (VAV) ATU. This system, along with changes in the building con-
trols, allowed boilers to be shut down in the summer. It also allowed the
chillers and air handlers to be sized to fit building diversity (instantaneous
loads) rather than the total of all zone design loads. The new equipment first
cost could be reduced to 80% or so of the total cost for constant-volume
systems. Utility savings could run as high as 20% to 30%, which for a large
building owner in many cases exceeded $100,000 each month for electric
and gas charges.

The first VAV ATUs introduced were pressure dependent. In a pressure-
dependent system (see Figure 5.1), the ATU receives a signal from the room
thermostat that calls for the air valve to open or close, depending on the
space demand. The actuators are directly connected to the damper shafts to
modulate air. These pressure-dependent systems significantly reduced
energy costs compared to constant-volume air handlers or dual-duct con-



Figure 5.1   Pressure-Dependent Air Terminal Unit
(Courtesy of Nailor Industries, Inc.)
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stant-volume mechanical ATUs. Today, there are still some VAV systems
used in variable volume and temperature (VVT) controls. These are usually
applied on smaller buildings.

There are issues with pressure-dependent air terminals. Because the
amount of air supplied by the VAV terminal fluctuates with the system pres-
sure, zones closest to the air handlers can be oversupplied with air and satis-
fied before zones farther away are satisfied. The solution was the
development of a pressure-independent terminal that maintained a variable
airflow despite fluctuations in system pressure.

Pressure-Independent Systems
Pressure-independent controls (see Figure 5.2) require an additional

component, a controller. The controller requires two inputs: one is the space
temperature from the room sensor, and the second is the velocity of air
being delivered through the terminal unit, which is obtained from the
onboard transducer fed by the terminal unit velocity sensor. The controller
calculates the amount of primary air required based on a demand calculation
designed to maintain space set point. The controller then resets the air valve
position by adjusting the actuator and air valve to change the air volume. If
the system pressure fluctuates, the terminal unit controller modulates the air
valve, maintaining the required airflow to the space.

The first pressure-independent controllers were pneumatic. These con-
trols required a compressed air system (compressor, pressure regulators,
dryers, pneumatic tubing, etc.) that provided “power” to the controller.
These systems used 18 psi (124 kPa) delivered to the controller. A pressure-
independent pneumatic controller was an analog device whose inputs were
a pressure signal from the room thermostat and a pressure signal from the
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velocity sensor in the inlet to the ATU. The output was varying pressure to
an actuator, typically functioning with a pressure between 3 and 13 psi
(21 and 90 kPa). On some models, accuracy was affected by the signal
bleeding into the sensor tubes. These control systems could be quite com-
plicated, sharing computations among several components such as reversing
relays and selector switches. All the components bled air from the main
supply, and very complicated systems suffered from air demand. Pneumatic
systems worked very well but did have issues such as contaminants such as
oil or water being entrained into the control tubing, causing component fail-
ure. Components included thermostats, controllers, and pneumatic relays.

In the late 1970s, electronic versions of the pneumatic systems
appeared. They functioned similarly to the pneumatic controls, using analog
voltage signals rather than air pressure to link the components together. Sig-
nal accuracy was poor compared to current electronic controls.

In the early 1980s, the first direct digital control (DDC) controller was
introduced. These controllers relied on a signal from the room sensor and an
inlet sensor. The inlet sensor was originally hot-wire electric but soon
shifted back to pneumatic sensors reporting to very accurate pressure trans-
ducers on-board the controllers. Digital controls were much more powerful
and capable of handling complicated systems as well as incorporating other
control devices when compared to pneumatic systems. Those other control
devices added functionality such as building management systems (BMSs),
alarms, and remote adjustment of set points using a computer.

Figure 5.2   Pressure-Independent Air Terminal Unit
(Courtesy of Nailor Industries, Inc.)
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Evolution of Direct Digital Controls and Interoperability
When digital controls were first introduced, the programming was pro-

prietary to each manufacturer. Controllers did not communicate with con-
trols or other components from different manufacturers, and owners were
locked into the controls manufacturer that was installed on the base build-
ing. Because of the limitations and noncompetitive environment created by
vendor-specific communication protocols, owners created a demand for
more interoperability and open protocol communication networks to allow
any BAS manufacturer to work with another manufacturer’s components.

The three most common platforms are BACnet®, LonWorks®, and an
industrial protocol, Modbus. ASHRAE developed Standard 135, BACnet—
A Data Communication Protocol for Building Automation and Control Net-
works (ASHRAE 2016b), to answer the demand for a non-vendor-specific
platform; thus, BACnet has become the industry standard with its nonpro-
prietary open protocol. LonWorks (Echelon 2009) was developed and sup-
ported by Echelon, and a LonWorks industry consortium now regulates
manufacturers choosing to use the LonWorks platform. Modbus (Modbus
2017), developed in 1979 by Modicon®, has become a commonly available
means of connecting industrial electronic devices.

Continuing and evolving changes in DDC system designs along with
continuing advancements in mechanical and electrical components have
facilitated improved DDC/BAS control systems. DDC/BAS systems offer
many advantages, which make them the control system of choice for most
projects. The advantages are as follows:

• Lower maintenance costs
• More accurate control sequences
• Faster response time
• More flexibility
• Enhanced monitoring, data trending, and archiving via local and

wide area network communications with all of the DDC control-
lers, sensors, and actuators

• Energy management capabilities are enhanced due to the availabil-
ity of centralized control, scheduling, and control strategy optimi-
zation

• Commissioning
• Enhanced troubleshooting capabilities along with remote alarms to

allow the system operator to “see” what is going on throughout the
mechanical systems at the central operator workstation

• Preset alarm limits that allow the operator to respond to equipment
malfunctions before building occupants are aware of system prob-
lems
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• Improved programming and operational functionality through
graphical user interfaces (GUIs) for the building managers, opera-
tors, and programmers

BACnet Testing Laboratories (BTL) was developed by BACnet Interna-
tional to support compliance testing and interoperability testing activities.
BTL controller certifications ensure that the controllers are capable of
interoperability within a BACnet BAS. More information on BTL can be
found at www.bacnetlabs.org.

TYPES OF AIR TERMINAL UNIT CONTROLS
Variable-Volume versus Constant-Volume Air Terminal Units

ATUs are typically classified as variable-volume or constant-volume
devices. Constant-volume systems are typically used in laboratories or hos-
pitals where pressurization of spaces to control germs or contaminants is
tantamount in the building operation. The same controls are used for both;
however, in constant-volume cases, the maximum and minimum set points
are the same airflow volume. This allows the ATU to control a constant vol-
ume of air with varying static in the duct system. Constant-volume ATUs
typically require reheat to condition the air to the space requirements.

VAV ATUs use a controller to modulate an air valve to adjust the air-
flow to meet the required demands of a space. A VAV controller can be
electric (pressure dependent), analog or digital electronic (pressure inde-
pendent), or pneumatic (pressure dependent or pressure independent). A
VAV ATU maintains comfort by supplying a constant temperature and mod-
ulating the supply air volume.

Today almost all HVAC systems use digital controls; however, there are
still buildings operating using pneumatic controls. Until the mid-1980s,
most of the pneumatic controllers were provided by ATU manufacturers.
The controls were mounted, calibrated, and shipped to job sites by the man-
ufacturers. When DDCs were introduced in the mid-1980s, the controllers
switched from being provided by the ATU manufacturer to being provided
by the controls contractor because of the proprietary programing. Pneu-
matic controls generally worked on the same input pressure signals and
were universal.

CONTROL FUNDAMENTALS
A system is considered to be variable volume if airflow to the space var-

ies to meet space demands. Room demands are some combination of tem-
perature, ventilation, and humidity control. Total airflow to the space may
be constant for some ATUs, even in a variable-volume system. Minimum
ventilation may require more cool air to the space than is necessary for tem-
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perature control, causing the room to be below the desired temperature. For
acceptable room conditions, see ANSI/ASHRAE Standard 62.1 and ANSI/
ASHRAE Standard 55 (ASHRAE 2016c, 2017a).

An air-handling unit (AHU) typically serves several zones with an ATU
in each zone. Additionally, a terminal unit typically serves multiple outlets.
The system provides both heating and cooling simultaneously, serving
zones with dissimilar thermal loads (e.g., internal zones and perimeter
zones with different exterior exposures). Typically, the air handler is cooling
only and the heat is located in the ATUs that serve each zone. To ensure
minimum outdoor air ventilation is maintained, outdoor airflow must be
closely controlled by the VAV system. A simple fixed air valve position typ-
ically is not adequate.

Hospital or critical control systems may also provide automatic redun-
dancy in case of equipment failure, as well as automatic equipment shut-
down to prevent damage to the equipment or the building in case of
equipment malfunction. A properly designed and maintained control system
minimizes the energy consumption in the facility while maintaining com-
fortable conditions.

There are two fundamental control schemes to control a process variable
to maintain a desired set point: open-loop control and closed-loop control.

Open-Loop Control
An open-loop control system is one in which there is no direct feedback

to the controller. A typically acceptable application of this type of system is
a perimeter fin tube radiation system that has hot water piped through con-
vectors around the perimeter of the building, particularly under windows.
This system is often controlled by the outdoor air temperature and there is
no direct feedback between the space temperature and the temperature of
the hot water in the convection system. A typically unacceptable application
of an open-loop control is controlling the return air fan on an air-handling
system directly from the same signal that controls the supply fan to maintain
supply duct static pressure. In the past, this was common in many systems.
Today’s designers recognize that the return and supply fans may not track
the same from a common input, but it is necessary to link their performance
for process control; therefore, a closed-loop system is required.

Closed-Loop Control
A closed-loop control system senses the changes in the variable condi-

tion to be controlled and adjusts itself until the variable is brought to the
desired condition. An example is a space thermostat used to maintain space
temperature. If the thermostat is controlling a variable-volume air terminal
with a reheat coil, the air valve and hot-water heating control valve will
modulate according to the prescribed sequence. For example, the air valve
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modulates to 50% of maximum airflow before the hot-water valve begins to
open, until the space temperature reaches the set point on the thermostat. If
the room temperature continues to fall, the air and water valve continue to
open to allow more hot water to flow to the reheat coils until the space tem-
perature reaches set point. The air valve and water valve modulate together
to bring the room to set point.

Closed-loop control systems are usually classified by the type of action
the controller takes to maintain the desired condition. To be effective, con-
trol loops must respond to the sensed conditions in a reasonable length of
time and remain stable once they have reached the desired set point. The
speed of response and the stability of the control loop are often contradic-
tory. Because of this, proportional plus integral (PI) and proportional plus
integral plus derivative (PID) control loops adjust the rate of change to
avoid overshoot.

Simple Closed-Loop Control System
Hospitals, cleanrooms, and other critical environments may have

constant-volume ATUs with variable temperature to control the space tem-
perature. Usually this is the case for spaces that have controlled pressures to
limit contaminants from reaching certain areas. A simple closed-loop con-
trol system is shown in Figure 5.3. In this figure, a reheat coil is used to con-
trol the space temperature within a patient room. The sensor senses the
temperature in the patient room and sends a signal to the controller. The
controller sends a signal to the hot-water control valve to modulate flow in
the heating coil to maintain the desired space temperature in the room.

The reheat coil valve is the control device. Every control loop has a sen-
sor, a controller, and a control device. The control device may be a water
valve, an air valve, an inlet vane, a variable-frequency motor drive, or an

Figure 5.3   Constant-Volume Reheat Air Terminal Unit 
with Closed-Loop Control System
(Courtesy of Nailor Industries, Inc.)
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electric relay, and the sensor may be used to sense the temperature, humid-
ity, air or water pressure, airflow, or water flow. These devices may be elec-
tric, electronic, or pneumatic. They also may include a combination of
several of these types of systems.

Modulating Control System
Modulating control systems, which allow control settings over a wide

range between fully open and fully closed, typically provide more stable con-
ditions than two-position control systems (on or off). Usually, two-position
systems cause a minimum of 2°F (1.1°C) room temperature swings as the
thermostat toggles the air valve open and closed to maintain the desired set
point. A modulating valve with proportional plus integral (PI) control will
control the room to a variation less than 2°F (1.1°C) depending on the inte-
gral setting. Proportional plus integral plus derivative (PID) will control the
room to less than 0.5°F (0.28°C) or better depending on the derivative set-
ting. Air valve position ranges from minimum to maximum as required.

Proportional Control
Proportional action or modulating controllers change the position of the

control device in proportion to the amount of deviation from the desired set
point the sensor is receiving. The reheat coil and room thermostat shown in
Figure 5.4 are a good example of this proportional action. With strictly pro-
portional action, the room variance from set-point temperature would be
maintained throughout the occupied period. It is generally desired that the
HVAC system controls continue to reset the airflow and/or heating device to
achieve room set point. Consequently, something must be added to the pro-
portional device to keep the occupied space at or near set point.

Proportional Plus Integral Control
PI control improves the proportional-only control by adding an integral

factor into the control logic that amplifies the proportional offset allowing
the controller to achieve room set point. There is a timing function to
increase or decrease the integral function if the room temperature is not
moving toward set point at an acceptable rate. This changes the temperature
signal from the thermostat to a demand signal and decreases the time for the
terminal unit to recapture set point. The integral part of the demand calcula-
tion is large when the error or the difference between the actual condition
and the set point is large and small when the error is small. Most HVAC
control loops are at least PI controlled. Figure 5.5 shows the improved accu-
racy over time of PI control.

Proportional Plus Integral Plus Derivative Control
Some controllers add a derivative function. The derivative function

looks at the rate at which the room temperature is moving toward or away
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from the set point and adjusts the integral function accordingly, adjusting
the timing function in the integral loop. This provides a soft landing at the
set point with very little overshoot, effectively keeping the room at set point
at all times regardless of the load in the space. Figure 5.6 shows the
improved speed to set point over time of PID control. If not set up properly,
the derivative loop can cause larger swings than would occur under PI con-
trol, which can be a problem in itself.

SPECIFYING DIRECT DIGITAL CONTROLS
Though this guide specifically addresses HVAC controls for ATUs, a

direct digital control (DDC) system can provide closed-loop control by inte-
grating computers, microprocessors, and software as well as sensors and
actuators. ASHRAE Guideline 13, Specifying Building Automation Systems

Figure 5.4   Constant-Volume Reheat Air Terminal Unit with Proportional Control
(Top image courtesy of Nailor Industries, Inc.;

bottom image adapted from Figure 1-11, Montgomery and McDowall 2011)
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Figure 5.5   Constant-Volume Reheat Air Terminal Unit 
with Proportional Plus Integral Control

(Top image courtesy of Nailor Industries, Inc.;
bottom image adapted from Figure 1-12, Montgomery and McDowall 2011)

HVAC Controls 895

(ASHRAE 2015), provides a definition of DDC that includes the entire
building automation system (BAS):

The BAS comprises both hardware and software that combine
to produce a seamless architecture that provides complete
integration of a building’s HVAC systems and may include
control over, or monitoring of, lighting, security, and fire sys-
tems in the building. The BAS can continuously and automati-
cally monitor and—through control of the HVAC mechanical
and refrigeration systems—maintain desired ambient tem-
perature, static pressure, relative humidity, indoor air quality,
and energy management. (p. 5)

With this definition, a DDC system is not a single controller but instead is a
combination of distributed devices, including the alarm systems and life
safety systems in the building.



Figure 5.6   Constant-Volume Reheat Air Terminal Unit 
with Proportional plus Integral plus Derivative Control

(Top image courtesy of Nailor Industries, Inc.;
bottom image adapted from Figure 1-10, Montgomery and McDowall 2011)
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DDC devices have the advantage of being more precise than pneumatic
or electronic controllers, and they do not tend to drift out of calibration as
pneumatic instruments can. DDC controls also have the advantage of being
capable of bringing all of the control points and the sensor points to one
central location with an operator sitting at a computer terminal in a central
part of the building. From there the building engineer can check equipment
and system operations throughout the building and change set points with-
out leaving his workstation. In large facilities, this feature can greatly
increase response time when troubleshooting problems and therefore
decrease personnel costs.

For more details about writing DDC specifications, see ASHRAE
Guideline 13, Specifying Building Automation Systems (ASHRAE 2015).
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SAMPLE CONTROL SEQUENCES FOR CONTROL OF  
AIR TERMINAL UNITS
Single-Duct, Constant-Volume

Reheat ATUs can be used with a single constant-volume fan system that
serves multiple zones

Figure 5.7   Single-Duct, Constant-Volume Zone Reheat
(Courtesy of Nailor Industries, Inc.)
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(Figure 5.7). All of the system’s supply air is cooled
to satisfy the greatest zone cooling load. Zones that are overcooled require
reheat supplied by heating coils (hot water, steam, or electric) in individual
zone ducts. The reheat coil valve (or electric heating element) is reset as
required to maintain the space temperature. Because these systems consume
more energy than VAV systems, they are generally limited by applications
where the process is more important than the energy use and that have fixed
ventilation needs, such as hospitals and special processes or laboratories.

Single-duct terminal units do not include fans. Air is delivered from a
central air handler and same-temperature air is supplied to all zones. How-
ever, the local controller at each terminal unit can vary the supply tempera-
ture to respond to demand from each individual zone.

Single-Duct, Variable-Volume
A throttling VAV ATU has an inlet air valve that controls the flow of

primary supply air (Figure 5.8). For spaces with exterior exposures or a high
airflow requirement of ventilation air requiring heating, a reheat coil can be
installed in the discharge. With pressure-independent controls, the space
temperature sensor does not control the inlet air valve directly. The space
temperature control loop output is used to reset the primary airflow deliv-
ered to the space between a maximum and a minimum rate. Direct control
of airflow makes the VAV ATU independent of variations in duct static pres-
sure.



Figure 5.8   Throttling Variable-Air-Volume Terminal Unit
(Courtesy of Nailor Industries, Inc.)
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Dual Maximum Sequence
The currently recommended control sequence is the dual maximum

sequence shown in

Figure 5.9   Throttling Variable-Air-Volume Terminal Unit—
Dual Maximum Control Sequence 

(Adapted from Figure 2, Taylor et al. 2012)
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Figure 5.9. As the space goes from design cooling load
to design heating load, the airflow set point is first reset from the cooling
maximum to the minimum value. The minimum value can be no more than
the greater of 20% of the maximum airflow or the minimum needed for
ventilation as stated in ANSI/ASHRAE/IES Standard 90.1 (ASHRAE
2016a). Then the supply air temperature is reset to 20°F (11°C) above room
temperature and the reheat coil is modulated to maintain the supply air tem-
perature at set point. Lastly, the airflow set point is reset from the minimum
up to the heating maximum while maintaining the discharge temperature set
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point. The maximum reheated airflow should not exceed 50% of the pri-
mary air maximum airflow. The minimum flow rated for ventilation may be
a constant, but is more likely adjusted by occupancy. The minimum flow
rate may be further adjusted according to a measured concentration of some
air constituent, typically carbon dioxide.

While ASHRAE/IES Standard 90.1 indicates that the discharge air tem-
perature is not to exceed the room temperature by more than 20°F (11°C),
ASHRAE Standard 62.1 (ASHRAE 2016c) limits overhead heating to 15°F
(8.3°C) above room temperature. Standard 62.1 further states that if the dis-
charge air temperature rises above 15°F (8.3°C), the minimum outdoor air
amount is to be increased by 25%.

Previously, it was common to keep the primary airflow rate always high
enough to handle the maximum heating load. ASHRAE/IES Standard 90.1
(ASHRAE 2016a) and California Energy Code (CBSC 2016), do not allow
that practice because it increases simultaneous heating and cooling.

Induction Variable-Air-Volume Air Terminal Unit
An induction VAV terminal controls space temperature by reducing

supply airflow to the space and by inducing return air from the plenum into
the airstream for the space (Figure 5.10). Both dampers are controlled
simultaneously, so as the primary air opening decreases, the return air open-
ing increases. When space temperature drops below the set point, the supply
air damper begins to close and the return air damper begins to open.

Series Fan-Powered Variable-Air-Volume Terminal Unit
A series fan-powered ATU has an integral fan in series with the primary

supply air valve. When originally designed, the fan supplied a constant vol-
ume of air to the space while the air valve modulated to control the required
outdoor and cool air to satisfy the zone (Figure 5.11). With current technol-
ogy, the local controllers can modulate the fan motors as well as the air
valves to achieve significant energy savings. In addition to enhancing air
distribution in the space, a supplemental heating coil can be added for space
heating and to maintain a minimum temperature in the space when the pri-
mary system is off, for strategies such as setback and warm-up.

When the space is occupied, the fan runs constantly, providing mixed or
100% primary air to the space. The fan can draw air from the return plenum
to compensate for reduced primary air volume during part-load conditions
in the space. As temperature in the space decreases below the cooling set
point, the supply air valve begins to close and the fan draws more air from
the return plenum. For zones with a supplemental heating coil, when the
supply air reaches its minimum volume and the space temperature begins to
drop below the heating set point, the fan airflow is set higher to reclaim heat
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from the plenum. Once the fan reaches maximum heating airflow, the heat-
ing device is activated. It is always important to start the ATU fan before the
central air handler. If primary air is flowing when the ATU fan is off, it may
cause the fan to spin backwards, which may damage the motor when the ter-
minal fan starts.

Parallel Fan Terminal
A parallel fan terminal is similar to the series fan terminal, except that

the fan is in parallel with the primary supply-air VAV air valve
(Figure 5.12). A reheat coil may be placed in the discharge to the space or
in the return plenum opening. The fan is intended to operate in heating and

Figure 5.10   Induction Variable-Air-Volume Terminal Unit: 
(a) Diagram and (b) Control Sequence

(Courtesy of Nailor Industries, Inc.)
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Figure 5.11   Series Fan-Powered VAV Terminal Unit: (a) Diagram, (b) Constant-
Volume Control Sequence, and (c) Variable-Volume Control Sequence

(Courtesy of Nailor Industries, Inc.)

MAXIMUM
COOLINGFAN AIRFLOW

PRIMARY
AIRFLOW

ROOM TEMPERATURE
HEATING SET POINT COOLING SET POINT

AI
RF

LO
W

MAXIMUM
HEATING

MAXIMUM
COOLING

FAN AIRFLOW

PRIMARY
AIRFLOW

OLD METHOD

PREFERED METHOD
DEAD
BAND

ROOM TEMPERATURE
HEATING SET POINT COOLING SET POINT

AI
RF

LO
W

(b)

(c)

FS
INLET

AIR
DISCHARGE

AIR

RETURN
AIR

CONTROLLER MOTOR 
CONTROLLER

ACTUATOR

SENSOR WATER
VALVE

(a)

HVAC Controls 955



Figure 5.12   Parallel Fan Terminal Unit: (a) Diagram, (b) Two-Position 
Heat Control Sequence, and (c) Modulating Heat Control Sequence

(Courtesy of Nailor Industries, Inc.)
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dead-band modes. Total airflow to the space is the sum of the fan output and
supply air quantity. When space demand drops below the cooling set point,
the supply air damper will have modulated to its minimum set point, supply-
ing the minimum amount of outdoor air to the space, and the fan starts. On a
call for heating, the supplemental heater activates. When the space is unoc-
cupied and requires heating for setback or warm-up, the supply air damper
closes, the fan turns on, and the supplemental heating activates to maintain
the unoccupied set point.

Variable-Volume, Dual-Duct Terminal Units 
Variable-volume, dual-duct ATUs (Figure 5.13) have inlet air valves

(with individual air valve actuators and airflow controllers) on the cold and
hot decks and usually no total-airflow-volume air valve. The space thermo-
stat resets the airflow controller set points in sequence as the space load

Figure 5.13   Variable-Volume, Dual-Duct Terminal Unit: 
(a) Diagram and (b) Control Sequence

(Courtesy of Nailor Industries, Inc.)

HTG.
SP

CLG.
SP

CLG. SPAN ROOM TEMP. INCREASE

MAX. COOLING AIRFLOWMAX. HEATING AIRFLOW

AI
RF

LO
W

 IN
CR

EA
SE

SECONDARY
AIRFLOW

PRIMARY
AIRFLOW

HTG. SPAN

-2°F
(-1.1°C)

+2°F
(+1.1°C)

MININUM

(a)

(b)

FS

FS

COOLING
INLET

HEATING
INLET

DISCHARGE
AIR

FS

ALTERNATIVE
FLOW SENSOR

CONTROLLER

ACTUATOR

ACTUATOR

SENSOR

CONTROLLER



98 ASHRAE Design Guide for Air Terminal Units

changes. The airflow controllers maintain adjustable minimum flows for
ventilation. Single-fan air handlers have outdoor air in both decks, whereas
dual-fan air handlers usually only have outdoor air in the cold deck. Some
dual-duct units also have discharge air valves. The discharge air valve con-
trols total air volume to the space. The inlet air valves control the mixed-air
temperature to the space.

If the heating supply has sufficient ventilation air, there need not be any
overlap of damper operations, resulting in no simultaneous heating and
cooling in the terminal unit. On systems where the heating supply does not
have sufficient ventilation air, the cooling air valve can be controlled to a
minimum for ventilation.
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 6
This chapter reviews the selection of air terminal units (ATUs). Proper

selection is critical for a number of reasons. The equipment must meet the
system requirements, including the following:

• Occupant comfort
• Airflow
• Heating capacity
• Cooling capacity
• Pressure
• Sound levels
• Life safety
• Energy
• Budget

This chapter reviews recommended selection methods for ATU model,
size, and operation. Sizing of an ATU will also be discussed in detail, along
with the effect of under- and oversizing an ATU.

CONSTRUCTION OF AN AIR TERMINAL UNIT
The selection of the requirements for the size and the construction of an

ATU is critical for the engineer to specify. The selections made by the
designer will ultimately determine occupant thermal comfort, the acoustical
environment, energy consumption, and the ventilation requirements for the
occupied environment. This section reviews parameters used in selection
that directly determine the performance of an ATU.

Pressure
One of the most critical parameters that must be considered when a

designer is selecting an ATU is pressure. The resistance or pressure drop of
an ATU will dictate the central system fan size required, the energy con-

Air Terminal Unit
Selection
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sumed, the sound a unit produces, and the ability of a selected ATU to
deliver the required amount of conditioned air to a space. The pressure drop
of an ATU varies with airflow and size.

A unit must be selected to deliver the required flow at a given pressure
drop of each unit. The industry ratings and terms used to define the operat-
ing and pressure ranges for ATUs are defined in ANSI/ASHRAE
Standard 130, Laboratory Methods of Testing Air Terminal Units
(ASHRAE 2016b) and ANSI/AHRI Standard 880, Performance Rating of
Air Terminals (AHRI 2011).

Definitions Related to Pressure
Minimum operating pressure. The static or total pressure drop through an
ATU (including all appurtenances provided by the terminal unit manufac-
turer such as hot-water coils, attenuators, etc.) at a given airflow rate with
the air valve placed in its full open position while the terminal is operating
under fixed airflow.

Primary air. Treated supply air entering the ATU.

Discharge static pressure. The static pressure downstream from the ATU
required to push the air into the space.

Maximum allowable pressure. The maximum gage pressure allowed on a
completed system.

Operating pressure. The system’s pressure at a reference point when the
system is operating.

Static pressure. The actual pressure of the fluid, which is associated not
with its motion but with its state. The pressure is exerted uniformly through-
out the entire fluid.

Velocity pressure. The kinetic energy of a unit of airflow in an airstream.
Velocity pressure is a function of both air velocity and density. Chapter 21
of ASHRAE Handbook—Fundamentals (ASHRAE 2017c) states:

The term V 2/2g refers to velocity head, and V 2/2gc refers to
velocity pressure. Although velocity head is independent of
fluid density, velocity pressure is not:

pv = (V/1097)2 (I-P) (6.1)

pv = V 2/2 (SI) (6.1)

where
pv = velocity pressure, in. of water (Pa)
V = fluid mean velocity, fpm (m/s)
1097 = conversion factor to in. of water
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For air at standard conditions (0.075 lbm/ft3 [1.204 kg/m3]),
the equation becomes:

pv = (V/4005)2 (I-P) (6.2)

pv = 0.602 V (SI) (6.2)

where 4005 = (10972/0.075)1/2. Velocity is calculated by

V = Q/A (I-P) (6.3)

V = Q/1000A (SI) (6.3)

where
Q = airflow rate, cfm (L/s)
A = cross-sectional area of duct, ft2 (m2)

Total pressure. The sum of the static pressure and the velocity pressure.
Total pressure is calculated by Equation 6.4:

PT = Ps + Pv (6.4)

where
PT = total pressure
Ps = static pressure
Pv = velocity pressure

Selection Using Airflow and Pressure
Manufacturers provide airflow ranges with associated minimum static

operating pressures (not total pressures) for each size of ATU. For a given
inlet size, there is no difference in the velocity pressure from one manufac-
turer to another. For example, the velocity pressure of an 8 in. (200 mm)
inlet at any specific airflow is the same for all manufacturers’ products.
Consequently, the difference in total pressure is equal to the difference in
inlet static pressure and is caused by the differences between terminal units
that occur downstream of the inlet.

These differences can include different casing sizes and shapes as well
as any downstream appurtenances, and when tested by the manufacturer,
they are reflected in the different inlet static pressure requirements cata-
loged by the manufacturer as required by AHRI Standard 880 (AHRI 2011)
and described in ASHRAE Standard 130 (ASHRAE 2016b). Because all
the velocity pressures in the inlets are the same, inlet pressure requirements
can be expressed as static pressure at a given airflow through a specific
inlet.
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Acoustical data relative to the airflow rating points at various static
pressures are also available. To select the inlet size, go to the manufacturer’s
performance page and match the desired airflow to the smallest unit size
whose airflow range and sound level cover the minimum and maximum
requirements for the zone. Check the sound level at the rating point speci-
fied for the inlet pressure and compare that to the maximum sound level
allowed for the zone.

The total duct pressure downstream of the ATU is much less compared
to the inlet total pressure. One of the functions of the air valve is to reduce
the inlet total pressure to the required outlet total pressure, thereby regulat-
ing airflow. The pressure drop across the air valve in operation is excess
total pressure. Sound generation in an ATU is highly dependent on the
excess inlet static pressure. High inlet static pressures significantly increase
the terminal unit’s sound generation. If the unit does not meet the require-
ment, go to the next larger size. Care should be taken to select a unit that
will operate at the maximum and minimum specified set points.

Discharge sound levels can be reduced with attenuators; this may be
more acceptable than selecting a unit that will not control at the minimum
set point. Next, check the static pressure drop across the terminal unit. This
includes the pressure drop across the terminal unit in addition to the drop
across any appurtenances such as attenuators and coils.

The static pressure requirement for the ATU is the same as the mini-
mum inlet static pressure requirement shown in the manufacturer’s catalog
with the air valve fully open and no static pressure on the discharge side of
the unit. Static pressure drops across the appurtenances are shown in the
catalog where the appurtenances are described. When scheduling inlet static
pressure requirements, the minimum is the sum of that for the ATU and all
appurtenances plus the expected discharge pressure in the duct and fittings
downstream of the unit. If the pressure drop across the final ATU configura-
tion is larger than desired, the chamber where the heating coil is attached
can be increased, allowing use of a coil with larger face area. For a given
heat requirement, this may reduce the number of rows necessary in the coil
and lower the overall pressure drop across the ATU.

Once space loads and respective airflow requirements are determined, a
general ATU schedule can be developed using airflow ranges for typical
designs within the project. To select the ATU, an operating pressure should
be developed for ATU selection. The system static pressure at the air han-
dler outlet that will satisfy the static pressure drop of the duct system and
that of the ATU in the critical path at any time of the day should be calcu-
lated. The base operating pressure for selecting the ATU closest to the air
handler should be the system static pressure plus a small safety factor.
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The operating pressure directly affects the acoustics of a building and
should be optimized to reduce the overall sound level in a space. The oper-
ating pressure may decrease as the air travels down the ductwork. ATUs far-
ther from the air handler may be affected by lower operating pressure than
those closer to the air handler. The design operating pressure should be used
to select ATUs at all distances from the air handler. The operating pressure
at the inlet of every terminal unit should be as close as possible to the mini-
mum inlet static pressure required by the ATU, thereby causing as many air
valves as possible to be nearly wide open when the relative zone is at full
load. Poor unit selection can lead to oversized units, increased first cost, and
reduction in performance, which can lead to occupant dissatisfaction.

Maximum and Minimum Flow Rates
The amount of cool or warm air required to handle space loads and

maintain comfort are the bases of ATU selection. Specifying airflow rates
must address the maximum amount of air to be allowed into a given zone at
full-load cooling and heating requirements. The specification must also
address the minimum levels required to maintain proper ventilation. Equip-
ment must be selected with the ability to address the entire operating range
required for the space.

Flow Sensors
The ability to adjust air volume through the ATU regardless of inlet

static pressure makes an ATU pressure independent. To determine the vol-
ume of air, each terminal unit requires a flow sensor. There are four sensor
types used to measure flow:

• Velocity pressure sensors
• Thermistor sensors
• Hot-wire sensors
• Vortex airflow sensors

Each is discussed in more detail in the following subsections.

Velocity Pressure Sensors
Most direct digital control (DDC) variable-air-volume (VAV) control-

lers use the velocity pressure obtained from the pressure differential
between total pressure and static pressure to obtain the air volume through
an ATU. A transducer built into the DDC controller measures the pressure
differential across the sensor. Once the pressure differential is determined,
the digital controller will use a lookup table to find the actual airflow. The
lookup table must be loaded into each controller, telling the controller what
the inlet size is and a factor that is provided by the air terminal manufacturer
referred to as the F factor or K factor. Using the inlet size and the F or K
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factor, the controller determines the airflow through a unit. The minimum
and maximum flow capacities in an ATU are set by the operating range of
the transducer in the controller and the amplification of the VAV sensor
(John 2014).

VAV controllers historically have velocity pressures within an operating
range of 0.03 to 1.0 in. w.g. (7.47 to 249 Pa), which sets the minimum and
maximum capacities of the primary air capacity of an ATU. For years, the
industry standard for minimum amplified velocity pressure has been
0.03 in. w.g. (747 Pa), but advancements in VAV controller transducer
accuracy have reduced the minimum amplified velocity pressure for some
controllers to between 0.01 and 0.015 in. w.g. (2.49 and 3.74 Pa), which
lowers the airflow for ATUs that is controllable (John 2014).

Differences in the performance of ATUs from different manufacturers
can be seen in the amplification produced by a unit’s flow sensor and that
unit’s resulting published operating range. Velocity pressure amplification,
or a larger differential between the total pressure and the static pressure, is
produced by a sensor directing the airflow around the sensor and creating a
lower static pressure where that static pressure is measured (John 2014) and
increasing the total pressure where the air strikes the inlet sensor (see
Figure 6.1).

The amplification factor F is the ratio of sensor output to true velocity
pressure. For example, a pressure sensor reading of 1.0 in. w.g. (249 Pa) at a

Figure 6.1   Amplification of Flow Sensor Signal Created by 
Reducing Static Pressure on Back Side of Sensor

(Figure 2, John 2014)
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true velocity pressure of 0.43 in. w.g. (107 Pa) produces an amplification
factor of 1.0/0.43 = 2.3 (John 2014). The factors F and K are related with
the following equations (ASHRAE 2008):

(6.5)

where
F = amplification factor (sensor gain)
A = nominal duct area, which is calculated based not on the actual

free area but on the geometry of the duct, ft2 (m2)
K = K-factor calibration constant (standard air)

(6.6)

The flow coefficient K is used in some VAV controllers to calculate the
actual airflow using Equation 6.7:

(6.7)

where
airflow = airflow, ft3/min (m3/s)
K = K-factor calibration constant (standard air)
P = flow sensor output, in. w.g. (Pa), where the default pressure is

1 in. w.g. (249 Pa)

Not all velocity sensors are alike. Usually there is some sort of averag-
ing technique sampling pressures at various locations across the face of the
inlet. Signal amplification devices are usually located at the sampling
points. Velocity amplification varies among sensor manufacturers (see
Table 6.1). The amplified range at 0.03 in. w.g. (7.47 Pa) Vp varies as much
as 24%. Design engineers should consider the flow range required to meet
ventilation standards and ensure that the specified product and controller are
operate in that range when they specify ATUs. The higher the amplification,
the lower the minimum airflow that can be obtained and controlled (John
2014).

Hot-Wire Sensors
Another method used to measure air volume through an ATU is a hot-

wire sensor. The hot-wire flow sensor is not as commonly used as the pres-
sure differential sensor, but it is historically used in conjunction with analog
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controllers. Hot-wire sensors measure airflow based on the principle that
electrical resistance increases with temperature. Air moves past a heating
wire, and as the velocity increases, the resistance decreases. The sensor is
calibrated so the resistance is correlated to a given velocity. This velocity,
along with the inlet size, will tell the controller what the air volume flow is.

Thermistor Sensors
Thermistor sensors are frequently used as self-regulating heating ele-

ments (typically positive temperature coefficient [PTC] type) and self-reset-
ting overcurrent protectors. Thermistors are generally made with ceramics
or polymers, and they typically achieve greater precision within a limited
temperature range, usually –130°F to 266°F (–90°C to 130°C).

The resistance of a thermistor depends on temperature even more so
than does that of a standard resistor. There is a fixed relationship between
the resistance in the thermistor and the temperature. By directing air across
the thermistor and knowing the area of the inlet collar, airflow can be calcu-
lated very accurately, even at very low velocities, where velocity pressure
sensors suffer very inaccurate signals. Thermistor sensors are generally
small and must be arranged in an orifice that has nearly even airflow across
the face area. Irregular airflow due to less-than-perfect inlet ducts can cause
large errors. Averaging signals across the face of the inlet is usually not
cost-effective.

Vortex Airflow Sensors
Vortex-shedding airflow measurement devices measure airflow by

counting the vortices that are created by air going past a bluff body
(Figure 6.2). Pressure builds on one side of the bluff body while the pres-
sure releases on the other side of the body, forming vortices. The vortices
are actually negative-pressure pulses; microphones are used to convert the
pressure pulses to electronic pulses. The electronic pulses are directly pro-

Table 6.1   Differences in Manufacturers’ Sensor Amplification by 
Comparison of Airflows at Set Velocity Pressure

(Table 1, John 2014)

Comparison of Flows (cfm [L/s]) at 0.03 in. w.g. 7.47 Pa Vp

Inlet Size
6 in.

(150 mm)
8 in.

(200 mm)
10 in.

(250 mm)
12 in.

(300 mm)
14 in.

(350 mm)
16 in.

(405 mm)
Manufacturer A 81 (38) 154 (73) 318 (150) 433 (204) 576 (272) 805 (380)
Manufacturer B 94 (44) 171 (81) 284 (134) 407 (192) 563 (266) 710 (335)
Manufacturer C 78 (37) 157 (74) 249 (118) 328 (155) 522 (246) 665 (323)

Percent spread on flow 17.0% 10.1% 21.8% 24.3% 9.4% 17.4%
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portional to the airflow velocity; therefore, the volumetric flow rate is sim-
ply determined by multiplying the velocity by the area of the duct.

Because this measurement relies on counting pulses, vortex-shedding
sensors are inherently digital sensors, and by counting vortices to measure
airflow it will be extremely accurate over the entire range. These flow
devices are frequently used in critical applications that require precise air-
flow measurement with large turndowns, such as fume hoods in laborato-
ries.

An advantage of measuring vortices in this manner is that the relation-
ship between the frequency of the pulses and the velocity of the airflow is
linear. This makes the conversion from the digital signal to air velocity very
simple and does not require the complicated curve matching associated with
other measurement technologies. Also, the measurement is not based on the
amplitude of the signal, it is instead based on the frequency of the pulses.
This means that there is not any drift associated with the signal, making it
very stable over time and requiring no recalibration.

A practical example can be seen in airflow hitting a flagpole: it gener-
ates vortices that cause the flag to flutter. The higher the velocity of the air,
the higher the frequency of the fluttering. As the air speed slows, the flutter-
ing slows as well. Another example of vortex shedding on a very large scale
can be seen in Figure 6.3. The phenomenon shown in this image of Guada-
lupe Island is common in the motion of fluids: a vortex street. A vortex
street is a chain of spiral eddies called von Karman vortices (GES 2012). An
interesting effect of the negative-pressure pulses even on this large scale is
how the downstream side of the island is clear of clouds. This shows the
“cleaning” effect of the vortices on the downstream side, which keeps the
sensing ports of vortex shedding sensors clear of debris.

While vortex shedding measurement devices are somewhat more
expensive than traditional pitot devices used in VAV terminal units, they do

Figure 6.2   Bluff Body in Airflow
(Courtesy of Accutrol, LLC)
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have advantages of being able to read much lower airflow rates, which
enables better turndown in the ATUs as well as lower maintenance, since
vortex transmitters never need recalibration like differential pressure trans-
mitters.

Air Valve Sizing
VAV terminals are selected based on required air volume ranges. A

pressure-independent terminal should be selected for factory-recommended
minimum and maximum airflow limits that correspond to a given zone’s
designed space load, acoustical performance, and ventilation requirements.

Inlet Velocities
There is a common misconception among HVAC designers that over-

sizing an ATU makes for quieter operation. In reality, however, an oversized
air valve operates the majority of its time in a pinched-down condition,
which often increases noise levels in a space. Additionally, when oversized,
an ATU uses only a fraction of its total damper travel, or stroke, so control
fidelity may suffer. The low inlet velocities may also be insufficient for pro-
ducing a readable signal for the reset controller and velocity pressure mea-

Figure 6.3   Example of a Vortex
(NASA 1999)
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suring device. Because of this, minimum settings may not hold, causing loss
of control efficacy and undesirable hunting.

To maximize the acoustical and control performance of ATUs, design-
ers should size an ATU’s maximum airflow limit for approximately
2000 fpm (10 m/s). For accurate control for all available controllers, the
minimum setting for units using inlet velocity sensors should not be lower
than 400 fpm (2 m/s) inlet neck velocity. Other minimum guidelines may
apply for specific control manufacturers.

Differential pressure inlet sensors are effectively fixed orifices in a pipe.
They report signals all the way to zero. The ability to manage the airflow
through an ATU with very a low signal from the sensor resides in the trans-
ducer in the local controller. Some control manufacturers report that they
can manage velocity pressure signals from the sensor as low as 0.004 in.
w.g. (0.96 Pa). Transducer signal tolerance at these low signals may be
larger than the signal. The designer should take care to match the controller
that will control with reasonable fidelity throughout the entire operating
range of the ATU damper.

Single-duct ATUs with electric heat have two minimums that must be
considered. The first minimum is the amount of outdoor air that must be
supplied to the unit. The second minimum is the amount of air that is
required to produce a total pressure signal at the air probe in the electric
heater that operates the airflow safety switch. Because the cross-sectional
area of the inlet is smaller than the cross-sectional area of the chamber
where the heater is mounted, the air velocity in the heating chamber is sig-
nificantly reduced. This in turn reduces the total pressure in the chamber.
Typically, the secondary minimum is higher than the minimum required for
ventilation in order to activate the heater. Most airflow safety switches for
this application are rated at 0.05 in. w.g. (12.4 Pa) with a tolerance of
0.02 in. w.g. (5.0 Pa). These switches typically operate at the low end of the
rating.

Sound
Sound is also a critical consideration when selecting an ATU. A detailed

discussion of sound can be found in Chapter 4 of this design guide.

Series and Parallel Fan-Powered Air Terminal Unit 
Component Selection

Care should be taken when selecting an ATU for a particular set of con-
ditions that the air delivery is designed to meet the system’s operating pres-
sure requirements and room’s sound criteria. Specific sound data for each
ATU can be found for various airflows in manufacturers’ catalogs. These
data should guide the selection of ATU size after airflow is determined.
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When selecting a unit for a typical office space, a simple rule of thumb
is that the fan should be selected for performance down from the high-end
performance by 20% to 25% of the distance to the low end of the fan curve
at the specified external static requirement. This enables low room sound
levels and maintains flexibility for zone changes in the future. When select-
ing a unit for a large, open area, where sound criteria may not be as import-
ant, equipment closer to the high end of the fan curve should be selected.
Equipment for meeting rooms or executive offices should be selected for
slightly below the halfway point on the fan curve. For sensitive areas such
as auditoriums, chief executive offices, and conference rooms, operation
nearer the low end of the fan curve should be chosen.

Equipment right on the minimum or maximum curves should be
avoided, because such selection leaves no room for flexibility for future
changes in equipment or for variations that may occur due to power varia-
tions or duct fittings.

Selecting fan-powered ATUs involves evaluating the primary air valve,
fan size, heating coil, and acoustics. The overall performance of the unit
will be determined by the selection of these elements and their interactive
effects.

Fan Airflow Control
When designing air systems with fan-powered ATUs, matching the fan

air and primary air capacities to the space requirements is important. Series
fan-powered ATUs require precise adjustment of fan airflow in relation to
the primary air. Parallel ATU fan airflow requires less critical adjustment.
Fan-powered terminals nearly always use single-phase motors, most com-
monly with electronic fan speed control (sometimes called wave choppers,
thyristor controllers, or silicon-controlled rectifiers [SCRs]) or with elec-
tronically commutated motors (ECMs).

Fan Shift
Before adjusting a fan, designers must consider the possibility of fan

shift, which occurs when the blower is subjected to pressure variations or
airflow pattern variations. As the primary airflow changes, the pressure
drop and changes in local jets may cause a performance shift by the fan as it
rides the fan curve. Fan shift effects vary from zone to zone and from build-
ing to building. As the volume changes, noise levels may be altered, which
can be annoying. Design ventilation rates may also vary, sometimes by
more than 20%. This can be aggravated by undersizing the terminal unit.

Electronic Fan Speed Control with PSC Motors
Electronic fan speed controls adjust a fan’s electrical input alternating

current (AC) voltage using a thyristor (this is also called phase proportion-
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ing or wave chopping), which acts as a timing device and holds the voltage
off the motor for a preset period of time when the current sine wave crosses
the zero point. When the thyristor turns on, the voltage seeks out the sine
wave and then follows the curve to the next current zero crossing, where
the process starts over, but on the opposite side of the sine wave. This
reduces the root mean square value of the voltage that is supplied to the
motor, which lowers the voltage signal in the motor stator and reduces the
torque available for turning the rotor. During this process, if the motors and
blowers are sized properly, amp draw is slightly affected. Some units may
suffer large changes in amp draw and therefore great effects on the operat-
ing characteristics and efficiency of the motor. Reducing the voltage while
maintaining constant amperage draw reduces the motor’s power consump-
tion.

Nameplate Ratings
ANSI/UL 1995 (UL 2015) covers fan-powered ATU nameplate ratings.

This standard relates to equipment manufacturers and not field issues cov-
ered in international and local codes. Nameplate ratings on the unit usually
do not match the nameplate ratings on the motor; actual amp draw may be
above or below that on the motor nameplate, and even the voltage may vary.
Differences between the unit label and the motor label may be significant in
some cases, but these different ratings do not generally affect the motor or
unit’s performance or lifetime. When sizing supply circuit requirements,
designers should refer to the unit nameplate ratings and not the motor name-
plate ratings. Nameplate ratings are set at the safest possible conditions.
Because static pressure and set points vary from unit to unit, performance
may not match that on the unit nameplate.

Electronically Commutated Motor Technology
Electronically commutated motors (ECMs) may provide significant

energy savings and superior controllability. They can provide significant
power savings on series fan-powered ATUs; however, they may not provide
any savings on parallel fan-powered ATUs for reasons discussed by Davis et
al. (2012).

Fan Size
The fan size of parallel fan-powered ATUs is calculated as the differ-

ence between the minimum primary airflow and the unit design heating air-
flow. If the minimum primary airflow is zero, then the fan airflow is the
same as the heating airflow. Compared to series fan-powered ATUs, in most
cases the fan in a parallel unit can be downsized, because compared to the
maximum design airflow the fan needs only the capacity to handle the ple-
num (secondary) airflow at reduced downstream static pressure; downsizing
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the fan reduces both first and operating costs. In most parallel fan-powered
ATU applications, meeting the ventilation requirements requires a mini-
mum primary airflow, which contributes to the fan’s total resistance and
should be accounted for, along with all the components downstream of the
fan, such as heaters, diffusers, and ductwork. Hot-water coils may be placed
out of the primary airflow (i.e., on the inlet side of the fan, where they
would not affect the primary airflow static pressure). In this configuration,
heat generated by the water coil shortens the motor life.

Series fan-powered ATUs require that the fan be sized to handle the
maximum design airflow. To ensure that the mixing chamber in the terminal
is not positively pressurized, causing primary air to spill into the ceiling ple-
num through the induction ports, the fan airflow must be equal to or greater
than the primary airflow. The requirements for external static pressure
include the pressure drop created by the diffusers and ductwork downstream
of the fan at design airflow as well as any hot-water coil or electric heater
included. Once fan airflow and downstream static pressure are determined,
the fan size can be chosen from the fan curves in the manufacturer’s catalog.
Selecting toward the upper end of the range reduces first cost and optimizes
fan operating efficiency. Quieter operation can be obtained by upsizing the
fan and operating it at a slower speed. When electric or hot-water coils are
required, the static pressure required for those items must be included when
referring to the fan curves.

Motor Type
Two common motors used in fan-powered ATUs are permanent split

capacitor (PSC) motors and electronically commutated motors (ECMs).

PSC Motors
A PSC motor (Figure 6.4) is an AC induction motor that uses only a run

capacitor to provide the phase shift required to start the motor. For ATUs,
PSC motors are six pole and therefore have a maximum revolutions per
minute (RPM) limit of about 1100 rpm. They must be carefully sized to fit
the blower performance of the blowers they are attached to. PSC motors
were typically used on fan-powered air terminals; however, the 2013 edition
of ANSI/ASHRAE/IES Standard 90.1 (ASHRAE 2013a) requires all frac-
tional motors from 1/6 to 1 hp (0.124 to 0.746 kW) to meet energy effi-
ciency levels that currently only ECMs can meet. Although they are more
expensive than PSC motors, ECMs offer a generous payback in energy sav-
ings.

In PSC motors the rotational speed from the magnetic field within the
stator is not synchronous with the rotational speed of the rotor. The differ-
ence in these rotational speeds is called slip. Slip is inversely proportional to
the efficiency of the motor, and high levels of slip cause high levels of heat
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generation in the motor. Efficiency ratings in PSC motors in fan-powered
ATUs range from 10% to 12% at minimum airflows to as high as 58% to
62% at maximum airflows.

ECMs
ECMs (Figure 6.5) include both a motor and a drive. The drive includes

an AC-to-DC converter. The ECMs used in ATUs take a single-phase AC
input and convert this to a three-phase direct-current (DC) output that pow-
ers the motor. The drive counts motor RPM, controls motor torque, and cal-
culates airflow. The rotation of the magnetic field in the stator and the
rotation of the rotor are synchronous in DC motors. Consequently, there are
very low rotor losses and much greater efficiency levels with ECMs com-
pared to PSC motors. The efficiency levels for ECMs are nearly flat, rang-
ing from 75% at minimum airflow to 79% to 82% at maximum airflow. The
efficiency of the motor/blower combination increases proportional to the
blower efficiency as blower airflow is decreased. Because an ECM calcu-
lates airflow, it can also respond to a command for airflow, which allows the
terminal unit airflow to range across the entire fan curve as loads in the
space change.

Primary Air Valve
To select a primary air valve, designers should identify the type of con-

troller desired and select an inlet size meeting the desired maximum and
minimum airflows from the recommended primary air airflow range table in

Figure 6.4   Permanent Split Capacitor Motor
(Courtesy of Regal Beloit)
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the manufacturer’s catalog. Selecting terminals near the top of their ranges
might reduce cost but may also increase velocity and noise; selecting termi-
nals toward the bottom may reduce noise but may also reduce controllabil-
ity of the minimum airflow. Selecting the maximum airflow between 70%
and 85% of full capacity (approximately 2000 fpm [10 m/s] inlet velocity)
is a good compromise to avoid both high-velocity sound problems and low-
velocity control problems.

Insulation
Note: the text of this section and its subsections is reproduced nearly

verbatim from the ASHRAE Journal article “Specifying Insulation For Air
Terminal Units” (John 2010), except that the tables have been renumbered
and some other minor editorial changes have been made for conformity to
the style of this book.

This section reviews the characteristics and properties of some of the
more common insulation materials specified for ATUs. Also discussed are
the commonly cited standards that are specified for ATU insulation.

Insulation Types
Fiberglass Insulation with a Mat Facing

One type of fiberglass insulation used for ATUs includes two densities
of fiberglass insulation that are bonded together. It is composed of an outer
skin that is typically a thin layer of high-density mat that is exposed to the

Figure 6.5   Electronically Commutated Motor
(Courtesy of Regal Beloit)
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airstream. The inner material is a less-dense fiberglass insulation. The
“skin,” or high-density mat, helps minimize erosion of the “core” insulation
fibers. Generally, this type of insulation has a composite density of ~1.5 pcf
(24 kg/m3).

The testing standard for fiberglass insulation commonly used in specifi-
cations for ATUs is UL 181, Standard for Factory-Made Air Ducts and Air
Connectors, from Underwriters Laboratories (UL 2013b). UL 181 includes
tests that can be conducted on insulations. However, many of the tests do
not pertain to insulation used for ATUs because it is an air duct standard. A
standard to consider for air terminal liners is ASTM C1071, Standard Spec-
ification for Fibrous Glass Duct Lining Insulation (Thermal and Sound
Absorbing Material) (ASTM 2016).

One of the tests included in UL 181 that does apply to ATU insulation is
the erosion test. The UL 181 air erosion test is the standard method used to
evaluate the air erosion resistance of air ducts.

Typical insulation manufacturers’ rated air erosion velocities are listed
as 5000 to 6000 fpm (25.4 to 30.5 m/s) and are normally much greater than
the minimum velocity required for the UL 181 erosion test. If the specifica-
tions require that the ATU insulation exceeds the UL 181 minimum require-
ment of 2500 fpm (12.7 m/s), the required velocity should be stated in the
specification.

Some insulation manufacturers market their products based on perfor-
mance rather than density. Particularly for fiberglass insulation products,
insulation manufacturers may not provide proprietary density information.
The specifier may want to consider listing other physical and performance
properties such as thermal conductivity (or conductance) and thickness,
resistance (R-value) or conductance (C-value), maximum rated airstream
velocity, and sound absorption, rather than just the insulation density.

Foil-Faced Fiberglass Insulation
Foil-faced insulation is commonly specified for applications where the

engineer requires a liner that prevents fiberglass particles from entering the
airstream. This product is manufactured by applying a foil material to the
surface of fiberglass insulation. The foil surface (or foil-scrim-kraft [FSK]
facing) creates a barrier between the fiberglass insulation and the airstream.

When specifying foil-faced insulation, it is suggested that the designer
be clear on the insulation required. For example, a specification may state
“foil-faced liner with 4 pcf (64 kg/m3) insulation.” To meet this specifica-
tion, it would appear that the proper selection would be 4 pcf (64 kg/m3)
insulation with a foil skin. This specification could be interpreted as requir-
ing “duct board” insulation. Another interpretation of this specification
could be that the 4 pcf (64 kg/m3) density includes both the insulation and
the foil liner. This would mean that the supplied insulation would be pro-
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vided with a less dense insulation material (typically 1.5 pcf [24 kg/m3])
and the much denser foil skin. To avoid this, it is suggested that a foil-faced
insulation specification clearly state the required density for the internal
insulation.

Typical k- and R-values for several major manufacturers’ insulations are
shown in Table 6.2. In most cases, the 1.5 pcf (24 kg/m3) density insulation
can be specified without a significant energy loss due to insulation density.
However, the difference between 1.5 pcf (24 kg/m3) and 4 pcf (64 kg/m3)
should be made based on requirements for improved mechanical properties.

Solid Metal Liner
A sheet metal liner that fits inside an ATU and isolates fiberglass insula-

tion material from the airstream is typically available for single-duct ATUs.
The liner provides a virtually indestructible nonporous duct surface that
cannot dry out, rip, tear, or break off in the airstream no matter how long the
air terminal operates in the system. The solid metal liner is an effective
vapor barrier, preventing moisture from penetrating into the insulation.

Metal liners provide some noise reduction, but the discharge noise lev-
els will be greater than the data cataloged for air terminals with standard
insulation. For example, a fan-powered ATU with a solid metal liner can
have radiated sound power levels of 8 to 12 dB greater than the levels
obtained from the same ATU with mat faced fiberglass insulation.

A metal liner may be specified in critical applications such as in health
care facilities. A metal liner should not be considered if the application
involves installation areas where higher noise levels are not acceptable.

Closed-Cell Foam Insulation
In response to concerns about metal liners, most ATU manufacturers

have added an option for a closed-cell insulation into their product offerings.
Closed-cell insulations have acoustical properties slightly less than those of
mat-faced fiberglass insulation, as well as R-values that compare to those of
mat-faced fiberglass.

Table 6.2   Standard Mat Faced 1 in. (25.4 mm) Fiberglass Insulation
(Table 1, John 2010)

Insulation Density Typical R-Value (RSI) Typical Thermal Conductivity 
k-Value

1.5 pcf (24 kg/m3) 4.2 (h·ft2·°F)/Btu
(0.74 m2·K/W)

0.24 Btu/(h·ft2·°F)
(1.36 W/m2·K)

4 pcf (64 kg/m3) 4.3 (h·ft2·°F)/Btu
(0.76 m2·K/W)

0.23 Btu/(h·ft2·°F)
(1.31 W/m2·K)
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Some specifications may require a closed-cell foam that meets UL 94,
Standard for Tests for Flammability of Plastic Materials for Parts in
Devices and Appliances, testing (UL 2013a). UL 94 is a small Bunsen
burner test for plastics. ASTM E84 (ASTM 2017) (or UL 723 [UL 2008] or
NFPA 255 [NFPA 2006]) is the industry standard test method for evaluating
the surface burning characteristics of exposed insulation in a building or in
ductwork and is a proper reference, as opposed to UL 94.

An exception to this is that ASTM E84 specifically states that it might
not be appropriate for materials that melt away from the flame in the test.
This can be the case with some closed-cell foam materials, and the specifier
might want to consider including UL 94 in addition to ASTM E84.

The smooth outer surface of a closed-cell insulation is easy to clean and
resists mold and mildew growth. Closed-cell insulation is an alternative to
metal liner, providing superior sound absorption, thermal properties, and
cleanability, and it may be a lower-cost alternative to consider.

Insulation Properties 
Density of Fiberglass Insulation 

The density of insulation for ATUs is typically specified as either 1.5 or
4 pcf (24 or 64 kg/m3). Using the 1.5 pcf (24 kg/m3) as an example, 1 ft3

(0.028 m3) of the insulation material weighs 1.5 lb (0.68 kg).
As shown in Table 6.2, little difference exists in the thermal perfor-

mance of the 1.5 pcf (24 kg/m3) density insulation compared to that of the 4
pcf (64 kg/m3) insulation. These values are typical of insulation provided in
our industry. In most terminal unit applications, the 1.5 pcf (24 kg/m3) den-
sity insulation offers a more cost-efficient product, with little sacrifice of
thermal performance.

Insulation Thickness
Unlike the density comparison made previously, the thickness of the

insulation will have a significant effect on the thermal resistance (perfor-
mance) and associated energy loss of the insulated ATU. Insulation that is
1 in. (25.4 mm) thick will have twice the thermal resistance, compared to
insulation that is 0.5 in. (12.7 mm) thick. Typical thermal resistance of
fiberglass insulation is shown in Table 6.3.

Acoustical Performance
The acoustical performance of the various insulation materials depends

upon their composition, porosity, density, and thicknesses. The acoustical
performance between like types of insulation with varying densities will
vary only slightly. The thickness of like types of insulation will have greater
impact on acoustical performance. The difference is much greater when
comparing acoustical characteristics of different types of insulation. For
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example, fiberglass insulation will generally have the highest absorption
characteristic, followed by closed-cell foam. Insulation covered by a metal
liner will offer the lowest sound absorption for ATUs.

The acoustical performance of insulation is important to evaluate when
selecting ATUs, especially in sound-critical environments.

Standards
Typically, the specifications for the insulation used in ATUs are cited

based on codes and regulations required for a project by the consulting
engineer. The standards referred to can be based on requirements set by
codes such as the International Building Code® (ICC 2018a) or other state
or local codes. Also, Section 5.4 of ANSI/ASHRAE Standard 62.1, Ventila-
tion for Acceptable Indoor Air Quality (2016c), includes requirements for
airstream surfaces that would apply to insulation used in ATUs.

The standards included in a specification set the expectations for a
product by the engineer. Standards commonly referred to for ATU insula-
tion include:

• ASTM C1071, Standard Specification for Fibrous Glass Duct Lin-
ing Insulation (Thermal and Sound Absorbing Material) (ASTM
2016);

• UL l8l, Standard for Factory-Made Air Ducts and Air Connectors
(UL 2013b);

• UL 723, Standard for Test for Surface Burning Characteristics of
Building Materials (UL 2008); and

• NFPA 90A, Standard for the Installation of Air-Conditioning and
Ventilating Systems (NFPA 2018a).

The following subsections describe these four standards. Other stan-
dards may be required for a particular project.

Table 6.3   Typical Thermal Performance Comparison for Fiberglass Insulation, 
1.5 pcf (24 kg/m3)

(Table 2, John 2010)

Insulation Thickness Typical R-Value (RSI)

0.5 in. (12.7 mm) 2.1 (h·ft2·°F)/Btu
(0.37 m2·K/W)

0.75 in. (19.05 mm) 3.2 (h·ft2·°F)/Btu
(0.56 m2·K/W)

1 in. (25.4 mm) 4.2 (h·ft2·°F)/Btu
(0.74 m2·K/W)
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ASTM C1071

This standard was developed by a collaboration of ASTM and the insu-
lation industry to address the diversity of manufacturing processes and air-
stream surface treatments. Because of the differences in duct liner
manufacturing processes, density is not the only insulation characteristic
that determines performance. ASTM Cl07l gives the engineer the ability to
specify acoustical performance, thermal performance, and other key duct
liner parameters, as shown in Table 6.4.

UL 181

UL 181 (UL 2013b) is a method of testing that applies to materials for
the fabrication of air duct and air connector systems for use in accordance
with International Mechanical Code®, International Residential Code®,
Uniform Mechanical Code®, NFPA 90A, and NFPA 90B (ICC 2018b,
2018c; IAPMO 2018; NFPA 2018a, 2018b).

UL 181 comprises tests to evaluate the performance of factory-made air
ducts and air connectors. Each of the tests included within UL 181 has per-
formance criteria that these products must meet. However, not all tests
within UL 181 apply to the insulation used in ATUs. Examples of UL 181
tests that do not apply to air terminal insulation include static load, impact,
bending, tension, torsion, and leakage.

It is suggested that UL 181’s Mold Growth and Humidity Test, as well
as the Erosion Test, be included in the ATU insulation specification based
on ASHRAE Standard 62.1 requirements in Sections 5.4.1 and 5.4.2
(2016c).

All the tests included in UL 181 are listed in Table 4.1 in that standard.

Table 6.4   Insulation Characteristics Included in ASTM C1071
(JM 2008)

Acoustics ASTM C1071
Thermal conductivity ASTM C518

Temperature resistance ASTM C411
Corrosiveness ASTM C665

Surface burning characteristics ASTM E84
Fungi resistance ASTM C1338

Fiber erosion resistance ASTM C1071
Odor emissions ASTM C1304

Moisture vapor sorption ASTM C1104
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UL 723
UL 723, Standard for Test for Surface Burning Characteristics of

Building Materials (UL 2008), is essentially the same test as ASTM E84
and NFPA 255 (ASTM 2017; NFPA 2006). This method of test for surface
burning characteristics of building materials is applicable to any type of
building material that, by its own structural quality or the manner in which
it is applied, is capable of supporting itself in position or being supported in
the test furnace to a thickness comparable to its intended use.

NFPA 90A 
NFPA 90A (NFPA 2018a) is commonly referred to in specifications for

ATUs. The standard, developed and maintained by the National Fire Protec-
tion Association (NFPA), covers a range of products used in HVAC sys-
tems, including the insulation installed in ATUs. This standard sets the
requirements for the flame and smoke spread allowable from the insulation
installed in ATUs.

When specifying NFPA 90A, engineers should be aware that insulation
applied to ATUs is actually exempted from this standard (see NFPA 90A,
Section 2.2.4.2) as long as the air terminal was tested and listed in accor-
dance with UL 1995, Heating and Cooling Equipment (UL 2015). Specify-
ing that the ATU be tested and listed in accordance with UL 1995 may be
considered rather than specifying NFPA 90A.

FILTERS
Designers should consider filter requirements for both the construction

phase and the occupied phase of a project. During construction, filters
should be used because systems are often started to heat or cool a space and
filters are necessary to keep construction dust, such as gypsum wallboard
dust, out of the duct system. If the system is run without filters in place,
such dust can ruin the blower and motor.

Prior to allowing the units to be started, inlet and outlet connections of
ATUs should be sealed until ductwork is connected. Construction filters
should later be removed and replaced with new filters during the balancing/
commissioning process. Just prior to occupation, the filters should be per-
manently removed. In most applications, filters for fan-powered ATUs are
not required during normal use; consequently, operating units with filters in
place after construction is not recommended. All terminal units, including
fan-powered ATUs, are designed for zero maintenance because, unlike air
handlers, ATUs typically are located above tenant spaces in finished ceil-
ings. Regularly accessing ATUs to change filters can be time-consuming
and difficult and may result in ceiling damage. However, manufacturers
commonly offer an option for a filter and filter rack that is attached to the
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induced air inlet to the terminal to protect the ATU from dust and debris
during the construction process. If required by the engineer or the building
occupant, the rack can be used for a filter.

INSTALLATION CONSIDERATIONS
Installation of HVAC systems and their respective system components

is a critical part of the building construction process. Improper installation
can cause poor equipment performance, resulting in unacceptable comfort
and safety for the occupants of the building. The subsections that follow,
along with the sidebar on temporary operation of equipment during con-
struction, highlight some of the issues that should be considered by the
engineer and contractors during the construction process.

Inlet Conditions
A duct’s type and approach may adversely impact pressure drop and

control accuracy. Typical poor conditions that can cause unwanted turbu-
lence are shown in Figure 6.6. While good design practice should always
prevail, multipoint sensors may not compensate for poor inlet duct connec-
tions. Typically, manufacturers recommend that sensors be located in non-
turbulent regions—best case scenario is in a straight duct inlet connection
the same size as the inlet with a minimum length of three duct diameters.

To work with nominal ductwork dimensions, terminal collars are
always undersized. With these collars, an inlet duct is slipped over the ter-
minal inlet collar and then fastened and sealed per the job specifications.
Inserting a duct inside the inlet collar must be avoided, because doing so
adversely affects control calibration.

Figure 6.6   Typical Poor Inlet Conditions
(Courtesy of Nailor Industries, Inc.)
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Note: the following recommendations for avoiding using a per-
manent HVAC system for temporary heating and cooling are
reprinted from Temporary Uses (Early Start-Up) of HVAC Systems
In Building Construction Projects—The Realities and Risks of Using
Permanent HVAC Systems (SMACNA n.d.) with permission from the
Sheet Metal and Air Conditioning Contractors’ National Association
(SMACNA).

Owners contemplating the use of temporary heat should under-
stand the short- and long-term risks of using the permanent HVAC
system for temporary heat. Permanent HVAC systems are specifi-
cally designed to provide comfortable, clean air conditioning for a
tightly enclosed, soundly constructed building and not buildings
under construction.

With rare exception, it is not in the best interest of the building’s
owner to operate the permanent HVAC system for temporary heating
or cooling purposes during construction. Equipment specifically
designed to provide temporary heat is available, both for rental and
purchase, and should be used to meet temporary construction
requirements.

The risks to the building’s owner when using the permanent
HVAC system for temporary heat include the following:

1. Misuse of permanent HVAC systems to heat out (bake out)
open areas under construction because such operations
exceed design specifications. The filter systems—even with
the addition of construction filters or prefilters—are also
incapable of providing the dust-holding capacity required to
protect the permanent HVAC equipment and duct system.
Construction filters cannot sufficiently protect the permanent
HVAC system from excessive amounts of construction dust,
particularly the most common source, dust created from
gypsum wallboard sanding.

2. Use of the permanent HVAC system in an attempt to dry wet
surfaces, such as drying recently poured concrete floors to
permit or expedite the installation of carpet or wooden floors.
Permanent HVAC systems are not designed or constructed to
perform in such a manner. Indeed, such activities may result
in subsequent indoor air quality (IAQ) problems associated
with mold and other related airborne contaminants.

3. Initiation of the HVAC equipment warranty period when the
equipment is started. Early start-up of the permanent HVAC
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system for temporary heating, cooling, dehumidification, or
other reasons may also void the warranty on that system’s
equipment.

4. Early start-up of the permanently installed HVAC system
will result in reduced equipment life, operating efficiencies,
and potential equipment damage. Understand, for example
that
• motors typically used in HVAC applications have open

windings, and the accumulation of construction dust
raises the operating temperature and leaches oil away
from bearings, and

• coils are manufactured under very clean conditions but
have by design residual oil on the heat exchanger sur-
faces, which causes dust not captured by filters to tightly
adhere to the surface. This reduces the efficiency of the
energy exchange, especially when cooling coils condense
moisture, causing certain types of dust (from gypsum
wallboard and plaster) to harden.

5. The potential of increased tenant complaints and claims.
Dust and particulates in HVAC ductwork are increased expo-
nentially when the permanently installed HVAC system is
used for temporary heating, cooling, or dehumidification
during the construction process. In such circumstances, the
stage is set for potential mold-related conditions and conse-
quent tenant complaints.

6. Total energy costs will generally be higher than the cost to
use temporary heating, cooling, and dehumidification equip-
ment readily available in the marketplace. For a permanent
HVAC system to have any beneficial effect in heating or
cooling a construction site it requires continuous operation
at maximum capacity. In contrast, temporary heating and
moisture-removal equipment use energy directed to exactly
where it is needed, and the total energy costs are usually
less.

Field reports and years of industry experience with the detrimen-
tal effects of the misuse of permanent HVAC systems when used for
temporary activities or tasks during construction should compel own-
ers and their agents to make a more informed decision.

A well-informed owner will choose the less risky path of using the
proper temporary equipment to condition projects under construction.



124 ASHRAE Design Guide for Air Terminal Units

Elbows and Flex Duct
When job site conditions are such that straight duct at the inlet is not

possible, engineers must understand that elbows and odd inlet conditions
will cause errors at the inlet velocity pressure sensor. Elbows of any angle
will cause the air to hug the outer radius of the duct, which in turn causes
the airflow to be inconsistent across the face of the inlet, missing some or
maybe all of the pickup points in the sensor. Small inconsistencies can be
handled with averaging sensors, but in all cases, the balancing contractor
should be wary and verify sensor measurements. K or F factors in the local
controller should be adjusted to ensure that the controller transducer is cor-
recting the sensor reading to the actual airflow.

Using flex duct as a runout duct from the main duct to the terminal unit
is a common practice. The flex duct is nearly transparent to the sound waves
inside the duct, allowing sound energy to escape the duct. This process may
reduce radiated and discharge sound passed to the occupied space through
the terminal unit.

In addition to the sound problems caused with flex duct, connecting
flex duct can also cause performance issues. Using flex duct pieces longer
than that required will cause excessive pressure drop and sound generation
(see Figure 6.7), so the duct should be cut to fit the space fully extended.
When making turns with flex duct, care should be taken to keep the radius
of the bend large enough to not allow the duct on the inside radius to bunch
up, as this adds to pressure drop and increased sound (see Figure 6.8). It
also artificially restricts the inlet, increasing air velocity through the avail-
able opening and causing incorrect airflow measurements.

Allowing the flex duct runout to sag in the middle of the run will artifi-
cially restrict the inlet (see Figure 6.9). This may result in irregular airflows
at the inlet and cause incorrect airflow measurements.

Figure 6.7   Nonstretched Flex Duct
(Courtesy of Nailor Industries, Inc.)
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Using a length of flex duct shorter than required to connect to the ATU
inlet and overstretching the bend at the inlet of the ATU causes incorrect air-
flow measurements (see Figure 6.10).

Figure 6.8   Poor Flex Elbow
(Courtesy of Nailor Industries, Inc.)

Figure 6.9   Sagging Flex Duct
(Courtesy of Nailor Industries, Inc.)

Figure 6.10   Overstretched Bend at Inlet
(Courtesy of Nailor Industries, Inc.)
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Maximum and Minimum Inlet Velocities
The inlet sensor is designed to provide a velocity pressure to the trans-

ducer on the local controller. For the sensor to work properly, it must have a
near even airflow across the entire face of the inlet. Irregularities in the inlet
or the runout duct that cause uneven or restricted airflow across the face of
the inlet may cause erroneous measurements. The controller relies on the
inlet sensor for accurate measurements to be able to reset the airflow at the
demanded airflow between maximum and minimum set points. The maxi-
mum setting is important because that is the airflow at the design tempera-
ture that is determined to handle the maximum cooling or heating load of
the space. The minimum setting is the minimum airflow that has been deter-
mined to ensure the proper amount of ventilation air into the space.

No Reducer on Air Terminal Unit Inlet
Never use a terminal unit with an inlet that is larger than the runout

duct. The smaller duct will deliver air into the inlet across a reduced face
area, causing the inlet sensor to deliver erroneous values to the transducer.
Runout ducts larger than the inlets may be used, but a reducer located at
least two equivalent diameters upstream of the inlet should be used in these
cases. Reducers mounted directly onto the inlet collar can distort airflow
readings.

Discharge Duct Conditions
Poor discharge duct connections may adversely affect sound, pressure

drop, and mixing. To avoid poor discharge conditions, engineers should
ensure that flex duct runs are as straight as possible and that inlet conditions
to the diffusers are straight, and they should avoid long runs of flex duct as
well as the installation of elbows, offsets, tees, and transitions near the unit
outlet.

Mixing
Some parallel VAV fan-powered terminal units and dual-duct units with

poor mixing performance may discharge air with uneven temperatures. If
the air is stratified such that one side is cold and the other warm, a tee at the
discharge will split the airstream and eliminate any possibility for mixing in
the discharge duct.

Tees and Elbows at the Discharge
Tees and elbows at the discharge of the terminal unit provide a flat sur-

face that the air can strike and bounce backwards toward the ATU. This
increases discharge air pressure and noise. To reduce the effects on dis-
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charge air pressure and noise, tees and elbows should be mounted at least
two equivalent diameters downstream of the terminal unit.

Reducers and Offsets at the Discharge
Reducers and offsets mounted at the discharge of the terminal unit cre-

ate pressure drops and irregular surfaces that may create unwanted turbu-
lence. This increases discharge air pressure and noise. To reduce the effects
on discharge air pressure and noise, reducers and offsets should be mounted
at least two equivalent diameters downstream of the terminal unit.

Taps
Avoid locating taps directly at the air terminal discharge. Velocity is

extremely uneven at this location as it exits the ATU. There may be areas of
high velocity, low velocity, and reverse flows. In some situations, air can
actually be pulled into the duct from the space. To avoid these problems,
taps should be located at least two equivalent diameters downstream of the
terminal unit.

Attenuators
ATU manufacturers offer different types of attenuators. The most com-

mon is a lined duct that may or may not be used as a multiple-outlet plenum.
These attenuators work the same way internally lined duct works. Liners
inside these attenuators must be rated for low flame and smoke generation
per NFPA 90A (NFPA 2018a). The best liner for adherence to NFPA 90A
and for sound attenuation is fiberglass. If there are concerns about fibers
being entrained into the airstream, a perforated inner liner can be added.
Foil-backed duct board will not attenuate quite as well as the liner, but it is
also a good choice for NFPA 90A conformance and attenuation. The foil
must be turned to the inner side of the duct in the airstream and must have
embedded scrim. Erosion due to the airflow in the duct will eventually dam-
age the foil, exposing the fiberglass if there is no scrim in the foil liner.
Another popular liner is closed-cell foam. There are different types of
closed-cell foam, but they perform about the same, attenuating almost as
well as the foil-backed fiberglass. Fire spread, smoke generation, and
related odors should be evaluated carefully.

Some manufacturers also offer dissipative silencers as discharge attenu-
ators. Care should be taken to evaluate silencers that are not factory sup-
plied and mounted to the terminal unit. The baffles in the silencers will
generate some sound when air passes into and though the silencer; this is
considered self-generated sound. When evaluating silencers, attenuation
must be offset with the self-generated sound to arrive at a net number for
attenuation; however, there will be even more self-generated sound than cat-
aloged by silencer manufacturers if the silencer is close-coupled to the ter-
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minal unit, an elbow, a reducer, or some other duct fitting that causes
irregular airflow at the inlet of the silencer. These self-generated sound lev-
els are application specific and cannot be cataloged. Terminal unit manufac-
turers should provide a net attenuation value for close-coupled attenuators
so that the designer knows exactly how much attenuation to expect when
requiring silencers in a duct system with ATUs.

Attaching dissipative silencers to the discharge of fan-powered ATUs
should be avoided. The additional static pressure applied to the fan will
cause an increase in fan speed to achieve the same airflow as that achieved
without the silencer. Increasing fan speed increases fan noise. It is likely
that the increase in fan noise will be greater than the attenuation ability of
the silencer, especially since the airflow directly out of the discharge of the
fan-powered terminal unit is not evenly distributed across the entire face
area of the inlet to the attenuator, which in turn also creates self-generated
noise in the silencer.

HEAT SELECTION INTRODUCTION
The issues discussed in this section provide guidelines for designing the

heating components of ATUs. Selecting the proper type of heating device is
usually controlled by the available power source: electric, water, or steam.
Heater design is critical to ventilation and comfort control in buildings. The
subsections that follow highlight some of the issues that should be consid-
ered by the designer when selecting ATU heating devices.

Design Conditions—Indoor and Outdoor 
When selecting heat for an ATU, it is important to understand the fol-

lowing design requirements:
• Exterior zone

• Area of exterior glass
• U-factor of exterior surface
• Thermal broken mullions
• Low emissivity (low-e) of glass
• Infiltration of exterior zone
• Humidity (entrance)
• Ceiling heights

• Interior zone
• Ventilation requirement versus cooling load

Avoiding Excessive Air Temperature Rise
Terminals that have hot-water or electric heating coils should be

designed with the goal of satisfying load conditions, but designers also need
to pay attention to the temperature differential between the ambient tem-
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perature and the entering room air. Chapter 57 of ASHRAE Handbook—
HVAC Applications (ASHRAE 2015) recommends a maximum temperature
difference of 15°F (8.3°C) to avoid possible stratification when heating
from overhead caused by the excessive buoyancy of the warm air. Designers
should evaluate the heating airflow and discharge air temperature to ensure
that they deliver the required heat to the space but avoid exceeding the max-
imum discharge air temperature required to maintain comfort within a space
per ASHRAE Standard 62.1 and ASHRAE Standard 55 (ASHRAE 2016c,
2017a). This ensures good room mixing and temperature equalization.
Exceeding a T of 15°F (8.3°C) requires an increase of 25% in the ventila-
tion air per ASHRAE Standard 62.1. The absolute maximum discharge air
temperature is 120°F (49°C). Although this temperature will probably keep
the equipment on line, it will not provide comfortable temperatures in the
space.

Two common heat sources are typically specified: hot water and electric
heat. System performance with all types of VAV terminal units is the same
regardless of the heat source. Each type of heater can be modulated or ON/
OFF. The electric heater can also be staged. Steam is sometimes used with
VAV terminal units, but extreme care should be taken to ensure pressure
limits in the steam coil. All manufacturer catalog data on heating and air-
flow data are shown in standard air; adjustments are necessary at altitudes
above about 1800 ft (549 m).

Hot-Water Coils 
Hot-water coils are an effective method of providing heat to a zone.

Most hot-water heaters are composed of a number of copper tubes with alu-
minum fins that provide the heat exchange between the hot water being cir-
culated and the supply air. The coil should be installed so that the intake of
the coil is at the bottom and the water discharge is located at the top. This is
to allow air to vent out of the coil when it is filled.

The hot-water coil can be provided with a two-way or three-way valve.
Valves can be two-position (ON/OFF) or modulating. Three-way valves can
be used to bypass water into the return line at the end of a riser or loop.

Selection of Hot-Water Heating Coils
The basic equations for selecting hot-water coils are included here. It is

important to recognize that there is a heat balance in the coil. Air-side
capacity equals waterside capacity.

The information needed to select a heating coil follows.
Air-side capacity:

(I-P) (6.8)MBH CFM LAT EAT– 
921

-----------------------------------------------------=
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(SI) (6.8)

where
MBH = heat capacity, MBH or Btu/h (1000 Btu/h = 1 MBH)
kW = heat capacity, kWh
CFM = airflow, cfm
L/s = airflow, L/s
LAT = leaving air temperature, °F (°C)
EAT = entering air temperature, °F (°C)

Waterside capacity:

(I-P) (6.9)

(SI) (6.9)

where
MBH = heat capacity, MBH or Btu/h (1000 Btu/h = 1 MBH)
kW = heat capacity, kWh
GPM = water flow, gpm
L/s = water flow, L/s
EWT = entering water temperature, °F (°C)
LWT = leaving water temperature, °F (°C)

However, Equations 6.7 and 6.8 are for ideal conditions and do not
include the actual performance of a coil. Coils have losses and efficiencies
that are not included in these equations. Performance also varies based on
the viscosity, density, and specific heat of the fluids. Ethylene and propyl-
ene glycol are commonly used to lower freezing levels below that of water.
However, this changes the heat transfer characteristics of the liquid in the
coil. Additionally, the altitude of the project being designed may signifi-
cantly change the density of the air going through the coil. Correction fac-
tors for both fluids should be used when selecting the coils. The air density
also affects electric heaters.

When selecting a hot-water heating coil, there are two parameters that
can be used to size the coil in addition to the given parameters for the entire

kW m3/s LAT EAT– 
827

-----------------------------------------------------=

MBH GPM EWT LWT– 
204

--------------------------------------------------------=

kW L/s EWT LWT– 
0.243

---------------------------------------------------=
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project: entering air temperature (EAT) and entering water temperature
(EWT). Another project standard may be the number of rows.

The coil should be selected based on the project standard and one of
these two ATU-specific parameters:

• MBH (kW) requirements
• Leaving air temperature (LAT)

Note that the temperature difference between the room air and the LAT
should be 15°F (8.3°C) or less according to Chapter 57 of ASHRAE Hand-
book—HVAC Applications and ASHRAE Standard 62.1 (ASHRAE 2015,
2016c).

Schedules that include more than the parameters above are confusing
and limiting and will result in poor selections that do not meet the engi-
neer’s intent. For reference, a poor schedule is shown in Figure 6.11.

Using the above two parameters for selections, the resulting capacity
and water flow can be calculated for each manufacturer. Using Equations
6.8 and 6.9, a different answer will be obtained for each manufacturer
because of differences in coil construction and the computer software used
for the selection, but the resulting performance will meet the requirement
for the project.

Figure 6.11   Sample Poor Engineering Schedule
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Hot-Water Coil Performance with Low Entering Water

The critical water velocity occurs in the internal circuit tubes of a coil.
The standard circuit tubes used in our industry measure 0.50 in. (12.7 mm)
outside diameter (OD) with 0.016 in. (0.406 mm) tube walls. The number of
circuits in a small coil may be equal to the number of coil rows, but in larger
coils additional circuits are required to reduce water pressure losses.

All coil selection programs assume turbulent water through coil circuit
tubes. Turbulent flow is necessary to maximize heat transfer. When water
moves slowly, flow can become laminar. Under laminar flow conditions,
mixing in the fluid stream is reduced and water in the center of the stream
does not transfer as much heat to the tube walls. This greatly reduces the
amount of heat transfer. It is also very difficult to predict the actual heat
transfer under these conditions because slow-moving fluids are easily influ-
enced by minor differences such as the smoothness of the tube walls.

The heat transfer of a coil rapidly deteriorates when circuit tube veloci-
ties drop below 0.80–0.82 fps (0.244–0.250 m/s). Although most selection
software provides results below recommended minimum velocities, the out-
put page prints with a disclaimer stating that such velocities fall outside the
scope of the AHRI coil certification program (AHRI 2001).

AHRI Standard 410

In order for all terminal unit manufacturers to provide reliable water-
coil performance data, coils should be rated in accordance with AHRI Stan-
dard 410, Forced-Circulation Air-Cooling and Air-Heating Coils (AHRI
2001). Table 1 of this standard establishes the range of standard ratings. The
range for circuit tube velocities on water coils is from 0.50 to 8.00 fps
(0.152 to 2.44 m/s), with the additional requirement that the Reynolds num-
ber (Re) must exceed 3100 for the temperature of the water supplied.
Although turbulent flow for water in a pipe is generally accepted to be Re >
4000, slightly lower values indicate transitional flow that does not meet the
laminar requirement for Re < 2300 (AHRI 2001).

AHRI Standard 410 goes on to say that the predicted performance and
actual performance of coils operating below this value are “expected to
show variations in excess of currently accepted tolerances for the following
reasons:

• Application of coils at low velocities can lead to excessive fouling.

• Application of coils at low velocities can lead to possible air
entrapment.

• Differences in coil design/type affect the variation in low Re heat
transfer coefficient.” (AHRI 2001, p. 3)
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Electric Heat
Another option designers can select is electric heat. Hot-water coils are

commonly used in the colder northern regions. Although typically more
expensive to operate, electric heat is more common in the southern, warmer
regions where heating is only provided for a short period each year. Electric
heat is typically used to temper supply air in regions with low heat loads. An
advantage of electric heat is its minimum pressure drop compared to a hot-
water heating coil.

The following criteria need to be evaluated for electric heat selection:
• Required duty or capacity based on the limitations of the other

components
• Temperature and air density (based on the altitude of the final site)

of the supply air entering the coil and the desired supply tempera-
ture

There is a practical upper limit for the discharge air temperature. Most
design guides recommend that supply air temperatures do not exceed 120°F
(49°C), with 95°F (32°C) being the recommended discharge air tempera-
ture. This is to prevent thermal stratification in overhead air applications.
Should the electric heater discharge temperature exceed 120°F (49°C), the
thermal limits may start to trip, as most are selected to cut off power around
120°F (49°C) for comfort heating.

Designing duct heaters for industrial applications where the discharge
air temperatures may exceed 120°F (49°C) requires industrial heater
designs. It may be necessary to use sheathed coils to prevent oxidation of
the elements at the higher coil surface temperatures, and different thermal
limits are required. Element and equipment lifetimes will be affected.

Space Considerations
A common issue with ATUs with line voltage control boxes is the

requirement of 36 or 42 in. (0.91 or 1.07 m) clearance in front of the power
enclosure. This clearance is a UL requirement to help prevent shocks by
providing a jumpback clearance at the high-voltage controls enclosure. Air
volume, air speed, air distribution, and airflow limitations all affect the
operating temperatures of the equipment in abnormal conditions. Each man-
ufacturer has a required minimum airflow that must be maintained in the
heating condition to provide safety. This is usually expressed as cubic feet
per minute per kilowatt (cubic metres per second per kilowatt).

Different manufacturers have different footprints, different locations for
electrical and water connections, and different inlet locations. Characteris-
tics of the individual designs of each manufacturer should be reviewed for
available space in a ceiling plenum.
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Solid-State Relays
Solid-state switches typically fail with the electric heater 100% on,

negating the ability of a safety circuit to prevent over heating. Consequently,
when silicon-controlled rectifiers (SCRs) or solid-state relays (SSRs) are
used for controlling electric heat, a backup disconnecting relay must be
installed in the safety circuit of the heater.

Electric Heater Coil Selection
First, determine the heat energy required to maintain the thermal condi-

tions in the occupied zone from the load calculation. Second, determine the
electric heater discharge temperature or airflow. There are two methods to
determine the airflow: the airflow calculation method and the discharge air
temperature method.

The airflow calculation method uses 15°F (8.3°C) for the difference
between the heater supply air temperature and the room air temperature to
avoid stratification and increase comfort levels in the space, as outlined in
the ventilation effectiveness section of ASHRAE Standard 62.1 (ASHRAE
2016c):

(I-P) (6.10)

(SI) (6.10)

where
Q = supply air volume, cfm (m3/s)
q = room load, Btu/h
T = discharge heater air temperature – room set point temperature

(T should be no more than 15°F [8.3°C]), °F (°C)
Cp = specific heat of air, 1.006 kJ/kg·°C
P = density of air, 1.202 kg/m2

h = sensible heat, kW

The discharge air temperature method is used to solve for discharge air
temperature with a known airflow. Sometimes there is a required airflow for
air change rate or space pressurization. With this value, Equation 6.10 can
be used to solve for the required discharge air temperature from the electric
heater:

(I-P) (6.11)

(SI) (6.11)

Q q 1.085 T =

Q
CpPT

h
-----------------=

DAT q 1.085 Q  RAT+=

DAT q 827 Q  RAT+=
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where
DAT = discharge heater air temperature, °F (°C)
q = room load, Btu/h (kWh)
Q = supply air volume, cfm (m3/s)
RAT = room air temperature, °F (°C)

To size the electric heater, once the discharge air temperature from the
electric heater and airflow are known, the heat load produced by the electric
heater can be calculated:

(I-P) (6.12)

(SI) (6.12)

where
Q = supply air volume, cfm (m3/s)
q = design heat loss in the occupied space, Btu/h (kW)
T = discharge air temperature off the electric heater – entering air

temperature into the coil

It is important to correctly determine the EAT into the electric heater.
For example, a single ATU may discharge 55°F (12.8°C) into the electric
heater. Depending on the type of fan-powered ATU, the air temperature will
vary.

Single-Duct Air Terminal Units 
Heating equipment applied to single-duct terminal units is always

reheat unless the system is in economizer mode. System performance with
single-duct terminal units is the same regardless of the heat source. Each
type of heater can be modulated or ON/OFF. The electric heater can also be
staged.

Because of energy consumption concerns, use of reheat is governed by
many local and state codes. Designers should refer to the codes referencing
building type and use when determining the use of reheat in a design.

Strategies for Single-Duct Air Terminal Units with Reheat
There are several strategies for heating with single-duct ATUs:

• In systems with central cooling and local heating, which require
simultaneous heating and cooling, the supply air to a single-duct
ATU is typically 55°F (12.8°C). A hot-water coil is placed on the
discharge of the ATU and raises the air temperature to provide heat
to the space. In most cases the flow through the ATU goes to a
minimum heating airflow set point. The heating airflow set point

Q 1.085q T=

Q 827q T=
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may be higher than the required ventilation airflow. ASHRAE/IES
Standard 90.1 (ASHRAE 2016a) allows a dual minimum set point
for this purpose that allows the discharge air temperature to be as
much as 20°F (12.8°C) as the air volume modulates to the
increased heating minimum. Designers should make sure the min-
imum does not go below the ventilation requirements for the
space.

• To use a ventilation effectiveness of 1.0 from Table 6.2.2.2 of
ASHRAE Standard 62.1 (ASHRAE 2016c), a maximum of 15°F
(8.3°C) T or less is required between the discharge air tempera-
ture and the space temperature in overhead heating applications
with overhead returns. This seems to contradict the 20°F (11.1°C)
T in Standard 90.1; however, Standard 62.1 allows the 20°F
(11.1°C) T if the outdoor air is increased by an additional 25%,
because the ventilation effectiveness drops to 0.8 if the designer
chooses to use the 20°F (11.1°C) T recommended in Standard
90.1.

• In systems with central heating and cooling (such as a rooftop
unit), the supply air to the single-duct ATU provides either cooling
or heating. When the space requires cooling, the supply air is typi-
cally 55°F (12.8°C). When the space requires heating, the supply
air temperature rises to meet the heating requirement for the space.
Typically, single-duct terminal units will not have heating coils
and the VAV damper will begin to open up as the space calls for
heat. In some cases, for critical spaces or in shoulder months, a
hot-water coil can be used to handle local heating requirements
while the system is in cooling mode. Designers should evaluate
these spaces the same as the simultaneous heating and cooling sys-
tem listed above. When outdoor air temperatures allow econo-
mizer operation, outdoor air can be distributed through the duct
system in lieu of refrigerated air. In this situation the system runs
the same as if refrigerated air was present.

Dual-Duct Air Terminal units 
Dual Duct with Reheat 

All dual-duct systems have two separate duct systems or decks. Dual-
duct systems are typically applied in buildings that require process control
(systems in which zone pressurization is paramount to comfort), such as
hospitals, cleanrooms, and laboratories. All dual-duct systems that mix the
hot and cold air are reheat systems regardless of the source of the heat. Typ-
ically one duct system is cooling and the second is either heating or neutral
air. Neutral air is typically preconditioned outdoor air. The outdoor air unit
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can supply heating and cooling. Because the neutral air is supplied by a sep-
arate air handler and includes outdoor air, zone heating can be accomplished
by this duct system with the cooling damper closed, using no mixed air at
the dual-duct terminal unit. In this application, this is not reheat. When
using separate air handlers in dual-duct systems, care must be taken to regu-
late both duct pressures to preclude backflow in the system. Heat devices at
the terminal unit are not typically used.

Because of energy consumption concerns, use of reheat is governed by
many local and state codes. Designers should refer to the codes referencing
building type and use when determining the use of reheat in a design.

Fan-Powered Air Terminal Units
Fan Powered with Supplemental Heat

Fan-powered terminal units mix plenum return air with primary air in
the dead band and heating modes. Because the amount of return air during
the dead band and heating modes can be controlled, fan-powered terminal
units can use supplemental heat, not reheat. It is important to differentiate
reheat from supplemental heat. All heating is not reheat, and the regulations
on reheat can be avoided with proper control of the fan-powered equipment.

Terminals with supplemental heat should be designed with the goal of
satisfying load conditions, but designers should also pay attention to the
temperature differential T between the ambient temperature and the enter-
ing room air temperature.

Several strategies are available for heating with fan-powered VAV ter-
minal units. When heating is required, fan-powered terminal units take
advantage of plenum heat. The units can mix the primary air at minimum
ventilation requirements with warm plenum air from the ceiling as required
by ASHRAE/IES Standard 90.1 (ASHRAE 2016a) during the heating
sequence. Doing this recaptures heat that is created in the zone and in the
plenum by occupants, lights, solar loading, and equipment such as comput-
ers, copiers, and coffee machines. Rather than losing this heat at the air han-
dler, fan-powered ATUs return this heat as free heating.

Supplemental heat can be added to the sequence if additional heating is
required, but even if this is necessary the unit still saves energy by warming
up mixed air at, for example, 72°F (22.2°C) instead of reheating primary
cooled air at 55°F (12.8°C). This saves the cost of 17°F (9.4°C) at the heat-
ing airflow. According to ASHRAE research project RP-1292, there is very
little difference in total building energy use between series and parallel units
when they are equipped with PSC motors; however, it is important to note
that ASHRAE RP-1292 recognized that there is far less heat in the return air
plenum when parallel units are used due to the casing leakage (Davis et al.
2007). Consequently, care must be taken to include the casing leakage on



138 ASHRAE Design Guide for Air Terminal Units

parallel units when calculating the amount of plenum heat available in the
return air plenum. PSC motors raise the air temperature across the motor by
1°F to 3°F (0.55°C to 1.6°C). For PSC motors, this should be included in
the heating load. ECMs do not generate enough heat in the airstream to
affect the heating loads.

Heating Coil Capacity for Fan-Powered Air Terminal Units
For heating coils, after the heating loads for the space have been calcu-

lated, the first step is to determine supply airflow to the room, then using the
supply air T to calculate the heating supply air temperature to the space by
calculation using the heat transfer equation:

(I-P) (6.13)

(SI) (6.13)

where qspace is the design heat load in the space in Btu/h (W).
The supply air temperature (SAT) is calculated as

SAT = T + Room design temperature (6.14)

The supply air temperature (SAT) to the space equals the leaving air
temperature (LAT) for the terminal unit:

SAT = qspace /(1.085 × CFM) + Room design temperature (I-P) (6.15)

SAT = qspace 827 kW × L/s + Room design temperature (SI) (6.15)

The supply air temperature should be limited to 15°F (8.3°C) above space
ambient. If the SAT is greater than 15°F (8.3°C) above space ambient,
increase the ATU heating airflow or provide a supplemental heating system.

Next, determine the entering air temperature (EAT) to the heating coil.
Use the mixed air temperature equation:

(6.16)

where
MAT = mixed air temperature, °F (°C)
T1 = plenum air temperature, °F (°C)
Q1 = plenum air quantity, cfm (m3/s)
T2 = primary air temperature, °F (°C)
Q2 = primary air quantity, cfm (m3/s)
QT = total air moved across coil, cfm (m3/s)

T qspace 1.085 cfm =

T qspace 827 kW L/s =

MATATU EATcoil T1Q1 T2Q2+  QT= =
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Once both the coil EAT and SAT are calculated, the heat transfer q for
the coil must be calculated, using the heat transfer equation:

(I-P) (6.17)

(SI) (6.17)

where
q = design heating coil capacity, Btu (W)
T = supply air temperature – entering air temperature

Capacity needs to be converted from British thermal units to kilowatts
for selection of electric heat. The required wattage and the desired number
of steps should both be checked against the manufacturer’s catalog. The
manufacturer’s capacity should also be referenced when selecting the
appropriate hot-water coil to use.

Operational Considerations
The processes discussed previously are for calculating the total heat

requirement based on the room load calculations. The majority of occupied
hours occur at part-load conditions when it may be desirable to modulate
the airflow through the terminal unit as well as the heat output to maintain
an acceptable discharge air temperature. This can be done with modulating
valves on coils or SCRs on electric heaters. Staging the electric heaters can
create similar results at a lower equipment cost. Modulating the heat causes
the heaters to run longer, but at lower energy consumption. This can make
the room more comfortable without increasing energy costs.

Because the motor in parallel fan-powered ATUs only runs in dead-
band and heating modes, any heat generated by the motor is delivered to the
occupied space. Consequently, the motor energy does not significantly
affect the total energy consumed by the parallel unit. Because of this, using
more efficient motors will not measurably improve the unit’s energy con-
sumption.

CLIMATE
Climate is an important consideration when selecting ATU types. Trop-

ical locations that may need heating for only a few days during the year
might use a single-duct ATU with reheat. More northern climates, which
require heat during the winter months, might work better with fan-powered
terminal units that are capable of using reclaimed plenum heat and addi-
tional supplemental heat. Most decisions on what type of air terminal to
select and what type of heat to use should be based on climate conditions,
which can be found in the weather data for the location of the project in

q 1.085 cfm T=

q 1.23 L/s T=
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Chapter 14 of ASHRAE Handbook—Fundamentals (ASHRAE 2017b).
Weather data can also be found in ANSI/ASHRAE Standard 169, Climatic
Data for Building Design Standards (ASHRAE 2013b), along with climate
zone maps.

Utility Rates
A careful evaluation of run times and electrical rates may be helpful

when selecting the heat source for a building. Utility rates can be easily
found on the Internet (for electrical rates by state, visit the U.S. Energy
Information Administration [EIA] State Electricity Profiles website at
www.eia.gov/electricity/state/). In mid-2014, the electricity rates ranged
from $0.34 per kWh in Hawaii to $0.0719 per kWh in Wyoming. For more
information on the selection of ATUs based on energy factors, see
Chapter 8.

ELEVATION
All air-side performance for ATUs is referenced to standard air. The

term standard air was developed to provide common values for airflow,
heating, and cooling measurements. Standard air is dry air with the follow-
ing properties:

• Temperature = 70°F (21.1°C)
• Pressure = 29.92 in. Hg or 14.7 lb/in.2 (101.3 kPa)
• Volume (specific volume) = 13.33 ft3/lb (0.832 m3/kg)
• Weight (specific density) = 0.75 lb/ft3 (12.0 kg/m3)

As elevation increases, pressure and temperature drop. Outdoor tem-
perature is not so important for ATUs, because they are normally located
inside the building. Typically, cooling air has a fairly constant temperature.
Heating air may create an issue in a dual-duct terminal unit. In most other
applications, the sensor reading the air velocity is in the cooling duct.

Density corrections for airflow are normally only required when the
temperature varies more than 30°F (16.7°C) from standard air at 70°F
(21.1°C) or when the altitude is greater than 2000 ft (610 m) above sea
level. A good rule of thumb is a 1% correction for each 10°F (5.5°C) above
or below 70°F (20°C) or a 2% correction for each 1000 ft (305 m) above sea
level (AABC 2016). Density correction tables can be found in Appendix B
of National Standards for Total System Balance, Seventh Edition (AABC
2016).

The equation for determining airflow with density correction (AABC
2016) is

(I-P) (6.18)CFM a Vc=
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(SI) (6.18)

where
CFM = quantity of airflow, cfm
L/s = quantity of airflow, L/s
a = area, ft2 (m2)
Vc = corrected velocity

The equation for velocity corrected to test density (AABC 2016) is

(6.19)

where
Vc = corrected velocity
Vm = measured velocity
cf = correction factor for new density (values for cf can be found in

Appendix B of National Standards for Total System Balance,
Seventh Edition [AABC 2016])

The correction factor equation (AABC 2016) is

(I-P) (6.20)

(SI) (6.20)

where
0.075 = density of standard air, lb/ft3

1.204 = density of standard air, kg/m3

d = new calculated density, lb/ft3 (kg/m3)

The equation for density is

(I-P) (6.21)

(SI) (6.21)

where
1.325 = constant
3.48 = constant
Pb = barometric pressure, in. Hg
PkPa = barometric pressure, kPa
Ta = absolute temperature (indicated dry-bulb temperature,

°F plus 460 [°C plus 273])

L/s a Vc=

Vc Vm cf=

cf 0.075 d 1 2=

cf 1.204 d 1 2=

d 1.325 Pb Ta =

d 3.48 PkPa Ta =
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AIR TERMINAL UNIT SPECIFICATIONS
The interpretation of an ATU specification by a manufacturer’s repre-

sentative is often what determines the size of the units selected, the price of
the units, and the representative awarded the project. Although an ATU is
relatively easy to select and specify, ATU specifications may be written
such that they leave the selection and pricing vague. This section discusses
ways to ensure that what the engineer specifies is in fact quoted to the con-
tractor and installed (John 2014).

A specification should include parameters that are specific and leave lit-
tle room for interpretation. A specification or schedule that leaves room for
too much interpretation can lead to equipment selection that may not com-
ply with the designer’s intent. The interpretation of the specification may be
done by someone who does not have the same level of product knowledge
as the specifying engineer and may make decisions on the selection that the
specifying engineer does not want on the project (John 2014).

Several areas usually included in an ATU specification are reviewed in
this section.

Suggestion When Developing an Air Terminal Unit Specification
It is recommended that the design engineer take the following steps

when specifying and/or scheduling an ATU:

• Schedule maximum inlet static pressure for all ATUs on the proj-
ect to obtain the manufacturers’ radiated and discharge sound lev-
els.

• Schedule maximum allowable pressure drop for the ATUs.

• State what the noise criteria (NC) should be based on. Use Adden-
dum E of the most recent edition of AHRI Standard 885 (AHRI
2008) for calculating room NC.

• Ensure the specified ATU flow range is obtainable. Between dif-
ferent manufacturers, ATU operating ranges for comparable inlet
sizes are not equivalent. Specifications should include primary air
valve maximum and minimum flows based on obtainable flows.
Because different manufacturers’ flow sensors allow different
maximum and minimum flow rates, designers should verify the
sensor and controller flow ranges included in a schedule (John
2014).

• State the insulation requirements for the ATUs on a schedule. This
is something that is commonly omitted by specifying engineers,
but doing this can make a difference in the performance and effi-
ciency of the systems chosen (John 2014).
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Schedule ATUs with Unique IDs
It is common practice for designers to develop a small schedule for

ATUs showing a selection of different-sized terminal units to be used on a
project. Within each selection in the schedule, there are usually ranges of
operation for each specific zone. Consequently, many type A units may be
on the job, and many different airflows may be associated with specific
zones. Sometimes, airflow rates for ATUs are set at the terminal unit manu-
facturer’s location before the units are shipped to the job. Sometimes it is
convenient for the terminal units to be palletized by floor for easy distribu-
tion on the job site. Providing a unique identification number for each ATU
showing at least its floor and zone allows the manufacturer and the contrac-
tor to cooperate in getting the correct terminal unit to the specified location
within the building. If the airflow data and zone location are input into the
local controllers before the ATUs are shipped to the job site, it is imperative
that these terminal units be located properly within the building so that the
building automation system (BAS) can address each terminal unit properly.
The BAS cannot know the locations of the terminal units if the addresses in
the controllers are not correct.

Specifying Pressure
The terms used for ATU pressure are defined in ASHRAE Standard 130

(ASHRAE 2016b) and AHRI Standard 880 (AHRI 2011). The following
pressure ranges and limitations are required for proper specification:

• Minimum operating pressure: “the static or total pressure drop
through a terminal at a given airflow rate with the damper/valve
placed in its full-open position by its actuator while the terminal is
operating under steady-state control” (ASHRAE 2016b, p. 3).

• Primary air: “treated supply air to a terminal unit” (ASHRAE
2016b, p. 4).

• External-static pressure loss: “for forced-air systems, the static
pressure loss resulting from airflow through the ductwork and
other elements external to the unit” (John 2014).

• Maximum allowable pressure: “maximum gage pressure permit-
ted on a completed system” (John 2014).

• Operating pressure: the pressure occurring at a reference point in
a system when the system is in operation” (John 2014).

Remember that if the terminal units require heating devices or other
appurtenances, it is important to ensure the pressure drop through the appur-
tenance is appropriately considered in the pressure drop through the ATU.
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Noise Criteria
Occupant comfort and safety are the primary requirements for design-

ing an HVAC system in a building with human occupants. Sound specifica-
tion requires an evaluation of the entire sound spectrum being generated by
the HVAC equipment.

Selecting a sound power level produced at a given capacity of a unit
requires a stated operating pressure, which may or may not be the same as
the primary inlet pressure. In single-duct, dual-duct, and parallel fan-pow-
ered ATUs, this operating pressure is the pressure required to pass through
the terminal and its downstream ductwork. In series fan-powered ATUs, this
operating pressure is the pressure needed for delivering the required pri-
mary air to the mixing chamber inside the unit. The operating pressure is
given by the design engineer. It is not the actual pressure differential at the
air terminal, but the pressure used to determine sound performance. Deter-
mining sound performance by providing the operating pressure ensures all
sound selections are based on identical criteria (John 2014).

ATU-produced sound increases as the inlet pressure increases. An ATU
selected at an operating pressure of 0.5 in. w.g. (12.4 Pa) will produce lower
sound levels compared to the same terminal at 1 in. w.g. (249 Pa). Depend-
ing on the type of unit, the discharge or radiated sound, or both, may
increase (John 2014).

An NC specification is a shortcut to set a design parameter and is antic-
ipated to be acceptable to the occupants. It may require some review of the
individual octave bands to identify pure tones or irregularities in the NC
curve. There are many things within a building and an HVAC system that
attenuate the sound generated by an ATU and in turn determine the sound
pressure in the occupied space. Every building is different; therefore, a sin-
gle set of attenuation values will not work for all buildings. In an effort to
provide a process for comparing one manufacturer’s sound power levels to
another’s using an NC curve, AHRI Standard 885 (AHRI 2008) developed
its Appendix E with a single set of attenuation values used by all manufac-
turers to catalog their respective NC values. These values are not the values
for a specific building but values that can be used to compare units from
different manufacturers. For further discussion on sound and NC, see
Chapters 4 and 7.

Minimum and Maximum Flow Rates
The amount of cool or warm air to handle space loads and maintain

comfort is a basic requirements for air terminal unit selection. Specifying
airflow rates must address the maximum amount of air to be allowed into a
given zone at maximum cooling or heating requirements. A specification
must also address the minimum levels required to maintain proper ventila-
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tion. Equipment must be selected with the ability to address the entire oper-
ating range required for the space.

Specifying Hot-Water Coils
When specifying hot-water coils, engineers should recognize that each

manufacturer has fixed coil dimensions, fin spacing, and circuiting. Conse-
quently, overspecifying coil parameters will lead to confusion and submit-
tals that perform significantly differently from the scheduled coils. The best
practice is to specify EWT and EAT for the entire project. Additionally,
designers should specify LAT for each ATU. The resulting hot-water leav-
ing temperature, LWT, and T are variables that will vary between manu-
facturers. Designers may wish to specify a minimum number of rows to
cover heating load requirements on greater-than-design days.

Insulation
Note: the text of this section and its subsections is reproduced nearly

verbatim from the ASHRAE Journal article “Specifying Insulation For Air
Terminal Units” (John 2010), except that some minor editorial changes
have been made for conformity to the style of this book.

Guidance for Specifiers
Specification of the insulation required for ATUs can be confusing, and

misinterpretation can have a major impact on such factors as the final bid
price, installed acoustical performance, and thermal performance. Consider-
ations of the following issues are recommended.

Fiberglass Insulation with a Mat Facing
Thirteen tests are included in UL 181 (UL 2013b), and many of the

tests do not apply to the insulation used in ATUs. A suggested specification
may read “Insulation to be tested per UL 181 erosion test at a velocity of
6000 fpm (30.5 m/s).” It is suggested that the specification clearly state
what the density of the insulation includes: is it the total insulation includ-
ing the mat facing or the core insulation protected by the mat facing? The
specifier should look at clarifying additional properties, rather than density
alone, such as thermal conductivity (or conductance) and thickness, R-value
or C-value, and sound absorption.

Foil-Faced Insulation 
If the density of the foil-faced insulation is specified, it is recommend to

clearly state what the density of the insulation includes: is it the total insula-
tion including the foil face or the insulation protected by the foil face? The
specifier should look at clarifying additional properties, rather than density
alone, such as thermal conductivity (or conductance) and thickness, R-value
or C-value, and sound absorption.
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Solid Metal Liners
Acoustical consideration should be taken before specifying solid metal

liners for air terminal units. It is recommended that the thermal conductivity
(or conductance) and thickness and the R-value or C-value of the insulation
beneath the metal liner be specified.

Closed-Cell Foam Insulation 
Closed-cell foam insulation can be a lower-cost alternative to metal lin-

ers, offering improved acoustical performance. The smooth outer surface of
closed-cell insulation is easy to clean and resists mold and mildew growth.
This insulation has thermal performance slightly less than that of mat-faced
fiberglass insulation.

Insulation Properties
The density of the specified insulation has less of an impact on perfor-

mance than the thickness of the insulation. Specifying higher densities may
result in a higher cost without any appreciable increase in performance.
Specifying the density or the insulation will not significantly impact the
thermal or acoustical performance. Understanding the relationship between
density, thickness, and the respective thermal and acoustical characteristics
is important to getting the proper performance at the best cost.

Acoustical Performance
The specified type of liner can have a significant impact on the acousti-

cal performance of the ATU. Most ATU manufacturers can supply sound
performance for the varying types of insulation. It is recommended that the
sound performance for an ATU based on the insulation type be confirmed
by the specifying engineer.

Standards
Standards in specifications that apply to air terminal insulation should

be cited that ensure the products provided meet the specifying engineer’s
expectations for performance. The engineer should base the cited standards
on meeting the codes required for a project. Commonly referenced stan-
dards include the following:

• ASTM C1071 (ASTM 2016) was developed by the insulation
industry to address the diversity of insulation manufacturing pro-
cesses and airstream surface treatments.

• UL 181 (UL 2013b) includes a series of tests, many of which do
not apply to the insulation for ATUs. It is suggested that the UL
181 Mold Growth and Humidity Test, as well as the Erosion Test,
be included in the ATU insulation specification based on
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ASHRAE Standard 62.1 requirements in Sections 5.4.1 and 5.4.2
(ASHRAE 2016c).

• UL 723 (UL 2008) is a test is for evaluating the surface-burning
characteristics of building materials.

• NFPA 90A (NFPA 2018a) sets the requirements for the flame and
smoke spread allowable for the insulation installed in ATUs. Spec-
ifying the ATU be tested and listed in accordance to UL 1995 (UL
2015) may be considered rather than specifying NFPA 90A.

• For most closed-cell foam materials, avoid specifying insulations
that meet UL 94, as this is a standard for testing plastics. An alter-
native is ASTM E84 (ASTM 2017) (or UL 723 [UL 2008] or
NFPA 255 [NFPA 2006]), which applies to surface-burning char-
acteristics of exposed insulation in a building or in ductwork. An
exception to this is that ASTM E84 specifically states that it might
not be appropriate for materials that melt away from the flame
during testing.

• Any required standard or code, including local or state codes, that
applies to ATU insulation should be included in a specification.

Developing insulation specifications for ATUs that are clear and con-
cise can lead to more competitive bidding on projects. These specifications
will ensure that ATUs provide the acoustical and thermal performance
required by the specifying engineer.

Recommended Items to Include in an Air Terminal Unit 
Specification

A typical single-duct terminal schedule (see Figure 6.12) includes the
following:

• Elevation at construction site
• Base selection type and model
• Maximum inlet static pressure
• Maximum discharge static pressure
• Primary air temperature

• Primary maximum for cooling
• Primary minimum for ventilation
• Primary minimum for heating (if different from ventilation air-

flow)
• Type of reheat (if required)

• Electric
• Heating airflow
• Kilowatts or leaving air temperature
• Supply voltage and phase
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• Stages or SCRs
• Hot water

• Entering water temperature
• Btu/h (kW) or leaving air temperature
• Heating airflow
• Fluid type (water or glycol)
• Maximum water pressure drop
• Maximum water flow rate allowed

A typical dual-duct terminal schedule (see Figure 6.13) includes the fol-
lowing:

• Base selection type and model
• Maximum inlet static pressure
• Maximum discharge static pressure

Figure 6.12   Single-Duct Terminal Schedule

Figure 6.13   Dual-Duct Air Terminal Schedule
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• Elevation at construction site
• Cold-deck air temperature

• Primary maximum for cooling
• Primary minimum for ventilation

• Hot-deck air temperature
• Hot-deck maximum for heating
• Hot-deck minimum for ventilation (if available)

A typical fan-powered air terminal schedule (see Figure 6.14) includes
the following:

• Base selection type (series or parallel) and model
• Maximum inlet static pressure
• Maximum discharge static pressure
• Elevation at construction site
• Motor type and voltage
• Primary air temperature

• Primary maximum for cooling
• Primary minimum for ventilation

• Plenum temperature
• Fan airflow

• Cooling (series unit)
• Ventilation (ECM variable flow)

Figure 6.14   Fan-Powered Air Terminal Schedule: 
(a) Standard Air Terminal Unit and (b) Quiet Air Terminal Unit 

(a)

(b)
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• Heating start for stage 1 (ECM variable flow)
• Maximum heating fan airflow

• Type of supplemental heat (if required)
• Electric

• Kilowatts or leaving air temperature
• Heater supply voltage and phase
• Stages or SCRs

• Hot water
• Entering water temperature
• Btu/h (kW) or leaving air temperature
• Fluid type (water or glycol)
• Maximum water pressure drop
• Maximum water flow rate allowed

Once the airflow ranges are identified for each type or size of terminal
unit, the plans can be populated with terminal units based on the design
loads in each zone. These typical designs can then be input into the manu-
facturer’s selection software and adjusted to meet actual loads in the space
to develop a unique terminal unit schedule showing each terminal on the job.

USING MANUFACTURER SELECTION SOFTWARE 
Most ATUs today are selected using manufacturer-provided software.

Such software greatly reduces the time required to select units and generate
schedules. The selection software allows engineers to quickly determine
sound levels, select hot water or electric heat, and determine pressure
requirements. Most ATU selection software produces schedules that can be
applied directly to a designers’ plans. Software tools also reduce the time it
takes for a manufacturer’s representative to size and select units to price and
generate submittals to forward to an engineer.

However, designers should be cautious when using a manufacturer’s
software program to select ATUs. The majority of ATU manufacturers are
participants in the AHRI air terminal unit certification program (AHRI
2001), so most engineers assume that the data generated by their software
therefore has been certified by AHRI. But this is not the case. The data
listed in an AHRI-certified manufacturer’s catalog include data that are cer-
tified by AHRI but, at the time of the writing of this design guide, the data
generated by ATU selection software are not AHRI certified. The data gen-
erated by a computer program may differ from the data in a manufacturer’s
catalog.

Most ATU software provided by manufacturers is accurate, but design-
ers should spot-check selections that are produced by a software program
and compare the results to data that are AHRI certified to confirm the
results.
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AHRI 

The Air-Conditioning, Heating, and Refrigeration Institute (AHRI) is
one of the largest trade associations in the United States, representing more
than 300 global manufacturers who account for more than 90% of the resi-
dential and commercial air-conditioning, space-heating, water-heating, ven-
tilation, and commercial refrigeration equipment manufactured and sold in
North America (AHRI 2017). AHRI was formerly known as the Air-Condi-
tioning and Refrigeration Institute (ARI), but with the merger with the Gas
Appliance Manufacturers Association (GAMA) in 2008, the name was
changed to AHRI.

AHRI Certification Program
AHRI certification of air terminal units (ATUs) is extremely important

for establishing consistency between manufacturers’ performance data that
are used when evaluating performance criteria for a building. Certification
is a voluntary submission of products to the trade association, where the
equipment ratings are publicly published and periodically verified by inde-
pendent laboratories. When errors are found, they are published and the
manufacturers are required to correct the errors. When problems with a
manufacturer persist, fiscal punishments are administered as well as
increased oversight. Engineers should ensure that specifications require
AHRI certification on any products that are included in AHRI certification
programs.

Air Terminal Unit Certification Program Members
At the time of the writing of this book, there are 22 manufacturers listed

as producing certified non-fan-powered ATUs and 15 manufacturers listed
as producing certified fan-powered ATUs. Not all of these manufacturers
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are located in the United States, and some do not offer products in the
United States. A list of these manufacturers can be found in the AHRI Cer-
tification Directory, which can be accessed by going to AHRI’s home page,
www.ahrinet.org, and clicking on the large button in the top right corner
labeled “Search AHRI Certification Directory.” On the next page, under the
Commercial heading, scroll down to the variable-air-volume (VAV) prod-
ucts of interest. Once a product page is displayed, the manufacturers and the
pertinent data from all of them can be found by clicking the appropriate but-
tons.

Certification Standards 
AHRI also publishes the standards by which these products are certi-

fied. A full listing of AHRI’s standards can be downloaded from
www.ahrinet.org/Standards.aspx. This listing shows AHRI standards listed
first, followed by ANSI/AHRI standards. Two standards are of interest for
ATUs.

ANSI/AHRI Standard 880, Performance Rating of Air Terminals
(AHRI 2011a), covers the certification standards for all ATU equipment.
Standard 880 dictates the operating conditions to be measured when testing
the ATUs and lists the sound data to be listed. Data that are required to be
certified are listed by product line in the following section.

AHRI Standard 885, Procedure for Estimating Occupied Space Sound
Levels in the Application of Air Terminals and Outlets (AHRI 2008), covers
the process, which defines how manufacturers are required to calculate
noise criteria (NC) values from the sound power data in their catalogs.
Appendix E of this standard sets the standard process for manufacturers to
use when developing published NC values. Appendix E was developed to
offer a quick single-number comparison between manufacturers. Care
should be taken in using these numbers for anything other than a rough-
estimate comparison, because the single NC value cannot describe sound
quality and the listed numbers are not representative of any specific build-
ing. NC values in manufacturers’ published data are not certified data.

Rating Information in AHRI Standard 880
Airflow by Inlet Size 

Table 7.1 lists the airflow ratings for each size of inlet on VAV terminal
units.

Test Points for Each Type of Air Terminal Unit
Table 7.2 covers the items to be tested for certification. Note that single-

duct terminal units are tested with 0.25 in. w.g. (62.3 Pa) of discharge static
pressure. Inlet static pressure is listed as 1.5 in. w.g. (374 Pa) differential
static pressure for single-duct ATUs. This means the inlet static pressure
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would actually be 1.75 in. w.g. (436 Pa). This performance data would nor-
mally be found under the 1.5 in. w.g. (374 Pa) column in the manufacturer’s
catalog.

All of the sound rating point data are required to be published in sound
power level tables in manufacturers’ catalogs. Certified data are supposed to
be highlighted or somehow identified so as to be obvious to the observer as
rated data. Only the data outlined in Table 7.2 are rated data. The rest of the
data in the catalogs are not tested or certified by AHRI.

Appurtenances such as heating coils (electric or hot water), silencers,
multiple outlet plenums, and alternative insulation types are not tested or
certified by AHRI. However, there is a requirement for the related adjust-
ments to cataloged data because of these appurtenances to be available to
the public. These data are periodically reviewed by AHRI to confirm accu-
rate information is being supplied to consumers.

Note that there is no test for parallel fan-powered ATUs for simultane-
ous operation of the fan and primary air damper. In reality, this condition

Table 7.1   Recommended Inlet Airflow
(Table 5, AHRI 2011a/2011b)

Inlet Duct Diameter, 
in. (mm)

Airflow, 
cfm (m3/s)

4 (100) 150 (0.07)
5 (125) 250 (0.12)
6 (150) 400 (0.19)
7 (175) 550 (0.26)
8 (200) 700 (0.33)
9 (225) 900 (0.42)

10 (250) 1100 (0.52
12 (300) 1600 (0.78)
14 (350) 2100 (0.99)
16 (400) 2800 (1.32)
18 (450) 3500 (1.65)
20 (500) 4400 (2.08)
22 (550) 5300 (2.50)
24 (600) 6300 (2.97)

Notes:
1. Any other size unit or configuration are to be rated at the airflow rate calculated from multiplying the nominal inlet area ft2 (m2) 

by 2000 fpm (10.2 m/s) air velocity.
2. For series fan-powered ATUs, the rated airflow cfm (m3/s) for the primary air damper is the lower of the fan rating flow or the 

rated airflow according to this table.
3. Integral diffuser and bypass air terminals are to be rated at the manufacturer’s recommended airflow.
4. Modulating diffuser air terminals are to be rated at 750 and 400 fpm (3.8 and 2 m/s) neck velocity.
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exists in heating and dead-band mode for parallel units. Also note that there
is no test for discharge sound levels on series ATUs when the primary air
valve is active. Discharge sound is not materially affected by the primary air
valve on series units.

There are differences in the way that manufacturers catalog their data.
Some match the fan and primary airflow on series units. Others do not, but
rather show fan airflows that are greater than the primary airflows. The pre-

Table 7.2   Discharge/Radiated Sound Power Level Standard Rating Conditions
(Table 6, AHRI 2011a/2011b)

Terminal Type Test 
Point

Type of Sound

Fan2

Primary Air

Radiated Discharge

Discharge 
(Downstream)

Static 
Pressure, 

in. H2O1 (kPa)

Airflow 
Percent 
of Rated 
Airflow

Differential 
Static 

Pressure, 
in. H2O 
(kPa)

Single-duct, 
dual-duct, 
integral diffuser 
air terminals

1 Yes — N/A N/A 100 1.5 (0.37)

2 — Yes N/A N/A 100 1.5 (0.37)

Modulating diffuser 
air terminals

1 — Yes N/A N/A 1006 Minimum; 
see note 72 — Yes N/A N/A Throttled7

Bypass 
air terminals

1 Yes — N/A N/A 100 Minimum
2 — Yes N/A N/A 100 Minimum

Parallel Fan-Powered Air Terminals and Induction Air Terminals

    Fan only
1 Yes — 0.25 (0.06) On Off —
2 — Yes 0.25 (0.06) On Off —

    Primary air only
3 Yes — 0.25 (0.06) Off5 100 1.5 (0.37)
4 — Yes 0.25 (0.06) Off5 100 1.5 (0.37)

Series Fan-Powered Air Terminals
    Fan only 1 — Yes 0.25 (0.06) On Off —

    Fan and 
    primary air

2 Yes — 0.25 (0.06) On Off —
3 Yes — 0.25 (0.06) On 1003 1.54 (0.37)4

Notes:
1. All fan tests for radiated and discharge sound power in fan-powered air terminals are to be run at 0.25 in. H2O (0.06 kPa) discharge 

static pressure or at minimum recommended discharge static pressure, whichever is higher.
2. Fan to be adjusted to its rated airflow, using manufacturer's recommended procedure.
3. Primary airflow set for 100% recommended inlet airflow in accordance with Table 7.1 or fan maximum rated airflow, whichever is 

lower.
4. Inlet static pressure referenced to atmosphere for series fan-powered air terminals only.
5. Induction terminals are to be tested with induction dampers set fully closed.
6. At full open damper position and 750 fpm (3.8 m/s) neck velocity.
7. At the throttled damper position that produces the manufacturer’s maximum recommended inlet static pressure at 400 fpm 

(2 m/s) neck velocity.
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sentation of the data is up to the manufacturer, but it may be difficult to
ascertain sound levels with matched airflows when that option is not shown
in the certified ratings, especially if alternating-current (AC) induction
motors are used. Some manufacturers assign different model numbers to
similar models with different insulation, inner liners, or alternative appurte-
nances; others depend on the additional data sheets that show differences
with appurtenances. The additional data sheets may not be as accurate as
separate models representing additional listings, because they are not part of
the basic certification program.

NC Comparisons 
To make an NC comparison between manufacturers, first review the

manufacturers’ catalogs. Look at the NC ratings to ascertain if there are
large differences. Next go to the sound power ratings for each manufacturer
and evaluate the differences by octave bands at the conditions anticipated in
the building being evaluated. Finally, verify the differences on the rated data
pages at the AHRI Certification Directory, which can be accessed by going
to AHRI’s home page, www.ahrinet.org, and clicking on the large button in
the top right corner labeled “Search AHRI Certification Directory.” On the
next page, under the Commercial heading, scroll down to the VAV products
of interest. Once a product page is displayed, the manufacturers and the per-
tinent data from all of them can be found by clicking the appropriate but-
tons.

Other Operating Characteristics 
Other operating characteristics are found on the AHRI Certification

Directory. Also listed are the country of origin, electric power input, and the
minimum operating pressure or minimum inlet static pressure requirement
for the unit with the specified airflow and the size of the discharge duct used
for discharge sound testing. This is important in calculating end reflection
in the reverberant chamber.

REFERENCES
AHRI. 2008. AHRI Standard 885 with Addendum 1, Procedure for estimat-

ing occupied space sound levels in the application of air terminals and
air outlets. Arlington, VA: Air-Conditioning, Heating, and Refrigera-
tion Institute.

AHRI. 2011a. ANSI/AHRI Standard 880 (I-P) with Addendum 1, 2011
standard for performance rating of air terminals. Arlington, VA: Air-
Conditioning, Heating, and Refrigeration Institute.



160 ASHRAE Design Guide for Air Terminal Units

AHRI. 2011b. ANSI/AHRI Standard 881 (SI) with Addendum 1, 2011
standard for performance rating of air terminals. Arlington, VA: Air-
Conditioning, Heating, and Refrigeration Institute.

AHRI. 2017. AHRI website home page. Arlington, VA: Air-Conditioning,
Heating, and Refrigeration Institute. http://join.ahrinet.org/site/1/Home.

ADDITIONAL RESOURCES
AHRI Directory of Certified Product Performance,

www.ahridirectory.org/ahridirectory/pages/home.aspx



 8
INTRODUCTION

Building energy modeling (BEM) is the physics-based calculation of a
building’s energy consumption and therefore serves as a tool for analyzing
the building’s energy efficiency (EERE 2017). It involves performing
detailed analyses of buildings’ energy-using systems and energy use with
computer-based simulation software. BEM can be conducted for new con-
struction or for retrofit building projects and can improve occupant satisfac-
tion and reduce both first costs and operational costs. With BEM, building
designers can compare project efficiency options, predict savings, comply
with codes, meet green building certification requirements, and even inform
actual performance (RMI 2013).

For many years, BEM has been used to great benefit in deep retrofits as
well as new building design, in the development of whole-building energy-
efficiency standards and codes (such as ANSI/ASHRAE/IES Standard 90.1
and International Energy Conservation Code®) and performance-path com-
pliance with those codes (such as the Performance Rating Method in
Appendix G of Standard 90.1), and in asset rating and labeling that goes
beyond code requirements into green building certification (e.g., the Lead-
ership in Energy and Environmental Design® [LEED®] Green Building
Rating System’s energy credit).

This chapter presents the results of a BEM analysis for a reference
building comparing three HVAC systems using air terminal units (ATUs).
The HVAC systems vary in their selection of ATU to compare single-duct,
series fan-powered, and parallel fan-powered ATUs. The details of the input
data, the assumptions made, and the results of the analysis are described and
presented here. Building characteristics that are outside the scope of this
guide are consistent in all three models.

Building Energy 
Modeling
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BUILDING INFORMATION
In this analysis, the annual building energy use is evaluated using the

U.S. Department of Energy (DOE) Office of Energy Efficiency and Renew-
able Energy (EERE) large office reference building (EERE n.d.) built to
ASHRAE/IES Standard 90.1-2013 (ASHRAE 2013a) baseline building
requirements. DOE reference buildings are optimized and not always accu-
rate representations of real buildings simulated in energy modeling software
in the industry. The analysis here is for comparing annual energy use across
different terminal unit selections.

Building Orientation
The large office reference building is composed of a basement and 12

floors with overhead return air plenums. The 12 above-grade floors are
zoned with 4 perimeter zones—one for each orientation—and a single core
zone (see Figures 8.1 and 8.2).

Climate
The weather data used for the energy analysis are TMY3 (typical mete-

orological year) weather files from EnergyPlus (DOE 2017) for the loca-
tions shown in Table 8.1. Design weather data from the ASHRAE
Handbook—Fundamentals CD (ASHRAE 2013c) were used with the
99.6% percentile (annual) for heating loads weather and 1.0% percentile for
cooling loads weather. Site characteristics (e.g., surrounding buildings) are
ignored for the purposes of the analysis described herein because these

Figure 8.1   Large Office Reference Building 
(Courtesy of Integrated Environmental Solutions LTD)



Building Energy Modeling 1638

buildings are theoretical, although site characteristics are required for actual
buildings in Standard 90.1 (ASHRAE 2013a).

Building Envelope
Envelope properties for the models are based on Standard 90.1 Appen-

dix G baseline building requirements (ASHRAE 2013a). Properties of the
constructions used in the model are shown in Tables 8.2 and 8.3.

Internal Gains
All spaces in the large office building are categorized by Standard 90.1

(ASHRAE 2013a) space types for open-plan offices. The following is a
summary of the internal gains used in the analysis:

• Artificial lighting power density (LPD)—0.98 W/ft2 (10.55 W/m2)
• Equipment gain—1.67 W/ft2 (17.98 W/m2)
• Infiltration—0.20 cfm/ft2 (1.02 L/s·m2) of façade

Internal lighting is controlled in compliance with Section 9 of Standard 90.1,
using the requirements for the open-plan office space type. This includes
automatic shutoff controls for all rooms and automatic daylight-responsive
controls for sidelighting for perimeter rooms.

Table 8.1   Weather Locations Used in Simulations
Climate Zone Description Location

3A warm, humid Atlanta, GA
5A cool, humid Chicago, IL

Figure 8.2   Typical Floor Plan
(Courtesy of Integrated Environmental Solutions LTD)
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Occupancy density is 200 ft2/person (18.6 m2/person) as per ANSI/
ASHRAE Standard 62.1 (ASHRAE 2013b) defaults. All ventilation calcu-
lations were performed in accordance with Standard 62.1; the resulting out-
door air rate for each building is 15% of total supply air.

Central Mechanical System
The central plant for the building is composed of two variable-speed

centrifugal chillers, a variable-speed cooling tower, and two condensing
hot-water boilers. Chilled-water and hot-water pumping is variable flow,
and dedicated condenser-water pumps are modeled. The chilled-water sup-
ply temperature is a constant 44°F (7°C) and the heating hot-water supply
temperature is a constant 140°F (60°C). No water-side economizer is used.

Air-handling units (AHUs) serve each floor of the building and have
water cooling and heating coils connected to the central plant. The AHUs

Table 8.2   Opaque Constructions

Construction Description

Climate Zone 3A
 U-Value,

Btu/h·ft2·°F 
(W/m2·K)

Climate Zone 5A
U-Value,

Btu/h·ft2·°F 
(W/m2·K)

External walls Steel-framed 0.077 
(0.437)

0.055
(0.312)

Below-grade external walls Below-grade wall 0.100 (C-1.140)
(0.569)

0.044 (C-0.119)
(0.248)

Roof Insulation entirely above deck 0.039
(0.220)

0.033
(0.185)

Ground floor Slab on grade 0.015 (F-0.730)
(0.086)

0.011 (F-0.520)
(0.061)

Internal floors Concrete with flooring 0.188
(1.069)

0.188
(1.069)

Internal ceilings Ceiling tiles 0.317
(1.802)

0.317
(1.802)

Table 8.3   Glazed Constructions

Construction Window
Description

U-Value (Glass),
Btu/h·ft2·°F 

(W/m2·K)

U-Value (Assembly),
Btu/h·ft2·°F 

(W/m2·K)

Solar Heat Gain 
Coefficient 

(SHGC)
External glazing,
Climate Zone 3A

Double-pane, 
metal-framed

0.299
(1.698)

0.500
(2.839) 0.2500

External glazing,
Climate Zone 5A

Double-pane, 
metal-framed

0.367
(2.085)

0.420
(2.385) 0.4000
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are modeled without demand-controlled ventilation (DCV), air-side econo-
mizers, or energy recovery features.

Fan power and curves for fan-powered terminal units are calculated
based on maximum flow rate and flow fractions, following the methodology
discussed by O’Neal (2015). This research generated a general model to
estimate power and energy consumption of fan-powered terminal units in
variable-airflow applications for use in building simulation programs. The
resulting equation defines fan power as a function of the flow fraction and is
used for modeling terminal unit fans in this analysis.

Differences in configuration of series and parallel fan-powered terminal
units result in differences in the overall static pressures experienced by the
AHU fans. For the purposes of this analysis, AHUs serving series fan-pow-
ered terminal units were modeled with 0.25 in. w.g. (62 Pa) less static pres-
sure than those serving parallel fan-powered terminal units.

Air Terminal Unit Selection
Simulations were performed with three different air terminal unit (ATU)

selections. In all cases, single-duct terminal units with hot-water coils serve
the interior zone on each floor and the basement. Perimeter zones are served
by the following selections:

• Single-duct terminal units with hot-water coils
• Series fan-powered terminal units with hot-water coils
• Parallel fan-powered terminal units with hot-water coils

Air leakage was modeled for parallel fan-powered units. Per research
conducted by ASHRAE Research Project RP-1292 (Furr et al. 2007) and
confirmed in AHRI Report no. 8012 (O’Neal et al. 2016), parallel fan-pow-
ered terminal units will see leakage no greater than 12% to 15% of the pri-
mary supply airflow when in cooling mode and the unit fan is off. Leakage
used in the model is 12% when the fan is off. In cooling mode, when the fan
is off, significant leakage occurs through the backdraft damper. In heating
mode with the fan off, the casing and seam air leakage occurs in a parallel
fan-powered terminal unit due to the positive pressure in the mixing cham-
ber. The AHRI 8012 research suggests the leakage in heating mode is less
than in cooling mode. Leakage used in the mode for parallel fan-powered
ATUs is 5% of the primary air when in heating mode and the fan is on.

In all simulations, room set points modeled are 75°F (24°C) in cooling
mode and 70°F (21°C) in heating mode.

RESULTS AND ANALYSIS
Whole-building energy use for each of the three ATU selections are

shown in Figures 8.3 and 8.4 and summarized numerically in Table 8.4.
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Table 8.4   Annual Building Energy Use

ATU Type
Total Energy, MBtu (MWh)

Climate Zone 3A Climate Zone 5A
Single duct  19,828 (5811)  19,890 (5829)

Series fan powered  18,676 (5473)  18,477 (5507)
Parallel fan powered  18,745 (5494)  18,794 (5508)

Figure 8.3   Annual Building Energy Use in Climate Zone 3A (Atlanta)

Figure 8.4   Annual Building Energy Use in Climate Zone 5A (Chicago)
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The energy used by mechanical systems, including for cooling, heating,
pumping, heat rejection, and fan energy, is shown in Figures 8.5 and 8.6 and
summarized numerically in Table 8.5.

For the large office buildings in Climate Zones 3A and 5A, the series
fan-powered terminal unit option previously defined provides the lowest

Figure 8.5   Annual Mechanical System Energy Use in Climate Zone 3A (Atlanta)

Figure 8.6   Annual Mechanical System Energy Use in Climate Zone 5A (Chicago)
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annual energy consumption. Use of fan-powered terminal units compared to
single-duct terminal units shows a reduction in heating energy in both cli-
mate zones. When compared against parallel fan-powered units, series fan-
powered units show a significant reduction in fan energy consumption. This
reduction in fan energy consumption is largely responsible for the overall
energy savings seen in the series fan-powered terminal unit option.

Despite savings in energy, there are applications where the mixing of
return air into the primary airstream is either not permitted or not desired. In
these applications, fan-powered terminal units should not be used.

CONCLUSION
Energy modeling is done specific to each project or application, and the

results presented in this chapter should not be considered representative of
every application, building, or design. The analysis included in this chapter
compares the energy performance of three different types of ATUs in two
example buildings (an office in Chicago and an office in Atlanta). It is
therefore not representative of all buildings or of all designs in all locations.
It does, however, provide some general feedback on the energy performance
of different ATU selections. When drawing conclusions from this analysis,
it is important to consider thermal and acoustic comfort alongside energy
performance.
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 9
OVERVIEW

Engineers have numerous challenges and competing constraints when
designing mechanical systems for owners and operators. Owners are chal-
lenging engineers to design systems that are more energy efficient than pre-
vious designs and have lower maintenance costs yet also have low first
costs. These competing constraints have stretched engineering design fees,
forcing engineers and designers to use old rules of thumb and practices and
forego today’s high-performance systems and practices. Most of this comes
from the way engineers are mentored, seldom questioning certain design
practices. A paradigm shift, a change in thought or perspective, is frequently
required to be open to new ideas and solutions about common design.

Owners expect evaluations of systems to reduce owning and operating
costs. The total cost of ownership between designs can only be evaluated
with a life-cycle cost analysis (LCCA). Designing a project “like the last
one” is no longer accepted by building owners. An LCCA performed by the
engineer adds real value to the owner.

The building and system decisions today should be based on LCCA to
determine the total benefit of various alternative design approaches. Too
often these decisions are based only on a first-cost analysis, not an LCCA—
in other words, the question is “What is the bottom line?” Several methods
are used to determine the relative merits of energy-saving investments.
Often with energy management opportunities, simple or discounted pay-
back is the only measurement required. Sometimes present worth analysis is
used in the decision-making process, and some financial managers use the
internal rate of return to judge the relative merits of an investment in build-
ing or system modifications. Of the methods available, an LCCA compares
the total owning and operating costs of the various alternatives.

Life-Cycle  
Cost Analysis



172 ASHRAE Design Guide for Air Terminal Units

FUNDAMENTALS OF LIFE-CYCLE COST ANALYSIS 
LCCA is used to compare alternatives that equally meet the program

requirements of the project. Thermal and acoustical comfort of occupants is
a major criterion of most building owners. Typical utility costs for commer-
cial buildings are approximately $2.00/ft2 ($0.18/m2). The cost to employ
the people in the building is at least $300.00/ft2 ($27.87/m2), proving that
occupant comfort is an important, often overlooked, economic consider-
ation. Selecting and designing systems that address occupant comfort
should be a primary goal of the engineer and other members of the design
and construction team.

To perform an LCCA, establishing the scope of the analysis is critical.
Designers need to determine which aspects will be included and which will
not be. If the scope of the analysis is too small, LCCA may not be reliable
because certain factors may skew the results. If the scope is too big, LCCA
may not be practical to use for the analysis (Wikipedia 2017). In either sce-
nario, LCCA may not be able to adequately assist in the evaluation of the
various alternatives. Therefore, it is important to carefully consider the fac-
tors considered in the analysis, and the entire design team, including the
owner and contractors, should be involved in the LCCA.

For any LCCA, estimates of the following should be included:
• Analysis or study period
• Initial costs of the alternatives, including costs of mechanical,

electrical, and building components
• Annual operating costs of the alternatives, such as electric, gas,

fuel, water, and sewer costs
• Maintenance costs, including changes in maintenance costs over

the life of the equipment or the facility
• Other periodic costs, such as for insurance, property taxes, refur-

bishment, or disposal fees
• Interest or discount rate
• Inflation rate estimate
• Service life of the various HVAC systems and depreciation of the

equipment

Initial Costs
Hard costs (including all construction costs) and soft costs (including

design fees and building permit fees) should be considered in the evaluation.
Frequently, the alternative systems being considered require differing

space requirements in the facility. The costs for the building area required
for each alternative should be considered in the evaluation.

Mechanical, electrical, plumbing, and other building system costs can
vary significantly between alternative mechanical systems. The initial costs
for each system alternative should also be considered in the analysis.
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Operating Costs
To estimate annual energy costs of comparative alternatives, an energy

model should be created. For simple comparisons, it may be valid to use an
abbreviated energy estimating method such as outdoor temperature hourly
bin data, but for most LCCAs a more comprehensive energy model is war-
ranted. Energy modeling is a high-performance design tool used by design
engineers and energy consultants to compare various energy alternatives
during design and as an operational tool. An energy model is an 8760 hour
annual prediction of energy use of a baseline system compared to various
alternatives. Programs used by engineers to perform energy modeling
include Trane’s TRACETM (Trane 2017), Carrier’s HAP (Carrier 2017),
eQuest (EDR 2016), DOE-2 (JJH/LBNL 2017), EnergyPlus (DOE 2017),
IESVE (IES 2017), and others. Projects certified by U.S. Green Building
Council’s Leadership in Energy and Environmental Design® (LEED®)
Green Building Rating System are required to have an energy model using a
baseline model as described in Appendix G of ANSI/ASHRAE/IES Stan-
dard 90.1 (ASHRAE 2016). Many of the energy modeling software pro-
grams incorporate a section for evaluating the economic comparisons of
multiple alternatives.

An energy model is not a tool for predicting utility costs. There are too
many variables to make this practical, including weather, building occu-
pancy/use, maintenance and operating issues, and changes to utility rate
structures. The energy model is a comparative analysis tool used for early
design-stage climate analysis, load reduction analysis such as building enve-
lope alternatives, and LCCA. For new projects, various energy systems
must be vetted to determine whether a system meets the Owner’s Project
Requirements (OPR) and has the lowest life-cycle cost. An energy model
has a higher potential for performance impact when it is performed early in
the design rather than if it is made after the design decisions, project scope
and, most importantly, the project cost have been decided. Making import-
ant decisions and design changes is much easier at the start of a project
timeline, because in later design phases there is a risk of potentially impact-
ful changes being set aside due to the level of effort required to realize such
changes when the design has already progressed so far. For more detailed
information on building energy modeling, refer to Chapter 8.

Maintenance Costs
There are several different types of maintenance costs that need to be

included in an LCCA, such as the following:
• Preventive: changing filters, lubricating bearings
• Reactive: equipment breaking
• Planned: larger-scale maintenance not addressed in preventive

maintenance, such as equipment replacement costs (e.g., if the
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study is over a period of 30 years and a component of a mechani-
cal system must be replaced every 10 years, then the LCCA needs
to include the cost of that replacement at years 10, 20, and 30)

• Deferred: maintenance backlog costs; note that deferred mainte-
nance costs are not included in LCCAs for new projects but may
be a consideration in retrofit projects

A comparison of the service lifes of various HVAC equipment can be found
in Chapter 37 of ASHRAE Handbook—HVAC Applications (ASHRAE 2015).

LIFE-CYCLE COST CALCULATION
All costs should be identified by year and by amount, with each dis-

counted to present value. After this is completed, the costs are added to
arrive at a total life-cycle cost for each alternative (WBDG 2016):

(9.1)

where
LCC = total LCC in present-value (PV) dollars of a given alternative
I = PV investment costs (if incurred at base date, they need not be

discounted)
Repl = PV capital replacement costs
Res = PV residual value (resale value, salvage value) less disposal

costs
E = PV of energy costs
W = PV of water costs
OM&R = PV of nonfuel operating, maintenance, and repair costs
O = PV of other costs (e.g., contract costs for outside contracts)

LIFE-CYCLE COST ANALYSIS TOOLS AND RESOURCES
Many computer programs are available that incorporate economic anal-

ysis methods. The programs range from simple macros developed for
spreadsheets to comprehensive, menu-driven computer programs. BLCC5
(NIST 2017) and PC-ECONPACK (USACE 1991) are two examples of
comprehensive analysis tools. A comprehensive resource that discusses
LCCA is the Whole Building Design Guide (WBDG 2016).

BLCC5
BLCC5 (NIST 2017) provides comprehensive economic analysis of

proposed capital investments that are expected to reduce long-term operat-
ing costs of buildings or buildings systems. The program calculates the fol-
lowing results:

• Lowest life-cycle cost
• Net savings

LCC I Repl Res E W OM&R O+ + + +–+=
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• Savings-to-investment ratio
• Adjusted internal rate of return
• Payback period

BLCC5 contains modules for evaluating agency-funded projects accord-
ing to 10 CFR 436A (GPO 1999) and projects financed through Energy Ser-
vices Performance Contracts (ESPCs) or utility contracts as directed by
Presidential Executive Order 13123 (White House 1999). In both programs,
the LCCA method complies with ASTM International standard practices on
building economics and with NIST Handbook 135, Life-Cycle Costing Man-
ual for the Federal Energy Management Program (NIST 1995). Figure 9.1
shows a sample output report from BLCC5, which can be provided in mul-
tiple formats. An html format of this output is included with the supple-
mental materials accompanying this book at www.ashrae.org/ADGATU.

PC-ECONPACK
PC-ECONPACK (USACE 1991) was developed by the U.S. Army

Corps of Engineers for use by the U.S. Department of Defense. It uses eco-
nomic criteria to perform standardized life-cycle cost calculations such as
net present value, savings-to-investment ratio, equivalent uniform annual
cost, and discounted payback period.

Whole Building Design Guide
The Whole Building Design Guide (WDBG) is a resource available to

the engineer that offers a full discussion and calculation of LCCA (WBDG
2016). In addition to providing detailed information on the process of
LCCA, the WBDG also provides LCCA requirements for various agencies
and departments of the United States federal government, including the
Office of Management and Budget (OMB), U.S. General Services Adminis-
tration (GSA), Federal Energy Management Program (FEMP), U.S. Depart-
ment of Defense (DoD), and others.

PRESENTING THE RESULTS OF A 
LIFE-CYCLE COST ANALYSIS

The complexity of LCCA makes reporting the details and results chal-
lenging. An A3 report, which offers a structured method to effectively
report the complexity of the LCCA, provides the results on a single sheet of
paper. The report gets its name from the paper size used to print it—A3, or
11×17 in. There is a wealth of resources available online for the common
elements of an A3 report. Figure 9.2 shows a sample A3 report from a real-
world project. This sample report as well as two others are included with
the supplemental materials accompanying this book at www.ashrae.org
/ADGATU.
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10
INTRODUCTION

For the North American air terminal unit (ATU) market, most manufac-
turers comply with applicable ASHRAE (testing, energy, and ventilation)
and Associated Air Balance Council (AABC) (testing, balancing, and com-
missioning) standards and with the requirements for certification by the Air-
Conditioning, Heating, and Refrigeration Institute (AHRI). This chapter
lists the titles, purposes, and scopes of the ASHRAE, AABC, and AHRI
standards pertaining to ATUs, including some standards that cover applica-
tions and operations. (Note that the purposes and scopes are included ver-
batim from the most recent editions of these standards, whose full citation
details are included in the References section at the end of this chapter. For
each project, however, engineers should be sure to consult the edition
required as indicated by the authority having jurisdiction.) A special review
of applicable portions of the most widely accepted building energy code,
ANSI/ASHRAE/IES Standard 90.1, is also provided that compares the
2010 and 2013 editions to help designers recognize the differences between
the two.

In addition to being familiar with these standards, designers should also
check state and local jurisdiction codes and requirements. Each jurisdiction
may have adopted a different edition of a given standard, and some may
have additional requirements beyond those of the standards and certifica-
tions. For example, the state of Washington and the California Energy Code
(CBSC 2016) require all series fan-powered air terminals to be have modu-
lating electronically commutated motors (ECMs).

Standards
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ASHRAE STANDARDS
ANSI/ASHRAE Standard 55,  
Thermal Environmental Conditions for Human Occupancy
1. Purpose

The purpose of this standard is to specify the combinations of indoor
thermal environmental factors and personal factors that will produce ther-
mal environmental conditions acceptable to a majority of the occupants
within the space.
2. Scope

2.1 The environmental factors addressed in this standard are tempera-
ture, thermal radiation, humidity, and air speed; the personal factors are
those of activity and clothing.

2.2 It is intended that all of the criteria in this standard be applied
together, as comfort in the indoor environment is complex and responds to
the interaction of all of the factors that are addressed herein.

2.3 This standard specifies thermal environmental conditions accept-
able for healthy adults at atmospheric pressure equivalent to altitudes up to
10,000 ft (3000 m) in indoor spaces designed for human occupancy for
periods not less than 15 minutes.

2.4 This standard does not address such nonthermal environmental fac-
tors as air quality, acoustics, and illumination or other physical, chemical, or
biological space contaminants that may affect comfort or health.

2.5 This standard shall not be used to override any safety, health, or crit-
ical process requirements.

ANSI/ASHRAE Standard 62.1,  
Ventilation for Acceptable Indoor Air Quality
1. Purpose

1.1 The purpose of this standard is to specify minimum ventilation rates
and other measures intended to provide indoor air quality that is acceptable
to human occupants and that minimizes adverse health effects.

1.2 This standard is intended for regulatory application to new build-
ings, additions to existing buildings, and those changes to existing buildings
that are identified in the body of the standard.

1.3 This standard is intended to be used to guide the improvement of
indoor air quality in existing buildings.
2. Scope

2.1 This standard applies to spaces intended for human occupancy
within buildings except those within dwelling units in residential occupan-
cies in which occupants are nontransient.
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2.2 This standard defines requirements for ventilation and air-cleaning-
system design, installation, commissioning, and operation and maintenance.

2.3 Additional requirements for laboratory, industrial, health care, and
other spaces may be dictated by workplace and other standards, as well as
by the processes occurring within the space.

2.4 Although the standard may be applied to both new and existing
buildings, the provisions of this standard are not intended to be applied ret-
roactively when the standard is used as a mandatory regulation or code.

2.5 This standard does not prescribe specific ventilation rate require-
ments for spaces that contain smoking or that do not meet the requirements
in the standard for separation from spaces that contain smoking.

2.6 Ventilation requirements of this standard are based on chemical,
physical, and biological contaminants that can affect air quality.

2.7 Consideration or control of thermal comfort is not included.
2.8 This standard contains requirements, in addition to ventilation,

related to certain sources, including outdoor air, construction processes,
moisture, and biological growth.

2.9 Acceptable indoor air quality may not be achieved in all buildings
meeting the requirements of this standard for one or more of the following
reasons:

a. Because of the diversity of sources and contaminants in indoor air
b. Because of the many other factors that may affect occupant per-

ception and acceptance of indoor air quality, such as air tempera-
ture, humidity, noise, lighting, and psychological stress

c. Because of the range of susceptibility in the population
d. Because outdoor air brought into the building may be unacceptable

or may not be adequately cleaned

ANSI/ASHRAE/IES Standard 90.1,  
Energy Standard for Buildings  
Except Low-Rise Residential Buildings
1. Purpose

1.1 To establish the minimum energy efficiency requirements of build-
ings other than low-rise residential buildings for

a. design, construction, and a plan for operation and maintenance;
and

b. utilization of on-site, renewable energy resources.
2. Scope

2.1 This standard provides
a. minimum energy-efficient requirements for the design and con-

struction, and a plan for operation and maintenance of
1. new buildings and their systems,
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2. new portions of buildings and their systems,
3. new systems and equipment in existing buildings, and
4. new equipment or building systems specifically identified in

the standard that are part of industrial or manufacturing pro-
cesses

and
b. criteria for determining compliance with these requirements.

2.2 The provisions of this standard do not apply to
a. single-family houses, multifamily structures of three stories or

fewer above grade, manufactured houses (mobile homes), and
manufactured houses (modular) or

b. buildings that use neither electricity nor fossil fuel.
2.3 Where specifically noted in this standard, certain other buildings or

elements of buildings shall be exempt.
2.4 This standard shall not be used to circumvent any safety, health, or

environmental requirements.

ANSI/ASHRAE Standard 111,  
Measurement, Testing, Adjusting, and Balancing  
of Building HVAC Systems
1. Purpose

To provide uniform procedures for measurement, testing, adjusting, bal-
ancing, evaluating, and reporting the performance of building heating, ven-
tilating, and air-conditioning systems in the field.
2. Scope

2.1 This standard applies to building heating, ventilating, and air-condi-
tioning (HVAC) systems of the air-moving and hydronic types and their
associated heat transfer, distribution, refrigeration, electrical power, and
control subsystems.

2.2 This standard includes
a. methods for determining thermodynamic, hydraulic, hydronic,

mechanical, and electrical conditions;
b. methods for determining room air-change rates, room pressuriza-

tion, and cross contamination of spaces;
c. procedures for measuring and adjusting outdoor ventilation rates

to meet specified requirements; and
d. methods for validating collected data while considering system

effects.
2.3 This standard establishes

a. minimum system configuration requirements to ensure that the
system can be field tested and balanced;

b. minimum instrumentation required for field measurements;
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c. procedures for obtaining field measurements in HVAC testing and
balancing and equipment testing; and

d. formats for recording and reporting results.
2.4 The field data collected and reported under this standard are

intended for use by building designers, operators, and users, and by manu-
facturers and installers of HVAC systems.

ANSI/ASHRAE Standard 113,  
Method of Testing for Room Air Diffusion
1. Purpose

The purpose of this standard is to define a repeatable method of testing
the steady-state air diffusion performance of an air distribution system in
occupied zones of building spaces. This method is based on air velocity and
air temperature distributions at specified heating or cooling loads and oper-
ating conditions.
2. Scope

2.1 This standard specifies equipment and procedures for measuring air
speed and air temperature in occupied zones of building spaces.

2.2 This standard applies to furnished or unfurnished spaces (actual or
mock-up), with or without occupants.

2.3 This standard applies to air distribution systems, including systems
in which:

a. air outlets are located inside, inside and outside, or outside of the
occupied zone and

b. local air velocities in the occupied zone that are or are not under
control by individual occupants.

2.4 This standard does not cover:
a. rating of individual air outlets and inlets or
b. naturally ventilated building spaces.

ANSI/ASHRAE Standard 130,  
Laboratory Methods of Testing Air Terminal Units
1. Purpose

The standard specifies instrumentation, test installation methods, and
procedures for measuring the capacity and related performance of constant-
volume, variable-volume, and modulating integral diffuser air terminals.
2. Scope

2.1 The methods of test in this standard apply to air control devices used
in air distribution systems. These devices provide control of air volume with
or without temperature by one or more of the following means and may or
may not include a fan:
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a. Fixed or adjustable directional vanes (i.e., bypass terminal)
b. Pressure-dependent volume dampers or valves (including air

induction nozzles and dampers)
c. Pressure-independent volume dampers or valves (including air

induction nozzles and dampers)
d. Integral heat exchanger
e. On/off fan control
f. Variable-speed fan control
g. Modulating integral diffuser terminals

2.2 This standard covers test methods for use in determining the follow-
ing performance characteristics:

a. Sound power
b. Temperature mixing and stratification
c. Minimum operating pressure
d. Air leakage
e. Induced airflow
f. Fan airflow
g. Fan motor electrical power
h. Condensation
i. Airflow sensor performance

2.3 This standard shall not be used for field testing.

ANSI/ASHRAE/ASHE Standard 170,  
Ventilation of Health Care Facilities
1. Purpose

The purpose of this standard is to define ventilation system design
requirements that provide environmental control for comfort, asepsis, and
odor in health care facilities.

2. Scope
2.1 The requirements in this standard apply to patient care areas and

related support areas within health care facilities, including hospitals, nurs-
ing facilities, and outpatient facilities.

2.2 This standard applies to new buildings, additions to existing build-
ings, and those alterations to existing buildings that are identified within
this standard.

2.3 This standard considers chemical, physical, and biological contami-
nants that can affect the delivery of medical care to patients; the convales-
cence of patients; and the safety of patients, health care workers, and
visitors.
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ANSI/ASHRAE/USGBC/IES Standard 189.1, 
Standard for the Design of High-Performance Green Buildings 
Except Low-Rise Residential Buildings
1. Purpose

The purpose of this standard is to provide minimum requirements for
the siting, design, construction, and plan for operation of high-performance
green buildings to

a. balance environmental responsibility, resource efficiency, occu-
pant comfort and well being, and community sensitivity; and

b. support the goal of development that meets the needs of the pres-
ent without compromising the ability of future generations to meet
their own needs.

2. Scope
2.1 This standard provides minimum criteria that

a. apply to the following elements of building projects:
1. New buildings and their systems.
2. New portions of buildings and their systems.
3. New systems and equipment in existing buildings.

b. address site sustainability, water use efficiency, energy efficiency,
indoor environmental quality (IEQ), and the building’s impact on
the atmosphere, materials, and resources.

2.2 The provisions of this standard do not apply to
a. single-family houses, multifamily structures of three stories or

fewer above grade, manufactured houses (mobile homes), and
manufactured houses (modular), and

b. buildings that use none of the following: electricity, fossil fuel, or
water.

2.3 This standard shall not be used to circumvent any safety, health, or
environmental requirements.

ANSI/ASHRAE Standard 195, 
Method of Test for Rating Air Terminal Unit Controls
1. Purpose

This standard specifies instrumentation, facilities, test installation meth-
ods, and procedures for determining the accuracy and stability of airflow
control systems for terminal units at various airflow set points.
2. Scope

This standard applies to electronic and/or pneumatic control systems
used for pressure independent airflow control in terminal units for variable-
air-volume (VAV) and constant-volume (CV) air moving systems.
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AABC STANDARDS
National Standards for Total System Balance
1.1 Purpose

To establish what is required to perform Total System Balancing for all
heating ventilating and air conditioning (HVAC) systems; smoke control
systems; and domestic hot water systems through all stages of the building
design, construction, acceptance phase, and post-acceptance phase. The
ultimate purpose is to provide the end user a process to accept the final
report with the standard that has well-identified tolerances and a process to
verify the end results.
1.2 Scope

This standard applies to Total System Balancing of HVAC components,
HVAC systems including the control systems, airflow systems (constant and
variable volume), supply/return/relief/exhaust fan systems, energy recovery
systems, hydronic systems (constant and variable), chiller testing, cooling
tower testing, boiler testing, steam systems, capacity testing, domestic hot
water systems, kitchen systems, laboratory systems (constant and variable
volume), sound testing, vibration testing, smoke control testing (including
stair pressurization), hospital systems, interfacing with the commissioning
process, how to develop a Total System balancing specification and report
verification and analysis.

AHRI STANDARDS
ANSI/AHRI Standard 880,  
Performance Rating of Air Terminals
Section 1. Purpose

1.1 Purpose. The purpose of this standard is to establish for Air Termi-
nals: definitions; classifications; test requirements; rating requirements;
minimum data requirements for Published Ratings; marking and nameplate
data; and conformance conditions.

1.1.1 Intent. This standard is intended for the guidance of the industry,
including manufacturers, engineers, installers, contractors and users.
1.1.2 Review and Amendment. This standard is subject to review and
amendment as technology advances.

Section 2. Scope
2.1 Scope. This standard applies to air control devices used in air distri-

bution systems. These devices provide control of air volume with or without
temperature control by one or more of the following means and may or may
not include a fan:
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2.1.1 Fixed or adjustable directional vanes (i.e. Bypass Air Terminal)
2.1.2 Pressure dependent volume dampers or valves (including air
induction nozzles and Dampers)
2.1.3 Pressure compensated volume dampers or valves (including air
induction nozzles and Dampers)
2.1.4 Integral heat exchange
2.1.5 On/off fan control
2.1.6 Variable speed fan control
2.1.7 Integral Diffuser Air Terminals
2.2 Exclusions. This standard does not apply to registers, diffusers and

grilles or to products specifically covered by AHRI Standard 410 or AHRI
Standard 440.

AHRI Standard 885,  
Procedure for Estimating Occupied Space Sound Levels  
in the Application of Air Terminals and Air Outlets
Section 1. Purpose

1.1 Purpose. The purpose of this standard is to provide a consistent
industry-accepted method for estimating Sound Pressure Levels in a condi-
tioned occupied space for the application of Air Terminals and air outlets.

1.1.1 Intent. This standard is intended for the guidance of the industry,
including manufacturers, engineers, installers, contractors and users.
1.1.2 Review and Amendment. This standard is subject to review and
amendment as technology advances.

Section 2. Scope
2.1 Scope. This standard includes sound levels from most but not all

components in the air distribution system. Air Terminals, air outlets and the
low pressure ductwork which connects them are considered as sound
sources and are the subject of this Standard.

This Standard does not make provisions to estimate space sound level
contributions from the central system fan, ductwork upstream of the Air
Terminal, equipment room machinery or exterior ambient sound.

This Standard is not currently applicable for underfloor radiated or dis-
charge sound calculations.

AHRI Standard 880 does not provide for determination of sound power
in the 63 Hz octave band. These products do not contribute significantly to
the sound levels in occupied spaces in the 63 Hz octave band. The dominant
source of sound levels in occupied spaces in the 63 Hz band is controlled by
the primary air supply system. Since AHRI Standard 885 could be used to
determine occupied space sound levels from the primary air supply system,
data is provided where available in the 63 Hz octave band.
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The methods described in this Standard can be used to identify acousti-
cally critical paths in the system design. The design effects of inserting
alternative components and changes in the system can be evaluated. The
accuracy of evaluating the difference in sound pressure between two alter-
natives is greater than individual estimations.

HOW VARIABLE-AIR-VOLUME DESIGNS AND 
APPLICATIONS ARE AFFECTED BY STANDARD 90.1

This section includes commentary about how various sections of ANSI/
ASHRAE/IES Standard 90.1 relate to variable-air-volume (VAV) ATUs
along with excerpts of the relevant sections from the 2010 and 2013 editions
of Standard 90.1 (ASHRAE 2010, 2013). These editions are excerpted
herein instead of the most recent 2016 edition because at the time of the
publication of this book they are the editions most widely adopted into
building codes. Note that in the excerpts that follow, terms that have explicit
definitions in the standard are shown in italics.

System Definition
Standard 90.1 defines a VAV system as an HVAC system that controls

the dry-bulb temperature within a space by varying the volumetric flow of
heated or cooled supply air to the space.

Simultaneous Heating and Cooling Limitation
Both the 2010 and 2013 editions allow an exception for economizers

used on VAV systems that allows zone-level heating to increase due to a
reduction in supply air temperature.

The 2013 edition separated direct digital control (DDC) from non-
DDC-controlled systems.

Excerpt from the 2010 Edition
6.5.2.1 Zone Controls. Zone thermostatic controls shall prevent

a. reheating,
b. recooling,
c. mixing or simultaneously supplying air that has been previously

mechanically heated and air that has been previously cooled, either
by mechanical cooling or by economizer systems, and

d. other simultaneous operation of heating and cooling systems to the
same zone.

Exceptions:
a. Zones for which the volume of air that is reheated, recooled, or

mixed is less than the larger of the following:
1. 30% of the zone design peak supply rate;



Standards 19110

2. The outdoor airflow rate required to meet the ventilation
requirements of Section 6.2 of ASHRAE Standard 62.1 for the
zone;

3. Any higher rate that can be demonstrated, to the satisfaction of
the authority having jurisdiction, to reduce overall system
annual energy usage by offsetting reheat/recool energy losses
through a reduction in outdoor air intake for the system.

4. The air flow rate required to comply with applicable codes or
accreditation standards, such as pressure relationships or mini-
mum air change rates.

b. Zones that comply with all of the following:
1. The air flow rate in dead band between heating and cooling

does not exceed the larger of the following:
i. 20% of the zone design peak supply rate;
ii. The outdoor air flow rate required to meet the ventilation

requirements of Section 6.2 of ASHRAE Standard 62.1 for
the zone;

iii. Any higher rate that can be demonstrated, to the satisfaction
of the authority having jurisdiction, to reduce overall system
annual energy usage by offsetting reheat/recool energy losses
through a reduction in outdoor air intake.

2. The air flow rate that is reheated, recooled, or mixed in peak
heating demand shall be less than 50% of the zone design peak
supply rate.

3. Airflow between dead band and full heating or full cooling
shall be modulated.

c. Laboratory exhaust systems that comply with 6.5.7.2.
d. Zones where at least 75% of the energy for reheating or for provid-

ing warm air in mixing systems is provided from a site-recovered
(including condenser heat) or site-solar energy source.

Excerpt from the 2013 Edition
6.5.2.1 Zone Controls. Zone thermostatic controls shall prevent

a. reheating;
b. recooling;
c. mixing or simultaneously supplying air that has been previously

mechanically heated and air that has been previously cooled, either
by mechanical cooling or by economizer systems; and

d. other simultaneous operation of heating and cooling systems to the
same zone.

Exceptions:
1. Zones without DDC for which the volume of air that is reheated,

recooled, or mixed is less than the larger of the following:
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a. 30% of the zone design peak supply rate
b. The outdoor airflow rate required to meet the ventilation

requirements of ASHRAE Standard 62.1 for the zone
c. Any higher rate that can be demonstrated, to the satisfaction of

the authority having jurisdiction, to reduce overall system
annual energy usage by offsetting reheat/recool energy losses
through a reduction in outdoor air intake for the system

d. The airflow rate required to comply with applicable codes or
accreditation standards, such as pressure relationships or mini-
mum air change rates

2. Zones with DDC that comply with all of the following:
a. The airflow rate in dead band between heating and cooling

does not exceed the larger of the following:
(1) 20% of the zone design peak supply rate
(2) The outdoor airflow rate required to meet the ventilation

requirements of ASHRAE Standard 62.1 for the zone
(3) Any higher rate that can be demonstrated, to the satisfaction

of the authority having jurisdiction, to reduce overall system
annual energy usage by offsetting reheat/recool energy losses
through a reduction in outdoor air intake

(4) The airflow rate required to comply with applicable codes or
accreditation standards, such as pressure relationships or
minimum air change rates

e. The airflow rate that is reheated, recooled, or mixed shall be
less than 50% of the zone design peak supply rate.

f. The first stage of heating consists of modulating the zone sup-
ply air temperature set point up to a maximum set point while
the airflow is maintained at the dead band flow rate.

g. The second stage of heating consists of modulating the airflow
rate from the dead band flow rate up to the heating maximum
flow rate.

3. Laboratory exhaust systems that comply with Section 6.5.7.2
4. Zones where at least 75% of the energy for reheating or for provid-

ing warm air in mixing systems is provided from a site-recovered
(including condenser heat) or site-solar energy source

Air-Handler Fans
The 2010 edition requires the following for air-handler fans on VAV

systems 10 hp (7.5 kW) and larger.
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Excerpt from the 2010 Edition
6.5.3.2.1 Part-Load Fan Power Limitation

a. The fan shall be driven by a mechanical or electrical variable-
speed drive.

b. The fan shall be a vane-axial fan with variable-pitch blades.
c. The fan shall have other controls and devices that will result in fan

motor demand of no more than 30% of design wattage at 50% of
design air volume when static pressure set point equals one-third
of the total design static pressure, based on manufacturers’ certi-
fied fan data.

The 2013 edition does not have a power (hp or kW) limitation on the
fan. For VAV ATUs, the following limits on fans and economizers apply.

Excerpt from the 2013 Edition
6.5.3.2.1 Fan Airflow Control

b. All other units, including DX cooling units and chilled-water units
that control the space temperature by modulating the airflow to the
space, shall have modulating fan control. Minimum speed shall not
exceed 50% of full speed. At minimum speed, the fan system shall
draw no more than 30% of the power at full fan speed. Low or
minimum speed shall be used during periods of low cooling load
and ventilation-only operation.

c. Units that include an air-side economizer to meet the requirements
of Section 6.5.1 shall have a minimum of two speeds of fan control
during economizer operation.

Exceptions:
2. If the volume of outdoor air required to meet the ventilation

requirements of Standard 62.1 at low speed exceeds the air that
would be delivered at the speed defined in Section 6.5.3.2.1(a) or
6.5.3.2.1(b) then the minimum speed shall be selected to provide
the required ventilation air.

Static Pressure Sensors
Both editions of Standard 90.1 require that static pressure sensors be

located to provide adequate pressure to all VAV terminals. The 2013 edition
adds a maximum limit of 1.2 in. w.g. (300 Pa) for the reset point.

Section 6.5.3.2.3 of both editions requires that the static pressure reset
in the system be reset based on the zone requiring the greatest pressure and
that it be monitored and reset constantly so that one damper is nearly wide
open. The 2013 edition adds a requirement for zone identification and
alarms for those zones that might excessively drive the system to higher
pressures.
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Section 6.5.3.3 of both editions requires VAV systems with DDC at the
terminal units reporting to a central control panel to reduce outdoor air
intake flow below design rates in response to changes in system ventilation
efficiency as defined by Appendix A of ASHRAE Standard 62.1 (ASHRAE
2016c). An exception is allowed for systems with zonal transfer fans that
recirculate air from other zones without directly mixing it with outdoor air,
such as dual-duct, dual-fan VAV systems and VAV systems with fan-pow-
ered terminal units.

Section 6.5.3.5 of the 2013 edition requires fractional horsepower fan
motors 1/12 hp (62.1 kW) and greater and less than 1 hp (0.746 kW) to be
ECMs or have a minimum motor efficiency of 70% when used in accor-
dance with 10 CFR 431 (GPO 2017). The motors are required to adjust
motor speed for either balancing or remote control. Exceptions are allowed
as follows:

Excerpt from the 2013 Edition
6.5.3.5 Fractional Horsepower
Exceptions:

1. Motors in the airstream within fan-coils and terminal units that
operate only when providing heating to the space served

2. Motors installed in space conditioning equipment certified under
Section 6.4.1

3. Motors covered by Table 10.8-4 or 10.8-5

Radiant Heating and Cooling
In Section 6.5.8.2 of both the 2010 and 2013 editions, radiant heating or

cooling for enclosed spaces is allowed in conjunction with other systems
such as VAV or thermal storage systems within the governing provisions of
the standard.

Hot-Gas Bypass Limitation
Each edition of the standard uses different wording and different values

for Table 6.5.9.

Excerpt from the 2010 Edition
6.5.9 Hot Gas Bypass Limitation. Cooling systems shall not use hot
gas bypass or other evaporator pressure control systems unless the sys-
tem is designed with multiple steps of unloading or continuous capacity
modulation. The capacity of the hot gas bypass shall be limited as indi-
cated in Table 6.5.9.
Exception: Unitary packaged systems with cooling capacities not
greater than 90,000 Btu/h (26 kW).
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Excerpt from the 2013 Edition
6.5.9 Hot Gas Bypass Limitation. Cooling systems shall not use hot
gas bypass or other evaporator pressure control systems unless the sys-
tem is designed with multiple steps of unloading or continuous capacity
modulation. The capacity of the hot gas bypass shall be limited as indi-
cated in Table 6.5.9 for VAV units and single-zone VAV units. Hot gas
bypass shall not be used on constant-volume units.

REFERENCES
AABC. 2016. National standards for total system balance, 7th Ed. Wash-

ington, DC: Associated Air Balance Council.
AHRI. 2008. AHRI Standard 885 with Addendum 1, Procedure for estimat-

ing occupied space sound levels in the application of air terminals and
air outlets. Arlington, VA: Air-Conditioning, Heating, and Refrigera-
tion Institute.

AHRI. 2011. ANSI/AHRI Standard 880 (I-P) with Addendum 1, Perfor-
mance rating of air terminals. Arlington, VA: Air-Conditioning, Heat-
ing, and Refrigeration Institute.

ASHRAE. 2010. ANSI/ASHRAE/IES Standard 90.1-2010, Energy stan-
dard for building except low-rise residential buildings [I-P and SI edi-
tions]. Atlanta: ASHRAE.

ASHRAE. 2013a. ANSI/ASHRAE/IES Standard 90.1-2013, Energy stan-
dard for building except low-rise residential buildings [I-P and SI edi-
tions]. Atlanta: ASHRAE.

Table 6.5.9  Hot Gas Bypass Limitation

Rated Capacity Maximum Hot Gas Bypass Capacity
(% of Total Capacity)

240,000 Btu/h (70 kW) 50%

>240,000 Btu/h (>70 kW) 25%

Table 6.5.9  Hot Gas Bypass Limitation

Rated Capacity Maximum Hot Gas Bypass Capacity
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>240,000 Btu/h (>70 kW) 10%
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trial equipment. Washington, DC: U.S. Government Publishing Office.
https://www.ecfr.gov/cgi-bin/text-idx?tpl=/ecfrbrowse/Title10/10cfr431
_main_02.tpl.



11
The process of testing, balancing, and commissioning air terminal units

(ATUs) starts with good communication between the test and balance
agency and the commissioning agent. The test and balance agency provides
a testing and balancing (TAB) plan that establishes how airflows, points,
calibrations, and sequences will be verified. If the TAB process covers the
field testing of the terminal unit components and system 100%, the commis-
sioning agent can reduce his or her time verifying the ATU components and
focus on the overall systems.

TESTING AND BALANCING BASICS
To properly test and balance an ATU system, many things need to be

verified and checked before the actual balancing can be started. The follow-
ing questions should be asked:

• Have all the components been installed properly?
• Has the ductwork been sealed properly and tested for leakage?
• Does the system have diversity?

The following are the basics of TAB that must be followed when testing
and balancing an ATU system:

• The connections to the grilles should be sealed airtight.
• Verify that correction factors were determined in the field for all

outlets being tested.
• The average velocity should be recorded for pitot tube traverses

above 1000 fpm (5.1 m/s); note that per Associated Air Balance
Council (AABC), “a traverse plane is suitable for flow measure-
ments if more than 75% of the velocity pressure readings are
greater than 1/10 of the maximum velocity measurement and are
not negative” (AABC 2016, p. 33).

Testing, 
Balancing, and 
Commissioning
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• The diffuser airflow must be in the range ±150 cfm (±70.8 L/s) of
airflow where the correction factor was established.

• If a flow hood is used, the hood skirt must fit entirely over the dif-
fuser and the inlet to the hood skirt must have a tight fit to the sur-
face around the diffuser.

• The ATU must be balanced with a minimum inlet velocity above
400 fpm (2.04 m/s).

• The ATU must have sufficient inlet static pressure to meet its
design airflow requirements.

• The airflow of the air-handling unit (AHU) system serving the air
terminal units (ATUs) must be considered with the totaled ATU
inlet airflow.

• If the AHU system airflow is less than the totaled ATU inlet air-
flow, a diversity factor must be established (a strategy of testing
the system with the AHU set to design and the ATUs closest to
that AHU closed or set to minimum so all remote ATUs will be at
100% design)

• The ATU should not have any leakage that will affect the overall
performance.

• All taps into pressure-independent systems must have pressure-
independent ATUs.

• Determine the kind of air valve zeroing strategy the control com-
pany uses:
• Depending on the operation constraints of the system, the con-

trol company may have each ATU shutting down on a 12 h or
24 h cycle and zeroing out the ATU by closing the ATU air
valve.

• In a facility that is pressure critical and requires constant air
changes, an auto-zeroing device is required.

TESTING AIR TERMINAL UNIT SYSTEMS
Single-Duct, Constant-Volume Air Terminal Unit

A single-duct, constant-volume ATU has an airflow sensor, a controller
for setting airflow, a heating coil if needed for the space load, and a thermo-
stat or sensor, depending on the type of building automation system (BAS).
Prior to testing the system, the building is closed in with the appropriate
ceilings in place. The contractor issues a letter stating the system is fully
operational, with all controls, filters, outlets and inlets, and piping systems
(heating and cooling) completely installed. The control contractor has all
controllers operational and properly addressed, and the electrician has all of
the system operating under normal power.
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The testing and balancing agency will have correction factors for all
velocity measurements, traverse locations, and sufficient static pressure to
provide design airflow through the ATU.

Each ATU is tested by following these steps:
• Zero the controller by closing off the control air valve by using the

associated thermostat or plugging a handheld device or laptop into
the sensor port.

• When the ATU is zeroed and put back in control, proportion the
outlets and adjust the air valve’s total flow control to its design
value.

• If an ATU has a heating coil, verify its operation with the thermo-
stat or control sensor.

• After the ATUs are set to design airflow, adjust the AHU static
pressure controller so at least one ATU air valve is approximately
90% open.

• Record the design, actual, and BAS airflows with each ATU air
valve position and the static pressure controller set point (see
Table 11.1 for a sample table used for recording these data).

• Provide the static pressure controller set point to the BAS con-
tractor.

Table 11.1   Airflow Profile

ATU 
Number

BAS 
Identification

Design 
Maximum 

Airflow

Actual 
Maximum 

Airflow

BAS 
Display 

Maximum 
Airflow

Actual Air 
Valve 

Position at 
Maximum 

Airflow

Remarks

ATUs Nos. Not in Control: ____________
Variable-Frequency Drive Operating @ Hz: ____________
Final Cooling Static Pressure Set Point: ____________ in. w.g. (Pa)
Diversity if Applicable: ____________
ATU Nos. Used for Diversity: ____________
Diversity Airflow: ____________
Final Heating Static Pressure Set Point: ____________ in. w.g. (Pa)
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For each ATU included on the air distribution data sheet, take the fol-
lowing steps:

• Record the manufacturer, model, size, and submitted airflow.
• Record the outlet numbers served by the ATU as well as the outlet

manufacturer, model, size, design airflow, and actual airflow.
• Total the outlet design airflow and actual airflow, which are the

ATU design plan total airflow and actual airflow.
• Record the ATU flow coefficient (calibration factor).
• With the system set for maximum flow, identify the ATU with the

primary air valve almost fully open and record the static pressure
at its inlet.

• Perform a coil capacity test with each coil set for design airflow
and water flow.

If the system is a pressure-dependent system, the airflow to each ATU
must be set with a manual balancing air valve installed upstream of the
inlet. If this system has a static pressure control for filter loading, it must be
balanced with a simulated dirty filter.

Single-Duct, Variable-Air-Volume Air Terminal Unit
A single-duct, variable-air-volume (VAV) ATU has an airflow sensor, a

controller for setting airflow, a heating coil if needed for the space load, and
a thermostat or sensor, depending on the type of BAS. Prior to testing the
system, the building is closed in with the appropriate ceilings in place. The
contractor issues a letter stating that the system is fully operational, with all
controls, filters, outlets and inlets, and piping systems (heating and cooling)
completely installed. The control contractor has all controllers operational
and properly addressed, and the electrician has all of the system operating
under normal power.

The testing and balancing agency will have correction factors for all
velocity measurements, traverse locations, and sufficient static pressure to
provide design airflow through the ATU. The testing and balancing agency
will have correction factors for all velocity measurements, traverse loca-
tions, and sufficient static pressure to provide design airflow through the
ATU.

Each ATU is tested by following these steps:
• Zero the controller by closing off the control air valve by using the

associated thermostat or plugging a handheld device or laptop into
the sensor port to set the ATU for full cooling or minimum airflow.

• When the ATU is zeroed and put back in control, proportion the
outlets and adjust the air valve’s total flow control to its design
value.

• Adjust the air valve’s minimum flow control to its design value.
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• If the heating design airflow is different from the minimum air-
flow, adjust the heating flow control to its design value.

• Reread each diffuser at total flow, minimum flow, and heating
flow, and record each diffuser airflow.

• If an ATU has a heating coil, verify its operation with the thermo-
stat or control sensor.

• After the ATUs are set to design airflow, adjust the AHU static
pressure controller so at least one ATU control air valve is approx-
imately 90% open.

• Record the design, actual, and BAS airflows with each ATU air
valve position and the static pressure controller set point (see
Table 11.2, which includes columns to be added to the columns
shown in Table 11.1 between “Actual Air Valve Position at Maxi-
mum Airflow” and “Remarks.” A Microsoft® Word® version of
this table is available with the supplemental materials accompany-
ing this book at www.ashrae.org/ADGATU. The table can be used
as is or can be altered for specific projects.

• Provide the static pressure controller set point to the BAS contrac-
tor.

For each ATU included on the air distribution data sheet, take the fol-
lowing steps:

• Record the manufacturer, model, size, and submitted airflow.

• Record the outlet numbers served by the ATU as well as the outlet
manufacturer, model, and size and the outlet total, minimum, and
heating design and actual airflows.

• Total the outlet design airflow and actual airflow, which are the
ATU plan total, minimum, and heating design and actual airflows.

• Record the ATU flow coefficient (calibration factor).

Table 11.2   Minimum Airflow Profile

Design 
Minimum Airflow

Actual 
Minimum Airflow

BAS Display 
Minimum Airflow

Actual Air Valve 
Position at 

Minimum Airflow
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• With the system set for maximum flow, identify the ATU with the
primary air valve almost fully open and record the static pressure
at its inlet.

• Perform a coil capacity test with each coil set for design airflow
and water flow.

Parallel Fan-Powered Air Terminal Unit
A parallel fan-powered ATU has a pressure-independent air valve for

primary air, a fan for heating, a return air opening in the fan section, a heat-
ing source, and a backdraft damper to restrict primary air leakage into the
return plenum. When the thermostat temperature is above set point, the pri-
mary air valve (which is the cooling source) opens from its minimum to its
maximum set point, the fan is off, and the backdraft air valve is closed. On a
call for heating (the temperature is below the thermostat set point), the pri-
mary air valve modulates to the minimum flow setting and the fan is
enabled, drawing air from the return air plenum. On a further call for heat-
ing, the heating source is enabled. The heating source may be on the return
opening or on the discharge of the ATU.

The testing and balancing agency will have correction factors for all
velocity measurements, traverse locations, and sufficient static pressure to
provide design airflow through the ATU.

Parallel fan-powered ATUs are tested by following these steps:
• Zero the primary air controller by closing off the control air valve.
• Adjust the associated thermostat or plug a handheld device or lap-

top into the sensor port and set the ATU controller for full cooling.
• Proportion the outlets and adjust the air valve’s primary flow con-

trol to its design value.
• Adjust the air valve’s minimum flow control to its design value if

applicable.
• Reread each diffuser at maximum and minimum primary flows

and record each diffuser airflow.
• Adjust the thermostat or room sensor to heating.
• Verify the primary air valve is at minimum.
• Verify the fan is enabled.
• Determine the fan airflow by subtracting the minimum primary

airflow from the total cooling airflow.
• Adjust the fan airflow to meet the heating airflow requirement.
• Reread each diffuser at heating flow and record each diffuser air-

flow.
• If an ATU has a heating coil, verify its operation with the thermo-

stat or control sensor.
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• After the ATUs are set to design primary airflow, adjust the AHU
static pressure controller so at least one ATU primary control air
valve is approximately 90% open.

• Record the design, actual, and BAS airflows with each ATU air
valve position and the static pressure controller set point (see
Tables 11.1 and 11.2).

• Provide the static pressure controller set point to the BAS contractor.

For each ATU included on the air distribution data sheet, take the fol-
lowing steps:

• Record the manufacturer, model, size, and submitted airflow.
• Record the outlet numbers served by the ATU as well as the outlet

manufacturer, model, and size and the outlet maximum primary,
minimum primary, and heating fan design and actual airflows.

• Total the outlet design airflow and actual airflow, which are the
ATU plan maximum primary, minimum primary, and heating fan
design and actual airflows.

• Record the ATU flow coefficient (calibration factor).
• With the system set for maximum flow, identify the ATU with the

primary air valve almost fully open and record the static pressure
at its inlet.

• Perform a coil capacity test with each coil set for design airflow
and water flow.

Series Fan-Powered Air Terminal Unit 
A series fan-powered ATU has a pressure-independent air valve for pri-

mary air, a return air opening, a fan located on the discharge of the ATU,
and a heating source. When the thermostat temperature is above set point,
the primary air valve (which is the cooling source) modulates from its mini-
mum to its maximum set point, which may be equal to or less than the fan
airflow. On a call for heating, the primary air valve modulates to its mini-
mum flow setting and the fan induces air from the return air plenum. On a
further call for heating, the heating source is energized.

ATUs equipped with permanent split capacitor (PSC) motors have
either discharge balancing dampers or silicon-controlled rectifier (SCR)
controllers to regulate fan airflow. ATUs supplied with electronically com-
mutated motors (ECMs) can regulate flow consistently over a very wide
operating range and may be designed to vary flow based on load demand.
On a PSC motor, adjust the total airflow to design by adjusting the balanc-
ing damper or SCR controller. On an ATU equipped with an ECM, adjust
the volume control device per the manufacturer’s recommendation. If using
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the BAS, verify the total airflow by traverse or by reading the outlets down-
stream of the ATU.

The testing and balancing agency will have correction factors for all
velocity measurements, traverse locations, and sufficient static pressure to
provide design airflow through the ATU.

Each ATU is tested by following these steps:
• Zero the primary air controller by closing off the air valve.
• Adjust the associated thermostat or plug a handheld device or lap-

top into the sensor port and set it for full cooling.
• Proportion the outlets and adjust the air valve’s maximum primary

flow control to its design value.
• Take the differential pressure across the flow sensor at maximum

primary airflow. (The BAS may show this differential or airflow.
Calculate the new differential pressure required to obtain the mini-
mum primary airflow using Equation 11.1.)

• Adjust the primary airflow settings to the new calculated differen-
tial pressure for minimum design airflow.

• Reread each diffuser at maximum and minimum primary flows
and record each diffuser airflow.

• If an ATU has a heating coil, verify its operation with the thermo-
stat or control sensor.

• After the ATUs are set to design primary airflow, adjust the AHU
static pressure controller so at least one ATU primary control air
valve is approximately 90% open.

• Record the design, actual, and BAS airflows with each ATU air
valve position and the static pressure controller set point (see
Tables 11.1 and 11.2).

• Provide the static pressure controller set point to the BAS contrac-
tor.

As indicated above, Equation 11.1 is used to calculate the new differen-
tial pressure required to obtain the minimum primary airflow:

PdMIN PdMAX Airflow MIN Airflow MAX 2= (11.1)

where
PdMIN = unknown minimum differential pressure
PdMAX = maximum pressure differential measured
Airflow MIN = minimum design airflow
Airflow MAX = maximum airflow measured
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For each ATU included on the air distribution data sheet, take the fol-
lowing steps:

• Record the manufacturer, model, size, and submitted airflow.
• Record the outlet numbers served by the ATU as well as the outlet

manufacturer, model, and size and the outlet maximum primary
and minimum primary design and actual airflows.

• Total the outlet design airflow and actual airflow, which are the
ATU plan maximum primary and minimum primary design and
actual airflows.

• Record the ATU flow coefficient (calibration factor).
• With the system set for maximum flow, identify the ATU with the

primary air valve almost fully open and record the static pressure
at its inlet.

• Perform a coil capacity test with each coil set for design airflow
and water flow.

Dual-Duct, Constant-Volume Air Terminal Unit
A dual-duct, constant-volume ATU has two separate air valves side by

side. Each air valve discharges into a mixing plenum. Each air valve has a
flow sensor and an air valve that is controlled by a controller to maintain
constant discharge airflow. At full cooling, the air valve connected to the
cold duct is open. As the thermostat set point is satisfied, the cold air valve
begins to close and the heating air valve begins to open. If room pressure is
a concern for designs using dual-duct, constant-volume ATUs, room pres-
sure controllers may be required. To avoid unwanted hysteresis issues in
dual-duct, constant-volume ATUs, it is recommended that a discharge air
sensor and controller control the cooling inlet and a heating inlet and con-
troller control the total airflow, rather than two inlet sensors.

The testing and balancing agency will have correction factors for all
velocity measurements, traverse locations, and sufficient static pressure to
provide design airflow through the ATU. The air valve’s air valves will have
been tested for leakage by the manufacturer and/or the TAB agency follow-
ing these steps:

• Adjusting the ATU to full heating and full cooling (this is the pre-
ferred method).
• Verifying when in full cooling that the hot-duct air valve is fully

closed by measuring the temperature entering the cooling air
valves and at the discharge of the ATU.

• Verifying when in full heating that the cold-duct air valve is
fully closed by measuring the temperature entering the heating
air valves and at the discharge of the ATU.
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• Ensuring that the differential temperature between the hot duct
and cold duct is greater than 30°F (16.7°C).

• Verifying that the acceptable increase in temperature is speci-
fied (0.5°F to 1°F [0.28°C to 0.56°C]).

• If a 30°F (16.7°C) differential is not attainable, driving both air
valves closed to verify zero flow.
• Verifying there are no cross connections of the heating to the

cooling and vice versa requires walking the ductwork and
observing that the cold duct is connected to the cooling side of
the ATU.

Each ATU is tested by following these steps:
• Zero the cold-duct controller by closing off the control air valve by

using the associated thermostat or plugging a handheld device or
laptop into the sensor port.

• When the ATU is zeroed and put back in control, proportion the
outlets and adjust the air valve total cooling flow control to its
design value.

• Zero the hot-duct controller by closing off the control air valve by
using the associated thermostat or plugging a handheld device or
laptop into the sensor port.

• When the ATU is zeroed and put back in control, proportion the
outlets and adjust the air valve total heating flow control to its
design value.

• After the ATUs are set to design airflow, adjust the AHU static
pressure controller so at least one ATU control air valve is approx-
imately 90% open (this is used for a system with separate heating
and cooling fans).

• Record the design, actual, and BAS airflows with each ATU air
valve position and the static pressure controller set point (see
Tables 11.1 and 11.2).

• Provide the static pressure controller set point to the BAS contrac-
tor (note that because the static pressure control is for loading of
filters, the maximum airflow must be obtained with a dirty filter
condition).

For each ATU included on the air distribution data sheet, take the fol-
lowing steps:

• Record the manufacturer, model, size, and submitted airflow.
• Record the outlet numbers served by the ATU as well as the outlet

manufacturer, model, and size and the outlet design and actual air-
flows (heating and cooling).
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• Total the outlet design airflow and actual airflow, which are the
ATU design plan total airflow and actual airflow (heating and
cooling).

• Record the air valve’s flow coefficients (calibration factor).
• With the system set for maximum cooling flow, identify the ATU

with the primary air valve almost fully open and record the static
pressure at its inlet.

• With the system set for maximum heating flow, identify the ATU
with the primary air valve almost fully open and record the static
pressure at its inlet.

Dual-Duct, Variable-Air-Volume Air Terminal Unit
A dual-duct, VAV ATU has two separate air valves side by side. Each

air valve discharges into a mixing plenum. Each air valve has a flow sensor
and an air valve that is controlled by a controller to maintain maximum and
minimum discharge airflows. At full cooling, the air valve connected to the
cold duct is open. As the thermostat set point is satisfied, the cold air valve
begins to close to its minimum airflow setting and the heating air valve
begins to open. If room pressure is a concern for designs using dual-duct,
VAV ATUs, laboratory controls may be required. When both the heating and
cooling air valves are at their mid-positions, the discharge airflow increases.

The testing and balancing agency will have correction factors for all
velocity measurements, traverse locations, and sufficient static pressure to
provide design airflow through the ATU. The air valve’s air valves will have
been tested for leakage by the manufacturer and/or the TAB agency follow-
ing these steps:

• Adjusting the ATU to full heating and full cooling (this is the pre-
ferred method).
• Verifying when in full cooling that the hot-duct air valve is fully

closed by measuring the temperature entering the cooling air
valves and at the discharge of the ATU.

• Verifying when in full heating that the cold-duct air valve is
fully closed by measuring the temperature entering the heating
air valves and at the discharge of the ATU.

• Verifying that the differential temperature between the hot duct
and cold duct is greater than 30°F (16.7°C).

• Ensuring that the acceptable increase in temperature is speci-
fied (0.5°F to 1°F [0.28°C to 0.56°C]).

• If a 30°F (16.7°C) differential is not attainable, driving both air
valves closed to verify zero flow.
• Verifying there are no cross connections of the heating to the

cooling and vice versa requires walking the ductwork and
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observing that the cold duct is connected to the cooling side of
the ATU.

Each ATU is tested by following these steps:
• Zero the cold-duct controller by closing off the control air valve by

using the associated thermostat or plugging a handheld device or
laptop into the sensor port.

• When the ATU is zeroed and put back in control, proportion the
outlets and adjust the air valve maximum cooling flow control to
its design value.

• With the controller set for minimum cooling, read the outlets and
adjust the air valve minimum cooling flow control to its design
value.

• Zero the hot-duct controller by closing off the control air valve by
using the associated thermostat or plugging a handheld device or
laptop into the sensor port.

• When the ATU is zeroed and put back in control, proportion the
outlets and adjust the air valve maximum heating flow control to
its design value.

• With the controller set for minimum heating, read the outlets and
adjust the air valve minimum heating flow control to its design
value.

• After the ATUs are set to design airflow, adjust the AHU static
pressure controller so at least one ATU control air valve is approx-
imately 90% open (this is used for a system with separate heating
and cooling fans and done for each duct system).

• Record the design, actual, and BAS airflows with each ATU air
valve position and the static pressure controller set point (see
Tables 11.1 and 11.2).

• Provide the heating and cooling static pressure controller set point
to the BAS contractor.

For each ATU included on the air distribution data sheet, take the fol-
lowing steps:

• Record the manufacturer, model, size, and submitted airflow.
• Record the outlet numbers served by the ATU as well as the outlet

manufacturer, model, and size and the outlet design and actual air-
flows (for maximum and minimum heating and cooling).

• Total the outlet design airflow and actual airflow, which are the
ATU design plan total airflow and actual airflow (for maximum
and minimum heating and cooling).

• Record the air valve’s flow coefficients (calibration factor).
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• With the system set for maximum cooling flow, identify the ATU
with the primary air valve almost fully open and record the static
pressure at its inlet.

• With the system set for maximum heating flow, identify the ATU
with the primary air valve almost fully open and record the static
pressure at its inlet.

COMMISSIONING
The commissioning process is a quality-focused process for enhancing

the delivery of a project. It focuses on evaluating and documenting that the
facility and all its systems and assemblies are planned, designed, installed,
tested, operated, and maintained to meet the Owner’s Project Requirements
(OPR).

System Verification Checklists
For each type of system discussed in the Testing and Balancing Basics

section, the following should be included in the system verification check-
lists used for commissioning.

• Documentation by the contractor (verified by the commissioning
agent) of the following items:
• Manufacturers’ published data, including performance data and

shop drawings approved by the architect and/or the engineer
• Required test reports and/or certifications (these could be from

leakage tests, mock-up room sound testing, etc.)
• Manufacturers’ installation and start-up materials
• Wiring diagrams, control schematics, and sequences
• Operation and maintenance documents
• An equipment matrix updated by the contractor

• Documentation by the contractor (verified by the commissioning
agent) that each piece of equipment is submitted and installed as
specified, with the following data included for each piece:
• Manufacturer
• Model
• Serial number
• Service
• Size
• Unit and general information, with the following items verified:

• Permanent labels are affixed
• Duct installation is complete and installed per specification
• Duct connection is completed and properly supported
• ATUs, ducts, and coils have been inspected for leakage or

damage
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• Clearance around ATUs is acceptable per specification in
code

• Maintenance access is acceptable
• Equipment is clean internally and externally
• For fan-powered ATUs:

• ATU is in good condition and free from damage
• ATU is installed per the manufacturer’s instructions and in

the correct orientation
• Electrical panel has sufficient clearance
• All electrical connections are tight
• Control power is energized and verified for correct voltage
• Control system interlocks are connected and functional

• For valves, piping, and coils:
• Pipe fittings are complete and piping is properly sup-

ported
• All piping insulation is complete and installed per specifi-

cation
• All piping is appropriately labeled
• The flow-balancing valve with a flow measuring device is

installed per specification
• All required test ports, gages, and thermometer wells are

installed and operational as indicated in the contract draw-
ings and specifications

• Coils are clean and fans are in good condition
• Manual and control valves are installed and labeled in the

proper orientation, are accessible for operation, and are
verified for full stroke range

• For electrical and controls:
• Control wiring connectors are complete and installed per

the project specifications and manufacturer’s requirements
• All control instrumentation is installed, labeled, and wired

as indicated the project drawings and specifications
• All low-voltage control wiring is routed in a separate con-

duit from high-voltage wiring
• The BAS control panel is powered from the correct

source, its cabinet is labeled, and all wiring is terminated
and labeled per the project specifications

• All BAS instrumentation is verified back to the appropri-
ate input or output in the controller (point-to-point verifi-
cation)

• The thermostat is installed and verified for proper range
and calibration
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• All control loops are properly tuned and verified under
operating conditions

• The operating software is backed up to a server or other
suitable storage

Control Point and/or Sensor Calibration Verification
Each sensor calibration should list the ATU number, the direct digital

control (DDC) point number, the point description, the DDC value
observed, the actual value recorded, the DDC offset, the DDC value after
offset, and the date of testing. Each one of the DDC points must be observed
at the local control panel and the main computer where the graphics reside.
Each point must be observed in the graphics package to have the correct
name and value.

Terminal Unit Control Configuration and  
Sequence Verification Data

Properly conducting testing and balancing as well as completing a ter-
minal unit control configuration and sequence verification data form for
each ATU saves time during commissioning. As a minimum, the form
should list the terminal unit number, controller address, airflow set points
(maximum and minimum), actual airflows (maximum and minimum), DDC
airflows (maximum and minimum), the control sequence type identified in
the sequence summary, a control sequence verification, and the date of test-
ing. This verification should also include any control point in the ATU con-
troller that can be modified, for example:

• Occupied cooling and heating temperature set points
• Unoccupied cooling and heating temperature set points
• Primary maximum volume
• Primary heating volume
• Primary multiplier
• Primary dead-band volume

Functional Performance Testing of Air Terminal Units
Most AHU systems may have up to two types of ATUs. The functional

test should be written per type, not per unit. All the sequence verifications
can be checked off on the terminal unit control configuration and sequence
verification data form (which can be done by a testing and balancing firm
that tests controls).

The following should be included in a functional test for an ATU:
• System description: explains what kind of ATUs are installed and

their components
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• Zone occupancy: establishes the scheduled operating periods and
how the temperatures will be maintained; also establishes a start-
ing sequence

• Temperature control loops: establishes how each loop is the func-
tion in the test required

• Airflow control: establishes how the ATU will be calibrated (coef-
ficient established)

• ATU alarms: establishes each type of alarm and how it will be
tested

• Unoccupied control: establishes the positions of the air valves,
coils, etc.

REFERENCE
AABC. 2016. National standards for total system balance, 7th Ed. Wash-
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OVERVIEW

Every major building type has a set of unique conditions that impact the
design and application of air terminal units (ATUs) for each specific project
type. These include schools, office buildings, laboratories, prisons, health
care facilities, and others. Space functional demands usually dictate most of
the unique criteria, such as temperature and humidity requirements, sound
criteria, and other environmental conditions and concerns. Regulatory
requirements such as those in building and energy codes and safety and
environmental regulations also impact the design and application of HVAC
systems using all-air systems with ATUs. This chapter provides an overview
of the application of ATUs in health care facilities.

HEALTH CARE FACILITIES
HVAC systems in health care facilities serve a broad range of building

space types, such as office areas, food preparation and serving areas, inpa-
tient care areas, emergency departments, radiology and other laboratories,
and critical care areas including operating rooms (ORs), recovery rooms,
delivery rooms, nurseries, intensive and critical care units, cath labs, phar-
macies, airborne infection isolation (AII) rooms, protective environment
(PE) rooms, and others. Over the years, the systems used in hospitals have
included a wide range of systems, from dual-duct air systems and low-pres-
sure steam, electric, and hot-water reheat systems to fan-coil units, pack-
aged terminal air-conditioners (PTACs), and constant-volume or variable-
air-volume (VAV) single-duct reheat systems. In recent years, displacement
ventilation and active and passive beam systems have been applied to
patient rooms and other noncritical hospital areas.

The predominant system types used in today’s health care facilities are
constant-volume or VAV systems using single-duct air terminal units

Air Terminal Unit 
Applications in 
Health Care 
Facilities
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(ATUs) with hot-water reheat coils. It is common practice for all ATUs in
health care facilities to be designed with reheat coils. Only ATUs serving
unoccupied spaces such as electrical rooms, mechanical equipment rooms,
and storage rooms should be designed without reheat coils for most health
care facilities. The reheat coils provide the ability for rapid warm-up of
spaces as well as the varying reheat demand. All-air systems are especially
suitable for hospitals to fulfill the requirements of delivering the high air
change rates required by current standards, to control humidity and tem-
perature, and to maintain and control room pressure relationships.

Selection of ATUs to meet required noise criteria is an important design
criterion in health care facilities. Compared to occupants of other building
types, patients and hospital staff are typically more sensitive to mechanical
equipment noise, including that of ATUs. Therefore, ATU selection must
consider the noise criteria for the health care environment. Fibrous insula-
tion should not be used in ATUs in health care facilities. While fibrous insu-
lations such as fiberglass offer excellent noise attenuation and thermal
insulation, this type of insulation is inappropriate in health care applications
because of concerns about airborne contaminants collecting in the porous
fiberglass insulation. Since porous insulation cannot be used, the designer
must use other design elements to meet the required noise criteria. These
include selecting ATUs for a lower inlet velocity, providing an integral or
field-fabricated attenuator, and locating the ATU as far as possible from the
occupied space. ATUs should be provided with double-wall sheet metal lin-
ers or protective coatings over any fibrous insulation. ATUs should be
located in areas where they are accessible and can be maintained. If located
above hard ceilings, access doors should be provided.

ROOM PRESSURIZATION
Some rooms in health care facilities must be positively or negatively

pressurized with respect to their surrounding spaces. Rooms that are
designed for positive pressurization (that have greater air pressure than their
surrounding areas) typically are for patient protection or for storing sterile
cleaning supplies or equipment. Rooms that are designed for negative pres-
surization (that have lower air pressure than their surrounding areas) are
usually for containing odors or airborne contaminants within a room (Bar-
rick and Holdaway 2014).

There may be several possible causes for a room not being properly
pressurized (positive or negative). For example, there may be an improper
balance between the room’s supply and return/exhaust rates; to investigate
this as a possible cause, supply and exhaust fans should be checked for
proper operation. Another cause may be that the room’s supply diffusers or
return grilles are blocked; the grilles and ductwork should be investigated to



Air Terminal Unit Applications in Health Care Facilities 21512

determine if they need to be cleaned or if occupants have purposefully
blocked them to improve the thermal comfort in their room. Another possi-
ble cause of improper pressurization is poorly performing fume hoods and
biological safety cabinets; because their operation impacts air balance in
adjacent rooms, their performance should be checked. It is also possible that
facility renovations altered the HVAC system such that it impacts the air
balance among rooms; thus, the HVAC system should be verified for proper
operation (Barrick and Holdaway 2014).

Return/Exhaust Pressure Independence
In areas that require positive or negative pressurization, engineers must

evaluate the need for return and/or exhaust ATUs in order for the return and/
or exhaust system to operate as pressure independent. Systems for critical
care areas such as ORs, AII rooms, PE rooms, and others should be
designed for pressure-independent return/exhaust systems. Without ATUs in
the return/exhaust ductwork, the duct systems are pressure dependent and
the required pressure relationship cannot be ensured. According to Guide-
lines for Design and Construction of Hospitals and Outpatient Facilities
(FGI 2014) by Facility Guidelines Institute (FGI) and ANSI/ASHRAE/
ASHE Standard 170, Ventilation of Health Care Facilities (ASHRAE 2017),
hospital patient rooms do not require definitive control of the pressure rela-
tionship of the patient room relative to the adjacent corridor. Thus, to avoid
the additional cost of ATUs in the return/exhaust systems, it is common
design practice to design patient room systems with pressure-dependent
return/exhaust systems; however, some hospital owners are electing to
design for ATUs in the return/exhaust system as a way to minimize airborne
contamination throughout the patient room system. When pandemic disease
is a strong concern, certain wings or floors of patient rooms in health care
facilities are being designed for definitive pressure control.

When return/exhaust ATUs are used, it is likely that there will be lint
buildup on the airflow-measuring element in the ATU. Filters can be used
on return/exhaust grilles, but this significantly increases maintenance for the
hospital staff. If the return/exhaust air is not filtered, an ATU that is less sus-
ceptible to lint buildup must be selected by the engineer. Some manufactur-
ers design ATUs such that the flow-sensing element can be accessed via a
removable access panel, but this also requires significant maintenance to
ensure the flow element is accurately measuring the room airflow.

There continue to be differences of opinion in the industry about
whether a venturi valve or a single-blade damper is the more appropriate
device for controlling supply and return airflows in critical spaces. Histori-
cally, venturi valves have frequently been used by engineers when pressure-
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independent return/exhaust systems are designed. Reasons for using venturi
valves include the following:

• Speed of response
• Accuracy
• Stability—no transducer errors
• Maintenance—does not require maintenance to clean flow-mea-

suring element
• Installation advantages—insensitivity to duct inlet and outlet con-

ditions
• Easier to balance—does not require field-measured coefficients

during start-up or testing and balancing

Engineers designing with venturi valves must choose open-loop or
closed-loop airflow control. Venturi valves incorporate a spring-loaded cone
assembly attached to a shaft to make the valve pressure independent; air-
flow measurement is not typical for venturi valves. Without airflow mea-
surement, the venturi valve is an open-loop control device (i.e., there is not a
direct airflow feedback to adjust control of the valve). Airflow measurement
can be incorporated in venturi valves to monitor and report airflow through
the valve or can be added for direct, closed-loop control of the valve.

Rooms Requiring Positive Pressure
Rooms that are positively pressurized are usually the cleanest spaces in

hospitals. Rooms may be positively pressurized for a number of reasons,
such as to protect OR and PE room patients and sterile medical and surgical
supplies in supply rooms from airborne pathogens. If such rooms are not
properly pressurized, airborne contaminants from adjacent areas may be
entrained into these rooms. When airborne contaminants such as viruses,
bacteria, and fungi get into these rooms, they may contaminate sterile
equipment or infect patients (ASHE 2017).

According to the FGI Guidelines (FGI 2014) and ASHRAE/ASHE
Standard 170 (ASHRAE 2017), the following are space types in hospitals
that should be positively pressurized with respect to adjacent areas:

• ORs
• Delivery rooms
• Trauma rooms
• Newborn intensive care units
• Laser eye rooms
• PE rooms
• Pharmacies
• Laboratories, media transfer
• Clean central medical and surgical supply rooms
• Sterile corridors
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In health care facilities, ORs have the most demanding environmental
requirements, including maintaining temperature, humidity, and pressure
relationships. Figure 12.1 shows an example of the documentation required
for the testing, balancing, and commissioning processes to ensure the
required airflow and pressure relationships are obtained for an OR suite.

For ORs and sterile corridors, wherever possible, all ATUs should be
located above the ceiling of the transfer corridors. This includes the coils,
smoke and/or fire dampers, and controls. This location is to avoid having to
access the equipment from the sterile environment.

ASHRAE/ASHE Standard 170 (ASHRAE 2017) allows energy conser-
vation during unoccupied periods by reducing airflows during the unoccu-
pied periods. This is permitted as long as the pressure relationship for the
OR is not compromised.

The 2005 edition of NFPA 99: Health Care Facilities Code (NFPA
2005) requires ventilation systems for anesthetizing locations to be
designed and controlled to prevent the circulation of smoke originating
within the surgical suite and to prevent smoke of external sources from
entering the air-handling system outdoor air intake. In either condition, the
smoke evacuation system must not interfere with the normal exhaust func-
tion of the system. Control of the ATUs must be coordinated with the smoke
evacuation system.

However, after years of review and diminished concerns with the lim-
ited amount of smoke generated from surgical site fires, the smoke exhaust
requirement has been deemed unnecessary by industry experts and NFPA:
the 2012 and 2015 editions of NFPA 99 (NFPA 2012, 2015) do not require
smoke purge systems in windowless anesthetizing locations, including sur-
gical suites. Some states (such as Texas) still require a smoke purge system,
so it is important that engineers verify the enforced code for each health
care facility project to determine if the smoke purge system is required and,
if so, what the code-prescribed requirements for the system are.

PE rooms are used to protect high-risk immunocompromised patients.
These include burn trauma patients; patients recovering from cancer treat-
ments; patients requiring organ, bone marrow, or stem cell transplants; and
patients with AIDS or other conditions where they are susceptible to air-
borne infections. The design of a PE room requires airflow sufficient to pro-
vide 12 ach, high-efficiency particulate air (HEPA) filtration, nonaspirating
type supply diffusers, low sidewall returns, and controls to maintain positive
pressure at all times.

A PE room should be designed and balanced to maintain 0.05 in. w.g.
(125 Pa) relative to the patient corridor. Figure 12.2 shows an example of
the documentation required for the testing, balancing, and commissioning



Figure 12.1   Operating Room Suite Airflow and Pressure Summary
(Figure 25.1, AABC 2016; Reprinted with permission of AABC)

 Room Area,
ft2 (m2)

Volume, 
ft3 (m3)

Design Air 
Changes per 
Hour (ACH)

Design Supply, 
cfm (L/s)

Design Return, 
cfm (L/s)

Design Offset, 
cfm (L/s)

Actual Supply, 
cfm (L/s)

Actual Air 
Changes per 
Hour (ACH)

OR 1 810 (75.3) 7290 (206.4) 20 2430 (1147) 1945 (918) 485 (229) 2520 (1189) 20.7
OR 2 810 (75.3) 7290 (206.4) 20 2430 (1147) 1945 (918) 485 (229) 2480 (1171) 20.4
OR 3 810 (75.3) 7290 (206.4) 20 2430 (1147) 1945 (918) 485 (229) 2550 (1204) 21.0
OR 4 810 (75.3) 7290 (206.4) 20 2430 (1147) 1945 (918) 485 (229) 2490 (1175) 20.5
OR 5 810 (75.3) 7290 (206.4) 20 2430 (1147) 1945 (918) 485 (229) 2475 (1168) 20.4
OR 6 810 (75.3) 7290 (206.4) 20 2430 (1147) 1945 (918) 485 (229) 2525 (1192) 20.8

Sterile Core 1458 (135.3) 13122 (371.6) 6 1310 (618) 875 (413) 435 (205) 1320 (623) 6
Transfer Corr. 1 558 (51.8) 5022 (142.2) 2 170 (80) 0 170 (80) 165 (78) 2
Transfer Corr. 2 972 (90.3) 8748 (247.7) 2 290 (137) 0 290 (137) 280 (132) 1.9
Transfer Corr. 3 1080 (100.3) 9720 (275.2) 2 325 (153) 0 325 (153) 315 (149) 1.9
Transfer Corr. 4 1116 (103.7) 10044 (284.4) 2 335 (158) 0 335 (158) 315 (149) 1.9

OR Entrance 216 (20.1) 1944 (55.0) 2 65 (31) 0 65 (31) 60 (28) 1.9

Room Actual Return, 
cfm (L/s)

Actual Offset,
cfm (L/s)

Pressure to Transfer Corridor, 
in. w.g.(Pa)

Pressure to Sterile Core,
in. w.g. (Pa)

Pressure to Hospital,
in. w.g. (Pa)

OR 1 1960 (925) 560 (264) 0.045 (11.2) 0.025 (6.2) —
OR 2 1925 (908) 555 (262) 0.055 (13.7) 0.035 (8.7) —
OR 3 1950 (920) 600 (283) 0.05 (12.4) 0.025 (6.2) —
OR 4 1935 (913) 555 (262) 0.045 (11.2) 0.025 (6.2) —
OR 5 1925 (908) 550 (260) 0.055 (13.7) 0.03 (7.5) —
OR 6 1975 (932) 550 (260) 0.06 (14.9) 0.035 (8.7) —

Sterile Core 890 (420) 430 (203) 0.02 (5.0) — —
Transfer Corr. 1 0 165 (78) — — —
Transfer Corr. 2 0 280 (132) — — —
Transfer Corr. 3 0 315 (149) — — —
Transfer Corr. 4 0 315 (149) — — —

OR Entrance 0 60 (28) — — 0.055 (13.7)
AHU Total Supply: 31,500 cfm (14,866 L/s) Design; 32,155 cfm (15,175 L/s) Actual 

Outside Air = 10,395 cfm (4,906 L/s) Design; 10,425 cfm (4,920 L/s) Actual
Outside Air/Supply Air =33% Design; 32.4% Actual
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processes to ensure the required airflow and pressure relationships are
obtained for a PE room.

Figure 12.2   Protective Environment Room Airflow and Pressure Summary
(Figure 25.3, AABC 2016; Reprinted with permission of AABC)

Area,
ft2 (m2)

Volume, 
ft3 (m3)

Design Supply, 
cfm (L/s)

Design Exhaust, 
cfm (L/s)

Design Offset, 
cfm (L/s) Air Change/Hour

PE Room 315 (40) 2835 (360) 565 (266.7) 190 (89.7) 375 (177.0) 12.0
Ante Room 80 (7.4) 720 (20.4) 120 (56.6) 120 (56.6) 0 10.0

Toilet 40 (3.7) 360 (10.2) — 60 (28.3) 60 (28.3) 10.0

Actual Supply, 
cfm (L/s)

Actual Return/ 
Exhaust, 
cfm (L/s)

Actual Offset,
cfm (L/s)

Pressure to 
Corridor,

 in. w.g. (Pa)
Pressure to Toilet,

in. w.g. (Pa)

PE Room 575 (271.4) 180 (85.0) 395 (186.4) 0.045 (11.2) 0.015 (3.7)
Ante Room 135 (63.7) 125 (59.0) 10 (4.7) 0.045 (11.2) 0.01 (2.5)

Toilet — 55 (26.0) 55 (26.0) — —

Rooms Requiring Negative Pressure
Rooms that are negatively pressurized are typically done so to prevent

airborne contaminants such as chemicals or microbial pathogens from
spreading to other spaces. If these rooms lose their negative pressure rela-
tionship, odors may also migrate throughout the facility. Occupants may
complain of unpleasant odors if, for example, formaldehyde or darkroom
chemicals are allowed to drift from the spaces that use them. In addition to
causing unpleasant odors, some airborne chemicals may also cause adverse
health effects if patients are exposed to them (Barrick and Holdaway 2014).

According to the FGI Guidelines (FGI 2014) and ASHRAE/ASHE
Standard 170 (ASHRAE 2017), the following are space types in health care
facilities that should be negatively pressurized with respect to adjacent
areas:

• Emergency department waiting rooms
• Radiology waiting rooms



Figure 12.3   Isolation Room Airflow and Pressure Summary
(Figure 25.2, AABC 2016; Reprinted with permission of AABC)

Area,
ft2 (m2)

Volume, 
ft3 (m3)

Design Supply, 
cfm (L/s)

Design Exhaust, 
cfm (L/s)

Design Offset, 
cfm (L/s) Air Change/Hour

Isolation Room 315 (29.3) 2835 (80.3) 285 (134.5) 565 (266.7) 286 (135.0) 12.0
Toilet 40 (3.7) 360 (10.2) — 60 (28.3) — 10.0

Actual Supply, 
cfm (L/s)

Actual Exhaust, 
cfm (L/s)

Actual Offset,
cfm (L/s)

Pressure to 
Corridor,

in. w.g. (Pa)
Pressure to Toilet,

in. w.g. (Pa)

Isolation Room 275 (129.8) 595 (280.8) 320 (151.0) -0.04 (-10.0) — 12.6
Toilet — 65 (30.7) 65 (30.7) — -0.01 (-2.5) 10.8
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• Triage areas
• Toilet rooms
• AII rooms
• Darkrooms
• Cytology, glass washing, histology, microbiology, nuclear medi-

cine, pathology, and sterilizing laboratories
• Autopsy rooms
• Soiled workrooms
• Soiled holding rooms
• Decontamination rooms for central medical and surgical supply
• Soiled linen rooms
• Trash chute holding rooms
• Janitorial rooms and closets

AII rooms should be designed and balanced to maintain 0.05 in. w.g.
(125 Pa) relative to the patient corridor. AII rooms are used to isolate
patients with infectious diseases from other patients in the facility. For
example, AII rooms are commonly used to isolate patients with active
tuberculosis, which is caused by the bacteria Mycobacterium tuberculosis
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and spreads from one person to another through the air. An infected patient
releases the bacteria into the air by sneezing or coughing, and others may be
infected if these bacteria are inhaled (Barrick and Holdaway 2014).
Figure 12.3 shows an example of the documentation required for the testing,
balancing, and commissioning processes to ensure the required airflow and
pressure relationships are obtained for an isolation room.
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