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AIR SYSTEMS 

All-air systems are also used vimially exclusively in special appli- 
cations' for close control of temperature and humidity, including 
cleanrooms, computer rooms; hospital operating rooms, research 
and development facilities, and many industrial/manufacturing 
facilities. 

understand the operation of system components, ,their ,relationship 
to the psychrometric chart, and their interaction under vanous oper- 
ating conditions and system configurations. The HVAC designer , 

should work closely with the architect to optimize i the building 
I I envelope design. Close cooperation of a11 parties during design can 

result in reduced building loads, which allows th 
mechanical systems. 

i 

Advantages of all-air systems include the following: 

zoning-]Exterior 
, 

Exterior zones are affected by weather conditions (e.g., wind, 
temperature, Sun) and, depending on the geographic. area and sea- 

the selection of high-quality and durable equipment. 
tical equipment, wiring, filters, and vib&tion- and 

t is away from the conditioned area, 
tion for service needs and ,(2) potential 

offer the greytest potential for using outside ai; for 
oiing instead of mechanical refrigeration. 
eover is simple and adapts readily to automatic 

wide choice of zoning, flexibility, and humidity control under 
operating conditions is possible. Simultaneous heating and 

are unoccupied for considerable periods, fan operating cost can be,, 
reduced by heating with penmeter radiation dunng unoccupied 
penods rather than operating the main or local unit supply, fans.) 

'Separate perimeter heating can operate with any all-air system. 
~ Conditioning Systems. However, its greatest application has been in conjunction with VAV 1 8 

' I r 
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2.2 2004 ASHRAE Handbook-HVAC Systems and Equipment (SI) 

systems for cooling-only service. Careful design minimizes simul- 
taneous heating and cooling. See the section on Variable Air Volume 
for further details. 

Zoning-Interior 
Interior spaces have relatively constant conditions because they 

are isolated from external influences. Cooling loads in interior zones 
may vary with changes in the operation of equipment and appliances 
in the space and changes in occupancy, but usually interior spaces 
require cooling throughout the year. A VAV system has limited 
energy advantages for interior spaces, but it does provide simple tem- 
perature control. interior spaces with a roof exposure, however, may 
require treatment similar to perimeter spaces that require heat. 

Space Heating 
Although steam is an acceptable medium for central system pre- 

heat or reheat coils, low-temperature hot water provides a simple 
and more uniform means of perimeter and general space heating. 
Individual automatic control of each terminal provides the ideal 
space comfort. A control system that varies water temperature 
inversely with the change in outdoor temperature provides water 
temperatures that produce acceptable results in most applications. 
For best results, the most satisfactory ratio can be set after installa- 
tion is completed and actual operating conditions are ascertained. 

Multiple perimeter spaces on one exposure served by a central 
system may be heated by supplying warm air from the central sys- 
tem. Areas with heat gain from lights and occupants and no heat loss 
require cooling in winter, as well as in summer. In some systems, 
very little heating of return and outside air is required when the 
space is occupied. Local codes dictate the amount of outside air 
required (see ASHRAE Standard 62 for recommended optimum 
outside air ventilation). For example, with return air at 24°C and 
outside air at -18"C, the temperature of a 25% outside/75% return 
air mixture would be 13"C, which is close to the temperature of air 
supplied to cool such a space in summer. In this instance, a preheat 
coil installed in the minimum outside airstream to warm outside air 
can produce overheating, unless it is sized so that it does not heat the 
air above 2 to 5°C. Assuming good mixing, a preheat coil in the 
mixed airstream prevents this problem. The outside air damper 
should be kept closed until room temperatures are reached during 
warm-up. A return air thermostat can terminate warm-up. 

When a central air-handling unit supplies both perimeter and 
interior spaces, supply air must be cool to handle interior zones. 
Additional control is needed to heat perimeter spaces properly. 
Reheating the air is the simplest solution, but is not acceptable under 
most energy codes. An acceptable solution is to vary the volume of 
air to the perimeter and to combine it with a terminal heating coil or 
a separate perimeter heating system, either baseboard, overhead air 
heating, or a fan-powered terminal unit with supplemental heat. The 
perimeter heating should be individually controlled and integrated 
with the cooling control. Lowering the supply water temperature 
when less heat is required generally improves temperature control. 
For further information, refer to Chapter 12 in this volume and 
Chapter 46 of the 2003 ASHRAE Handbook-HVAC Applications. 

Temperature Versus Air Quantity 
Designers have considerable flexibility in selecting supply air 

temperature and corresponding air quantity within the limitations of 
the procedures for determining heating and cooling loads. 
ASHRAE Standard 55 also addresses the effect of these variables 
on comfort. In establishing supply air temperature, the initial cost of 
lower airflow and low air temperature (smaller fan and duct sys- 
tems) must be calculated against potential problems of distribution, 
condensation, air movement, and increased odors and gaseous or 
particulate contaminants. Terminal devices that use low-temperature 
air can reduce the air distribution cost. These devices mix room and 

primary air to maintain reasonable air movement in the occupied 
space. Because the amount of outside air needed is the same for any 
system, the percentage in low-temperature systems is high, requir- 
ing special care in design to avoid freezing preheat or cooling coils. 
Also, the low-temperature air supply reduces humidity in the space. 
If humidity is too low, it may cause respiratory problems. 

Other Considerations 
All-air systems operate by maintaining a temperature differential 

between the supply air and the space. Any load that affects this dif- 
ferential and the associated airflow must be considered, including 
the following: 

All fans (supply, return, and supplemental) add heat. The fan 
shaft power eventually converts to heat in the system. Motor inef- 
ficiencies are an added load if that motor is in the airstream. 
Whether the fan is before the cooling coil (blow-through) or after 
(draw-though) affects how this load must be accounted for. The 
effect of these gains can be considerable, particularly in process 
work. Heat gain in medium-pressure systems is about 1 K per 
kilopascal static pressure. 
The supply duct may gain or lose heat from the surroundings. 
Most energy codes require that the supply duct be insulated, 
which is usually good practice regardless of code requirements. 
Controlling humidity in a space can affect the air quantity and 
become the controlling factor in selecting supply airflow rate. 
VAV systems provide only limited humidity control, so if humid- 
ity is critical, extra care must be taken in design. 

First, Operating, and Maintenance Costs 
As with all systems, the initial cost of an air-handling system var- 

ies widely depending on location, condition of the local economy, 
and preference of the contractor-even for identical systems. For 
example, a dual-duct system is more expensive because it requires 
essentially twice the amount of material for ducts as that of a com- 
parable single-duct system. Systems requiring extensive use of ter- 
minal units are also comparatively expensive. The operating cost 
depends on the system selected, the designer's skill in selecting and 
correctly sizing components, the efficiency of the duct design, and 
effect of building design and type on the operation. All-air systems 
can greatly minimize operating cost. 

Because an all-air system separates the air-handling equipment 
from occupied space, maintenance on major components in a cen- 
tral location is more economical. Also, central air-handling equip- 
ment requires less maintenance than a similar total capacity of 
multiple small packaged units. The many terminal units used in an 
all-air system do, however, require periodic maintenance. Because 
these units (including reheat coils) are usually installed throughout 
a facility, maintenance costs for these devices must be considered. 

Energy 
The engineer's early involvement in the design of any facility can 

considerably affect the building's energy consumption. Careful 
design minimizes system energy costs. In practice, however, a system 
is usually selected based on a low first cost or to perform a particular 
task. In general, single-duct systems may consume less energy than 
dual-duct systems, and VAV systems are more energy-efficient than 
constant air volume systems. Savings from a VAV system come from 
the savings in fan power and because the system does not overheat or 
overcool spaces, and reheat is minimized. 

The air distribution system for an all-air system consists of two 
major subsystems: ( I )  air-handling units that generate conditioned 
air under sufficient positive pressure to circulate it to and from the 
conditioned space, and (2) a distribution system that only carries air 
from the air-handling unit to the space being conditioned. The air 
distribution subsystem often includes means to control the amount 
or temperature of air delivered to each space. 
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Building Air Distribution 

AIR-HANDLING UNITS 
The basic system is an all-air, single-zone air-conditioning sys- 

tem consisting of an air-handling unit and an air distribution system. 
The air-handling unit may be designed to supply constant or vari- 
able air volume for low-, medium-, or high-velocity air distribution. 
Normally, the equipment is located outside the conditioned area in 
a basement, penthouse, or service area. It can, however, be installed 
in the area if conditions permit. The equipment can be adjacent to 
the primary heating and refrigeration equipment or at considerable 
distance, with refrigerant, chilled water, hot water, or steam circu- 
lated to it for energy transfer. 

Figure 1 shows a typical draw-through central system that SUP- 
plies conditioned air to a single zone or to multiple zones. A blow- 
through configuration may also be used if space or other conditions 
dictate.' The quantity and quality of supplied air are fixed by space 
requirements and determined as indicated in Chapters 28 and 29 of 
the 2001 ASHRAE Handbook-Fundamentals. Air gains and loses 
heat by contacting heat transfer surfaces and by mixing with air of 
another condition. Some of this mixing is intentional, as at the out- 
side air intake; other mixing results fro'm the physical characteristics 
of a particular component, as when untreated air passes through a 
coil without contacting the fins (bypass factor). 

All treated and untreated air must be well mixed for maximum 
performance of heat transfer surfaces and for uniform temperatures 
in the airstream. Stratified, parallel paths of treated and untreated air 
must be avoided, particularly in the vertical plane of systems using 
double-inlet or multiple-wheel fans. Because these fans do not com- 
pletely mix the air, different temperatures can occur in branches 
coming from opposite sides of the supply duct. , 

Primary Equipment 
Refrigeration. Either central station or localized equipment, 

depending on the application, can provide cooling. Most large sys- 
tems with multiple central air-handling units use a central refriger- 
ation plant. Small, individual air-handling equipment can (1) be 
supplied with chilled water from central chillers, (2) use direct- 
expansion cooling with a central condensing (cooling tower) sys- 
tem, or (3) be air-cooled and totally self-contained. The decision to 
provide a central plant or local equipment is based on factors similar 
to those 'for air-handling equipment: 

Heating. The criteria described for cooling are usually used to 
determine whether a central heating plant or a local one is desirable. 
Usually, a central, fuel-fired plant is more desirable for heating. In 

es, electric heating is a viable option and is often eco- 
nomical, particularly where care has been taken to design energy- 
efficient systems and buildings. * 

, .  

. -. . 1 1 MAXIMUM OUTSIDE AIR DAMPER 

AUTOMATIC DAMPER = - MINIMUM OUTSIDE AIR DAMPER 

MANUAL DAMPER = -+++ 

Fig. 1 Equipment Arrangement for Central System 
Draw-Through Unit 

2.3 

Air-Handling Equipment 
. Packaged air-handling equipment is available in many configura- 

tions using any desired method of cooling, heating, humidification, 
filtration, etc. In large systems (over 2 5  m3/s), air-handling equip- 
ment is usually custom-designed and fabricated to suit a particular 
application. Air handlers may be either centrally or remotely located. 

Central Mechanical Equipment Rooms (MERs). The type of 
facility usually determines where the air-handling equipment is . 
located. Central fan rooms today are more common in laboratory or 
industrial facilities, where maintenance is isolated from the condi- 
tioned space. 

Decentralized MERs. Many office buildings locate air-handling 
equipment at each floor. This minimizes the space.required for 
distribution ductwork and shafts. The reduced size of equipment as 
a result of duplicated systems allows the use of less expensive pack- 
aged equipment and reduces the need for experienced.operating and 
maintenance personnel. 

Fans 
Both packaged and built-up air-handling units can use any type, 

of fan. Centrifugal fans may be forward-curved, backward-inclined, 
or airfoil, and single-widwsingle-inlet (S WSI) or double-width/ 
double-inlet (DWDI). It is common for packaged air handlers to use 
multiple DWDI centrifugal fans on a common shaft with a single 
drive motor. SWSI centrifugal plug fans, without a scroll are some- 
times used 'on larger packaged air handlers to make them more com- 
pact. Vaneaxial fans, both adjustable- and variable-pitch during 
operation, are often used on very large air-handling units. Fan selec- 
tion should be based.on efficiency and sound power'level through: 
out the anticipated range of operation, as well as on the ability of the 
fan to provide the required flow at the anticipated static pressure. 
Chapter 18, further discusses fans and fan selection. 

I 

, 

, 

. I  

AIR-HANDLING UNIT PROCESSES 
. .  

Cooling 
The basic methods used for cooling include the following: 

* Direct expansion takes advantage of the latent heat of the refrig- ., " 

erant fluid, and cools as shown in the psychrometric diagram in 
Figure 2. 

0 A fluid-filled coil uses temperature differences between the fluid 
and air to exchange energy by the same process as in Figure 2 (see 
the section on Dehumidification). 

0 Direct spray of water in the airstream (Figure 3) ,  an adiabatic , 

process, uses the latent heat of evaporation of water to reduce dry- 
bulb temperature while increasing moisture content. Both sensi- 
ble and latent cooling are also possible by using chilled water. A 
conventional evaporative cooler uses the adiabatic. process by 
spraying or dripping recirculated.water onto a filter pad (see the , ' ' 

section on Humidification). The wetted duct or supersaturated 
system is a variation of direct spray. In this system, tiny droplets 
of free moisture are carried by the a u  into the conditioned space, 
where they evaporate -and provide additional cooling, reducing 
the amount of air needed for cooling the space (Figure 4). 

* Indirect evaporative cooling adiabatically cools outside, or 
.exhaust air from the conditioned space by spraying water, then 
passes that cooled air through one side of a heat exchanger. Air to 
be supplied to the space is cooled by passing through the other 
side of the heat exchanger. Chapter 19 has further information on 
this method of cooling. 
Chapter 6 of the 2001'ASHRAE Handbook-Fundamentals , .  de- 

, : 

' , 

. . 

' 

. '  

tails the'psychrometric process of these methods. . , .  

Heating I .. 

The basic methods used for heating include the following: 
Steam uses the latent heat of the fluid. 
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20 
Air enters cooling coil at Point 1 and 
is cooled sensibly until it becomes 
saturated. Then moisture condenses 
until air is fully saturated and 
leaves coil at Point 2. 

15 

o) 

4 o) 

10 i 
c 
0 
I 
3 
I 

5 

O 
O 5 10 15 20 25 30 35 40 

TEMPERATURE, "C 

Fig. 2 Direct-Expansion or Chilled-Water Cooling and 
Dehumidification 

TEMPERATURE, 'C 

Fig. 3 Water Spray Cooling 

Fluid-filled coils use temperature differences between the warm 
fluid and the cooler air. 
Electric heating also uses the temperature difference between the 
heating coil and the air to exchange energy. 
The effect on the airstream for each of these processes is the 

same and is shown in Figure 5. For basic equations, refer to Chapter 
6 of the 2001 ASHRAE Handbook-Fundamentals. 

Humidification 
Methods used to humidi@ air include the following: 

Direct spray of recirculated water into the airstream (air 
washer) reduces the dry-bulb temperature while maintaining an 
almost constant wet bulb, in an adiabatic process [see Figure 3, 
Path (i) to (3)]. The air may also be cooled and dehumidified, or 
heated and humidified, by changing the spray water temperature. 

In one variation, the surface area of water exposed to the air is 
increased by spraying water onto a cooling/heating coil. The coil 
surface temperature determines leaving air conditions. Another 

Recirculating water system follows process 
line 1 to 2. Very large quantities of recir- 
culated water supersaturate the airstream 
as shown by process lines 1 to 3. In this 
process, airstream carries free 
moisture into conditioned space. 

O 5 10 15 20 25 30 35 40 
TEMPERATURE, 'C 

Fig. 4 Water Spray Humidifier 

20 

15 

m 
4 o) 

Steam, hot-water (or other 
fluids), and electric heatin 
have identical effects 
airstream. 

10 z 
c 
9 
n 

I 

5 

n 
O 5 10 15 20 25 30 35 40- 

TEMPERATURE, "C 

Fig. 5 Steam, Hot-Water, and Electric Heating 

method is to spray or distribute water over a porous medium, such 
as those in evaporative coolers. This method requires careful 
monitoring of the water condition to keep biological contami- 
nants from the airstream (Figure 6). 
Compressed air that forces water through a nozzle into the air- 
stream is essentially a constant wet-bulb (adiabatic) process. The 
water must be treated to keep particles from entering the airstream 
and contaminating or coating equipment and furnishings. Many 
types of nozzles are available. 
Steam injection is a constant dry-bulb process (Figure 7). As the 
steam injected becomes superheated, the leaving dry-bulb tem- 
perature increases. If live steam is injected into the airstream, the 
boiler water treatment chemical must be nontoxic to occupants 
and nondamaging to building interior and furnishings. 

Dehumidification 

Moisture condenses on a cooling coil when its surface tempera- 
ture is below the air's dew point, thus reducing the humidity of the 
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Building Air Distribution 2.5 

Recirculating water humidification 
system follows process line 1 to 2 
Wetted coil used to preheat or 
precool air follows process line 
3 to 2 (preheat shown) 

O 5 10 ' 15 20 25 30 35 2 

TEMPERATURE, 'C 

Fig. 6 , Humidification 

TEMPERATURE. "C 
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' , Fig. 7 Steam Humidification 
, .  

air. Similarly, air will also be dehumidified if a fluid with'a temper- 
ature below the airstream dew point is sprayed into the airstream 
(see the section on Air Washers in Chapter 19). The process is iden- 
tical to that shown in Figure 2, except that the moisture condensed 
from the airstream condenses on, and dissolves in, the spray drop- 
lets instead of on the solid coil surface. 

Chemical dehumidification involves either passing air over a 
' solid desiccant or spraying the air with a solution of desiccant and 
water. Both of these processes add heat, oft& called the latent heat 
of wetting, to the air being dehumidified. Usually about 465 kJikg 
of moisture, is removed (Figure 8). These systems should be re- 
viewed with the user to ensure that the space is not contaminated. 
Chapter 22 has more information on.this'topi0. ' . , 

AIR-HANDLING UNIT COMPONENTS 

Air Conditioner 
To determine the system's air-handling requirement, the designer 

must consider the function and physical charactenstics of the space 

20 

15 
Increase in heat from Point 1 to 2 is 
latent heat of weiiing, which IS 
usually about 465 kJ per kilogra 
of moisture removed 

10 

5 

O 
O 5 10 15 20 25 30 35 40 

TEMPERATURE, 'C 

Fig. 8 Chemical Humidification 

to be conditioned and the air volume and thermal exchange capaci- 
ties required. Then, ,the vanous components may be selected and 
arranged by considering the fundamental requirements of the cen- 
tral system. The equipment must be adequate, accessible for easy 
maintenance, and not overly complex in its arrangement iind control 
to provide the required conditions. Further, the designer should con- 
sider economics in component selection. Both initial cost and oper- 
ating costs affect design decisions. The designer should not , 

arbitrarily design for a 2.5 m i s  face velocity, which has been com- 
mon for selecting cooling coils and other components. Filter and 
coil selection at 1.5 to 2 m/s,  with resultant lower pressure loss, 
could produce a substantial payback on constant-volume systems. 
Chapter 36 of the 2003 ASHRAE Handbook-HVAC Applications 
has further information on energy and life-cycle costs. 

Figure 1 shows a general arrangement of the air-handling u&t 
components for a single-zone, all-air central system suitable for year- 
round air conditioning. This arrangement allows close control of 
temperature and,hu&dity. Ail of these components are seldom used ,' 
in one system for a comfort application. Although Figure 1 indicates 1 

a built-up system, most of the components are available from many , . 
manufacturers completely assembled or in subassembled sections . , 

that can be bolted together in the field. When selecting central system ' 

components, specific,design parameters must be evaluated to balkce _. 
cost, controllability, operating expense, maintenance,, noise, and 
space. The sizing and selection of primary air-handling units sub- ' ' , 

stantially affect the results obtained in the conditioned space. 

Return Air Fan . . 

A return air fan is optional on small systems but is essential for 
proper operation of air economizer systems for free cooling from 
outside air if the return path has a significant pressure drop (greater 
than approximately 75 Pa). It provides a positive return and exhaust 
from the conditioned area, particularly when mixing dampers per- 
mit cooling with outside air in intermediate seasons and winter. 
The return air fan ensures that the proper volume of air returns from 
the' conditioned space. It prevents excess building pressure when ' 

economizer cycles introduce more than the minimum quantity of 
outside air, and reduces the static pressure against which the supply 
fan must work. The.return air fan should handle a slightly smaller 
amount of air to account for fixed exhaust systems, such as toilet. 
exhaust, and to ensure a slight positive pressure in the conditioned 
space. Chapter 46 of the 2003 ASHRAE Handbook-HVAC Appli- I 

cations provides design details. . ,, 
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Relief Air Fan 
In many situations, a relief (or exhaust) air fan may be used in- 

stead of a return fan. A relief air fan relieves ventilation air intro- 
duced during air economizer operation and operates only when this 
control cycle is in effect. When a relief air fan is used, the supply fan 
must be designed for the total supply and return pressure losses in 
the system. During economizer mode, the relief fan must be con- 
trolled to ensure a slight positive pressure in the conditioned space, 
as with the return air fan system. The section on Economizers de- 
scribes the required control for relief air fans. 

Automatic Dampers 
The section on Mixing Plenums discusses conditions that must 

be considered when choosing, sizing, and locating automatic damp- 
ers for this critical mixing process. These dampers throttle the air 
with parallel- or opposed-blade rotation. These two forms of damp- 
ers have different airflow throttling characteristics (see Chapter 15 
of the 200 1 ASHRAE Handbook-Fundamentals). Pressure rela- 
tionships between various sections of this mixing process must be 
considered to ensure that automatic dampers are properly sized for 
wide-open and modulating pressure drops. Refer to ASHRAE 
Guideline 16 for additional detail. 

Relief Openings 
Relief openings in large buildings should be constructed simi- 

larly to outside air intakes, but may require motorized or self-act- 
ing backdraft dampers to prevent high wind pressure or stack 
action from causing airflow to reverse when the automatic damp- 
ers are open. Pressure loss through relief openings should be 25 Pa 
or less. Low-leakage dampers, such as those for outdoor intakes, 
prevent rattling and minimize leakage. The relief air opening 
should be located so that air does not short-circuit to the outside air 
intake. 

Return Air Dampers 
Negative pressure in the outside air intake plenum is a function of 

the resistance or static pressure loss through the outside air louvers, 
damper, and duct. Positive pressure in the relief air plenum is like- 
wise a function of the static pressure loss through the relief damper, 
the relief duct between the plenum and outside, and the relief louver. 
The pressure drop through the return air damper must accommodate 
the pressure difference between the positive-pressure relief air ple- 
num and the negative-pressure outside air plenum. Proper sizing of 
this damper facilitates better control and mixing. An additional 
manual damper may be required for proper air balancing. 

Outside Air Intakes 
Resistance through outside air intakes varies widely, depending 

on construction. Frequently, architectural considerations dictate the 
type and style of louver. The designer should ensure that the louvers 
selected offer minimum pressure loss, preferably not more than 
25 Pa. High-efficiency, low-pressure louvers that effectively limit 
carryover of rain are available. Flashing installed at the outside wall 
and weep holes or a floor drain will carry away rain and melted 
snow entering the intake. Cold regions may require a snow baffie to 
direct fine snow to a low-velocity area below the dampers. Outside 
air dampers should be low-leakage types with special gasketed 
edges and endseals. A damper section and damper operator are 
strongly recommended for ensuring minimum ventilation. The 
maximum outside air damper controls the air needed for econo- 
mizer cycles. 

Economizers 
An economizer uses outside air to reduce refrigeration require- 

ments. A logic circuit maintains a fixed minimum of ventilation 

outside air. The air-side economizer is an attractive option for reduc- 
ing energy costs when the climate allows. The air-side economizer 
takes advantage of cool outside air either to assist mechanical cool- 
ing or, if outside air is cool enough, to provide total system cooling. 
To exhaust the extra outside air, a method of variable-volume relief 
must be provided when air-side economizers are used. The relief 
volume may be controlled by modulating the relief air dampers in 
response to building space pressure. Another common approach is 
opening the relief/exhaust and outside air intake dampers simulta- 
neously, although this alone does not address space pressurization. 
The relief system is off and relief dampers are closed when the air- 
side economizer is inactive. 

Advantages of air-side economizers include the following: 

They substantially reduce compressor, cooling tower, and con- 
denser water pump energy requirements. 
They have lower air-side pressure drop than water-side econo- 
mizers. 
They may have greater annual energy savings than water-side 
economizers. 
They reduce tower makeup water and related water treatment. 

Disadvantages of air-side economizers include the following: 

Humidification may be required during winter. 
The equipment room is generally placed along the building?s 
exterior wall. 
Installed cost may be higher than that for a water-side economizer 
if the cost of providing the exhaust system exceeds the costs of 
piping, pump, and heat exchanger. 
Improper use can increase heating costs in a dual-duct system. 

Mixing Plenums 
Mixing plenums provide space for airstreams with different 

properties to mix as they are introduced into the same section of 
ductwork or air-handling unit, allowing the system to operate as in- 
tended. If the airstreams are not sufficiently mixed, the resulting 
stratification adversely affects system performance. Some prob- 
lems associated with stratification are nuisance low-temperature 
safety cutouts, frozen cooling coils, excess energy use by the pre- 
heat coil, inadequate outside air, control hunting, and poor outside 
air distribution throughout occupied spaces. 

A common example of a mixing plenum is the air-handling unit 
mixing box, where outside and recirculated airstreams are com- 
bined. In air-handling units, mixing boxes typically have one inlet, 
with control dampers, for each airstream. 

There are no performance standards for mixing boxes or mixing 
plenums. Thus, it is difficult to know whether a particular mixing 
box design will provide sufficient mixing. In the absence of perfor- 
mance data, many rules of thumb have been developed to increase 
the mixing provided by mixing boxes. It is important to note that 
few supporting data exist; the following suggestions are based 
largely on common-sense solutions and anecdotal evidence: 

The minimum outside air damper should be located as close as 

An outside air damper sized for 7.5 m / s  gives good control. 
Low-leakage outside air dampers minimize leakage during sys- 
tem shutdown. 
A higher velocity through the return air damper facilitates air bal- 
ance and may increase mixing. 
Parallel-blade dampers may aid mixing. Positioning the dampers 
so that the return and outside airstreams are deflected toward each 
other may increase mixing. 

9 Mixing dampers should be placed across the full width of the 
unit, even if the location of the return duct makes it more con- 
venient to return air through the side. Return air entering 
through the side of an air-handling unit can pass through one 
side of a double-inlet fan while the outside air passes through 

possible to the return air damper. 
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Building Air Distribution 2.7 ' 

the other side. This same situation can exist whenever two'par- ' 

alle1 fans are used in an air-handling unit receiving two different 
airstreams. Wherever there are two fans and two airstreams, an 
air mixer should be used. 
Field-built baffles may be used to create additional turbulence and 
to enhance mixing. Unfominately, the mixing effectiveness and 
pressure drop of field-built solutions are unknown. 

If stratification is anticipated in a system, then special mixing 
equipment that has been tested by the manufacturer (see the section 
on Static Air Mixers), should be specified and used in the air- 
handling system. 

Static Air Mixers 
Static air mixers are designed to enhance mixing in the mixing 

plenum to reduce or eliminate problems associated with stratifica- 
tion. These devices have no moving parts and create turbulence in 
the airstream, which increases mixing. They are usually mounted 
between the mixing box and the heating or cooling coil; the space 
required depends on the amount of mixing that krequired. Typical 
pressure loss for these devices is 25 to 75 Pa. 

There are no performance standards for air mixers. Thus, manu-. 
facturen of air mixers and air-handling units should demonstrate 
that their devices provide adequate mixing. 

Filter Section 

Unless the filter is regularly maintained, system resistance increases 
and airflow diminishes. Accessibility is the primary consideration 
in filter selection and location. In a built-up system, there should be 
at least 1 m between the upstream face of the filter bank and any 
obstruction. Other requirements for filters can be found in Chapter 
24 and in ASHRAE Standard 52.1. 

Good mixing of outside and return air is also necessary for good 
filter performance.,A poorly placed outside air duct or a bad duct 
connection to the mixing plenum can cause uneven filter loading 
and poor distribution of air through the coil section. 

Preheat Coil 
A preheat 'coil should have wide fin spacing, be accessible for 

easy cleaning, and be protected by filters. If a preheat coil is 
located in the minimum outside airstream rather than in the mixed 
airstream as shown in Figure 1, it should not heat the air to an exit 
temperature above 2 to 70C;' preferably, it should become inoper- 
ative at outside temperatures above 7°C. Inner distributing tube or 
integral face-and-bypass coils are preferable with steam. Hot- ' .  

water preheat coils should have a constant-flow recirculating 
pump and should be piped for counterflow so that the coldest air 
contacts the warmest part of the coil surface first. Chapter 23 pro- . 
vides more detailed information.on heating coils. 

Cooling Coil 
Sensible and latent heat are removed from the air through the 

cooling coils. In all finned coils, some .air 'passes through without, 
contacting the ñ n s  or tubes. The amount of this bypass can vary 
from 30% for a four-row coil at 3.5 d s ,  to less than 2% for an 
eight-row'coil at 1.5 d s .  The dew point of the airmixture leaving 
a foq-row coil might satisSr a comfort installation with 25% or less 
outside air, a small intemal latent load, and sensible temperature 
control only. For close control of room conditions for precision 
work, a deeper coil may be required. Chapter 21 provides more 
information on cooling coils and their selection. 

Coil freezing can be a serious problem with chilled-water coils. 
Full-flow circulation of chilled water during freezing. weather, or 
even reduced flow with a small recirculating pump, minimizes coil 
freezing and eliminates stratification. Further, continuous full-flow 

' 

.A' system's overall performance depends heavily on .the filter. .:* 

' 

circulation can provide a source of off-season chilled water in air- 
and-water systems. Antifreeze solutions or complete coil draining 
also prevent coil freezing. However, because it is difficult (if not 
impossible) to drain most cooling coils completely, caution should 
be exercised if this option is considered. 

Reheat Coil , I  

Reheat 'systems ,are strongly discouraged, unless recovered en- 
ergy is used (see ASHRAE Standard 90.1). Reheating is limited to 
laboratory, health care, or similar applications where temperature 
and relative humidity must be controlled accurately. Heating coils 
located in the reheat position, as shown in Figure 1, are frequently ' 

used for warm-up, although a coil in the preheat position is prefer- 
able. Hot-water coils provide 'a v e e .  controllable source of reheat 
energy. Inner-distributing-tube coils are preferable for steam appli- 
cations. Electric coils may also be used. See Chapter 23; for more 
information. 

Humidifiers 
Humidifiers may be installed as part of the central station air- 

handling unit, or in terminals at the point of use, or both. Where 
close humidity control of selected spaces is required, the entire sup- 
ply airstream may be humidified to a low humidity level in the air ., 

handler. Terminal humidifiers in the supply ducts serving selected 
spaces.bring humidity up to the required levels. For comfort instal- 
lations not requiring close control, moisture can be added to the air 
by mechanical atomizers or point-of-use electric or ultrasonic 
humidifiers. Proper location of this equipment prevents stratifica- 
tion of moist air in the system. 

Steam grid.hpnidifiers with dew-point control usually are used 
for accurate humidity control. Air to a'laboratory or other space 
that requires close humidity control must be reheated after leaving . 
a cooling coil before moisture can be ,added..Humidi@ing equip- 
ment capacity should not exceed the expected peak load by more 
than 10%. If humidity is controlled from the room or return air, a 
limiting humidistat and fan interlock may be needed in the .supply 
duct. This prevents condensation and moldor mildew growth in the 
ductwork. Humidifiers add some sensible heat that should be 
accounted for in the psychrometric evaluation. See Chapter 20 for 
additional information. 

Dehumidifiers 
Many dehumidification systems &e available. Dust can be a 

problem with solid desiccants, and lithium contamination is a con- 
cem with spray equipment. Chapter 21 discusses dehumidification ' 

by cooling coils and Chapter 22 discusses desiccant dehumidifiers. 

' 

' . "  

',, 

. <  . 

' 

Odor Control 
Most devices control odors and other contaminants with acti- 

vated carbon or potassium permanganate as a basic filter medium. 
Other systems use electronic control methods. Chapters 12 and 13 
of the 2001 ASHRAE Handbook-Fundamentals have more infor- 
mation on odor control. ' 

'r 

, .  
Supply Air Fan 

Either axial flow, centrifugal, or plug fans may be chosen as 
supply air fans for straight-through flow applications. In factory- 
fabricated units, more than one centrifugal fan may be tied to the 
same shaft. If headroom permits, a single-inlet fan should be chosen 
when air enters at right angles to the flow of air through the equip- 
ment. This permits'direct airflow from the fan wheel into the supply 
duct without abrupt change in direction and loss in efficiency. It also , 

permits a more gradual transition from the fan to the duct and 
increases static regain in the velocity pressure conversion. To mini- 
mize inlet losses, the distance between the casing walls and fan inlet 
should be at least the diameter of the fan wheel. With a single-inlet 

- 

; 
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2.8 2004 ASHRAE Handbook-HVAC Systems and Equipment (SI) 

fan, the length of the transition section should be at least half the 
width or height of the casing, whichever is longer. If fans blow 
through the equipment, air distribution through the downstream 
components needs analyzing, and baffles should be used to ensure 
uniform air distribution. See Chapter 18 for more information. 

AIR-HANDLING UNIT CONCERNS 

Outside Air Requirements 
A common complaint in buildings is a lack of outside air. This 

problem is especially a concern in VAV systems where outside air 
quantities are established for peak loads and are then reduced in pro- 
portion to the air supplied during periods of reduced load. A simple 
control added to the outside-air damper can eliminate this problem 
and keep the amount of outside air constant, regardless of the oper- 
ation of the VAV system. However, the need to preheat outside air 
must be considered if this control is added. 

Another problem is that some codes require as little as 2.4 L/s 
per person [about 0.25 L/(s.m2)] of outside air. This amount may 
be too low for a building using modem construction materials. 
Higher outside air quantities may be required to reduce odors, vol- 
atile organic compounds (VOCs), and potentially dangerous pol- 
lutants. ASHRAE Standard 62 provides information on ventilation 
for acceptable indoor air quality. Air quality (¡.e., control or reduc- 
tion of contaminants such as VOCs, formaldehyde from furnish- 
ings, and dust) must be reviewed by the engineer. 

Heat recovery devices are becoming more popular as require- 
ments for outside air increase. They are used extensively in research 
and development facilities and in hospitals and laboratories where 
HVAC systems supply 100% outside air. Many types are available, 
and the type of facility usually determines which is most suitable. 
Many countries with extreme climates provide heat exchangers on 
outside/relief air, even for private homes. This trend is now appear- 
ing in larger commercial buildings worldwide. Under certain cir- 
cumstances, heat recovery devices such as air-to-air plate heat 
exchangers can save energy and reduce the required capacity of pri- 
mary cooling and heating plants by 20% or more. 

The location of intake and exhaust louvers should be carefully 
considered; in some jurisdictions, location is governed by codes. 
Louvers must be separated enough to avoid short-circuiting air. Fur- 
thermore, intake louvers should not be near a potential source of 
contaminated air such as a boiler stack or hood exhaust. Relief air 
should also not interfere with other systems. If heat recovery 
devices are used, intake and exhaust airstreams may need to be run 
in parallel, such as through air-to-air plate heat exchangers. 

Equipment Isolation 
Vibration and sound isolation equipment is required for most 

central fan installations. Standard mountings of fiberglass, ribbed 
rubber, neoprene mounts, and springs are available for most fans 
and prefabricated units. The designer must account for seismic 
restraint requirements for the seismic zone in which the project is 
located (see Chapter 54 of the 2003 ASHRAE Handbook-HVAC 
Applications). In some applications, fans may require concrete 
inertia blocks in addition to spring mountings. Steel springs 
require sound-absorbing material inserted between the springs and 
the foundation. Horizontal discharge fans operating at a high static 
pressure frequently require thrust arrestors. Ductwork connections 
to fans should be made with fireproof fiber cloth sleeves having 
considerable slack, but without offset between the fan outlet and 
ngid duct. Misalignment between the duct and fan outlet can cause 
turbulence, generate noise, and reduce system efficiency. Electrical 
and piping connections to vibration-isolated equipment should be 
made with flexible conduit and flexible connections. 

Equipment noise transmitted through ductwork can be reduced 
by sound-absorbing units, acoustical lining, and other means of 

attenuation. Sound transmitted through the return and relief ducts 
should not be overlooked. Acoustical lining sufficient to adequately 
attenuate objectionable system noise or locally generated noise 
should be considered. Chapter 47 of the 2003 ASHRAE Hand- 
book-HVAC Applications, Chapter 7 of the 2001 ASHRAE Hand- 
book-Fundamentals, and ASHRAE Standard 68 have further 
information on sound and vibration control. Noise control, both in 
occupied spaces and outside near intake or relief louvers, must be 
considered. Some local ordinances may limit extemal noise pro- 
duced by these devices. 

AIR DISTRIBUTION 
Ductwork should deliver conditioned air to an area as directly, 

quietly, and economically as possible. Structural features of the 
building generally require some compromise and often limit depth. 
Chapter 34 of the 2001 ASHRAE Handbook-Fundamentals de- 
scribes ductwork design in detail and gives several methods of siz- 
ing duct systems. It is imperative that the designer coordinate duct 
design with the structure design. In commercially developed projects, 
great effort is made to reduce floor-to-floor dimensions. The result- 
ant decrease in the available interstitial space left for ductwork is a 
major design challenge. 

Room Terminals 
In some instances, such as in low-velocity all-air systems, air may 

enter from the supply air ductwork directly into the conditioned space 
through a grille or diffuser. In medium- and high-velocity air systems, 
air terminal units normally control air volume, reduce duct pressure, 
or both. Various types are available, including the following: 

i .  A variable air volume (VAV) terminal vanes the amount of air 
delivered. Air may be delivered to low-pressure ductwork and 
then to the space, or the terminal may contain an integral air dif- 
fuser. 

2. A fan-powered VAV terminal varies the amount of primary air 
delivered, but it also uses a fan to mix ceiling plenum or return air 
with primary supply air before it is delivered to the space. 

3. An all-air induction terminal controls the volume of primary 
air, induces a flow of ceiling plenum or space air, and distributes 
the mixture through low-velocity ductwork to the space. 

4. An air-water induction terminal includes a coil or coils in the 
induced airstream to condition the return air before it mixes with 
the primary air and enters the space. 

Chapter 17 has more information on room terminals and air ter- 
minal units. 

Ductwork Design 
Chapter 34 of the 2001 ASHRAE Handbook-Fundamentals 

covers calculation methods for duct design. The air distribution 
ductwork and terminal devices selected must be compatible or the 
system will either fail to operate effectively or incur high first, oper- 
ating, and maintenance costs. 

Duct Sizing. All-air duct systems can be designed for high or 
low velocity. A high-velocity system has smaller ducts, which save 
space but require higher pressures. In some low-velocity systems, 
medium or high fan pressures may be required for balancing or to 
overcome high pressure drops from terminal devices. In any vari- 
able-flow system, changing operating conditions can cause airflow 
in the ducts to differ from design flow. Thus, varying airflow in the 
supply duct must be carefully analyzed to ensure that the system 
performs efficiently at all loads. This precaution is particularly 
needed with high-velocity air. Return air ducts are usually sized by 
the equal friction method. 

In many applications, the space between a hung ceiling and the 
floor slab above it is used as a return air plenum, so that return air is 
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Building Air Distribution 

collected at a central point. Governing codes should be consulted 
before using this approach in new design, because most codes pro- 
hibit combustible material in a ceiling space used as a return air 
plenum: For example, the National Electrical Code@ Handbook 
(NFPA 2002) requires that either conduit or PTFE-insulated wire 
(often called plenum-rated cable) be installed in a return air plenum. 
In addition, regulations often require that return air plenums be 
divided into smaller areas by firewalls and that fire. dampers be 
installed in ducts, which increases first cost. 

In research and some industrial facilities, return ducting must be 
installed to avoid contamination and growth of biological contami- 
nants in the ceiling space. Lobby ceilings with lay-in panels may not 
work well as return plenums where negative pressure from high-rise 
elevators or stack effects of high-rise buildings may occur. If the ple- 
num leaks to the low-pressure area, the tiles may lift and drop out 
when the outside door is opened and closed. Return plenums 
directly below a roof deck haue substantially greater return air tem- 
peratye increases or decreases than a duct return. 

Corridors should not be used for return air because they spread 
smoke and other contaminants. Although most codes ban returning 
air through corridors, the method is still used in many older facilities. 

All ductwork should be sealed. Energy waste because of leaks in 
the ductwork and terminal devices can be considerable. Ductwork 
in many commercial buildings can have leakage of 20% or more. 

'Air systems are classified in two categories: 

* 'Single-duct systems contain the main heating and cooling coils 
in a series-flow air path. A common duct distribution system at a 
common air temperature feeds all terminal apparatus. Capacity 
can be controlled by varying the temperature or volume. 

0 Dual-duct systems contain the main heating and cooling coils in ' 

parallel-flow or seriedparallel-flow air paths with either (1) a sep- 
arate cold- and warm-air duct distribution system that blends air 
at the terminal apparatus (dual-duct systems), or (2) a separate 
,supply air duct to each zone with the supply air blended at the 
main unit with mixing dampers (multizone). Dual-duct systems 
generally vary the supply air temperature by mixing two air; 
streams of different temperatures, but they can also vary the vol: 

These categories are further divided and described in the follow- 

. Ume of supply air in some applications. 

ing sections. 

SINGLE-DUCT SYSTEMS 

Constant Volume 
While maintaining constant airflow, single-duct constant volume 

systems change the supply air temperature in response to the space 
load (Figure 9). 

Single-Zone Systems. The simplest ,all;air system is a supply 
unit serving a single zone. The unit can be installed either in or 

REHEAT COIL 

COOLING COIL- HUMIDIFIERT 
PREHEAT SUPPLY AIR 

OUTSIDE 

\-SUPPLY AIR FAN 

RELIEF 

. .  2.9 ' 

remote,'fiom the space it serves, and may operate with or without 
distribution ductwork. Ideally, this system .responds completely to 
the space needs, and well-designed control systems maintain tem- 
perature and humidity closely and efficiently. Single-zone systems 
often involve short ductwork with low pressure drop and thus low 
fan energy, and can be shut down when not required without affect- . 
ing operation of adjacent areas, offering further energy savings. A 
return or relief fan may be needed, depending on system capacity 
and whether 100% outside air is used for cooling as part of an econ- 
omizer cycle. Relief fans can be eliminated if overpressunzation. 
can be relieved by other means, such as gravity.dampers. 

Multiple-Zone Reheat; The multiple-zone reheat system .is a 
modification of the single-zone system. It provides (1) zone or space 
control for areas ofunequal loading, (2) simultaneous heating or cool- 
ing of perimeter areas with different exposures, and (3) close control , , ' 

for process or comfort applications. As the word reheat implies, heat 
is added as a secondary simultaneous process to either preconditioned 
(cooled, humidified, etc.) primary air or recirculated room air. Rela-' 
tively small low-pressure systems place reheat coils in the ductwork 
at each zone. More complex designs include high-pressure primary 
distribution ducts to reduce their size and cost, and pressure reduction 
devices to maintain a constant volume for each reheat zone.. 
. The system uses conditioned air from a central unit, generally at 
a fixed cold-air temperature that is low enough to meet the maximum 
cooling load. Thus, all supply air is always cooled the maximum 
amount, regardless of the, current load. Heat is added to the airstreain 
in each zone to match the cooling capacity to that zone's load. The 
result is very high energy use. However, the supply air temperature, ' 
from the unit can be varied, with proper control, to reduce the amount 
of reheat required and associated energy consumption. Care must be 
taken to avoid high.intema1 humidity when the temperature of air 

.leaving the cooling.coi1 is permitted to rise during cooling. 
In cold weather, when'a reheat system heats a space with an exte- 

rior exposure, the reheat coil must not only replace the heat lost 
from the space, but also must offset the cooling of the süpply air 
(enough cooling to meet 'the peak load for the space), further 
increasing energy consumption. If a constant-volume system is 
oversized, reheat cost becomes excessive. 

Variable Air Volume (VAV) 
A.VAV system (Figure 10) controls temperature in, a space by 

varying the quantity of supply air rather than varying the supply air 
'temperature. A VAV terminal unit at the zone varies the quantity of 
supply air to the space. The supply air temperature is held relatively , 

constant. A1though:supply air temperature can be moderately reset 
depending on the season, it must always be low enough to.meet the ., , 
cooling load in the most demanding zone and to maintain appropri-' ~ 

ate humidity. VAV systems can be applied to interior or perimeter , ' ' 

zones, with common or separate fans, with common or separate air " 

. 

" 

, 

',. 

; 

' . 

-_ 
' 

. .  
, . . >  

COOLING COIL 

BYPASS DUCT TO J (-)-:-$ 
VAV INDUCTION BOX MAINTAIN SUPPLY 

AIR QUANTITY UNDER 
MINIMUM LOAD CONDITIONS 

LRETURN AIR FAN 
Fig. 10 Variable Air Volume with Reheat, Induction and 

Fig. 9 Constant Volume with Reheat Fan-Powered Devices ' -.I 
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temperature control, and with or without auxiliary heating devices. 
The greatest energy saving associated with VAV occurs at the 
perimeter zones, where variations in solar load and outside temper- 
ature allow the supply air quantity to be reduced. 

Humidity control is a potential problem with VAV systems. If 
humidity is critical, as in certain laboratories, process work, etc., 
constant-volume airflow may be required. 

Other measures may also maintain enough air circulation 
through the room to achieve acceptable humidity levels. The human 
body is more sensitive to elevated air temperatures when there is lit- 
tle air movement. Minimum air circulation can be maintained dur- 
ing reduced load by (1) raising the supply air temperature of the 
entire system, which increases space humidity, or supplying reheat 
on a zone-by-zone basis; (2) providing auxiliary heat in each room 
independent of the air system; (3) using individual-zone recircula- 
tion and blending varying amounts of supply and room air or supply 
and ceiling plenum air with fan-powered VAV terminal units, or, if 
design permits, at the air-handling unit; (4) recirculating air with a 
VAV induction unit; or (5 )  providing a dedicated recirculation fan to 
increase airflow. 

Variable Diffuser. The discharge aperture of this diffuser is 
reduced to keep discharge velocity relatively constant while reduc- 
ing conditioned supply airflow. Under these conditions, the induc- 
tion effect of the diffuser is kept high, cold air mixes in the space, 
and the room air distribution pattern is more nearly maintained at 
reduced loads. These devices are of two basic types: one has a flex- 
ible bladder that expands to reduce the aperture, and the other has a 
diffuser plate that moves. Both devices are pressure-dependent, 
which must be considered in duct-distribution system design. They 
are either powered by the system or pneumatically or electrically 

- driven. 

DUAL-DUCT SYSTEMS 
A dual-duct system conditions all the air in a central apparatus 

and distributes it to conditioned spaces through two ducts, one 
carrying cold air and the other carrying warm. In each conditioned 
zone, air valves mix the warm and cold air in proper proportion to 
satis5 the space load. A dual-duct constant-volume system uses 
more energy than a single-duct VAV system. Dual-duct systems 
may be designed as constant-volume or variable air volume. As with 
other VAV systems, certain primary-air configurations can cause 
high relative humidity in the space during the cooling season. 

Constant-Volume 
Dual-duct constant-volume systems are of two types: 

Single-Fan, Reheat. There are two major differences between 
this and a conventional terminal reheat system: (1) reheat is applied 
at a centrai point instead of at individual zones (Figure 1 i), and (2) 
only part of the supply air is cooled by the cooling coil (the rest is 
heated by the hot-deck coil). This uses less heating and cooling 
energy than the terminal reheat system where all the air is cooled to 

CONTROL) rHUMIDIFIER h' REHEAT 
PREHEAT 
COIL 
OUTSIDE 
AIR 

RELIEF 
AIR 

BOX 

Fig. 11 Dual Duct-Single Fan 

full cooling capacity, then all of it is reheated as required to match 
the space load. Fan energy is constant because airflow is constant. 

Single-Fan, No Reheat. This system has no reheating coil and 
simply pushes a mixture of outside and recirculated air through the 
hot deck. A problem occurs during periods of high outdoor humid- 
ity and low internal heat load, causing the space humidity to rise 
rapidly unless reheat is added. This system has limited use in most 
modem buildings because most occupants demand more consistent 
temperature and humidity. A single-fan, no-reheat dual-duct system 
does not use any extra energy for reheat, but fan energy is constant 
regardless of space load. 

Variable Air Volume 
Dual-duct VAV systems blend cold and warm air in various vol- 

ume combinations. These systems may include single-duct VAV 
terminal units connected to the cold-air chamber of the air handler 
(cold deck) for cooling only interior spaces. This saves reheat 
energy for the air for those cooling-only zones because control is by 
varying volume, not supply air temperature, which saves some fan 
energy to the extent that the airflow matches the load. 

Another VAV dual-duct variation uses terminal units that func- 
tion like a single-duct VAV cooling terminal unit and a single-duct 
VAV heating terminal unit in one physical package. This arrange- 
ment allows the use of significant minimum airflow levels, provid- 
ing temperature control by means of conventional dual-duct box 
mixing at minimum airflow. This variation saves both heating and 
cooling energy and fan energy because less air goes through each 
coil, and the total airflow is reduced below full load. 

Single-Fan. In this system, a single supply fan is sized for the 
coincident peak of the hot and cold decks. Fan control is from two 
static pressure controllers, one located in the hot deck and the other 
in the cold deck. The duct requiring the highest pressure governs the 
airflow. Usually, the cold deck is maintained at a fixed temperature, 
although some central systems permit the temperature to rise during 
warmer weather to save refrigeration. The hot-deck temperature is 
often raised during periods of low outside temperature and high 
humidity to increase the flow over the cold deck for dehumidifica- 
tion. Other systems, particularly in laboratories, use a precooling 
coil to dehumidify the total airstream or just the outside air to limit 
humidity in the space. Return air quantity can be controlled either 
by flow-measuring devices in the supply and return duct or by 
static-pressure controls that maintain space static pressure. 

Dual-Fan. The volume of each supply fan is controlled indepen- 
dently by the static pressure in its respective duct (Figure 12). The 
return fan is controlled based on the sum of the hot and cold fan 
volumes using flow-measuring stations. Each fan is sized for the 
anticipated maximum coincident hot or cold volume, not the sum of 

H U M I D I F I E R 7  
VARIABLE AIR 
VOLUME BOX 

7 COOLING COIL 

COOLING COIL 
(HUMIDITY 
CONTROL) 

PREHEAT 
COIL 

OUTSIDE 
AIR 

:?LIEF 
_II\ I I r .  

FLOW-MEASURING STATION 
RETURN AIR FAN (TYPICAL) 

Fig. 12 Variable Air Volume, Dual Duct, Dual Fan 
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. .  Building Air Distribution 

the instantaneous peaks. The cold deck can be maintained at a con- 
stant temperature either with mechanical refrigeration, when mini- 
mum outside air is required, or with an economizer, when outside 
air is below the temperature of the cold-deck set point. This opera- 
tion does not affect the hot deck, which can recover heat from the 
retum air, and the heating coil need operate only when heating 
requirements cannot be met using return air. Outside air can provide 
ventilation air via the hot duct when the outside air is warmer than 
the return air. However, controls should be used to prohibit intro- 
ducing excessive amounts of outside air beyond the required mini- 
mum when that air is more humid than the retum air. 

Dual-Conduit. This method has two air supply paths: one off- 
sets exterior transmission cooling or heating loads; the other pro- 
vides cooling throughout the year (Figure 13). The first airstream, 
the primary air; operates as a constant-volume system, and the air 
temperature is varied to offset transmission only (Le., it is warm in 
winter and cool in summer). Often, however, the primary-air fan is 
limited to operating only during peak heating and cooling periods to 
further save energy. When calculating this system's heating require- 
ments, the cooling effect of the secondary air must be included, even 
though the secondary system is operating at minimum flow. The 
other airstream, or secondary air, .is cool year-round and vanes in 
volume to match the load from solar heating, lights, power, and 
occupants. It serves both perimeter and interior spaces. 

Figure 13 shows the system,with separate delivery paths to the 
space from each conduit, but a variation,on the dua1:conduit systems 
uses dual-duct mixing boxes and a single delivery path to the space. 
In this variation, the first airstream is always either retum air or 
heated air, never cooled air, and the other airstream has enough 
capacity for the entire cooling load. 

, 

MULTIZONE SYSTEMS 
The multizone system (Fibre  14) supplies several zones fiom a 

single, centrally located air-handling unit. Different zone require- 
ments are met by mixing cold and warm air through zone dampers 
at the air handler in response to zone thermostats.. The mixed, con- 
ditioned air is distributed throughout the bÛilding b y  single-zone 
ducts. The rekirn air is handled conventionally. The multizone sys- 
tem is similar to the dual-duct system and has the same potential 
problem with high humidity levels. This system can provide a 
smaller building with the advantages of a dual-duct system, and it 
uses packaged equipment, which is less expensive. 

Packaged equipment is usually limited to about 12'zones; al- 
though built-up systems can include as many zones as can be phys- 
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Fig. 13 Dual Conduit System 

2.11 

ically incorporated in the layout. A multizone system is somewhat 
more energy-efficient than a terminal reheat system because not all 
the air goes through the-cooling coil, which reduces the amount of 
reheat required. But a multizone system uses essentially the same 
fan energy as terminai reheat because the.airflow, is constant. 

Two common variations on the multizone system are the three- 
deck multizone and the Texas,multizone. A three-deck multizone 
system is similar to.the standard multizone system, but bypass zone , 

dampers are installed in the air-handling unit parallel with the hot- 
and cold-deck dampers. In the Texas multizone system, the hot- 
deck heating coil is removed from the air handler and replaced with . 
an air-resistance plate matching the cooling coil's pressure drop. 
Individual heating coils are placed in each perimeter zone duct.' 
These heating coils are usually located in the equipment room for 
ease of maintenance. This system is common in humid climates 
where.the cold deck often produces 9 to 1 1°C air. for'humidity con- ' .  

trol. Using the air-handling ,wits' zone dampers to maintain zone 
conditions, supply air is then mixed with bypass air rather than 
heated air. Heat is added only if the zone served cannot. be main- 
tained by delivering return,air alone. These aqangements can save 
considerable reheat energy. 

SPECIAL SYSTEMS 
, .  

PrimarylSecondary 
Some processes use two interconnected all-air systems (Figure 

15). In these situations, space gains are veryhigh and a large number 
of air changes are required (e.g., in sterile or cleanrooms or where 
close-tolerance conditions are needed for process work). The pn- 
mary system supplies the conditioned outside air requirements for 
the process either to the secondary system or directly to the space. 
The secondary system provides additional cooling and humidifica- 
tion (and heating, if required) tó offset space and fan power gains. 

. .  
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Fig. 14 Multizone System 
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Normally, the secondary cooling coil is designed to be dry (Le., sen- 
sible cooling only) to reduce the possibility of bacterial growth, 
which can create air quality problems. 

Underfloor Distribution 
In these systems, which include displacement ventilation 

designs, air is supplied from the floor rather than from overhead. For 
example, special terminal devices installed in a raised floor or as 
part of the furniture provide individual control for computer work- 
stations. This system is becoming common, particularly in Europe. 
For more information, see Chapter 32 of the 200 I ASHRAE Hand- 
book-Fundamentals and Chapters 17 and 29 of the 2003 ASHRAE 
Handbook-HVAC Applications. 

Wetted Duct/Supersaturated 
Some industries spray water into the airstream at central air- 

handling units in sufficient quantities to create a controlled carry- 
over (Figure 16). This supercools the supply air, normally equivalent 
to an oversaturation of about 1.4 g per kilogram of air, and allows 
less air to be distributed for a given space load. These are used where 
high humidity is desirable, such as in the textile or tobacco industry, 
and in climates where adiabatic cooling is sufficient. 

Compressed-Air and Water Spray 
This is similar to the wetted duct system, except that the water 

is atomized with compressed air. Nozzles are sometimes placed 
inside the conditioned space and independent of the cooling air 
supply. Several nozzle types are available, and the designer should 
understand their advantages and disadvantages. Depending on the 
type of nozzle, compressed-air and water spray systems can 
require large and expensive air compressors. The extra first cost 
may or may not be offset by energy cost savings, depending on the 
application. 

Low-Temperature 
Ice storage is often used to reduce peak electrical demand. Low- 

temperature systems (where air is supplied at as low as 5°C) are 
sometimes used. Because the quantity of air supplied to a zone is so 
small, special terminal units are used to maintain minimum airflow 
for comfort. These devices mix return or room air with cold supply 
air to increase the air circulation rate within the space. 

Smoke Management 
Air-conditioning systems are often used for smoke control dur- 

ing fires. Controlled airflow can provide smoke-free areas for occu- 
pant evacuation and fire fighter access. Space pressurization creates 
a low-pressure area at the smoke source, surrounding it with high- 
pressure spaces. For more information, see Chapter 52 of the 2003 
ASHRAE Handbook-HVAC Applications. Principles of Smoke 
Management (Klote and Milke 2002) also has detailed information 
on this topic. 

7 SPRAY COOLING 
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T 
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Most supersaturated systems 
do not use cooling coils. RETURN AIR FAN 

Fig. 16 Supersaturated/Wetted Coil 

TERMINAL UNITS 
Terminal units are devices between the primary air distribution 

systems and the conditioned space. Air systems have two types of 
devices between the primary air distribution system and the condi- 
tioned space: (1)  passive devices, such as supply outlets (registers 
or diffusers) and return inlets (grilles), and (2) active devices, 
which are often called terminal units. The register or dimiser 
delivers supply air throughout the conditioned space without occu- 
pants sensing a draft and without creating excessive noise. The ter- 
minal unit controls the quantity andor temperature of the supply 
air to maintain desired conditions in the space. Both types of 
devices are discussed in Chapter 17 of this volume and Chapter 32 
of the 2001 ASHRAE Handbook-Fundamentals. Terminal units 
are discussed here briefly in terms of how they fit into the system 
concept, but Chapter 17 should be consulted for more complete 
information. 

Constant-Volume Reheat Terminai Units 
Constant-volume reheat terminal boxes are used mainly in termi- 

nal reheat systems with medium- to high-velocity ductwork. The 
unit serves as a pressure-reducing valve and constant-volume regu- 
lator to maintain a constant supply air quantity to the space, and is 
generally fitted with an integral reheat coil that controls space tem- 
perature. The constant supply air quantity is selected to provide 
cooling to match the peak load in the space, and the reheat coil is 
controlled to raise the supply air temperature as necessary to main- 
tain the desired space temperature at reduced loads. 

VAV Terminai Units 
VAV terminai units are available in many configurations, all of 

which control the space temperature by varying the volume of cool 
supply air from the air handler to match the actual cooling load. 
VAV terminai units are fitted with automatic controls that are either 
pressure-dependent or pressure-independent. Pressure-dependent 
units control damper position in response to room temperature, and 
flow may increase and decrease as the main duct pressure varies. 
Pressure-independent units measure actual supply airflow and 
control flow in response to room temperature. Pressure-indepen- 
dent units may sometimes be fitted with a velocity-limit control 
that overrides the room temperature signal to limit the measured 
supply velocity to some selected maximum. Velocity-limit control 
can be used to prevent excess airflow through units nearest the air 
handler. Excessive airflow at units close to the air handler can draw 
so much supply air that units far from the air handier do not get 
enough air. 

Throttling Unit Without Reheat. The throttling (or pinch-oft) 
box without reheat is essentially an air valve or damper that re- 
duces supply airflow to the space in response to falling space tem- 
perature. The unit usually includes some means of sound 
attenuation to reduce air noise created by the throttling action. It is 
the simplest and least expensive VAV terminal unit, but is suitable 
for use only where no heat is required and the unit can go to the 
completely closed position at reduced cooling loads. If this type of 
unit is set up with a minimum position, it will constantly provide 
cooling to the space, whether the space needs it or not, and can 
overcool the space. This approach offers the lowest fan energy use, 
because it minimizes airflow to just the amount required by the 
cooling load. 

Throttling Box with Reheat. This simple VAV system inte- 
grates heating at the terminai unit with the same type of air valve. It 
is applied in interior and exterior zones where full heating and cool- 
ing flexibility is required. These terminal units can be set to main- 
tain a predetermined minimum air quantity necessary to ( i )  offset 
the heating load, (2) limit maximum humidity, (3) provide reason- 
able air movement in the space, and (4) provide required ventilation 
air. The reheat coil is most commonly hot water or electric. 
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Building Air Distribution 

' Variable air volume with reheat permits airflow to be reduced 
as the,first step in control; heat is then initiated-as the second step. 
Compared to constant-volume reheat, this procedure reduces Oper- 
ating cost appreciably because the amount of primary air to be 
cooled and secondary air to be heated is reduced. Many types of 
controls can provide control sequences with more than one mini- 
mum airflow. This type of control allows the box to go to a lower 
flow rate that just meets ventilation requirements at the lightest 
cooling loads, then increase to a higher flow rate when the heating 
coil is energized, further reducing reheat energy use. A feature 
can be provided to isolate the availability of reheat during'the 
summer, except in situations where even low.,airflow would over- 
cool the space and should be avoided or where increased humidity 
causes discomfort (e.g., in conference rooms when the lights are 
turned off). 

Because the reheat coil requires some minimum airflow to 
deliver heat to the space, and because the reheat coil must absorb all 
of the cooling capacity of that minimum airflow before it starts to 
deliver heat to the space, energy use can be significantly higher than 
with throttling boxes that go fully closed. 

Induction. The VAV induction"system uses a terminal unit to 
reduce cooling capaciiy by simultaneously reducing primary. air.and 
inducing room or ceiling air (replacing the reheat coil) to maintain 
a relatively constant room supply volume. This operation is the 
reverse of the bypass box. The primaryTair quantity decreases with 
load, retaining the savings of VAV, and the air supplied to the space 
is kept relatively constant to avoid the effect of stagnant air or low 
air movement. VAV induction units require a higher inlet static pres-. 
sure, which requires more fan energy, to achieve the velocities nec- 

Fan-Powered. Fan-powered systems are available in either par- 
allel or series airflow. In parallel-flow units, the fan is located out- - 

side the primary airstream to allow intermittent fan operation. A 
backdraft damper on the terminal fan prevents conditioned air from 
escaping into the return air plenum when.the terminal fan is off. In 
series units, the fan is located in the primary airstream and runs 
continuously when the .zone is occupied. These constant-airflow 
fan boxes in a common retum plenum can help maintain indoor air 
quality by recirculating unvitiated air 6om overventilated zones to 
zones withg-eater outside air ventilation requirements. 

~ Fan-powered systems, both series and parallel, are often selected 
because they maintain higher air circulation through a room, at low 
loads but still retain the advantages of VAV systems. ,As the cold 
primary-air , valve modulates from maximum to minimum (or. 
closed), the unit recirculates more plenum air. 'In a perimeter zone,. 
a hot-water heating coil, electric heater, baseboard heater, or remote 
radiant heater can be sequenced with the primary-air valve to offset 
external heat losses. Beween heating and cooling operations, the 
f~ onlv recirculates ceiling air. This Dermits heat from lights to be 

. . 

' . 

' essary for induction. 

. 

' 

, 

., - 
used for space heating for maximum energy saving. During unoc- 
cupied periods, the main supply air-handling unit remains .off and 
individual fan-powered heating zone terminals are cycled to main- 
tain required space temperature, thereby reducing operating cost 
during unoccupied hours. 

Fans for fan-powered air-handling units operated in series are 
sized and operated.to maintain minimum static pressures at the unit 
inlet connections. This reduces the fan energy for the central air han- 
dler, but the 'small fans in fan-powered units are less efficient than 
the large air handler fans. As a result, the series fan-powered unit 
(where small fans operate continuously) may 'use more fan energy 
than a throttling unit system. However, the extra fan energy may be 
more than offset by the reduction in, reheat through the recovery of 
plenum heat and the ability to operate a small fan to deliver heat dur: 
ing Unoccupied hours where heat is needed. 

Because fan-powered, boxes involve an.operating fan, they may 
generate higher sound levels than throttling boxes. Acoustical ceil- 
ings generally are notivery effective sound bamers, so extra care 

, .  

. ' 2.13 ~ 

should be taken in considering the sound level in critical sp,aces near 
fan-powered terminal units. 

Both parallel and series fan-powered terminal, units ,may be 
provided with filters. The constant (series) fan VAV terminal can 
accommodate minimum (down to zero) flow at the primary-air inlet 
while maintaining~constant airflow to the space. 

Both types of fan-powered units and induction teminal units'are 
usually located in the ceilingplenum to recover heat from lights. This 
allows these terminals to be used without reheat coils in internal 
spaces. Perimeter zone units are sometimes located abóve the ceiling 
of an interior zone where heat ,kam the lights maintains a higher ple- 
num temperature. Provisions must still be 'made for morning warm- 
up and night heating. Also, interior spaces with a roof load must have 
heat supplied either separately in the ceiling or at the terminal. ' 

Terminal Humidifiers . ,  

Most projects requiring humidifi'cation use steam. This can be 
centrally generated as pari of the heating plant, where potential 
contamination from water treatment of 'the steam is more easily 
handled and therefore of less concern. ,Where there is a concern, 
local generators (e.g., electric or gas) that use treated water,are 
used. Compressed-air and water humidifiers are used to some 
extent, and supersaturated systems are used exclusively for special 
circumstances, such as industrial processes. Spray-type washers . 
and wetted coils are ,also more, common in industrial facilities. 
When using water directly, particularly in recirculating systems, 
the water must be treated to avoid dust accumulation during evap- 
oration and the build-up of bacterial contamination. 

' 

: 

' 

L .  

Terminal Filters . .  

In addition'to air-handling unit filters, terminal filters may used ' 
at the supply outlets to protect particular conditioned spaces where 
an extra-clean environment is desired. Chapter 24 'discusses this 
topic in detail. 

AIR DISTRIBUTION SYSTEM CONTROLS 
, .  

Controls should.~be automatic and simple for best operating 
ind maintenance efficiency.. Operations should follow a natural ' . 
sequence. Depending on the'space need, one controlling thermostat 
closes a noimally open heating.valve, opens the outside air mixing ' .'' 
dampers, or opens the cooling valve. In certain applications, an" 
enthalpy controller, which compares the heat content of outside air , '' 

to that of return air, may override the temperature controller. This 
control o p e h  the outside air damper when conditions reduce the 
refrigeration load. On smaller systems, a dry-bulb control saves the 
cost of the enthalpy control and approaches these savings.when an 
optimum changeover temperature, above. the design dew point, is 
established. Controls are discussed in more detail in Chauter 46 of 

',. 

, 

: 

* the 2003 ASHRAE Handbook-HVAC Applications. , A ., . 
Air-handling systems, .especially váriable air volume systems, 

should include means to measure and control the amount of outside 
air being brought in to ensure adequate ventilation for acceptable 

Separate constant-volume 100% outside air ventilation systems 
Outside air injection fan 

* Directly measuring the outside air flow rate . ' 

* Modulating the return damper to maintain a c0nstant;pressure d .  

drop across a fixed outside air orifice 
Airflow-measuring systems that measure both supply and re& 
air volumes and maintain a constant difference between them. 

A minimum.outside air damper with separate motor, selected for 
a velocity of 7.5 mis, is preferred to one large outside air damper 
with minimum stops. A separate damper simplifies air balancing. 
Proper selection of outside, relief, and return air dampers is critical 

" indoor air quality. Strategies include the following: , 
. *  

. 

, 

' 

0 ,  CO,- and/or VOC-based demand-controlled ventilatiôn . .  

, . 
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for efficient operation. Most dampers are grossly oversized and are, 
in effect, unable to control. One way to solve this problem is to pro- 
vide maximum and minimum dampers. A high velocity across a 
wide-open damper is essential to its providing effective control. 

A mixed-air temperature control can reduce operating costs and 
also reduce temperature swings from load variations in the condi- 
tioned space. Chapter 46 of the 2003 ASHRAE Handbook-HVAC 
Applications shows control diagrams for various arrangements of 
central system equipment. Direct digital control (DDC) is common, 
and most manufacturers offer either a standard or optional DDC 
package for equipment, including air-handling units, terminal units, 
etc. These controls offer considerable flexibility. DDC controls offer 
the additional advantage of the ability to record actual energy con- 
sumption or other operating parameters of various components of the 
system, which can be useful for optimizing control strategies. 

Constant-Volume Reheat. This system typically uses two sub- 
systems for control: one controls the discharge air conditions from 
the air-handling unit, and the other maintains the space conditions 
by controlling the reheat coil. 

Variable Air Volume. Air volume can be controlled by duct- 
mounted terminal units serving multiple air outlets in a control zone 
or by units integral to each supply air outlet. 

Pressure-independent volume-regulator units control flow in 
response to the thermostat’s call for heating or cooling. The required 
flow is maintained regardless of fluctuation of the VAV unit inlet or 
system pressure. These units can be field- or factory-adjusted for 
maximum and minimum (or shutoff) air settings. They operate at 
inlet static pressures as low as 50 Pa, 

Pressure-dependent devices control air volume in response to a 
unit thermostatic (or relative humidity) device, but flow varies with 
the inlet pressure variation. Generally, airflow oscillates when pres- 
sure varies. These units do not regulate flow but position the volume- 
regulating device in response to the thermostat. They are the least 
expensive units but should only be used where there is no need for 
maximum or minimum limit control and when the pressure is stable. 

The type of controls available for VAV units varies with the ter- 
minal device. Most use either pneumatic or electric controls and 
may be either self-powered or system-air-actuated. Self-powered 
controls position the regulator by using liquid- or wax-filled power 
elements. System-powered devices use air from the air supplied to 
the space to power the operator. Components for both control and 
regulation are usually contained in the terminal device. 

To conserve power and limit noise, especially in larger systems, 
fan operating characteristics and system static pressure should be 
controlled. Many methods are available, including fan speed control, 
variable-inlet vane control, fan bypass, fan discharge damper, and 
variable-pitch fan control. The location of pressure-sensing devices 
depends, to some extent, on the type of VAV terminal unit used. 
Where pressure-dependent units without controllers are used, the 
system pressure sensor should be near the static pressure midpoint of 
the duct run to ensure minimum pressure variation in the system. 
Where pressure-independent units are installed, pressure controllers 
may be at the end of the duct run with the highest static pressure loss. 
This sensing point ensures maximum fan power savings while main- 
taining the minimum required pressure at the last terminal. 

As flow through the various parts of a large system varies, so does 
static pressure. Some field adjustment is usually required to find the 
best location for the pressure sensor. In many systems, the initial 
location is two-thirds to three-fourths of the distance from the supply 
fan to the end of the main trunk duct. As the pressure at the system 
control point increases as terminal units close, the pressure controller 
signals the fan controller to position the fan volume control, which 
reduces flow and maintains constant pressure. Many systems mea- 
sure flow rather than pressure and, with the development of econom- 
ical DDC, each terminal unit (if necessary) can be monitored and the 
supply and return air fans modulated to exactly match the demand. 

Dual-Duct. Because dual-duct systems are generally more 
costly to install than single-duct systems, their use is less wide- 
spread. DDC, with its ability to maintain set points and flow accu- 
rately, can make dual-duct systems worthwhile for certain 
applications. They should be seriously considered as alternatives to 
single-duct systems. 

Personnel. The skill levels of personnel operating and maintain- 
ing the air conditioning and controls should be considered. In large 
research and development or industrial complexes, experienced per- 
sonnel are available for maintenance. On small and sometimes even 
large commercial installations, however, office managers are often 
responsible, so designs must be in accordance with their capabilities. 

Water System Interface. On large hydronic installations where 
direct blending is used to maintain (or reset) the secondary-water 
temperature, the system valves and coils must be accurately sized 
for proper control. Many designers use variable flow for hydronic as 
well as air systems, so the design must be compatible with the air 
system to avoid operating problems. 

Relief Fans. In many applications, relief or exhaust fans can be 
started in response to a signal from the economizer control or to a 
space pressure controller. The main supply fan must be able to han- 
dle the return air pressure drop when the relief fan is not running. 
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