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9.1 Introduction

Air-Conditioning

Air-conditioningis a process that simultaneously conditions air; distributes it combined with the outdoor
air to the conditioned space; and at the same time controls and maintains the required space’s temperature,
humidity, air movement, air cleanliness, sound level, and pressure differential within predetermined
limits for the health and comfort of the occupants, for product processing, or both.

The acronym HVAC&R stands for heating, ventilating, air-conditioning, and refrigerating. The com-
bination of these processes is equivalent to the functions performed by air-conditioning.

Because I-P units are widely used in the HVAC&R industry in the U.S., I-P units are used in this
chapter. A table for converting I-P units to Sl units is available in Appendix X of this handbook.

Air-Conditioning Systems
An air-conditioningor HYAC&R systentonsists of components and equipment arranged in sequential
order to heat or cool, humidify or dehumidify, clean and purify, attenuate objectionable equipment noise,
transport the conditioned outdoor air and recirculate air to the conditioned space, and control and maintain
an indoor or enclosed environment at optimum energy use.

The types of buildings which the air-conditioning system serves can be classified as:

« Institutional buildings, such as hospitals and nursing homes
« Commercial buildings, such as offices, stores, and shopping centers
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Air-Conditioning and Refrigeration 9-3

» Residentiabuildings, including singldamily and multiamily low-risebuildings of three ordwer
stories abve grade

¢ Manuacturingbuildings, which maniacture and store products

Types of Air-Conditioning Systems

In institutional, commercial, and residentialildings, ai-conditioning systems are mainly for the
occupantshealth and comforfhey are often calledomfort ar-conditioning systems$n mandiacturing
buildings, ai-conditioning systems are gaided for product processing, or for the health and comfort
of workers as well as processing, and are cgltedessing aiconditioning systems

Based on their size, construction, and operating characteristiennditioning systems can be
classified as the falving.

Individual Room or Individual SystemsAn individual ar-conditioning system normally engyls
either a single, self-contained, packaged room air conditioner (installed in awandhrough awall)
or separate indoor and outdoor units toveesin indvidual room, as gwn in Figure 9.1.1 “Self-
contained, packaged” meafactory assembled in one package and ready for use.

; Supply
Room air
e outlet
conditioner Q
\ | | |1
P —> i i
2,

A S
sﬁf.:n/qt .

FIGURE 9.1.1 An individual room ai-conditioning system.

Space-Conditioning Systems or Space Systerhgse systemsabe their ai-conditioning—cooling,
heating, and filtration—performed predominantly in oovebthe conditioned space, a®wh in Figure
9.1.2 Outdoor air is supplied by a separate outd@utilation system.

Unitary Packaged Systems or Packaged Systehtese systems are installed with either a single self-
containedfactory-assembled packaged unit (PUar split units: an indoor air handleormally with
ductvork, and an outdoor condensing unit with refrigeration compressor(s) and conpdsrg®vn in
Figure 9.1.31In a packaged system, air is cooled mainly by deeguénsion of refrigerant in coils called
DX coils and heated bgas furnace, electric heating, or a heat puffifece which is theeverse of a
refrigerationcycle.

Central Hydonic or Central SystemsA central system uses chillegater or hotwater from a central
plant to cool and heat the air at the coils in an air handling unit (AHU)aas1sh Figure 9.1.4For
enagy transport, the heat capacitywsdter is about 3400 times greater than thatoiCantral systems
arehbuilt-up systems assembled and installed on the site.

Packaged systems are comprised of only air system, refrigeration, heating, and control systems. Both
central and space-conditioning systems consist of thenfioly.

Air Systems. An air system is also called an air handling system or the air side af@néditioning

or HVAC&R system. Its function is to condition the, aistribute it, and control the indoomgronment

according to requirement¥he primary equipment in an air system iisA&dU or air handler; both of
these includdan, coils, filters, dampers, humidifiers (optional), supply and returrwdtcGt supply

outlets and return inlets, and controls.
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FIGURE 9.1.2 A space-conditioning air-conditioning system (fan-coil system).

Water Systems.These systems include chilled water, hot water, and condenser water systems. A water
system consists of pumps, piping work, and accessories. The water system is sometimes called the water
side of a central or space-conditioning system.

Central Plant Refrigeration and Heating SystemEhe refrigeration system in the central plant of a
central system is usually in the form of a chiller package with an outdoor condensing unit. The
refrigeration system is also called the refrigeration side of a central system. A boiler and accessories
make up the heating system in a central plant for a central system, and a direct-fired gas furnace is often
the heating system in the air handler of a rooftop packaged system.

Control Systems.Control systems usually consist of sensors, a microprocessor-based direct digital
controller (DDC), a control device, control elements, personal computer (PC), and communication
network.

Based on Commercial Buildings Characteristics 1992, Energy Information Administration (EIA) of
the Department of Energy of United States in 1992, for commercial buildings having a total floor area
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FIGURE 9.1.4a A central air-conditioning system: schematic diagram.

of 67,876 million ft, of which 57,041 million ft or 84% is cooled and 61,996 millior? fir 91% is
heated, the air-conditioning systems for cooling include:

Individual systems 19,239 million?ft  (25%)
Packaged systems 34,753 millioA ft (49%)
Central systems 14,048 millior?ft  (26%)

Space-conditioning systems are included in central systems. Part of the cooled floor area has been
counted for both individual and packaged systems. The sum of the floor areas for these three systems
therefore exceeds the total cooled area of 57,041 milkon ft
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FIGURE 9.1.4b A central air-conditioning system: air and control systems for a typical floor.

Air-Conditioning Project Development and System Design

The goal of an air-conditioning/HVAC&R system is to provide a healthy and comfortable indoor
environment with acceptable indoor air quality, while being energy efficient and cost effective.

ASHRAE Standard 62-1989 definesceptable indoor air qualitgs “air in which there are no known
contaminants at harmful concentrations as determined by cognizant authorities and with which a sub-
stantial majority (80% or more) of the people exposed do not express dissatisfaction.”

The basic steps in the development and use of an air-conditioning project are design, installation,
commissioning, operation, and maintenance. There are two types of air-conditioning pdeisigis:
bid anddesign-build A design-bid project separates the design (engineering consultant) and installation
(contractors) responsibilities. In a design-build project, the design is also done by the installation
contractor. A design-build project is usually a small project or a project having insufficient time to go
through normal bidding procedures.

In the building construction industry, air-conditioning or HVAC&R is one ofrtieehanical services
these also include plumbing, fire protection, and escalators.

Air-conditioning designis a process of selecting the optimum system, subsystem, equipment, and
components from various alternatives and preparing the drawings and specifications. Haines (1994)
summarized this process in four phases: gather information, develop alternatives, evaluate alternatives,
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9-8 Section 9

and sell the best solution. Design determines the basic operating characteristics of a system. After an
air-conditioning system is designed and constructed, it is difficult and expensive to change its basic
characteristics.

The foundation of a successful project is teamwork and coordination between designer, contractor,
and operator and between mechanical engineer, electrical engineer, facility operator, architect, and
structural engineer.

Field experience is helpful to the designer. Before beginning the design process it is advisable to visit
similar projects that have operated for more than 2 years and talk with the operator to investigate actual
performance.

Mechanical Engineer’s Responsibilities

The normal procedure in a design-bid construction project and the mechanical engineer’s responsibilities
are

Initiation of a project by owner or developer

Organizing a design team

Determining the design criteria and indoor environmental parameters

Calculation of cooling and heating loads

Selection of systems, subsystems, and their components

Preparation of schematic layouts; sizing of piping and ductwork

Preparation of contract documents: drawings and specifications

Competitive biddings by various contractors; evaluation of bids; negotiations and modifications

Advice on awarding of contract

. Monitoring, supervision, and inspection of installation; reviewing shop drawings

. Supervision of commissioning

12. Moadification of drawings to the as-built condition; preparation of the operation and maintenance
manual

13. Handing over to the property management for operation

©COoNOOrWDNPRE

[
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Design Documents

Drawings andspecificationsare legal documents of a construction contract. The designer conveys the
owner’s or developer’s requirements to the contractor through these documents. Drawings and specifi-
cations complement each other.

Drawings should clearly and completely show, define, and present the work. Adequate plan and
sectional views should be drawn. More often, isometric drawings are used to show the flow diagrams
for water or the supply, return, and exhaust air.

Specifications include the legal contract between the owner and the contractor, installer, or vendor
and the technical specifications, which describe in detail what kind of material and equipment should
be used and how they are to be installed.

Most projects now use a format developed by the Construction Specifications Institute (CSI) called
the Masterformat for Specifications. It includes 16 divisions. The 15000 Mechanical division is divided
into the following:

Section No. Title

15050 Basic Mechanical Materials and Methods
15250 Mechanical Insulation

15300 Fire Protection

15400 Plumbing

15500 Heating, Ventilating, and Air-Conditioning
15550 Heat Generation

15650 Refrigeration

15750 Heat Transfer

15850 Air Handling
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Section No. Title

15880 Air Distribution
15950 Controls
15990 Testing, Adjusting, and Balancing

Each section includes general considerations, equipment and material, and field installation. Design
criteria and selected indoor environmental parameters that indicate the performance of the HVAC&R
system must be clearly specified in the general consideration of Section 15500.

There are two types of specifications: the performance specification, which depends mainly on the
required performance criteria, and the or-equal specification, which specifies the wanted vendor. Spec-
ifications should be written in simple, direct, and clear language without repetition.

Computer-Aided Design and Drafting

With the wide acceptance of the PC and the availability of numerous types of engineering software, the
use ofcomputer-aided draftingCAD) andcomputer-aided design and draftig@ADD) has increased
greatly in recent years. According to the 1994 CADD Application and User Survey of design firms
reported inEngineering Systemd994[6]), “15% of the design firms now have a computer on every
desk” and “Firms with high productivity reported that they perform 95% on CADD.” Word processing
software is widely used to prepare specifications.

Drafting software used to reproduce architectural drawings is the foundation of CADD. Automated
CAD (AutoCAD) is the leading personal computer-based drafting tool software used in architectural
and engineering design firms.

In “Software Review” by Amistadi (1993), duct design was the first HVAC&R application to be
integrated with CAD.

« Carrier Corp. DuctLINK and Softdesk HVAC 12.0 are the two most widely used duct design
software. Both of them convert the single-line duct layout drawn with CAD to two-dimensional
(2D) double-line drawings with fittings, terminals, and diffusers.

¢ Tags and schedules of HVAC&R equipment, ductwork, and duct fittings can be produced as well.

¢ DuctLINK and Softdesk can also interface with architectural, electrical, and plumbing drawings
through AutoCAD software.

Software for piping system design and analysis can also be integrated with CAD. The software
developed at the University of Kentucky, KYCAD/KYPIPE, is intended for the design and diagnosis of
large water piping systems, has extensive hydraulic modeling capacities, and is the most widely used.
Softdesk ADCADD Piping is relative new software; it is intended for drafting in 2D and 3D, linking to
AutoCAD through design information databases.

Currently, software for CADD for air-conditioning and HVAC&R falls into two categories: engineering
and product. The engineering category includes CAD (AutoCAD integrated with duct and piping system),
load calculations and energy analysis, etc. The most widely used software for load calculations and
energy analysis is Department of Energy DOE-2.1D, Trane Company’s TRACE 600, and Carrier Cor-
poration’s softwares for load calculation, E20-II Loads.

Product categories include selection, configuration, performance, price, and maintenance schedule.
Product manufacturers provide software including data and CAD drawings for their specific product.

Codes and Standards

Codesare federal, state, or city laws that require the designer to perform the design without violating
people’s (including occupants and the public) safety and welfare. Federal and local codes must be
followed. The designer should be thoroughly familiar with relevant codes. HVAC&R design codes are
definitive concerning structural and electrical safety, fire prevention and protection (particularly for gas-
or oil-fired systems), environmental concerns, indoor air quality, and energy conservation.
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9-10 Section 9

Conformance wittASHRAE Standards voluntary. However, for design criteria or performance that
has not been covered in the codes, whether the ASHRAE Standard is followed or violated is the vital
criterion, as was the case in a recent indoor air quality lawsuit against a designer and contractor.

For the purpose of performing an effective, energy-efficient, safe, and cost-effective air-conditioning
system design, the following ASHRAE Standards should be referred to from time to time:

« ASHRAE/IES Standard 90.1-1989, Energy Efficient Design of New Buildings Except New Low-
Rise Residential Buildings

* ANSI/ASHRAE Standard 62-1989, Ventilation for Acceptable Indoor Air Quality
¢ ANSI/ASHRAE Standard 55-1992, Thermal Environmental Conditions for Human Occupancy
¢ ASHRAE Standard 15-1992, Safety Code for Mechanical Refrigeration
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9.2 Psychrometrics

Moist Air

Above the surface of the earth is a layer of air calledathesphergor atmospheric airThe lower
atmosphere, or homosphere, is composed of moist air, that is, a mixture of dry air and water vapor.

Psychrometricss the science of studying the thermodynamic properties of moist air. It is widely used
to illustrate and analyze the change in properties and the thermal characteristics of the air-conditioning
process and cycles.

The composition of dry air varies slightly at different geographic locations and from time to time.
The approximate composition of dry air by volume is nitrogen, 79.08%; oxygen, 20.95%; argon, 0.93%;
carbon dioxide, 0.03%; other gases (e.g., neon, sulfur dioxide), 0.01%.

The amount of water vapor contained in the moist air within the temperature range tHolidthes
from 0.05 to 3% by mass. The variation of water vapor has a critical influence on the characteristics of
moist air.

The equation of state for an ideal gas that describes the relationship between its thermodynamic
properties covered in Chapter 2 is

pv = RT, (9.2.1)
or
pVvV = mRT, (9.2.2)
where p = pressure of the gas, psf (1 psf = 144 psi)
v = specific volume of the gas?/tb
R = gas constant, ftjib, °R
T, = absolute temperature of the geR,
V = volume of the gas, %t
m = mass of the gas, Ib

The most exact calculation of the thermodynamic properties of moist air is based on the formulations
recommended by Hyland and Wexler (1983) of the U.S. National Bureau of Standards. The psychrometric
charts and tables developed by ASHRAE are calculated and plotted from these formulations. According
to Nelson et al. (1986), at a temperature between 0 arié,@thalpy and specific volume calculations
using ideal gas Equations (9.2.1) and (9.2.2) show a maximum deviation of 0.5% from the results of
Hyland and Wexler’s exact formulations. Therefore, ideal gas equations are used in the development
and calculation of psychrometric formulations in this handbook.

Although air contaminants may seriously affect human health, they have little effect on the thermo-
dynamic properties of moist air. For thermal analysis, moist air may be treated as a binary mixture of
dry air and water vapor.

Applying Dalton’s law to moist air:

P« =P, * P, (9.2.3)

where p, = atmospheric pressure of the moist air, psia
p, = partial pressure of dry air, psia
p, = partial pressure of water vapor, psia

Dalton’s law is summarized from the experimental results and is more accurate at low gas pressure.
Dalton’s law can also be extended, as the Gibbs-Dalton law, to describe the relationship of internal
energy, enthalpy, and entropy of the gaseous constituents in a mixture.
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Humidity and Enthalpy

The humidity ratioof moist air,w, in Ib/Ib is defined as the ratio of the mass of the water vapoio
the mass of dry aim,, or

w=m,/m, =0.62198p, /(p, - p,) (9.2.4)

Therelative humidityof moist air,p, or RH, is defined as the ratio of the mole fraction of water vapor,
X,, to the mole fraction of saturated moist air at the same temperature and presdusing the ideal
gas equations, this relationship can be expressed as:

6 = X/ Xusly p = Pu/Pusly (9.2.5)

and

X, =0, /(n+n,)i X =n,e/(n, +n,)
X, +x, =1 (9.2.6)

where p,, = pressure of saturated water vapor, psia
T = temperatureSF
n, n,, N, = number of moles of dry air, water vapor, and saturated water vapor, mol

Degree of saturatiop is defined as the ratio of the humidity ratio of moistwaito the humidity ratio
of saturated moist aiw,, at the same temperature and pressure:

M= W/WS‘T'p (9.2.7)

The difference betweef andp is small, usually less than 2%.

At constant pressure, the difference in specific enthalpy of an ideal gas, in BtHs GAT. Here
c, represents the specific heat at constant pressure, in Btu/lb. For simplicity, the following assumptions
are made during the calculation of #ethalpyof moist air:

1. At O°F, the enthalpy of dry air is equal to zero.

2. All water vapor is vaporized ati®

3. The enthalpy of saturated water vapor & 8 1061 Btu/lb.

4. The unit of the enthalpy of the moist air is Btu per pound of dry air and the associated water
vapor, or Btu/lb.

Then, within the temperature range 0 to “F)@he enthalpy of the moist air can be calculated as:

h= Coal + w(hgo + cpsT)

= 0.240T +w(1061+0.444T)

(9.2.8)

where ¢4 C,s = specific heat of dry air and water vapor at constant pressure, *Biuftbeir mean
values can be taken as 0.240 and 0.444 Bft/Mespectively.
specific enthalpy of saturated water vapor°& 0

hgo
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Moist Volume, Density, Specific Heat, and Dew Point

The specifianoist volume, in ft¥/Ib, is defined as the volume of the mixture of dry air and the associated
water vapor when the mass of the dry air is exactly 1 Ib:

v=V/m, (9.2.9)

whereV = total volume of the moist air23ftSince moist air, dry air, and water vapor occupy the same
volume,

v=RT./p, (1+1.6078w) (9.2.10)

whereR, = gas constant for dry air.
Moist air density often calledair densityp, in Ib/ft3, is defined as the ratio of the mass of dry air to
the total volume of the mixture, or the reciprocal of the moist volume:

p:ma/V:l/V (9.2.11)

The sensible heat of moist ais the thermal energy associated with the change of air temperature
between two state points. In Equation (9.2 &), € wc,JT indicates the sensible heat of moist air, which
depends on its temperatufeabove the datum®B. Latent heat of moist aioften represented lwhy,
is the thermal energy associated with the change of state of water vapor. Both of them are in Btu/lb.
Within the temperature range 0 to 1BQif the average humidity rati is taken as 0.0075 Ib/Ib, the
specific heat of moist ai,, can be calculated as:

Cpa = Cpg +WC,, = 0.240 +0.0075 % 0.444 = 0.243 Btu/Ib °F (9.2.12)

Thedew point temperaturg,,,, in °F, is the temperature of saturated moist air of the moist air sample
having the same humidity ratio at the same atmospheric pressure. Two moist air samples of similar dew
pointsT,,, at the same atmospheric pressure have the same humidity aatibthe same partial pressure
of water vapomp,,

Thermodynamic Wet Bulb Temperature and Wet Bulb Temperature

The thermodynamic wet bulb temperatwemoist air, T*, is equal to the saturated state of a moist air
sample at the end of a constant-pressure, ideal adiabatic saturation process:

hy + (W, —w, )R, = (9.2.13)

whereh,, h, = enthalpy of moist air at the initial state and enthalpy of saturated air at the end of the
constant-pressure, ideal adiabatic saturation process, Btu/lb
w;, W, = humidity ratio of moist air at the initial state and humidity ratio of saturated air at the
end of the constant-pressure, ideal adiabatic saturation process, Ib/lb
h, = enthalpy of water added to the adiabatic saturation process at temp&raBia|b

An ideal adiabatic saturation process a hypothetical process in which moist air at initial temperature

T,, humidity ratiow,, enthalpyh,, and pressurp flows over a water surface of infinite length through

a well-insulated channel. Liquid water is therefore evaporated into water vapor at the expense of the
sensible heat of the moist air. The result is an increase of humidity ratio and a drop of temperature until
the moist air is saturated at the thermodynamic wet bulb tempefituharing the end of the ideal
adiabatic saturation process.
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The thermodynamic wedulb temperaturd™ is a unique fictitious property of moist air that depends
only on its initial propertiesT,, w,, or h,.

A sling-typepsycliomete, as sbwn in Figure 9.2.1is an instrument that determines the temperature,
relaive humidiy, and thus the state of the moist air by measuring iteudbyand webulb temperatures.
It consists of wo mercury-in-glass thermometefi$ie sensindulb of one of them is dry and is called
the drybulb. Another sensindpulb is wrapped with a piece of cotton wick, one end of which dips into
a water tube This wetted sensinfgulb is called the webulb and the temperature measured by it is
called thewet bulb temperate T'.

Spindle\

E=z====

Handle

Cotton /‘/4

wick \

Dry bulb\ /—Wet bulb
L

.l

Moist air \_
Water tube
T, wy, hy, p

NEC=

FIGURE 9.2.1 A sling psychromete

When unsaturated moist diows over the suiace of the wetted cotton wick, liguidaterevaporates
from its suface As it absorbs sensible heat, mainly from the surroundingha wetbulb temperature
drops The diference between the dry and vieatb temperatures is calledet bulb depession(T —T').
Turning the handle forces the surrounding aifltv over the dry and webulbs at an aiwvelocity
between 300 to 600 fpm. Distillaglater must be used to wet the cotton wick.

At steady state, if heat conduction along the thermometer steraglésted and the temperature of
the wetted cotton wick is equal to the vieatb temperature of the moistraas the sensible heat transfer
from the surrounding moist air to the cotton waslactly equals the latent heat requireddeaporation,
the heat and mass transfer per unit area of théwlletsuface can bevaluated as:

h(T=T")+h (T, = T) = hy(w, - w,) (9.2.14)
where h, h, = mean conducdte and radiave heat transfer cfficient, Btu/hr fE°F
hy = mean cavecive mass transfer cfigient, Ib/hr f¢
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T = temperature of undisturbed moist air at a distance from théulet°F
T, = mean radiant temperatureofered later)’F

wy, W = humidity ratio of the moist air and the saturafiéd at the inteflace of cotton wick and
surrounding aj Ib/Ib
hi, = latent heat of/aporization at the weiulb temperature, Btu/lb

The humidity ratio of the moist air iSvgn by:

w, =w - K/(T - T')(1+{hr(Tra -T)/[n(T - T')]})

K’ = ¢, Le®® /hy (9.2.15)

where K' = wetbulb constant, which for a sling psychrometer = 0.0021B 1
Le = Lewis number

The wetbulb temperatur@’ depends not only on its initial stdiet also on the rate of heat and mass
transfer at the webulb. Therefore, the thermodynamic wetilb temperature is useth ASHRAE
psychrometric charts.

According b Threkeld (1970), for a sling psychrometer whose tdb diameter is 1 in. and for air
flowing at avelocity of 400 fpmover the webulb, if the drybulb temperature is®F and the measured
wet bulb temperature isOPF, the dfference between the measured @b and the thermodynamic
wetbulb (T' = T)/(T* —=T') is less than 1%.

Psychrometric Charts

A psychiometric chartis a graphical presentation of the thermodynamic properties of moist air and

various ai-conditioning processes andr-apbnditioning cycles A psychrometric chart also helps in

calculating and analyzing theork and enmgy transfer ofvarious ai-conditioning processes awgycles.
Psychrometric charts currently useotkinds of basic coordinates:

1. h-w charts. Inh-w charts, enthaly h, representing emgy, and humidity ratiow, representing
mass, are the basic coordinates. Psychrometric charts publigfe8HRAE and the Charted
Institution of Building Services Engineering (CIBSER &rw charts.

2. T-w charts. InT-w charts, temperatufeand humidity ratiav are basic coordinates. Psychrometric
charts published by Carrier Corporationg Tiane Compay, etc. arel-w charts.

Figure 9.2.2stows an abridgg ASHRAE psychrometric chart. In¢iASHRAE chart:

< A normal temperature chart has a temperature range of 3®1B, &2high-temperature chart 60
to 250F, and a dw-temperature chart —40 td0%- Since enthaly is the basic coordinate,
temperature lines are not parallel to eachrot@aly the 120F line is trulyvertical.

* Thermodynamic properties of moist air aréeeted by atmospheric pressuiehe standard
atmospheric pressure is 29.92 in. Hg at eesl.IASHRAE also published charts for high altitudes
of 5000 ft, 24.89 in. Hg, and 7500 ft, 22.65 in. Hg. Both of them are in the normal temperature
range.

¢ Enthapy h-lines incline @wnward to the right-hand sidedgaive slope) at an angle of 33.to
the horizontal line andde a range of 12 to 54 Btb/l

* Humidity ratiow-lines are horizontal line3hey range from 0 to 0.28 Il

¢ Relatve humidity ¢-lines are cwres of relatve humidity 10%, 20%, ... 90% and a saturation
curve. A saturation cwre is a cwe of the locus of state points of saturated moistttaat is,d
=100%. On a saturation oy, temperatur@, thermodynamic wet temperatunelb T*, and eéw
point temperaturd,,, have the samealue.
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FIGURE 9.2.2 The abridged ASHRAE psychrometric chart and the determination of properties as in Example 9.2.1.

¢ Thermodynamic wet bul*-lines have a negative slope slightly greater than that di-times.
A T’-line meets thd-line of the same magnitude on the saturation curve.

* Moist volumev-lines have a far greater negative slope tiéines andrl"*-lines. The moist volume
ranges from 12.5 to 15%tb.

Moist air has seven independent thermodynamic properties or property drotps; T", P, P —V,
andw — p,, — T4, Whenp,, is given, any additional two of the independent properties determine the
state of moist air on the psychrometric chart and the remaining properties.

Software using AutoCAD to construct the psychrometric chart and calculate the thermodynamic
properties of moist air is available. It can also be linked to the load calculation and energy programs to
analyze the characteristics of air-conditioning cycles.

Refer to Wang'Handbook of Air Conditioning and Refrigeratigh993) andASHRAE Handbook,
Fundamentalg1993) for details of psychrometric charts and psychrometric tables that list thermody-
namic properties of moist air.

Example 9.2.1

An air-conditioned room at sea level has an indoor design temperaturtFoand a relative humidity
of 50%. Determine the humidity ratio, enthalpy, density, dew point, and thermodynamic wet bulb
temperature of the indoor air at design condition.

Solution

1. Since the air-conditioned room is at sea level, a psychrometric chart of standard atmospheric
pressure of 14.697 psi should be used to find the required properties.

2. Plot the state point of the room air at design condition the psychrometric chart. First, find
the room temperature 75 on the horizontal temperature scale. Draw a line parallel to fike 75
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temperature lineThis line meets the reise humidity cuve of 50% at point, which denotes
the state point of room air asn in Figure 9.2.2

3. Draw a horizontal linedaward the humidity ratio scale from poin This line meets the ordinate
and thus determines the room air humidityagti = 0.0093 Ibfb.

4. Draw a line from point parallel to the enthgy line. This line determines the entpglof room
air on the enthal scaleh, = 28.1 Btuh.

5. Draw a line through point parallel to the moistolume line The perpendicular scale of this line
indicates v, = 13.67 f¥/lb.

6. Draw a horizontal line to the left from pdin This line meets the saturation earand determines
the deaw point temperaturel,,, = 55°F.

7. Draw a line through point parallel to the thermodynamic welb line. The perpendicular scale
to this line indicates that the thermodynamic db temperaturd™ = 62.5F.
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9.3 Air-Conditioning Processes and Cycles

Air-Conditioning Processes

An air-conditioning pocessdescribes the change in thermodynamic properties of moist air between the
initial and final stages of conditioning as well as the correspondingyeard mass transfers between
the moist air and a medium, suchveste, refrigerant, absorbent or adsorbent, or moist air itSak
enagy balance and consation of mass are thevt principles used for the analysis and the calculation
of the thermodynamic properties of the moist ai

Generaly, for a single atconditioning process, heat transfer or mass transfer isveodibwever,
for calculations thatrivolve sveral ai-conditioning processes, heat supplied to the moist aikénta
as positve and heat rejected iggaive.

The sensible heat ratigSHR) of an aiconditioning process is fieed as the ratio of the change in
absolutevalue of sensible heat to the change in absafiige of total heat, both in Btu/hr:

SHR = O/ G| = |/ |G|+ |1 (9.3.1)

For any air-conditioning process, the sensible heat change

Ohn = 60V pC,o(T, ~ T,) = 6010, C o (T, - T)) (9.3.2)
where \O/S = volume fbw rate of supply &j cfm
ps = density of supply aj Ib/ft3
T,, T, = moist air temperature &nal and initial states of anraionditioning processF

and the massdiv rate of supply air
=V, p, (9.3.3)

The latent heat change is

g, = 60\Q/sps(w2 - wl) My se = 1060 X 60V, pS(w2 - Wl) (9.3.4)

wherew,,w; = humidity ratio at final and initial states of am-e@bnditioning process, Ikl

In Equation (9.3.4)hyss = 1060 Btu/lb represents the latent heavagiorization or condensation of
water at an estimated temperature &5 wherevaporization or condensation occurs in arhaindling
unit or packaged uniTherefore

SHR =1, c,(T, - T) / B"na Coa(T, = T,) + 1, (W, —w) hfg,ssg (9.3.5)

Space Conditioning, Sensible Cooling, and Sensible Heating Processes

In a space conditioning necess heat and moisture are absorbed by the supply air atssaaid then
removed from the conditioned space at the state of spacedairing summe as sbwn by linesr in
Figure 9.3.1 or heat or moisture is supplied to the space to compensate for the transmission and
infiltration losses through thbuilding ewvelope as sbwn by line sr'. Both processes are aimed at
maintaining a desirable space temperature andvelatimidiy.

The space cooling loag),, in Btu/tr, can be calculated as:
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FIGURE 9.3.1 Supply conditioning, sensible heating, and sensible cooling processes.

A, =60rh,(h, - h,) =60V, p,(h - h) (9.3.6)

where h,, hy = enthgpy of space air and supplyraBtu/Ib.
The space sensible cooling tbg,, in Btu/lr, can be calculated from Equation (9.3.2) and the space
latent loadg,, in Btu/lr, from Equation (9.3.1). In Equation (9.3.7) should be replaced bl andT,
by T, Also in Equation (9.3.1)w, should be replaced by, andw; by w,. The space heating loay,
is dways a sensible load, in Btu/tand can be calculated as:

Gy = 60, ¢ (T, ~ T,) =60V, p,C,,(T. - T,) (9.3.7)

where T, T, = temperature of supply and space 4.

A sensible heatingrpcessadds heat to the moist air in order to increase its temperature; its humidity
ratio remains constant, asogin by line 12 inFigure 9.3.1A sensible heating process occurs when
moist air fows over a heating coil. Heat is transferred from thewater inside the tubes to the moist
air. The rate of heat transfer from the hater to the colder moist air is often called the heating coil
load g, in Btu/tr, and is calculated from Equation (9.3.2).

A sensible cooling opcessrenoves heat from the moistraresulting in a drop of its temperature; its
humidity ratio remains constant, asosim by line 12' in Figure 9.3.1 The sensible cooling process
occurs when moist airdivs through a cooling coil containing chillecater at a temperature equal to
or greater than theedl point of the entering moistrairhe sensible cooling load can also be calculated
from Equation (9.3.2)T, is replaced byl, andT, by T,.
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FIGURE 9.3.2 Humidifying and cooling and dehumidifying processes: (a) process on psychrometric chart, (b)
steam humidifie (c) air washe and (d) water cooling or DX coil.

Humidifying and Cooling and Dehumidifying Processes

In ahumidifying pocesswatervapor is added to moist air and increases the humidity ratio of the moist
air entering the humidifier if the moist air is not saturatedgé-scale humidification of moist air is
usually performed by steam injecti@aporation from avater sprg, atomizingwate, a wetted medium,

or submeged heating elements. Some details of their construction and characteristiogeeed i a

later section. Dry steam in a steam injection humidifying process is often supplied from the main steam
line to a grid-type humidier and injected into the moist air directly through small holes at a pressure
slightly alove atmospheric, as alin by line 12 inFigure 9.3.2(a) and (bYhe humidifying capacity

m,,, in Ib/min, is gven by:

ronhu :\O/sps(wm _Whe) (9.3.8)
wherew,,,w,, = humidity ratio of moist air B/ing and entering the humfr, Ib/lb. The slight inclination
at the top of line 12 is due to the high temperature of the sfHagnincrease in temperature of the

moist air due to steam injection can be calculated as:
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(T2 _T = WenG T/(de +lecps) (9.3.9)

where T,, T, = temperature of moist air at initial afidial states;F

W, = ratio of mass @w rate of injected steam to moist,aih/ m,
T, = temperature of injected steafir
w;, = average humidity ratio of moist rilb/lb

An air washeris a @wvice that sprays/ater into moist air in order to humigljfto cool and dehumidjf
and to clean the mias sbwn in Figure 9.3.2(c)When moist air fiws through an aiwashe, the moist
air is humidified and approaches saturatidhis actual adiabatic saturation process approximately
follows the thermodynamic wbtlb line on the psychrometric chart assh by line 12'. The humidity
ratio of the moist air is increased while its temperature is redlibedcooling &ect of this adiabatic
saturation process is callevaporative cooling

Oversaturationoccurs when the amount wfater present in the moist air,, in Ib/lb, exceeds the
saturated humidity ratio at thermodynamic \agb temperatwe w_, as slown in Figure 9.3.2(a)When
moist air leves the aiwashe, atomizing humidifig or centrifigal humidifier after humidification, it
often contains wevaporatedvater droplets at state poi#t w,,, in Ib/lb. Because of théan pwer heat
gain, duct heagain, and other heaains poviding the latent heat ofaporization, somevaporation
takes place due to the heat transfer towla¢er drops, and the humidity ratio increases furtBach
evaporation obversaturated drops is often a process with an increase of both humidity ratio angyenthal
of moist ai. Oversaturation can bexpressed as:

W, =W, — W, = (W, +w, ) -w, (9.3.10)

where w, = humidity ratio at state poirg, Ib/lb
w, = sum ofw, andw,, Ib/lb

The magnitude ofy,, depends mainly on the construction of the hufi@dandwater eliminatg if any.
For an airwashe, w,, mayvary from 0.0002 to 0.001 Il For a pulerizingfan without an eliminatp
w,, may be up to 0.00135 Ib/l

Cooling and Dehumidifying Process

In a cooling and dehumidifying process, both the humidity ratio and temperature of moist air decrease.
Somewatervapor is condensed in the form of liquicte, called acondensateThis process is siwvn

by cuwve m cc on the psychrometric chartFigure 9.3.2(a)Here m represents the entering mixture of
outdoor and recirculating air and cc the conditioned airing the cooling coil.

Three types of heaxchangers are used in a cooling and dehumidifying processiaf&) cooling
coil as slown in Figure 9.3.2(d) (2) directexpansion DX coil, where refrigeraevaporates directly
inside the coik tubes; and (3) awashe, in which chilledwater spraying contacts condition air dirgctl

The temperature of chilledater entering the cooling coil or aasherT,., in °F, determines whether
it is a sensible cooling or a cooling and dehumidifying procégs, s smaller than thead point of
the entering & T, in the airwashe, or T,, makes the outer stace of thewater cooling coilT, <
T, itis a cooling and dehumidifying processT).= T., or T,,= T/, sensible cooling occur§he
cooling coils load or the cooling capacity of the aiasherg,, in Btu/h, is

A = 60V, p,(h,, —h,,) - 60rh, h, (9.3.11a)

whereh,, h,. = enthapy of moist air entering anddeing the coil orwashe, Btu/lb
m_ = mass fbw rate of the condensate, Ib/min

w

h, = enthapy of the condensate, Btu/lb
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Since the thermal ergy of the condensate is small comparedjt, in practical calculations the term
60rn, h, is often mglected, and

Oee = 60V py(h,, —hy,) (9.3.11b)
The sensible heat ratio of the cooling and dehumidifying process &tiRbe calculated from

SHR, =0./9, (9.3.12)

whetre g, = sensible heat remaed during the cooling and dehumidifying process, BI8HR, is sfown
by the slope of the straight line joining points m and cc.

The relatve humidity of moist air laving thewater cooling coil or DX coil depends mainly on the
outer suface area of the coil including pipe afids. For coils with ten or more fins per inch, if the
entering moist air is around8- dry bulb and 68F wethbulb, the relawe humidity of air leving the
coil (off-coil) may be estimated as:

Four-row coil 90 to 95%
Six-row and eight-ow coils 96 to 98%

Two-Stream Mixing Process and Bypass Mixing Process

For atwo-steam adiabatic mixingrpcess two moist air streams, 1 and 2, arexed together adiabat-

ically and a mixtue mis formed in a mixing chamber asogn by line 1 m1 2 irFigure 9.3.3 Since

the AHU or PU is well insulated, the heat transfer between the mixing chamber and ambient air is small
and is usually eglected. Based on the principle of heat balance and c@tieer of mass:

m1h1+m2h2:mmhm
mw, +m,w, =m, w, (9.3.13)
m1T1+m2T2 :mme

In Equation (9.3.13) m represents the massul rate of ai, Ib/min; h the enthaly, in Btu/lb; w the
humidity ratio, in Ib/Ib; andrl the temperature, ifFF. Subscripts 1 and 2 indicate air streams 1 and 2
and m the mixture; also,

i/, = (0, =) /(=) = (w, =) o, — )
= (line segment m1 2)/(line segment 12)

(9.3.14)

Similarly,

mz/mm

(=) /(o =) = (wiy =) (w, =)
= (line segment 1 m1)/(line segment 12)

(9.3.15)

Mixing point m must lie on the line that joins points 1 and 2 aswshin Figure 9.3.3
If the differences between the density of air streams 1 and 2 and the density of the mixture are
neglected,
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FIGURE 9.3.3 Mixing processes.
Vlhl+v2h2 :thm
Vow +V,w, =V w (9.3.16)
VlTl +V2T2 = Vme
V,+V, =V (9.3.17)

In a bypass mixing procesa conditioned air stream is mixed with a bypass air stream that is not
conditioned. The cold conditioned air is denoted by subscript cc, the heated air ch, and the bypass air by.

Equations (9.3.14) and (9.3.17) can still be used but subscript 1 should be replaced by cc or ch and
subscript 2 by “by” (bypass).

Let K= m/m_ andK, = m,/m_; then the cooling coil's load,. and heating coil's load,
both in Btu/hr, for a bypass mixing process are
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(9.3.18)
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In Equation (9.3.18), subscript s denotes the supply air and m the mixture air stream.

Air-Conditioning Cycle and Operating Modes

An air-conditioning cyclecomprises several air-conditioning processes that are connected in a sequential
order. An air-conditioning cycle determines the operating performance of the air system in an air-
conditioning system. Thesorking substancéo condition air may be chilled or hot water, refrigerant,
desiccant, etc.

Each type of air system has its own air-conditioning cycle. Psychrometric analysis of an air-condi-
tioning cycle is an important tool in determining its operating characteristics and the state of moist air
at various system components, including the volume flow rate of supply air, the coil's load, and the
humidifying and dehumidifying capacity.

According to the cycle performance, air-conditioning cycles can be grouped into two categories:

¢ Open cyclejn which the moist air at its end state does not resume its original state. An air-
conditioning cycle with all outdoor air is an open cycle.

¢ Closed cyclein which moist air resumes its original state at its end state. An air-conditioning
cycle that conditions the mixture of recirculating and outdoor air, supplies it, recirculates part of
the return air, and mixes it again with outdoor air is a closed cycle.

Based on the outdoor weather and indoor operating conditions, the operating modes of air-conditioning
cycles can be classified as:

¢ Summer modevhen outdoor and indoor operating parameters are in summer conditions.
« Winter modewhen outdoor and indoor operating parameters are in winter conditions.

« Air economizer modevhen all outdoor air or an amount of outdoor air that exceeds the minimum
amount of outdoor air required for the occupants is taken into the AHU or PU for cooling. The
air economizer mode saves energy use for refrigeration.

Continuousmodesoperate 24 hr a day and 7 days a week. Examples are systems that serve hospital
wards and refrigerated warehouses.idtermittently operated modesually shuts down once or several
times within a 24-hr operating cycle. Such systems serve offices, class rooms, retail stores, etc. The 24-
hr day-and-night cycle of an intermittently operated system can again be divided into:

1. Cool-down or warm-up periodVhen the space is not occupied and the space air temperature is
higher or lower than the predetermined value, the space air should be cooled down or warmed
up before the space is occupied.

2. Conditioning period The air-conditioning system is operated during the occupied period to
maintain the required indoor environment.

3. Nighttime shut-down periodhe air system or terminal is shut down or only partly operating to
maintain a set-back temperature.

Summer, winter, air economizer, and continuously operating modes corfsitiadd (design load)
and part-load operatiorBart loadoccurs when the system load is less than the design load. The capacity
of the equipment is selected to meet summer and winter system design loads as well as system loads
in all operating modes.
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Basic Air-Conditioning Cycle — Summer Mode

A basic ar-conditioning systenis a packaged system of supply air at a constaloime fow rate,
serving a single zone, equipped with only a single supply/return Algihgle zones a conditioned
space for which a single controller is used to maintain a unique indoor operating pararob&bly
indoor temperatuteA basic ar-conditioning cycleis the operatingycle of a basic aiconditioning
systemFigure 9.1.3hows a basic aiconditioning systent-igure 9.3.4hows the basic aiconditioning
cycle of this system. In summer mode at design load, recirculating air from the conditioned space, a
worship hall, enters the packaged unit through the return grill at point ru. Ikésl mith the required
minimum amount of outdoor air at point o for acceptable indoor air quality angyeseing. The
mixture mis then cooled and dehunfigid to point cc at the DX coil, and the conditioned air is supplied
to the hall through the supplgn, supply duct, and ceilingftlise. Supply air then absorbs the sensible
and latent load from the space, becoming the spaceRacirculating air enters the packaged ugdtia

and forms a closedycle. Return airis the air returned from the spafart of the return air isxhausted

to balance the outdoor air i and infiltration The remaining part is #recirculating air that enters
the PU @ AHU.

w, Ib/lb
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70 90% 50%
0.016
o
Summe7 /D
Air o 0.012
r
50 0.008
20%
40
)
0.004
S
: ;Winter
13.0 135 14.0
A\ \ \ 0
40 50 60 70 80 90 100
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FIGURE 9.3.4 Basic ai-conditioningcycle — summe winter, and air economizer mode.

The summer mode operatigycle consists of the fallving processes:

1. Sensible heating process, represented by line r ru, due to the return ggistepy in Btu/fr,
when recirculating air dws through the return duct, ceiling plenum, and refam if awy. In
this packaged system, the return system gaiatis small and eglected.

2. Adiabatic mixing process of recirculating air at point ru and outdoor air at point o in the mixing
box, represented by line ru m o.

3. Cooling and dehumidifying process m cc at the DX coil whose coil load determines the cooling
capacity of the system calculated from Equation (9.3.11).

4. Sensible heating process related to the supply systengdieat , in Btu/tr, represented by line
cc sf sg, .consists of théan pwer heat gaim, line cc sf, and duct hegain g, line sf s, that is:
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Oee = Oy +0y =V PCAT,, (9.3.19)

It is more convenient to use the temperature rise of the supply s@dtenm psychrometric
analysis.
5. Supply conditioning process line sr.

Design Supply Volume Flow Rate

Design supply volume flow rate and cooling and heating capacities are primary characteristics of an air-
conditioning system. Design supply volume flow rate is used to determine the size of fans, grills, outlets,
air-handling units, and packaged units. For most comfort systems and many processing air-conditioning
systems,design supply volume flow ratﬁ’sd, in cfm, is calculated on the basis of the capacity to
remove the space cooling load at summer design conditions to maintain a required space teffjperature

Vo = Aeq/[60p, (N ~ )| = ae /[B0R,C(T, - T))] (9.3.20)

whereq,. 4 0 4= design space cooling load and design sensible cooling load, Btu/hr. In Equation (9.3.20),
the greater the,, the higher\Q/S will be. Specific hegt, is usually considered constant. Air density
ps may vary with the various types of air systems used. A grpateeans a smalleV_, for a given
supply mass flow rate. For a givgn, the supply temperature differentlsl’, = (T, — T,) is an important
parameter that affectéf/slU| . Conventionally, a 15 t6F20T, is used for comfort air-conditioning
systems. Recently, a 28 to°B4AT, has been adopted for cold air distribution in ice-storage central
systems. WheAT has a nearly twofold increase, there is a considerable reductﬁﬁp in  and fan energy
use and saving in investment on ducts, terminals, and outlets.

The summer cooling load is often greater than the winter heating load, and thisds oy, , is
used to determineolsld, except in locations where the outdoor climate is very cold.

Sometimes the supply volume flow rate may be determined from the following requirements:

 To dilute the concentration of air contaminants in the conditioned §haicemg/n?, the design
supply volume flow rate is

v, =218 /(c, -c) (9.3.21)
where C, = concentration of air contaminants in supply air, nfg/m
r"npar = rate of contaminant generation in the space, mg/sec

« To maintain a required space relative humiditand a humidity ratiey, at a specific temperature,
the design supply volume flow rate is

\O/Sd = qu.d/[eops(wr _Ws) hfgss] (9322)
whereq, 4 = design space latent load, Btu/hr.

» To provide a required air velocity, in fpm, within the working area of a clean room, the supply
volume flow rate is given by

V= Ay, (9.3.23a)

whereA, = cross-sectional area perpendicular to the air flow in the working &tea, ft
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* To exceed the outdoor air requirement for acceptable air quality for occupants, the supply volume
flow rate must be equal to or greater than

V,2nV (9.3.23b)

where n = number of occupants
V .= outdoor air requirement per person, cfm/person

« To exceed the sum of the volume flow rate of exhausVajr and the exfiltrated or relef air
both in cfm,

V 2V, +V, (9.3.24)

The design supply volume flow rate should be the largest of any of the foregoing requirements.

Rated Supply Volume Flow Rate

For an air system at atmospheric pressure, since the required mass flow rate of the supply air is a function
of air density and remains constant along the air flow,

rona :\O/ccpcc :\O/sps :\O/sf psf (9 3 25)

\O/sf = \75 ps/psf

where \0/Sf = volume flow rate at supply fan outlet, cfm

py = air density at supply fan outlet, I5/ft

A supply fan is rated atandard air conditionghat is, dry air at a temperature of#0an atmospheric
pressure of 29.92 in. Hg (14.697 psia), and an alr denS|ty of 0. 07‘5 Hafvever, a fan is a constant-
volume machine at a given fan size and speed,; thMSps= str ‘b‘Le_;e represents the rated volume
flow rate of a fan at standard air conditions. Therefore,

Vi =V =0 /[6004C(T, - T, (9.3.26)

» For conditioned air leaving the cooling coil Bt = 55°F with a relative humidity of 92% and
Ty of 57°F, py;, = 1N = 1/13.20 = 0.0758 IbAt From Equation (9.3.26):

Vy, =0,,/[60x 00758 x 0243, - )| = ., [T, - T)] (9.3.26a)

Equation (9.3.26a) is widely used in calculating the supply volume flow rate of comfort air-
conditioning systems.

 For cold air distributionT,. = 4C°F andd.. = 98%, if T = 42°F, thenv, = 12.80 f¥/lb, and the
rated supply volume flow rate:

Vg, =12.800,,/[60x0243(T, - T,)] = 0.,/ [124(T, - T,)] (9.3.26b)

* For a blow-through fan in which the fan is located upstream of the cdi},#f 82F and¢; =
43%, thernvg; = 13.87 f¥/lb, and the rated supply volume flow rate:
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Vg, =13870,,/[60%0.243T, - T.)] = q, /[LOK(T, - T, (9.3.26¢)

Effect of the Altitude
The higher the altitude, the lower the atmospheric pressure and the air density. In order to provide the

required mass flow rate of supply air, a greay, is needed. For an air temperatdfe of 70
Vx.ft = st.r(psea/px.ft) = st.r (pssa/px.ft) (9327)
where \D/let = supply volume flow rate at an altitudexdt, cfm

Psea Pt = atmospheric pressure at sea level and an altituddtppsia
Psea Pyt = air density at sea level and an altitudex df, psia

Following are the pressure or air density ratios at various altitudes. At 2000 ft above sea level, the
rated supply volume flow rat¥, ,.,, ¥4, <P =1.076V,, cfminstead o¥/,, cfm atsea level.

Altitude, ft  p,, psia  p, I0/f3  (DsedPis)

0 14.697 0.075 1.000
1000 14.19 0.0722 1.039
2000 13.58 0.0697 1.076
3000 13.20 0.0672 1.116
5000 12.23 0.0625 1.200

Off-Coil and Supply Air Temperature

For a given design indoor air temperattifespace sensible cooling logd, and supply system heat
gain q, a lower air off-coil temperatur€,, as well as supply temperatufemeans a greater supply
temperature differentiddT, and a lower space relative humidftyand vice versa. A great&ir, decreases
the supply volume flow rat&s and then the fan and terminal sizes, duct sizes, and fan energy use. The
result is a lower investment and energy cost.

A lower T and a greatehT, require a lower chilled water temperature entering theTggila lower
evaporating temperatufig, in the DX coil or refrigerating plant, and therefore a greater power input to
the refrigerating compressors. When an air-conditioning system serves a conditioned space of a single
zone, optimunil,, T, andT,, can be selected. For a conditioned space of multizdged,, andT,,
should be selected to satisfy the lowest requirement. In prattaedT,, are often determined according
to previous experience with similar projects.

In general, the temperature rise due to the supply fan power system he@} gaimbe taken as 1
to 3F depending on the fan total pressure. The temperature rise due to the supply duct system heat gain
at design flow can be estimated &5/100 ft insulated main duct length based on 1-in. thickness of
duct insulation.

Outside Surface Condensation

The outside surface temperature of the ducts, terminals, and supply Bytietshe ceiling plenum in

contact with the return air should not be lower than the dew point of the spadg air °F. Tine
temperature rise due to the fan power heat gain is abBus@ording to Dorgan (1988), the temperature
difference between the conditioned air inside the terminal and the outside surface of the terminal with
insulation wrap is about°B. For a space air temperature ofF%&nd a relative humidity of 50%, its

dew point temperature is 95 If the outside surface temperatie= (T, + 2 + 3)< 55°F, condensation

may occur on the outside surface of the terminal. Three methods are often used to prevent condensation:

1. Increase the thickness of the insulation layer on the outside surface.
2. Adopt a supply outlet that induces more space air.
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3. Equip with a terminal that més the supply air with the space air or air from the ceiling plenum.

During the cool-dwn period, due to the highed point temperature of the plenum air when the air
system is started, the supply air temperature must be controlled/émtpcondensation.

Example 9.3.1

Theworship hall of a church uses a package system with a basic air syeesummer space sensible
cooling load is 75,000 Btu/hr with a latent load of 15,000 Bt@her design data for summer are as
follows:

Outdoor summer design temperature: bulb 95°F and wetbulb 75°F
Summer indoor temperature5°F with a space relae humidity of 50%:
Temperature risefan power 2F

supply duct 2F
Relatve humidity of air laving cooling coil: 93%
Outdoor air requirement: 1800 cfm

Determine the

1. Temperature of supply air at summer design conditions

2. Ratedvolume fbw rate of the supplyan

3. Cooling coil load

4. Possibility of condensation at the outsideface of the insulated branch duct to the supply outlet

Solution

1. From Equation 9.3.1 the sensible heat ratio of the space conditioning line is

SHR, =|q,4//( g/ +|,|) = 60,000/(60,000 + 15,000) = 0.8

On the psychrometric chart, fronivgnT, = 75°F and$, = 50%, plot space point Draw a space

conditioning line sr from point r with SHR: 0.8.

Sine AT, = 2 + 2 = 4F, move line ggment cc s (&) up and dwn until point s lies on line sr
and point cc lies on th¢.. = 93% line The state points s and cc are then determinedaamsh
in Figure 9.3.4

T, = 57.5F, ¢, = 82%, andw, = 0.0082 Ib/lb
T.. = 53.5F, ¢, = 93%,h,. = 21.8 Btu/lb, andv,, = 0.0082 Ib/lb

2. Sine T, = 53.5 + 2 = 559 andw,; = 0.0082 Ib/lb,py = 1 = 1/13.15 = 0.076 IbAt From
Equation 9.4.2, the required rated supghume fow rate is

\O/sf.r = qrsd/[eopé Cpa(Tr - Ts)]
= 60,000/[60 x 0.076 x 0.243(75 ~ 57.5)| = 3094 cfm

3. Plot outdoor air state point o on the psychrometric chart fieengirybulb 95°F and wetbulb
75°F. Connect line ro. Bylect the density fierences between pointsm, and o; then

rm/ro = 1800/3094 = 0.58

From the psychrometric chart, the length of line ro is 2.438srsfown in Figure 9.3.4 point
m is then determined as:
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T, =86.7°F, h =35Btu/lb

From Equation (9.3.11), the cooling coil load is

A, =60V, p,(h, —h, ) = 60x3094 x 0.076(35 - 21.8) = 186,234 Btu/Ib

4. From the psychrometric chart, since thevdoint of the space miT,” = 55°F and is equal to
that of the plenum githe outside stiace temperature of the branch dlig= 53.5 + 2 + 3 =
58°F which is higher tha T" = 55°F. Condensation will not occur at the outsidefate of the
branch duct.

Basic Air-Conditioning Cycle — Winter Mode

When the basic aiconditioning systems are operated in winter mode, thegoaiditioningcycles can
be classified into the falving four caggories:

Cold Air Supply without Space Humidity Caooit In winter, for a fully occupiedvorship hall, if the
heat loss is less than the space sensible cooling load, a cold air supply is requiigst theospace
sensible cooling load and maintain a desirable indedranment as stwn by the bwer cycle inFigure
9.3.4 Usuall, a humidifier is not used.

The wintercycle of a cold air supply without humidity control consists of theofalig ar-condi-
tioning processes:

1. Adiabatic mixing process of outdoor air and recirculating air o m

2. Sensible heating process due to supalymwer heat gain m sf. Because of the smaller tempe
ature diference between the air in the ceiling plenum and the supply air inside the supply duct,
heat transfer through duatall in winter can be eglected.

3. Supply conditioning liners

For a winte-mode basic &iconditioningcycle with a cold air supply without space humidity control,
the space relate humidity depends on the space latent load, the humidity ratio of the outd@ordai
the amount of outdoor air irka. In order to determine the space humidity ratipimvib/Ib, and the
space relave humidity¢,, in %, Equations (9.3.15) and (9.3.22) should be usedvéotige folbwing
relationships:

(w, —w,)/(w, —w,) = \70/\75

(w, - w) = a,/ OV, p,f (9.3.28)
W, =W,

For a cold air suppl if there is a high space sensible cooling load, the amount of outdoor air must be
suficient, and the mixture must be cold enough to satisfy thewfimiy relationships:

(T.-T.)=q,. / gaovspscpag

(T.-T)/(T-T,) = \"/O/\"/S

(9.3.29)

The heating coil load for heating of the outdoor air can be calculated using Equation (9.3.7).
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Example 9.3.2

For the same packaged-abnditioning system using a basic air system tgesdreworship hall in a
church as in Example 9.3.1, the space heating load at winter design condition is 10,000 Btu/hr and the
latent load is 12,000 BtwhOther winter design data are as dolé:

Winter outdoor design temperature 35°F

Winter outdoor design humidity ratio 0.00035 Ib/lb
Winter indoor design temperature 70°F
Temperature rise due to suppgn heat gain 2°F

Outdoor air requirement 1800 cfm

Determine (1) the space relet humidity at winter design temperature and (2) the heating coil load.
Solution

1. Assume that the supply air dewsit; = 1A = 1/13.0 = 0.0769 |bft and the massdv rate of
the supply air is the same as in summer madtien from Equation 9.3.28 the humidity ratio
difference is

(w, -w,) =g, / HB0V. ., pg 55 = 12,000/(60 x 3094 x 0.0769 x 1060) = 0.00079 Iby/Ib

From Equation 9.3.29, the supply air temperatufferdintial is

(T, - T.) = Qg / HBOV.., p, G, = 10,000/(60 x 3094 x 0.0769 x 0.243) = 2.88°F

Sinee V /V, = 1800/3094 = 0.58 and, = w,,

(w, = w,)/(w, —w,) = 0.00079/(w, -w,)=V,/V, =058
(w, —w,) = 0.00079/0.58 = 0.00136 Ib/Ib

And from gven information,

w, = 0.00136 +w, = 0.00136 + 0.0035 = 0.00486 Ib/Ib

From the psychrometric chart,rfd, = 70°F andw, = 0.00486 Ib/lb, point r can be plotted, and
¢, is about 32% (seEigure 9.3.%

2. Since mr/or = 0.58, point m can be determined, and from the psychromettid@ ¢ckab0.0F.
AsT =70 —2.88 = 67.CF andT; =T, + 2 = 50.0 + 2 = 5P°F, from Equation 9.3.7 the
heating colils load is

Ggy = B0V, p,Co(T, — Ty ) = 60 x 3094 x 0.0769 x 0.243(67.12 - 52.0) = 52,451 Btu/hr

Warm Air Supply without Space Humidity Control

When the sum of space heat losses is greater than the sum of the intergainseatwinte, awarm
air supply is neededror many comfort systems such as those ffices and stores, in locations where
winter is notvery cold, humidification is usually not necegsdihe basic aconditioningcycle for a
warm air supply without space humidity control issh in Figure 9.3.5(a)This cycle is similar to the
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FIGURE 9.35 Basic ai-conditioningcycle — winter modes: (a) warm air supply without space humidity control,
(b) cold air supply without space humidity control, and (c) cold air supply with space humidity control. ch = air
leaving heating coil, h = air Bving humidife, andaw = air leaving air washe

winter modecycle of a cold air supply without space humidity contralveh in Figure 9.3.4except
that the supply air temperature is higher than space temperature, ThatTis To prevent stratification,
with thewarm supply air staying at a highexél, (T, —T,) > 20°F is not recommended.

Warm Air Supply with Space Humidity Control

This operatingycle (sedrigure 9.3.5[f) is often used for hospitals, nurseries, etc. or in locations where
winter isvery cold The state point of supply air must be determifivestl by dewing a space conditioning
line with known SHR and then from the calculated supply temperatuferdntial AT,. The difference

in humidity ratio (v, —w,,) is thewatervapor must be added at the hurfii Humidifying capacity

can be calculated from Equation 9.3.8.

Cold Air Supply with Space Humidity Control

This operatingcycle (slown in Figure 9.3.5[c] is widely used in industrial applications such exile
mills where a cold air supply is needed to ogenmachine load in winter and maintains the space
relaive humidity required for the mafacturing processAn outdoor air and recirculating air mixture
is often used for the required cold air syppin air washer is adopted for winter hunfidation.
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Air Economizer Mode

In the air economizemode, as gwn by the middle dotted lineycle d'-cc-sf-s-r inFigure 9.3.4 all
outdoor air or an outdoorraiecirculating air mixture is used to reduce the refrigeration capacity and
improve the indoor air quality during sprinfall, or winte.

When all outdoor air is admitted, it is an opgyele. Outdoor air is cooled and often dehurfiddi
to point cc After absorbingfan and duct heaains, it is supplied to the conditioned space. Space air
is exhausted entirely through openings, relief dampers, or eieflistfans to the outsidéAn all-
outdoor ai-operating mode before the space is occupied is often called purge operation, used to
dilute space air contaminants.

Cool-Down and Warm-Up Modes

In summe, when an air system is shuiveh during an unoccupied period at night, the space temperature
and relaitve humidity often tend to increase because fotriation of hot and humid air and heat transfer
through thebuilding envelope The air system is usually started before the space is occupied in cool-
down mode to cool the space air until the space temperiilsavithin predetermined limits.

In winter, the air system is also started before the occupied periegrm up the space air to
compensate for the nighttime space temperature setback to 89-tto6 enegy saving or the drop of
space temperature due to heat loss afildration.

If dilution of indoor air contaminants is not necegsanly recirculating space air is used during
cool-down orwarm-up periods in order t@ge enegy.
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9.4 Refrigerants and Refrigeration Cycles

Refrigeration and Refrigeration Systems

Refrigerationis the cooling effect of the process of extracting heat from a lower temperature heat source,
a substance or cooling medium, and transferring it to a higher temperature heat sink, probably atmo-
spheric air and surface water, to maintain the temperature of the heat source below that of the surround-
ings.

A refrigeration systeris a combination of components, equipment, and piping, connected in a
sequential order to produce the refrigeration effect. Refrigeration systems that provide cooling for air-
conditioning are classified mainly into the following categories:

1. Vapor compression systema. these systems, a compressor(s) compresses the refrigerant to a
higher pressure and temperature from an evaporated vapor at low pressure and temperature. The
compressed refrigerant is condensed into liquid form by releasing the latent heat of condensation
to the condenser water. Liquid refrigerant is then throttled to a low-pressure, low-temperature
vapor, producing the refrigeration effect during evaporation. Vapor compression is often called
mechanical refrigerationthat is, refrigeration by mechanical compression.

2. Absorption systemdn an absorption system, the refrigeration effect is produced by means of
thermal energy input. After liquid refrigerant produces refrigeration during evaporation at very
low pressure, the vapor is absorbed by an aqueous absorbent. The solution is heated by a direct-
fired gas furnace or waste heat, and the refrigerant is again vaporized and then condensed into
liquid form. The liquid refrigerant is throttled to a very low pressure and is ready to produce the
refrigeration effect again.

3. Gas expansion systenis. an air or other gas expansion system, air or gas is compressed to a
high pressure by compressors. It is then cooled by surface water or atmospheric air and expanded
to a low pressure. Because the temperature of air or gas decreases during expansion, a refrigeration
effect is produced.

Refrigerants, Cooling Mediums, and Absorbents

A refrigerantis a primary working fluid used to produce refrigeration in a refrigeration system. All
refrigerants extract heat at low temperature and low pressure during evaporation and reject heat at high
temperature and pressure during condensation.

A cooling mediumis a working fluid cooled by the refrigerant during evaporation to transport
refrigeration from a central plant to remote cooling equipment and terminals. In a large, centralized air-
conditioning system, it is more economical to pump the cooling medium to the remote locations where
cooling is required. Chilled water and brine are cooling media. They are often called secondary refrig-
erants to distinguish them from the primary refrigerants.

A liquid absorbents a working fluid used to absorb the vaporized refrigerant (water) after evaporation
in an absorption refrigeration system. The solution that contains the absorbed vapor is then heated. The
refrigerant vaporizes, and the solution is restored to its original concentration to absorb water vapor again.

A numbering system for refrigerants was developed for hydrocarbons and halocarbons. According to
ANSI/ASHRAE Standard 34-1992, the first digit is the number of unsaturated carbon—carbon bonds in
the compound. This digit is omitted if the number is zero. The second digit is the number of carbon
atoms minus one. This is also omitted if the number is zero. The third digit denotes the number of
hydrogen atoms plus one. The last digit indicates the number of fluorine atoms. For example, the chemical
formula for refrigerant R-123 is CH{F,;. In this compound:

No unsaturated carbon—carbon bonds, first digit is 0
There are two carbon atoms, second digitis 2-1=1
There is one hydrogen atom, third digit is 1+1=2
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There are three fluorine atoms, last digit is 3
To compare the relae ozone depletion ofarious refrigerants, an iex called theozone depletion
potential (ODP) has been introduced. ODP idiked as the ratio of the rate of ozone depletion of 1 Ib
of any halocarbon to that of 1 Ib of refrigerant R-Fbr R-11, ODP = 1.

Similar to the OB, halocarbon globavarming potential (HGWP) is an iad used to compare the
globalwarming dfect of a halocarbon refrigerant with thiéeet of refrigerant R-11.

Classification of Refrigerants

Nontoxic and nonflammable synthetic chemical compoundsdhdégenated hywcarbons or
simply halocarbons were used almos#xclusively in vapor compression refrigeration systems
for comfort ar-conditioning until 1986. Because chldiworocarbons (CFCs) cause ozone deple-
tion and globalwarming, tley must be replaced classification of refrigerants based on ozone
depletion folbws (se Table 9.4.):

Hydrofluorocarbons (HFCs)

HFCs contain onlyhydrogen, fluorine, and carbon atoms and cause no ozone depletion. HFCs group
include R-134a, R-32, R-125, and R-245ca.

HFC'’s Azeotropic Blends or Simply HFC’s Azeotropic

An azeotropic is a mixture of multiple componentsvofatilities (refrigerants) thaevaporate and
condense as a single substance and do not changhkiinetric composition or saturation temperature
when they evaporate or condense at constant pressure!$i&£eotropics are blends of refrigerant with
HFCs ASHRAE assigned numbers between 500 and 599 for azeotropics ldE€otropic R-507, a
blend of R-125/R-143, is the commonly used refrigerantdertemperaturezapor compression refrig-
eration systems.

HFC'’s Near Azeotropic

A near azeotropic is a mixture of refrigerants whose characteristics are near those of an azeotropic.
Because the change imlumetric composition or saturation temperature is rather small for a near
azeotropic, such as, 1 t6Rit is thus namedASHRAE assigned numbers between 400 and 499 for
zeotropic. R-404A (R-125/R-134a/R-143a) and R-407B (R-32/R-125/R134a) ate hHAL azeotropic.
R-32 is flammable; therefore, its composition is usually less than 30% in the mixturés et
azeotropic are widely used feapor compression refrigeration systems.

Zeotropic or nonazeotropic, including near azeotropiowsha change in composition due to the
difference between liquid angpor phases, leaks, and théfatence between chlge and circulation.
A shift in composition causes the changeeiaporating and condensing temperature/presSire
difference in dw point andoubble point duringvaporation and condensation is called gliekpressed
in °F. Near azeotropic has a smaller glide than zeotrdpie midpoint between theed point and
bubble point is often t&n as thevaporating and condensing temperature for refrigerant blends.

Hydrochlorofluorocarbons (HCFCs) and Their Zeotropics

HCFCs contairhydrogen, chlorine, fluorine, and carbon atoms and are not fully halogenated. HCFCs
have a much shorter lifetime in the atmosphere (in decades) than CFCs anfdicksseozone depletion
(ODP 0.02 to 0.1). R-22, R-123, R-124, etc. are HCFCs. HCFCs are the most widely used refrigerants
today.

HCFC's near azeobpic andHCFC's zeatopic are blends of HCFCs with HFCEhey are transitional
or interim refrigerants and are scheduled for a restriction in production starting in 2004.

Inorganic Compounds

These compounds include refrigerants used before 188laimonia R-717%yater R-718, and air R-
729 They are still in use becausegthdo not deplete the ozone layBecause ammonia is toxic and

© 1999 by CRC Press LLC



TABLE 9.4.1 Properties of Commonly Used Refrigerants 40~ Evaporating and 100F Condensin

9¢-6

Global
Ozone Warming Evaporating  Condensing Refrigeration
Chemical Molecular Depletion Potential Pressure, Pressure,  Compression Effect,
Formula Mass Potential (ODP)  (HGWP) psia psia Ratio Btu/lb
Hydrofluorocarbons HFCs
R-32 Difluoromethane CH, 52.02 0.0 0.14 135.6 340.2 251
R-125 Pentafluoroethane ClF, 120.03 0.0 0.84 111.9 276.2 2.47 37.1
R-134a Tetrafluoroethane CH,F 102.03 0.0 0.26 49.7 138.8 2.79 65.2
R-143a Trifluoroethane GBF, 84.0 0.0
R-152a Difluoroethane GBHF, 66.05 0.0 44.8 124.3 2.77
R-245ca Pentafluoropropane {F,CH, 134.1 0.0
HFC'’s azeotropics
R-507 R-125/R-143 0.0 0.98
(45/55)
HFC'’s near
azeotropic
R-404A R-125/R-143a 0.0 0.94
(44/52/4)
R-407A R-32/R-125/R-134a 0.0 0.49
(20/40/40)
R-407C R-32/R-125/R-134a 0.0 0.70
(23/25/52)
Hydrochlorofluorocarbons HCFCs and their azeotropics
R-22 Chlorodifluoromethane CHGIF 86.48 0.05 0.40 82.09 2015 2.46 69.0
R-123 Dichlorotrifluoroethane CH@F, 152.93 0.02 0.02 5.8 20.8 3.59 62.9
R-124 Chlorotetrafluoroethane CHFCICF  136.47 0.02 27.9 80.92 2.90 5.21
HCFC's near azeotropics
R-402A R-22/R-125/R-290 0.02 0.63
(38/60/2)
HCFC'’s azeotropics
R-401A R-22/R-124/R-152a 0.37 0.22
(53/34/13)
R-401B R-22/R-124/R-152a 0.04 0.24
(61/28/11)
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TABLE 9.4.1 Properties of Commonly Used Refrigerants 40 Evaporating and 100F Condensin (continued)
Global
Ozone Warming Evaporating  Condensing Refrigeration
Chemical Molecular Depletion Potential Pressure, Pressure,  Compression Effect,
Formula Mass Potential (ODP)  (HGWP) psia psia Ratio Btu/lb
Inorganic compounds
R-717 Ammonia Nkl 17.03 0 0 71.95 206.81 2.87 467.4
R-718 Water KO 18.02 0
R-729 Air 28.97 0
Chlorofluorocarbons CFCs, halons BFCs and their azeotropic
R-11 Trichlorofluoromethane Cel 137.38 1.00 1.00 6.92 23.06 3.33 68.5
R-12 Dichlorodifluoromethane  Cfl, 120.93 1.00 3.20 50.98 129.19 2.53 50.5
R-13B1 Bromotrifluoromethane CBrF 148.93 10
R-113 Trichlorotrifluoroethane CEICCIR, 187.39 0.80 14 2.64 10.21 3.87 54.1
R-114 Dichlorotetrafluoroethane ~ GECF, 170.94 1.00 3.9 14.88 4511 3.03 425
R-500 R-12/R-152a 99.31 59.87 152.77 2.55 60.5
(73.8/26.2)
R-502 R-22/R-115 111.63 0.283 4.10
(48.8/51.2)
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TABLE 9.4.1 Properties of Commonly Used Refrigerants 40 Evaporating and 100F Condensing (continued)

8¢-6

Specific Volume  Compresssor Power Critical Discharge
of Vapor Displacement Consumption Temperature  Temperature
Replacement of Trade Name ft3/lb cfm/ton hp/ton °F °F Flammability Safety
Hydrofluorocarbons HFCs
R-32 0.63 173.1
R-125 0.33 150.9 103 Nonflammable Al
R134a R-12 0.95 2139 Nonflammable Al
R143a
R-152a 1.64 235.9 Lower flammable A2
R-245ca
HFC’s azeotropics
R-507 R-502 Genetron AZ-50
HFC’s near azeotropic
R-404A R-22 SUVA HP-62 Al/Al12
R-407A R-22 KLEA 60 A1/A12
R-407C R-22 KLEA 66 Al/Al12
Hydrochlorofluorocarbons HCFC’s and their azeotropics
R-22 0.66 1.91 0.696 204.8 127 Nonflammable Al
R-123 R-11 5.88 18.87 0.663 362.6 Nonflammable B1
R-124 1.30 5.06 0.698 252.5
HCFC's near azeotropics
R-402A R-502 SUVA HP-80 Al/Al12
HCFC’s azeotropics
R-401A R-12 MP 39 A1/A12
R-401B R-12 MP 66 Al/Al12
Inorganic compounds
R-717 3.98 1.70 0.653 271.4 207 Lower flammability B2
R-718 Nonflammable
R-729 Nonflammable
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TABLE 9.4.1 Properties of Commonly Used Refrigerants 40 Evaporating and 100F Condensing (continued)

Al

Specific Volume  Compresssor Power Critical Discharge
of Vapor Displacement Consumption  Temperature = Temperature
Replacement of ft3/b cfm/ton hp/ton °F °F Flammability Safety
Chlorofluorocarbons CFCs, halons BFCs, and their azeotropics

R-11 5.43 15.86 0.636 388.4 104 Nonflammable Al
R-12 5.79 3.08 0.689 233.6 100 Nonflammable Al
R-13B1 0.21 152.6 103 Nonflammable Al
R-113 10.71 39.55 0.71 417.4 86 Nonflammable Al
R-114 2.03 9.57 0.738 294.3 86 Nonflammable Al
R-500 R-12/R-152a (73.8/26.2) 0.79 3.62 0.692 221.9 105 Nonflammable
R-502 R-22/R-115 (48.8/51.2) 98 Nonflammable Al

Source: Adapted with permission frodASHRAE Handbooks 1993 Fundamentélso from refrigerant manufacturers.
a  First classification is that safety classification of the formulated composition. The second is the worst case of fractionation.
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flammabile, it is used in industrial applications. Inorganic compounds are assigned numbers between 700
and 799 by ASHRAE.

Chlorofluorocarbons, Halons, and Their Azeotropic

CFCs contain only chlorine, fluorine, and carbon atoms. CFCs have an atmospheric lifetime of centuries
and cause ozone depletion (ODP from 0.6 to 1). R-11, R-12, R-113, R-114, R-115... are all CFCs.

Halons or BFCs contain bromide, fluorine, and carbon atoms. R-13B1 and R-12B1 are BFCs. They
cause very high ozone depletion (ODP for R-13B1 = 10). Until 1995, R-13B1 was used for very low
temperature vapor compression refrigeration systems.

Phaseout of CFCs, BFCs, HCFCs, and Their Blends

On September 16, 1987, the European Economic Community and 24 nations, including the United
States, signed a document called the Montreal Protocol. It is an agreement to restrict the production and
consumption of CFCs and BFCs in the 1990s because of ozone depletion.

The Clean Air Act amendments, signed into law in the United States on November 15, 1990, concern
two important issues: the phaseout of CFCs and the prohibition of deliberate venting of CFCs and HCFCs.

In February 1992, President Bush called for an accelerated ban of CFCs in the United States. In late
November 1992, representatives of 93 nations meeting in Copenhagen agreed to phase out CFCs
beginning January 1, 1996. Restriction on the use of HCFCs will start in 2004, with a complete phaseout
by 2030.

In the earlier 1990s, R-11 was widely used for centrifugal chillers, R-12 for small and medium-size
vapor compression systems, R-22 for all vapor compression systems, and CFC/HCFC blend R-502 for
low-temperature vapor compression systems. Because of the phaseout of CFCs and BFCs before 1996
and HCFCs in the early years of the next century, alternative refrigerants have been developed to replace
them:

¢ R-123 (an HCFC of ODP = 0.02) to replace R-11 is a short-term replacement that causes a slight
reduction in capacity and efficiency. R-245ca (ODP = 0) may be the long-term alternative to R-11.

¢ R-134a (an HFC with ODP = 0) to replace R-12 in broad applications. R-134a is not miscible
with mineral oil; therefore, a synthetic lubricant of polyolester is used.

¢ R-404A (R-125/R-134a/143a) and R-407C (R-32/R-125/R-134a) are both HFCs near azeotropic
of ODP = 0. They are long-term alternatives to R-22. For R-407C, the composition of R-32 in
the mixture is usually less than 30% so that the blend will not be flammable. R-407C has a drop
of only 1 to 2% in capacity compared with R-22.

¢ R-507 (R-125/R-143a), an HFC's azeotropic with ODP = 0, is a long-term alternative to R-502.
Synthetic polyolester lubricant oil will be used for R-507. There is no major performance differ-
ence between R-507 and R-502. R-402A (R-22/R-125/R-290), an HCFC’s near azeotropic, is a
short-term immediate replacement, and drop-in of R-502 requires minimum change of existing
equipment except for reset of a higher condensing pressure.

Required Properties of Refrigerants

A refrigerant should not cause ozone depletion. A low global warming potential is required. Additional
considerations for refrigerant selection are

1. Safetyincluding toxicity and flammability. ANSI/ASHRAE Standard 34-1992 classifiesothe
icity of refrigerants as Class A and Class B. Class A refrigerants are of low toxicity. No toxicity
was identified when their time-weighted average concentration was less than or equal to 400 ppm,
to which workers can be exposed for an 8-hr workday and 40-hr work week without adverse
effect. Class B refrigerants are of higher toxicity and produce evidence of toxicity.

ANSI/ASHRAE Standard 34-1982 classifies fteemmability of refrigerants as Class 1, no flame
propagation; Class 2, lower flammability; and Class 3, higher flammability.
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The safety classification of refrigerants is based on the combination of toxicitiaamdability. A1,
A2, A3, B1, B2, and B3. R-134a and R-22 are in A1 group, bwer toxicity and nonflammable;
R-123 in the B1 group, higher toxicity and rilammable; and R-717 (ammonia) in the B2 group,
higher toxicity and dwer flammabiliy.

2. Effectiveness okfrigeration cycleHigh dfectiveness is a desired propeithe pwer consumed
per ton of refrigeration produced, hp/ton or kW/ton, is amridr this assessmentable 9.4.1
givesvalues for an ideal single-stagapor compressiogycle.

3. Oil miscibility. Refrigerant should be miscible with mineral lubricant oil because a mixture of
refrigerant and oil helps to lubricate pistons and digghealves, bearings, and otherowing
parts of a compressdOil should also be returned from the condensereaaporator for contin-
uous lubrication. R-22 is partially miscible. R-134a is hardly miscible with mineral oil; therefore,
synthetic lubricant of polyolester will be used.

4. Compessor displacementompressor displacement per ton of refrigeration produced, in cfm/ton,
directly dfects the size of the posié displacement compressor and therefore its compactness.
Ammonia R-717 requires thewest compressor displacement (1.70 cfm/ton) and R-22 the second
lowest (1.91 cfm/ton).

5. Desired properties:

» Evaporating pressung, should be higher than atmosphefiben noncondensabggas will not
leak into the system.
» Lower condensing pressure for lighter construction of compressodense piping, etc.
* A high thermal condudatity and therefore a high heat transferftiogent in theevaporator and
condense

Dielectric constant should be compatible with air when the refrigerant is in direct contact with

motor windings in hermetic compressors.

An inert refrigerant that does not react chemically with materialawdiid corrosion, erosion,

or damage to system components. Halocarbons are compatible with all containment materials

except magnesium ays. Ammonia, in the presence of moisture, is cam®do copper and

brass.

Refrigerant leakage can be easily detected. Halide torch, electronic detadtmbble detec-

tion are often used.

Ideal Single-Stage Vapor Compression Cycle

Refrigeration Process

A refrigeration process stvs the change of the thermodynamic properties of the refrigerant and the
enagy andwork transfer between the refrigerant and surroundings.
Enagy andwork transfer isexpressed in British thermal units per hoar Btu/hr. Another unit in
wide use is ton of refrigeration, or tokton = 12,000 Btu/hr of heat rewed; i.e., 1 ton of ice melting
in 24 hr = 12,000 Btuth

Refrigeration Cycles

When a refrigerant undgoes a series of processé kvaporation, compression, condensation, throt-
tling, andexpansion, absorbing heat fromavitemperature source and rejecting it to a higher tempe
ature sink, it is said togie undegone a refrigeratiogycle. If its final state is equal to its initial state,
it is aclosed cyclgif the final state does not equal the initial state, ihis@en cycleVapa compression
refrigerationcycles can be classified as single stage, multistage, compound, and cgstzde

A pressue-enthalpy diagranor p-h diagram is often used to calculate thergpdransfer and to
analyze the performance of a refrigerataycle, as sbwn in Figure 9.4.1In ap-h diagram, pressure
p, in psia or psig lgarithmic scale, is the ordinate, and erpigdd, in Btu/lb, is the absciss@he saturated
liquid and saturatedapor line encloses ab-phase egion in whichvapor and liquid cexist. The wo-
phase ggion separates the subcooling liquid and superheaigdr egions The constant-temperature
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FIGURE 9.4.1 Skeleton of pressure-enthalpy diagram for R-22.

line is nearlyvertical in the subcoolingegion, horizontal in thewo-phase egion, and cwed dwn

sharply in the superheategyion.
In the two-phase agion, a gven saturated pressure determines the saturated temperature and vice

versa The constant-entpy line is cuved upvard to the right-hand side in the superheatgibn. Each
kind of refrigerant has itewn p-h diagram.

Refrigeration Processes in an Ideal Single-Stage Cycle
An ideal cyclehas isentropic compression, and pressure losses in the pipelives, and other
components areeglected All refrigerationcycles overed in this section are ideal. Single stage means

a single stage of compression.
There are four refrigeration processes in an ideal single-gtgge compressionycle, as sbwn in

Figure 9.4.2(a) and (b)

1. Isothermalevaporation process 4—% The refrigeranevaporates completely in thevaporator
and produces refrigeratiorifect g, in Btu/lb:

Oy :(hl_hA) (9.4.1)
whereh,,h, = enthapy of refrigerant at state points 1 and 4, respelyt Btu/lb.

2. Isentropic compression process 1—2Vapor refrigerant iextracted by the compressor and
compressed isentropically from point 1 toThe work input to the compress®\,, in Btu/lb, is

W, =(h, - h) (9.4.2)

whereh, = enthapy of refrigerant at state point 2, Btol/I
The greater the fference in temperature/pressure between the condensing prpgswand
evaporating pressurg,,, the higher will be thevork input to the compresso
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FIGURE 9.4.2 A single-stage ideal vapor compression refrigeration cycle: (a) schematic diagradh,diagram,

(c) subcooling, and (d) superheating.
3. Isothermal condensation process 2—3 — Hot gaseous refrigerant discharged from the compressor
is condensed in the condenser into liquid, and the latent heat of condensation is rejected to the

condenser water or ambient air. The heat rejection during condensgtipm Btu/lb, is
(9.4.3)

-0, =(h, ~h,)

whereh; = enthalpy of refrigerant at state point 3, Btu/lb.

4. Throttling process 3—4 — Liquid refrigerant flows through a throttling device (e.g., an expansion
valve, a capillary tube, or orifices) and its pressure is reduced to the evaporating pressure. A
portion of the liquid flashes into vapor and enters the evaporator. This is the only irreversible
process in the ideal cycle, usually represented by a dotted line. For a throttling process, assuming

that the heat gain from the surroundings is negligible:
(9.4.4)

hy =h,
The mass flow rate of refrigeramhr, in Ib/min, is
ronr = qrc/60qrf (945)
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where q,. = refrigeration capacity of the system, Btu/h
The ideal single-stagepor compression refrigeratiaycle on ap-h diagram is tvided into tvo
pressureegions: high pressurg(,) and bw pressure(t,,).

Coefficient of Performance of Refrigeration Cycle

The coefficient of performamrc(COP) is a dimensionless iedused to indicate the performance of a
thermodynamicycle or thermal systenThe magnitude of COP can be greater than 1.

« If a refrigeratoris used to produce a refrigeratioffieet, COR is
COP, =0, /W, (9.4.6)
* If a heat pumgs used to produce a useful heatifige, its performance denoted by GOR
COPR,, = 0,_5/W, (9.4.7)

« For a heat raavery system when both refrigeration and heatifigces are produced, the CQP
is denoted by the ratio of the sum of the absohataes ofq; andq,.; to thework input, or

COR, = (|| +|a, o) /W, (9.4.8)

Subcooling and Superheating

Condensed liquid is often subcooled to a temperaturerithan the saturated temperature corresponding
to the condensing pressug,,, in psia or psig, as stvn in Figure 9.4.2(c)Subcoolingincreases the
refrigeration &ect toqy . as slown in Figure 9.4.2(c)

O = (N =) >(h, —hy) (9.4.9)

The enthgly of subcooled liquid refrigeraih,, approximately equals the entpyabf the saturated liquid
refrigerant at subcooled temperatty ., both in Btu/lb:

hsc = h3 = h4' = hl.con - Cpr(Tcon - Tsc) = hssc (9410)

wher hy, h, = enthapy of liquid refrigerant at state poin® and 4 respedtely, Btu/lb
hn = enthapy of saturated liquid at condensing temperature, Btu/lb
c,, = specific heat of liquid refrigerant at constant pressure, Bt&/|

T.,n = condensing temperature or saturated temperature of liquid refrigerant at condensing
pressure°F
T,. = temperature of subcooled liquid refrigergitit

The purpose ofupeheatingis to pevent liquid refrigerant flooding back into the compressor and
causing slugging damage asowh in Figure 9.4.2(d)The degree of superheating depends mainly on
the types of refrigerant feed, construction of the suction line, and type of comprégsstate point
of vapor refrigerant after superheating of an ideal system must be atath@rating pressure with a
specific @égree of superheat and can be plottechprh diagram forvarious refrigerants.

Refrigeration Cycle of Two-Stage Compound Systems with a Flash Cooler

A multistage systerampbys more than one compression stage. Multistag®r compression systems
are classified as compound systems and cascade syAteorapound systeronsists ofwo or more
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compression stages connected in series. It raay dne high-stage compressor (higher pressure) and
one bw-stage compressorofler pressure),egeral compressors connected in seriesywar ér more
impellers connected internally in series aniyelr by the same mato

The compession ratioR,,,, is defined as the ratio of diseha pressurg,, to the suction pressure at
the compressor inlet,

Reom = Pais/ Psuc (9.4.11)

Compared to a single-stage system, a multistage has a smaller compression ratio and higher compression
efficiency for each stage of compression, greater refrigeraffestelower dischage temperature at the
high-stage compress@nd greater ékibility. At the same time, a multistage system has a higher initial
cost and more complicated construction.

The pressure between the disgeapressure of the high-stage compressor and the suction pressure
of the bw-stage compressor of a multistage system iscaiterstage pessue p,, in psia. Interstage
pressure for ano-stage system is usually determined so that the compression ratios are nearly equal
betweenwo stages for a higher GOThen the interstage pressure is

P, :\‘;/(pcon pal) (9.4.12)

wherep,,, P., = condensing andvaporating pressures, psia.
For a multistage system ofstages, then, the compression ratio of each stage is

Rom = (Peon/Pac) (9.4.13)

Figure 9.4.3(ayhows a schematic diagram akéjure 9.4.3(bthe refrigeratiortycle of a wo-stage
compound system with a flash caoke flash coole, sometimes called an econonjze used to subcool
the liquid refrigerant to the saturated temperature corresponding to the interstage presspoeding
a portion of the liquid refrigerant in tHkash coole

Based on the principle of heat balance, the fractioevaporated refrigerank, or quality of the
mixture in the flash cooler is

x=(hy = hy)/(h, - ) (9.4.14)
Condenser p, psai
s |[JUUW\]| 1 t
' h < 4
Flash
cooler
» 7 2
|6 - 3
Y
IE g '
Evapdrator ‘ h, BE/Ib

@ (b)

FIGURE 9.4.3 Two-stage compound system with a flash cooler: (a) schematic diagram and (b) refrigeration cycle.
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wher hg, h;, hy = enthaby of the refrigerant at state poinis 7, and 8, respdeely, Btu/lo. The
codficient of performance of the refrigeratioycle of a wo-stage compound system witfiash coolg
COR,, is gven as

COP = gy W, = (1=x)(n, =hy)/[@-X)(h, =h) +(n, = (9.4.15)

wher h;, h,, h;, h,, hy = enthapy of refrigerant at state points 1, 2, 3, 4, and 9, res@dctBtu/lb. The
mass fbw rate of refrigerant éwing through the condenser,, in Ib/min, can be calculated as

m, =d,/60d, (9.4.16)

Because a portion of liquid refrigerantfiashed intovapor in the flash cooler and goes directly to
the second-stage impeller inlet, less refrigerant is compressedfirsttetage impelle In addition, the
liquid refrigerant in thélash cooler is cooled to the saturated temperature corresponding to the interstage
temperature before entering theaporate, which significantly increases the refrigeratidfeet of this
compound systeniwo-stage compound systems wfithsh coolers are widely used imda central at
conditioning systems.

Cascade System Characteristics

A cascade systemonsists ofwo independently operated single-stage refrigeration systenosiea |
system that maintains ewer evaporating temperature and produces a refrigeraffecteand a higher
system that operates at a higbexporating temperature asogn in Figure 9.4.4(a) and (bJhese wo
separate systems are connected bgiscade condensén which the heat released by the condenser in
the lower system igxtracted by thesvaporator in the higher system.

Condenser

/UW\ -

T
Receiver
7

X
..y -Cascade
Evaporator T - 8% condense
\ = 1./

exchangel '+ @
L 2
Stored tank Compressor Compressor >
lower system higher system h, Btu/lb

b
@ (b)

FIGURE 9.44 Cascade system: (a) schematic diagram and (b) refrigeration cycle.
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A heat exchanger is often used between the liquid refrigerant from the condenser and the vapor
refrigerant leaving the evaporator of the lower system. When the system is shut down in summer, a relief
valve connected to a stored tank should be used to relieve the higher pressure of refrigerant at the higher
storage temperature.

The main advantages of a cascade system compared with a compound system are that different
refrigerants, oils, and equipment can be used for the lower and higher systems. Disadvantages are the
overlap of the condensing temperature of the lower system and the evaporating temperature of the higher
system because of the heat transfer in the cascade condenser and a more complicated system.

The refrigeration effeat); of the cascade system is

dy =(h —h,) (9.4.17)

whereh,, h, = enthalpy of the refrigerant leaving and entering the evaporator of the lower system, Btu/lb.
The total work input to the compressors in both higher and lower sygiens Btu/lb, can be calculated
as

W, = (h, )+, (n ~h)/ i, (9.4.18)
where h, = enthalpy of refrigerant discharged from the compressor of the lower system
h, = enthalpy of the vapor refrigerant leaving the heat exchanger
he, h; = enthalpy of the refrigerant leaving and entering the high-stage compressor
m,, M, = mass flow rate of the refrigerant of the higher and lower systems, respectively

The coefficient of performance of a cascade system i©OP

COPref :qrf/vvin_ hl h /Bﬁ +m h6 hS) (9419)
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9.5 Outdoor Design Conditions and Indoor Design Criteria

Outdoor Design Conditions

In principle, the capacity of air-conditioning equipment should be selected to offset or compensate for
the space load so that indoor design criteria can be maintained if the outdoor weather does not exceed
the design values. Outdoor and indoor design conditions are used to calculate the design space loads.
In energy use calculations, hour-by-hour outdoor climate data of a design day should be adopted instead
of summer and winter design values.

ASHRAE Handbook 1993 Fundament@@apter 24 and 27) aidang’'s Handbook of Air Condi-
tioning and Refrigeratio(Chapter 7) both list tables of climate conditions for the U.S. and Canada
based on the data from the National Climate Data Center (NCDC), U.S. Air Force, U.S. Navy, and
Canadian Atmospheric Environment Service. In these tables:

¢ Summer design dry bulb temperatime specific locatiof, ,, in °F, is the rounded higher integral
number of the statistically determined summer outdoor design dry bulb tempd&gafwse that
the average number of hours of occurrence of outdoor dry bulb tempeFahigher thanT, .
during June, July, August, and September is less than 1, 2.5, or 5% of the total number of hours
in these summer months (2928 hr). The data are an average of 15 years. An occurrence of less
than 2.5% of 2928 hr of summer months, that is, 0202928 = 73 hr, is most widely used.

« Summer outdoor mean coincident wet bulb temperafijte in °F, is the mean of all the wet
bulb temperatures at the specific summer outdoor design dry bulb temp@&gatdeging the
summer months.

e Summer outdoor 2.5% design wet btémperatures the design wet bulb temperature that has
an average annual occurrence Q> T__ less than 73 hr. This design value is often used for
evaporative cooling design.

¢ Mean daily rangein °F, is the difference between the average daily maximum and the average
daily minimum temperature during the warmest month.

« In ASHRAE Handbook 1993 Fundamentals, solar heat gain fa@6t&Fs), in Btu/h.% are the
average solar heat gain per hour during cloudless days through double-strength sheet (DSA) glass.
Themaximum SHGFare the maximum values of SHGFs on the 21st of each month for a specific
latitude.

« Winter outdoor design dry bulb temperatdyg,, in °F, is the rounded lower integral value of the
statically determined winter outdoor design temperafye so that the annual average number
of hours of occurrence of outdoor temperaflye T, iS equal to or exceeds 99%, or 97.5%
of the total number of hours in December, January, and February (2160 hr).

A degree days the difference between a base temperature and the mean daily outdoor air temperature
T, for any one day, ifiF. The total numbers of heating degree days HDD65 and cooling degree days
CDD65 referring to a base temperature ofF6per annum are

HDD65 = Z (65-T,.)
(9.5.1)
CDD65 = Z (T,., - 65)

where n
m

number of days for whichi, , < 65°F
number of days for whichi, , > 65°F
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Indoor Design Criteria and Thermal Comfort

Indoor design criteriasuch as space temperature, humidity, and air cleanliness, specify the requirements
for the indoor environment as well as the quality of an air-conditioning or HVAC&R project.

The human body requires energy for physical and mental activity. This energy comes from the
oxidation of food. The rate of heat release from the oxidation process is callettthigolic rate
expressed in met (1 met = 18.46 BtuAL.fThe metabolic rate depends mainly on the intensity of the
physical activity of the human body. Heat is released from the human body by two sessitse heat
exchangeandevaporative heat losExperience and experiments all show that there is thermal comfort
only under these conditions:

¢ Heat transfer from the human body to the surrounding environment causes a steady state of
thermal equilibrium; that is, there is no heat storage in the body core and skin surface.

< Evaporative loss or regulatory sweating is maintained at a low level.

The physiological and environmental factors that affect the thermal comfort of the occupants in an
air-conditioned space are mainly:

1. Metabolic rateM determines the amount of heat that must be released from the human body.

2. Indoor air temperaturdl, andmean radiant temperaturg,, both in°F. Theoperating temper-
ature T, is the weighted sum @af and T, T,.4iS defined as the temperature of a uniform black
enclosure in which the surrounded occupant would have the same radiative heat exchange as in
an actual indoor environmerni. affects both the sensible heat exchange and evaporative losses,
andT,,, affects only sensible heat exchange. In many indoor environniepts,T,.

3. Relative humidity of the indoor ajr, in %, which is the primary factor that influences evaporative
heat loss.

4. Air velocity of the indoor aiv,, in fpm, which affects the heat transfer coefficients and therefore
the sensible heat exchange and evaporative loss.

5. Clothing insulationR,, in clo (1 clo = 0.88 h.{t°F/Btu), affects the sensible heat loss. Clothing
insulation for occupants is typically 0.6 clo in summer and 0.8 to 1.2 clo in winter.

Indoor Temperature, Relative Humidity, and Air Velocity

For comfort air-conditioning systems, according to ANSI/ASHRAE Standard 55-1981 and ASHRAE/IES
Standard 90.1-1989, the following indoor design temperatures and air velocities apply for conditioned
spaces where the occupant’s activity level is 1.2 met, indoor space relative humidity is 50% (in summer
only), andT, = T4

Clothing insulation Indoor temperature Air velocity
(clo) (°F) (fom)
Winter 0.8-0.9 69-74 <30
Summer 0.5-0.6 75-78 <50

If a suit jacket is the clothing during summer for occupants, the summer indoor design temperature
should be dropped to 74 to°F
Regarding the indoor humidity:

1. Many comfort air-conditioning systems are not equipped with humidifiers. Winter indoor relative
humidity should not be specified in such circumstances.

2. When comfort air-conditioning systems are installed with humidifiers, ASHRAE/IES Standard
90.1-1989 requires that the humidity control prevent “the use of fossil fuel or electricity to produce
humidity in excess of 30% ... or to reduce relative humidity below 60%.”
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3. Indoor relative humidity should not exceed 75% to avoid increasing bacterial and viral populations.
4. For air-conditioning systems that use flow rate control in the water cooling coil, space indoor
relative humidity may be substantially higher in part load than at full load.

Therefore, for comfort air-conditioning systems, the recommended indoor relative humidities, in %, are

Tolerable range  Preferred value

Summer 30-65 40-50
Winter
With humidifier 25-30
Without humidifier Not specified

In surgical rooms or similar health care facilities, the indoor relative humidity is often maintained at 40
to 60% year round.

Indoor Air Quality and Outdoor Ventilation Air Requirements

According to the National Institute for Occcupational Safety and Health (NIOSH), 1989, the causes of
indoor air quality complaints in buildings are inadequate outdoor ventilation air, 53%; indoor contami-
nants, 15%; outdoor contaminants, 10%; microbial contaminants, 5%; construction and furnishings, 4%;
unknown and others, 13%. For space served by air-conditioning systems using low- and medium-
efficiency air filters, according to the U.S. Environmental Protection Agency (EPA) and Consumer
Product Safety Commission (CPSC) publication “A Guide to Indoor Air Quality” (1988) and the field
investigations reported by Bayer and Black (19&&Jpor air contaminantsnay include some of the
following:

1. Total particulate concentrationThis concentration comprises particles from building materials,
combustion products, mineral fibers, and synthetic fibers. In February 1989, the EPA specified
the allowable indoor concentration of particles ofptd and less in diameter (which penetrate
deeply into lungs) as:

50 pg/m? (0.000022 grainffy, 1 year
150 pg/m? (0.000066 grainf®, 24 hr

In these specifications, “1 year” means maximum allowable exposure per day over the course of
a year.

2. Formaldehyde and organic gasd=rmaldehyde is a colorless, pungent-smelling gas. It comes
from pressed wood products, building materials, and combustion. Formaldehyde causes eye, nose,
and throat irritation as well as coughing, fatigue, and allergic reactions. Formaldehyde may also
cause cancer. Other organic gases come from building materials, carpeting, furnishings, cleaning
materials, etc.

3. Radon Radon, a colorless and odorless gas, is released by the decay of uranium from the soil
and rock beneath buildings, well water, and building materials. Radon and its decay products
travel through pores in soil and rock and infiltrate into buildings along the cracks and other
openings in the basement slab and walls. Radon at high levels causes lung cancer. The EPA
believes that levels in most homes can be reduced to 4 pCi/l (picocuries per liter) of air. The
estimated national average is 1.5 pCi/l, and levels as high as 200 pCi/l have been found in houses.

4. Biologicals These include bacteria, fungi, mold and mildew, viruses, and pollen. They may come
from wet and moist walls, carpet furnishings, and poorly maintained dirty air-conditioning systems
and may be transmitted by people. Some biological contaminants cause allergic reactions, and
some transmit infectious diseases.
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5. Combustion productshese include environmental tobacco smoke, nitrogen dioxide, and carbon
monoxide.Environmental tobaccemoke from cigarettes is a discomfort factor to other persons
who do not smoke, especially children. Nicotine and other tobacco smoke components cause lung
cancer, heart disease, and many other diseldgesgen dioxideandcarbon monoxideare both
combustion products from unvented kerosene and gas space heaters, woodstoves, and fireplaces.
Nitrogen dioxide (NG causes eye, nose, and throat irritation; may impair lung function; and
increases respiratory infections. Carbon monoxide (CO) causes fatigue at low concentrations;
impaired vision, headache, and confusion at higher concentrations; and is fatal at very high
concentrations. Houses without gas heaters and gas stoves may have CO levels varying from 0.5
to 5 parts per million (ppm).

6. Human bioeffluentsThese include the emissions from breath including carbon dioxide exhaled
from the lungs, body odors from sweating, and gases emitted as flatus.

There are three basic means of reducing the concentration of indoor air contaminants and improving
indoor air quality: (1) eliminate or reduce the source of air pollution, (2) enhance the efficiency of air
filtration, and (3) increase the ventilation (outdoor) air intake. Dilution of the concentrations of indoor
contaminants by outdoor ventilation air is often the simple and cheapest way to improve indoor air
quality. The amount of outdoor air required for metabolic oxidation is rather small.

Abridged outdoor air requirements listed in ANSI/ASHRAE Standard 62-1989 are as follows:

Applications cfm/person
Hotels, conference rooms, offices 20

Retail stores 0.2-0.3 cfnft
Classrooms, theaters, auditoriums 15

Hospital patient rooms 25

These requirements are based on the analysis of dilution,a<I®e representative human bioeffluent
to an allowable indoor concentration of 1000 ppm. Field measurements of daily maximuev€&©
in office buildings reported by Persily (1993) show that most of them were within the range 400 to 820
ppm. The quality of outdoor air must meet the EPA's National Primary and Secondary Ambient Air
Quality Standards, some of which is listed below:

Long-term concentration Short-term concentration
Pollutants  pg/m®  ppm Exposure pg/msd ppm Exposure
Particulate 75 1 year 260 24 hr
SO, 80 0.03 1 year 365 0.14 24 hr
(6{0) 40,000 35 1 hr

10,000 9 8 hr

NO, 100 0.055 1 year
Lead 15 3 months

Here exposure means average period of exposure.

If unusual contaminants or unusually strong sources of contaminants are introduced into the space,
or recirculated air is to replace part of the outdoor air supply for occupants, then acceptable indoor air
quality is achieved by controlling known and specific contaminants. This is called an indoor air quality
procedure. Refer to ANSI/ASHRAE Standard 62-1989 for details.

Clean Rooms

Electronic, pharmaceutical, and aerospace industries and operating rooms in hospitals all need strict
control of air cleanliness during manufacturing and operations. According to ASHRAE Handbook 1991
HVAC Applications, clean rooms can be classified as follows based on the particle couht per ft
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Particle size

Class 0.5um and larger ~ 5pm and larger

Particle count per ft® not to exceed

1 1 0
10 10 0
100 100
1000 1000
10,000 10,000 65
100,000 100,000 700

For clean rooms, space temperature is often maintainedaf’R2and space humidity at 455%.
Here, +2°F and+5% are allowable tolerances. Federal Standard 209B specifies that the ventilation
(outdoor air) rate should be 5 to 20% of the supply air.

Space Pressure Differential

Most air-conditioning systems are designed to maintain a slightly higher pressure than the surroundings,
a positive pressure, to prevent or reduce infiltration and untreated air entering the space directly. For
laboratories, restrooms, or workshops where toxic, hazardous, or objectional gases or contaminants are
produced, a slightly lower pressure than the surroundings, a negative pressure, should be maintained to
prevent or reduce the diffusion of these contaminants’ exfiltrate to the surrounding area.

For comfort air-conditioning systems, the recommended pressure differential between the indoor and
outdoor air is 0.02 to 0.05 in in. WG. WG indicates the pressure at the bottom of a top-opened water
column of specific inches of height; 1 in. WG = 0.03612 psig.

For clean rooms, Federal Standard No. 209B, Clean Rooms and Work Stations Requirements (1973),
specifies that the minimum positive pressure between the clean room and any adjacent area with lower
cleanliness requirements should be 0.05 in. WG with all entryways closed. When the entryways are
open, an outward flow of air is to be maintained to prevent migration of contaminants into the clean
room. In comfort systems, the space pressure differential is usually not specified in the design documents.

Sound Levels

Noise is any unwanted sound. In air-conditioning systems, noise should be attenuated or masked with
another less objectionable sound.

Sound powers the capability to radiate power from a sound source exited by an energy input. The
intensity of sound power is the output from a sound source expressed in watts (W). Due to the wide
variation of sound output at a range of°lt® 1, it is more convenient to use a logarithmic expression
to define asound power levdl,, in dB:

L,, =10log(w/10™ W) re1 pw (9.5.2)

wherew = sound source power output, W.
The human ear and microphones are sound pressure sensitive. Similarly to the sound power level, the
sound pressure levél, in dB, is defined as:

L, = 20log(p/2x10™° Pa) re 20 uPa (9.5.3)

wherep = sound pressure, Pa.

The sound power level of any sound source is a fixed output. It cannot be measured directly; it can
only be calculated from the measured sound pressure level. The sound pressure level at any one point
is affected by the distance from the source and the characteristics of the surroundings.
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Human ears can hear frequencies from 20 Hz to 20 kHz. For convenience in analysis, sound frequencies
are often subdivided into eight octave bandso8taveis a frequency band in which the frequency of
the upper limit of the octave is double the frequency of the lower limit. An octave band is represented
by its center frequency, such as 63, 125, 250, 500, 1000, 2000, 4000, and 8000 Hz. On 1000 Hz the
octave band has a higher limit of 1400 Hz and a lower limit of 710 Hz. Human ears do not respond in
the same way to low frequencies as to high frequencies.

The object of noise control in an air conditioned space is to provide background sound low enough
that it does not interfere with the acoustical requirements of the occupants. The distribution of background
sound should be balanced over a broad range of frequencies, that is, without whistle, hum, rumble, and
beats.

The most widely used criteria for sound control are the noise criteria NC curves. The shape of NC
curves is similar to the equal-loudness contour representing the response of the human ear. NC curves
also intend to indicate the permissible sound pressure level of broad-band noise at various octave bands
rated by a single NC curve. NC curves are practical and widely used.

Other criteria used are room criteria RC curves and A-weighted sound level, dBA. RC curves are
similar to NC curves except that the shape of the RC curves is a close approximation to a balanced,
bland-sounding spectrum. The A-weighted sound level is a single value and simulates the response of
the human ear to sound at low sound pressure levels.

The following are abridged indoor design criteria, NC or RC range, list&BHRAE Handbook
1987 Systems and Applications

Recommended NC or

Type of area RC range (dB)
Hotel guest rooms 30-35
Office

Private 30-35
Conference 25-30
Open 30-35
Computer equipment 40-45
Hospital, private 25-30
Churches 25-30
Movie theaters 30-35

For industrial factories, if the machine noise in a period of 8 hr exceeds 90 dBA, Occupational Safety
and Health Administration Standard Part 1910.95 requires the occupants to use personal protection
equipment. If the period is shorter, the dBA level can be slightly higher. Refer to this standard for details.
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9.6 Load Calculations

Space Loads

Space, Room, and Zone

Spacendicates asolume or a site without partitions, or a partitioned room or a group of rédoroem
is an enclosed or partitioned space that is considered as a singken@adconditioned room does not
aways tave an indvidual zone control system zoneis a space of a single room or group of rooms
having similar loads and operating characteristas air-conditioned zone islaays installed with an
individual control systemA typical floor in abuilding may be treated as a single zone space, or a
multizone spacef perimete, interiar, east, west, south, north, ... zones.

Space and equipment loads can be diassas:

1. Space heat gain,, in Btu/lr, is the rate of heat transfer entering a conditioned space from an
external heat source or heat releases to the conditioned space from an internall beurat
of sensible heat entering the space is dalénsible heat gaig,, whereas the rate of latent heat
entering the space is calléatent heat gairg,. In most load calculations, the time intalris
often 1 ln, and therefore,, d., andq,, are allexpressed in Btufh

2. Space cooling loadr simplycooling loadq,., also in Btu/ln, is the rate at which heat must be
removed from a conditioned space to maintain a constant space temperature and an acceptable
relaive humidiy. The sensible heat rewed is calledsensible cooling load,,, and the latent
heat reroved is calledatent cooling loady,, both in Btu/h.

3. Space heat extraction @d),,, in Btu/fr, is the rate at which heat is rewed from the conditioned
spaceWhen the space air temperature is constapt q,..

4. Space heating loag,, in Btu/fr, is the rate at which heat must be added to the conditioned space
to maintain a constant temperature.

5. Coil load g, in Btu/fr, is the rate of heat transfer at the cdiie coolingcoil load g, is the rate
of heat rermoval from the conditioned air by the chillegater or refrigerant inside the coilhe
heating coil loadq,, is the rate of heat ergy addition to the conditioned air by the hadter,
steam, or electric elements inside the coil.

6. Refrigeration loady,, in Btu/tr, is the rate at which heatéstracted by thevaporated refrigerant
at theevaporate. For packaged systems using a DX ¢qjl = q... For central systems:

Oy = e + 0y + 0y, + O, (9.6.1)

where ¢, = chilled water piping heagain, Btu/hr
O = pump pwer heat gain, Btu/hr
0., = Storage tank heafin, if any, Btu/hr

Heat gaingy, andd,, are usually about 5 to 10% of the cooling coildag.

Convective Heat and Radiative Heat

Heat enters a space and transfer to the space air from eitedearal source or an internal source is
mainly in the form ofconvective heatndradiative heattransfe.

Consider radiate heat transfe such as solar radiation striking the outefae of a concrete slab
as stown in Figure 9.6.1(a) and (bMost of the radiate heat is absorbed by thelsl®nly a small
fraction is reflectedAfter the heat is absorbed, the outerface temperature of the slab rises. If the
slab and space air are in thermal equilibrium before the absorption ofvedieat, heat is cwected
from the outer stiace of the slab to the space air as well as radiated to otfezesAt the same time,
heat is conducted from the outerfage to the inner part of the slab and stored there when the temperature
of the inner part of the slab ieWer than that of its outer diace. Heat cavected from the outer dacce
of the concrete slab to the space air within a timevatdorms the sensible cooling load.
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FIGURE 9.6.1 Solar heat gain from west wiog and its corresponding space cooling load for a night stwatd
air system: (a) awecive and radiate heat transfer and (b) heat gain and cooling loagesur

The sensible heggin entering the conditioned space does not equal the sensible cooling load during

the same time inteal because of the stored heat in Hudding envelope. Only the awvecive heat
becomes cooling load instantanegushe sum of the awecive heats from the outer $aces, including

the outer sifaces

of the internal hegains in a conditioned space, becomes cooling. [®a phe-

nomenon results in a smaller cooling load than baiat, as sbwn in Figure 9.6.1(a) and (bAccording
to ASHRAE Handbook 1993 Fundamesgt#the percentages of meecive and radiate components of
the sensible heajins are as fabws:
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Solar radiation with internal shading 42 58
Fluorescent lights 50 50
Occupants 67 33
External wall, inner surface 40 60
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Load Profile, Peak Load, and Block Load

A load profileshows the variation of space, zone, floor, or building load in a certain time period, such
as a 24-hr day-and-night cycle. In a load profile, load is always plotted against time. The load profile
depends on the outdoor climate as well as the space operating characteristics.

Peak loadis the maximum cooling load in a load profiglock loadis the sum of the zone loads
and floor loads at a specific time. The sum of the zone peak loads in a typical floor does not equal the
block load of that floor because the zone peak loads may all not appear at the same time.

Moisture Transfer in Building Envelope
Moisture transfer takes place along two paths:

1. Moisture migrates in the building envelope in both liquid and vapor form. It is mainly liquid if
the relative humidity of the ambient air exceeds 50%. Liquid flow is induced by capillary flow
and moisture content gradient. Vapor diffusion is induced by vapor pressure gradastsre
contentis defined as the ratio of the mass of moisture contained in a solid to the mass of bone-
dry solid. During the migration, the moisture content and the vapor pressure are in equilibrium
at a specific temperature and location.

2. Air leakage and its associated water vapor infiltrate or exfiltrate through the cracks, holes, and
gaps between joints because of poor construction of the building envelope. The driving potential
of this air leakage and associated water vapor is the pressure differential across the building
envelope. If the insulating material is of open-cell structure, air leakage and associated water
vapor may penetrate the perforated insulating board through cracks and gaps. Condensation, even
freezing, will occur inside the perforated insulation board if the temperature of the board is lower
than the dew point of the leaked air or the freezing point of the water.

In most comfort air-conditioning systems, usually only the space temperature is controlled within
limits. A slight variation of the space relative humidity during the operation of the air system is often
acceptable. Therefore, the store effect of moisture is ignored except in conditioned spaces where both
temperature and relative humidity need to be controlled or in a hot and humid area where the air system
is operated at night shutdown mode. In most cases, latent heat gain is considered equal to latent cooling
load instantaneously. For details refer to Wahtgiadbook of Air Conditioning and Refrigerati¢993),

Chapters 6 and 7.

Cooling Load Calculation Methodology
Basic considerations include the following:

« It is assumed that equations of heat transfer for cooling load calculation within a time interval
are linear. It is also assumed that the superposition principle holds. When a number of changes
occur simultaneously in the conditioned space, they will proceed as if independent of each other.
The total change is the sum of the responses caused by the individual changes.

¢ Space load calculations are often performed by computer-aided design (CAD), with market-
available software like DOE-2.1D, TRACE-600, and Carrier E20-11 Loads.

« Peak load calculations evaluate the maximum load to size and select the equipment. The energy
analysis program compares the total energy use in a certain period with various alternatives in
order to determine the optimum one.

« The methodology of various cooling load calculations is mainly due to their differences in the
conversion of space radiative heat gains into space cooling loads. Convective heat, latent heat,
and sensible heat gains from infiltration are all equal to cooling loads instantaneously.

¢ Space cooling load is used to calculate the supply volume flow rate and to determine the size of
the air system, ducts, terminals, and diffusers. The coil load is used to determine the size of the
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cooling coil and the refrigeration system. Space cooling load is a component of the cooling coil
load.

The Rigorous Approach

The rigorous approach to the calculation of the space cooling load consists of (1) finding the inside
surface temperatures of the building structures that enclose the conditioned space due to heat balance
at timet and (2) calculating the sum of the convective heats transferred from these surfaces as well as
from the occupants, lights, appliances, and equipment in the conditioned spacetat time

The inside surface temperature of each suffgei °F, can be found from the following simultaneous
heat balance equations:

D [I
G = H Zgu it~ éﬁ +§,+L,+R +E; (9.6.2)
where h,; = convective heat transfer coefficient, Btu/Arf
g; = radiative heat transfer factor between inside surfa@md inside surface,
Btu/hr.f.°F
T,, = space air temperature at timeF
Ti.» T,y = average temperature of inside surfeicaad] at timet, °F
A, = area of inside surfade ft
Su Liw Piw B¢ = solar radiation transmitted through windows and radiative heat from lights, occu-

pants, and equipment absorbed by inside suifatdimet, Btu/hr

In Equation (9.6.2)g;,, in Btu/hr, is the conductive heat that comes to suifatdimet because of
the temperature excitation on the outer opposite surfaceTdfis conductive heat can be found by
solving the partial differential equations or by numerical solutions. The number of inside suifaces
usually equal to 6, and surfaices different fromj so that radiative exchange can procegcould also
be expressed in Btu/min or even Btu/sec.

The space sensible cooling logd in Btu/hr, is the sum of the convective heat from the inside
surfaces, including the convective heat from the inner window glass due to the absorbed solar radiation
and the infiltration:

5 O
qrs = ; hci (Tlt _Trt)m +60Vif pocpa(Tot _Trt) + Sct + Lct + Pct + Ect (963)
where \D/if = volume flow rate of infiltrated air, cfm
p, = air density of outdoor air, Ibt

C,. = specific heat of moist air, Btu/fte:
T,, = temperature of outdoor air at tihe’F
S Lew Pew Ecr = heat convected from the windows, lights, occupants, and equipment, Btu/hr

Equations (9.6.2) and (9.6.3), and partial differential equations to determine conductiyg et
be solved simultaneously. Using a rigorous approach to find the space cooling load requires numerous
computer calculations. It is laborious and time consuming. The rigorous approach is impractical and is
suitable for research work only.

Transfer Function Method (TFM)

Thetransfer functiorof a system relates its output in Laplace transfétmits input in Laplace transform
G by a ratioK, that is,
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K=Y/G=(v, +viz? +v,z% +..) (1 wz? + w2 +.. ) (9.6.4)

z=¢*
whereA = time interval.

In Equation (9.6.4)K, Y, and G are all expressed irtransforms of the time series function.
Coefficientsv, andw, are calledransfer function coefficient®r weighting factorsWeighting factors
are used to weight the importance of the effect of current and previous heat gains as well as the previous
space sensible cooling load on the current space sensible coolirgy lo@tien, the output,,, can be
related to the input, the space sensible heatagjrthroughg,s, = Ko,

Mitalas and Stevenson (1967) and others developed a method for determining the transfer function
coefficients of a zone of given geometry and details of the calculated space heat gains and the previously
known space sensible cooling load through rigorous computation or through tests and experiments. In
DOE 2.1A (1981) software for custom weighting factors (tailor made according to a specific parametric
zone) is also provided. Sowell (1988) and Spitler et al. (1993) expanded the application of TFM to zones
with various parameters: zone geometry, different types of walls, roof, floor, ceilings, building material,
and mass locations. Mass of construction is divided into light construction, 30flfifor area; medium
construction, 70 Ib/& and heavy construction, 130 IB/fData are summarized into groups and listed
in tabular form for user’'s convenience.

Cooling Load Temperature Difference/Solar Cooling Load Factor/Cooling Load Factor
(CLTD/SCL/CLF) Method

The CLTD/SCL/CLF methods a one-step simplification of the transfer function method. The space
cooling load is calculated directly by multiplying the heat ggiwith CLTD, SCL, or CLF instead of
first finding the space heat gains and then converting into space cooling loads through the room transfer
function. In the CLTD/SCL/CLF method, the calculation of heat gains is the same as in the transfer
function method.

The CLTD/SCL/CLF method was introduced by Rudoy and Duran (1975). McQuiston and Spitler
(2992) recommended a new SCL factor. In 1993 they also developed the CLTD and CLF data for different
zone geometries and constructions.

Finite Difference Method

Since the development of powerful personal computers, the finite difference or numerical solution method
can be used to solve transient simultaneous heat and moisture transfer in space cooling load calculations.
Wong and Wang (1990) emphasized the influence of moisture stored in the building structure on the
cool-down load during the night shut-down operating mode in locations where the summer outdoor
climate is hot and humid. The finite difference method is simple and clear in concept as well as more
direct in computation than the transfer function method. Refer to Weiag@book of Air Conditioning

and Refrigeratiorfor details.

Total Equivalent Temperature Differential/Time Averaging (TETD/TA) Method

In this method, the heat gains transmitted through external walls and roofs are calculated from the Fourier
series solution of one-dimensional transient heat conduction. The conversion of space heat gains to space
cooling loads takes place by (1) averaging the radiative heat gains to the current and successive hours
according to the mass of the building structure and experience and (2) adding the instantaneous convective
fraction and the allocated radiative fraction in that time period. The TETD/TA method is simpler and
more subjective than the TFM.

Conduction Heat Gains

Following are the principles and procedures for the calculation of space heat gains and their conversion
to space cooling loads by the TFM. TFM is the method adopted by software DOE-2.1D and is also one
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of the computing programs adopted in TRACE 600. Ref&'SHRAE Handbook 1993 Fundamentals
Chapters 26 and 27, for detail data and tables.

Surface Heat Transfer Coefficients

ASHRAE Handbook 1993 Fundamentatiopts a constamtutdoor heat transfer coefficieht = 3.0
Btu/hr.f2.°F and a constanhside heat transfer coefficieht = 1.46 Btu/hr.®.°F during cooling load
calculations. However, many software programs use the following empirical formula (TRACE 600
Engineering Manual

h,, =2.00+0.27v,

wind.t

(9.6.5)

where h,, = h, at timet, Btu/hr.fe.°F
Viing: = Wind velocity at timet, ft/sec

Coefficienth, may be around 2.1 Btu/h?ftfF when the space air system is operating, larmtfops
to only about 1.4 Btu/hraF when the air system is shut down. Realue expressed in hrZtF/Btu,
is defined as the reciprocal of the overall heat transfer coeffldieatue, in Btu/hr.f.°F. TheR value
is different from the thermal resistanBg sinceR" = 1/UA, which is expressed in AF/Btu.

Sol-air temperaturd,, is a fictitious outdoor air temperature that gives the rate of heat entering the
outer surface of walls and roofs due to the combined effect of incident solar radiation, radiative heat
exchange with the sky vault and surroundings, and convective heat exchange with the ouftigpr air.
in °F, is calculated as

Ty =T, +al,/h, — AR/, (9.6.6)
where T, = outdoor air temperaturéf-
o = absorptance of incident solar radiation on outer surface
e = hemispherical emittance of outer surface, assumed equal to 1

total intensity of solar radiation including diffuse radiation, Btufhr.ft

Tabulated sol-air temperatures that have been calculated and lise&SHIRAE Handbook 1993
Fundamentalsre based on the following:df= 1 and h = 3 Btu/hr.f2.°F, AR/h, is —7F for horizontal
surfaces and °& for vertical surfaces, assuming that the long-wave radiation from the surroundings
compensates for the loss to the sky vault.

External Wall and Roof

The sensible heat gain through a wall or roof at tipgg, in Btu/hr, can be calculated by using the
sol-air temperature at timend, T,..5 iN °F, as the outdoor air temperature and a constant indoor space
air temperaturd,, in °F, as

0
qe,t = Ag bnTsoI,t—na - Z dn(qe,t—né/A)E_ Tr Z Cn (967)

where A = surface area of wall or roof2ft
Oerns = heat gain through wall or roof at timd, Btu/hr
n = number of terms in summation

In Equation (9.6.7)b,, c,, andd, areconduction transfer functionoefficients.
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Ceiling, Floor, and Partition Wall

If the variation of the temperature of the adjacent spgci °F, is small compared with the differential
(T —T,), or even whefT, is constant, the heat gain to the conditioned space through ceiling, floor, and
partition Wallqajyt, in Btu/hr, is

d;, =UA(T, -T)) (9.6.8)

whereU = overall heat transfer coefficient of the ceiling, floor, and partition (Btd/t)t

Heat Gain through Window Glass

Shading Devices.There are two types of shading devices: indoor shading devices and outdoor shading
devices.Indoor shading devicescrease the reflectance of incident radiatigenetian blindsand
draperies are the most widely used indoor shading devices. Most horizontal venetian blinds are made
of plastic, aluminum, or rigid woven cloth slats spaced 1 to 2 in. apart. Vertical venetian blinds with
wider slats are also usedraperiesare made of fabrics of cotton, rayon, or synthetic fibers. They are
usually loosely hung, wider than the window, often pleated, and can be drawn open and closed as needed.
Draperies also increase thermal resistance in winter.

External shading deviceaclude overhangs, side fins, louvers, and pattern grilles. They reduce the
sunlit area of the window glass effectively and therefore decrease the solar heat gain. External shading
devices are less flexible and are difficult to maintain.

Shading Coefficient (SC)The shading coefficient is an index indicating the glazing characteristics and

the associated indoor shading device to admit solar heat gain. SC of a specific window glass and shading
device assembly at a summer design solar intensity and outdoor and indoor temperatures can be calculated
as

_ solar heat gain of specific type of window glass assembly
solar heat gain of reference (DSA) glass

sC (9.6.9)

Double-strength sheet glag®SA) has been adopted as the reference glass with a transmittance of
= 0.86, reflectancp = 0.08, and absorptance= 0.06.

Solar Heat Gain Factors (SHGFs)SHGFs, in Btu/hr.& are the average solar heat gains during cloud-
less days through DSA glass. SHGHS the maximum value of SHGF on the 21st day of each month
for a specific latitude as listed ASHRAE Handbook 1993 Fundamentdls high elevations and on
very clear days, the actual SHGF may be 15% higher.

Heat Gain through Window GlassThere are two kinds of heat gain through window glass: heat gain
due to the solar radiation transmitted and absorbed by the windowaqlgsand conduction heat gain
due to the outdoor and indoor temperature differegge,both in Btu/hr:

Ot :(AS XSHGFXSC)Jf(Am x SHGF,, xsc) (9.6.10)

whereA,, A, = sunlit and shaded areas of the glasgs. (ft

In Equation (9.6.10), SHGfrepresents the SHGF of the shaded area of the glass having only diffuse
radiation. Generally, the SHGF of solar radiation incident on glass facing north without direct radiation
can be considered as SHGBecause the mass of window glass is small, its heat storage effect is often
neglected; then the conduction heat gain at tise

O =Ug(A +A) (T - T)) (9.6.11)

© 1999 by CRC Press LLC



Air-Conditioning and Refrigeration 9-61

where U, = overall heat transfer coefficient of window glass, BtuAifttt
T,, = outdoor air temperature at time’F

The inward heat transfer due to the solar radiation absorbed by the glass and the conduction heat transfer
due to the outdoor and indoor temperature difference is actually combined. It is simple and more
convenient if they are calculated separately.

Internal Heat Gains
Internal heat gainsre heat released from the internal sources.

People
The sensible heat gain and latent heat gain per pergeandd,,, both in Btu/hr, are given as

q&gt = thos
(9.6.12)
Oy = NGy

whereN, = number of occupants in the conditioned space atttime

Heat gaingy, andq, depend on the occupant’s metabolic level, whether the occupant is an adult or
a child, male or female, and the space temperature. For a male adult seated and doing very light work,
such as system design by computer in an office of space temperdttrg,7&8ndq,, are both about
240 Btu/hr.

Lights
Heat gain in the conditioned space because of the electric kightén Btu/hr, is calculated as

Ooy = Z[?,.413\/\/Ii N, FyFa(1- F,p)] = 3.413W, A, (9.6.13)

where W, = watt input to each lamp, W
W, = lighting power density, WAt
A, = floor area of conditioned spaceé, ft
N;, n = number of lamps (each type) and number of types of electric lamp
F.. Fu = use factor of electric lights and allowance factor for ballast loss, usually taken as 1.2
F, = heat gain carried away by the return air to plenum or by exhaust device; it varies from
0.2t0 0.5

Machines and Appliances

The sensible and latent heat gains in the conditioned space from machines and appligaces ,,,
both in Btu/hr, can be calculated as

qe.ap = 3'413\Nap FuaFIoad I:ra = qisFua Fra
(9.6.14)
qIAap = qiI Fua

where W,;, = rated power input to the motor of the machines and appliances, W
F.. = use factor of machine and appliance
Faa = ratio of actual load to the rated power
F.. = radiation reduction factor because of the front shield of the appliance
0 0y = sensible and latent heat input to the appliance, Btu/hr
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Infiltration

Infiltration is the uncontrolled inward flow of unconditioned outdoor air through cracks and openings
on the building envelope because of the pressure difference across the envelope. The pressure difference
is probably caused by wind pressure, stack effect due to outdoor—indoor temperature difference, and the
operation of an air system(s).

Today new commercial buildings have their external windows well sealed. If a positive pressure is
maintained in the conditioned space when the air system is operating, infiltration is normally considered
as zero.

When the air system is shut down, or for hotels, motels, and high-rise residential buildings,
ASHRAE/IES Standard 90.1-1989 specifies an infiltration of 0.038éfof/fjross area of the external
wall, 0.15 air change per hour (ach) for the perimeter zone.

When exterior windows are not well sealed, the outdoor wind velocity is high at winter design
conditions, or there is a door exposed to the outdoors directly, an infiltration rate of 0.15 to 0.4 ach for
perimeter zone should be considered.

When the volume flow rate of infiltration is determined, the sensible heat gain due to infitization
and latent heat gain due to infiltratigy, in Btu/hr, are

qsif = 60\0/1 pocpa(To - Tr)

(9.6.15)
Gy =60 %1060V, p,(w, —w,)
where \0/if = volume flow rate of infiltration, cfm
p, = air density of outdoor air, bt
C,, = specific heat of moist air, 0.243 Btu7lb.
w,,w, = humidity ratio of outdoor and space air, Ib/lb

hyse = latent heat of vaporization, 1060 Btu/lb

Infiltration enters the space directly and mixes with space air. It becomes space cooling load instan-
taneously. Ventilation air is often taken at the AHU or PU and becomes sensible and latent coil load
components.

Conversion of Heat Gains into Cooling Load by TFM

The space sensible cooling logd, in Btu/hr, is calculated as

Orst = Ys-et ¥ Us-cy (9.6.16)

where g, = space sensible cooling load converted from heat gains having radiative and convective
components, Btu/hr
0sc; = Space sensible cooling load from convective heat gains, Btu/hr

Based on Equation (9.6.4), space sensible coolingdgaaan be calculated as

qs—e,t = Z (Voqe,t + que,tfé + Vqu,thS t.. ) - (qur,tfé + Wqu,If26 *. ) (96 17)

where 0., 0.5 Oer2s = SPace sensible heat gains having both radiative and convective heats at time
t, t-8, andt-29, Btu/hr
O C2s = Space sensible cooling load at tite® andt-26, Btu/hr
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In Equation (9.6.17)y, andw, are calledoom transfer function coefficien(RTFs). RTF is affected
by parameters like zone geometry; wall, roof, and window construction; internal shades; zone location;
types of building envelope; and air supply density. Refer to RTF tabl8SHRAE Handbook 1993
FundamentalsChapter 26, for details.

Space sensible cooling load from convective heat gains can be calculated as

Oyrg = Z O (9.6.18)

whereq,., = each ofk space sensible heat gains that have convective heat gains only (Btu/hr). Space
latent cooling load at timg g, in Btu/hr, can be calculated as

O = Z S (9.6.19)

whereq,,, = each ofm space latent heat gains (Btu/hr).

Space Air Temperature and Heat Extraction Rate

At equilibrium, the space sensible heat extraction rate attfiogg, is approximately equal to the space
sensible cooling loady, when zero offset proportional plus integral or proportional-integral-derivative
control mode is used. During the cool-down period, the sensible heat extraction rate of the cooling coil
or DX coil at timet, q,,, or the sensible cooling coil load, in Btu/hr, is greater than the space sensible
cooling load at time and the space temperatdrgin °F then drops gradually. According ASHRAE
Handbook 1993 Fundamentatbie relationship between the space temperdjusad the sensible heat
extraction rateg,;, can be expressed as

1 2

Z P (qxsv‘ - qrst-ié) = Z 9 (Tr - Tm-ia) (9.6.20)

where g, = space sensible cooling load calculated on the basis of constant space air temperature
T,, Btu/hr

T..is = Space temperature at tirhéd

In Equation (9.6.20)p,, g, are calledspace air transfer function coefficien8pace air temperature
T, can be considered an average reference temperature within a time interval.

Cooling Coil Load

Cooling coil loadq,,, in Btu/hr, can be calculated from Equation (9.3.11). The sensible and latent cooling
coil loads can then be calculated as

qcs = 60\0/5 pscpa(Tm - TCC)
(9.6.21)

qcl = 60\0/5 ps(Wm - ch)
where q., g, = sensible and latent cooling coil load, Btu/hr

T. T.c = air temperature of the mixture and leaving the cooling &bil,
W, W,. = humidity ratio of the air mixture and air leaving the cooling coil, Ib/lb
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Heating Load

The space heating loadr simplyheating loadis always the possible maximum heat energy that must
be added to the conditioned space at winter design conditions to maintain the indoor design temperature.
It is used to size and select the heating equipment. In heating load calculations, solar heat gain, internal
heat gains, and the heat storage effect of the building envelope are usually neglected for reliability and
simplicity.

Normally, space heating loagl, in Btu/hr, can be calculated as

qu = qlrans + qif.s + qma + qhu
o . O (9.6.22)
= @ AU D+ 60Vif pocpa I'Onm Cm g-rr - To) + I}ﬁw hfg.58
L O

where A = area of the external walls, roofs, glasses, and floérs, ft
U = overall heat transfer coefficient of the walls, roofs, glasses, and floors, Bx@Fr.ft
c., M, = specific heat and mass flow rate of the cold product entering the space per ho=Btu/Ib.
and Ib/hr
m, = mass flow rate of water evaporated for humidification, Ib/hr
hyss = latent heat of vaporization at 38 1060 Btu/lb

In Equation 9.88¢,.. indicates tharansmission losshrough walls, roofs, glasses, and floars,
thesensible infiltration heat losg,,,, the heat required to heat the cold product that enters the conditioned
space, andy,, the heat required to raise the space air temperature when water droplets from a space
humidifier are evaporated in the conditioned space. For details, rel8HRAE Handbook 1993
Fundamentals
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9.7 Air Handling Units and Packaged Units

Terminals and Air Handling Units

A terminal unit or terminal is a dvice or equipment installed directly in orafe the conditioned
space to cool, heat, fiteand mix outdoor air with recirculatingraFan-coil units VAV boxes, fan-
powered VAV boxes, etc. are all terminals.

Anair handling unit(AHU) handles and conditions the,aiontrols it to a required state, andvides
motive force to transport.itAn AHU is the primary equipment of the air system in a centmal ai
conditioning systemiThe basic components of AHU include a supplyan with afan motwe, awater
cooling coil, filters, a mixing boexcept in a mkeuyp AHU unit, dampers, controls, and an outer casing.
A return or reliefan, heating coil(s), and humiigir are optional depending on requiremefte supply
volume fbw rate ¢ AHUs varies from 2000 to about 60,000 cfm.

AHUs are classified into the folvings groups according to their structure and location.

Horizontal or Vertical Units

Horizontal AHUshave theirfan, coils, and filters installed at the saevel as sbwn in Figure 9.7.1(a)
They need more space and are usually fagdaunits. Invertical units as sbwn in Figure 9.7.1(h the
supplyfan is installed at aVel higher than coils and filter§hey are often compariatly smaller than
horizontal units.

Filters Coils Supply Hea@:ng (;_|Otk
Q / fan COi ec|
4 PP Supply <O
- A, [> Filters, ~ fan D
N g o
o P o o0 N S v ST
Mixing [> NN
box o ; ;
(@) X RSN
Mixing Cooling/ \Cold
T G - S?pﬁly box coil deck
; L) fa ©
e /COiI Mixing
. 1/ /

7

&

Filters
(b)

FIGURE 9.7.1 Type of air handling units: (a) horizontal draw-through unitvéislical dew-through unit, and (c)
multizone bbw-through unit.

Draw-Through or Blow-Through Units

In adraw-through unit,as slown in Figure 9.7.1(g)the supplyfan is located avnstream of the coils.
Air is evenly distrbutedover the coil section, and tlian dischege can easily be connected to a supply
duct of nearly the same aielocity. In ablow-through unit as sbwn in Figure 9.7.1(c)the supplyfan
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is located upstream of the coils. It usually has hot and cold decks withrdescleanpers connected to
warm and cold ducts, respeety.

Factory-Fabricated and Field Built-Up Units

Factory-fabricated ung are standard in construction and layoat In cost, of higher qualjt andfast
in installation.Field built-up unitsor custom-built unitsare more #ixible in construction, layout, and
dimensions thamactorybuilt standardized units.

Rooftop and Indoor Units

A rooftop AHU sometimes called a penthouse unit, is installed on the roof and will be completely
weatherproof. A indoor AHUis usually located in tan room or ceiling and hungé smal AHU units.

Make-Up Air and Recirculating Units

A make-up AHU also called a primary-air unit, is used to condition outdoor air gntltek a once-
through unit There is no return air and mixing hdrectculating unitscan fave 100% outdoor air
intake or mixing of outdoor air and recirculating. ai

Packaged Units

A packaged unifPU) is a self-contained air conditionk conditions the air and grides it with moive
force and is equipped with i@vn heating and cooling sourcebhe packaged unit is the primary
equipment in a packaged-aonditioning system and idveays equipped with a DX coil for cooling,
unlike an AHU. R-22, R-134a, and others are used as refrigerants in packaged haifortion that
handles air in a packaged unit is calledaa handlerto distinguish it from aAHU. Like an AHU, an
indoor air handler has an indofamn, a DX coil (indoor coil)filters, dampers, and controRackaged
units can be classified according to their place of installation: rooftop, riretab split packaged units.

Rooftop Packaged Units

A rooftop packaged unis mounted on the roof of the conditioned space asrsin Figure 9.7.2From
the types of heating/cooling sourcesvided, rooftop units can be sibidied into:

¢ Gaslelectric rooftop packaged unit, in which heating @wiged by gas furnace and cooling by
electric pwer-driven compressors.

« Electric/electric rooftop packaged unit, in which electric heating and electwierjolriven com-
pressors mvide heating and cooling.

* Rooftop packaged heat pump, in which both heating and cooling evielget by the same
refrigeration system using a fleway reversingvalve (heat pump) in which the refrigeratithow
changes when cooling mode is changed to heating mode angkseduxiliary electric heating
is provided if necessar

Rooftop packaged units are single packaged .Uhiftsir cooling capacity mayary from 3 to 220
tons with a correspondinglume fbw rate of 1200 to 80,000 cfm. Rooftop packaged units are the most
widely used packaged units.

Indoor Packaged Units

An indoor packaged unis also a single packaged afedtoryfabricated unit. It is usually installed in
afan room or a machinery roo# small or medium-sized indoor packaged unit couldlda mounted
directly inside the conditioned space with or without dwck. The cooling capacity of an indoor
packaged unit mayary from 3 to 100 tons anelume fbw rate from 1200 to 40,000 cfm.

Indoor packaged units are also swimkd into:

¢ Indoor packaged cooling units
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FIGURE 9.7.2 A cut view of a rooftop package unit. (Source: Mammoth, Inc. Reprinted by permission.)

 Indoor packaged cooling/heating units, in which heating may be provided from a hot water heating
coil, a steam heating coil, and electric heating

 Indoor packaged heat pumps

Indoor packaged units have either an air-cooled condenser on the rooftop or a shell-and-tube or double-
tube water-cooled condenser inside the unit.

Split Packaged Units

A split packaged unitonsists of two separate pieces of equipment: an indoor air handler and an outdoor

condensing unit. The indoor air handler is often installed in the fan room. Small air handlers can be

ceiling hung. The condensing unit is usually located outdoors, on a rooftop or podium or on the ground.
A split packaged unit has its compressors and condenser in its outdoor condensing unit, whereas an

indoor packaged unit usually has its compressors indoors. The cooling capacity of split packaged units

varies from 3 to 75 tons and the volume flow rate from 1200 to 30,000 cfm.

Rating Conditions and Minimum Performance

Air Conditioning and Refrigeration Institute (ARI) Standards and ASHRAE/IES Standard 90.1-1989
specified the following rating indices:

« Energy efficiency ratio (EER) is the ratio of equipment cooling capacity, in Btu/hr, to the electric
input, in W, under rating conditions.

¢ SEER is the seasonal EER, or EER during the normal annual usage period.

¢ IPLV is the integrated part-load value. It is the summarized single index of part-load efficiency
of PUs based on weighted operations at several load conditions.

* HSPF is the heating seasonal performance factor. It is the total heating output of a heat pump
during its annual usage period for heating, in Btu, divided by the total electric energy input to
the heat pump during the same period, in watt-hours.

According to ARI standards, the minimum performance for air-cooled, electrically operated single
packaged units is
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d. (Btu/hr) T, (°F) EER T,(°F) IPLV

Air-cooled <65,000 95 9.5
65,00 < g, < 135,000 95 8.9 80 8.3
135,000< g, < 760,000 8.5 7.5

For wate- and evaporaively cooled packaged units including heat pumps, refehSHRAE/IES
Standard 90.1-1989 and @l&RI| Standards.

Coils

Coils, Fins, and Water Circuits

Coils are indirect contact heaxchangers. Heat transfer or heat and mass trankgs phace between
conditioned air fiwing over the coil andvate, refrigerant, steam, or brine inside the coil for cooling,
heating, dehumidifying, or cooling/dehumidifying. Chillecter, brine, and refrigerants that are used
to cool and dehumidify the air are calleoolants Coils consist of tubes aretternal fins arranged in
rows along the air éw to increase the contact are areaTubes are usually made of copper; in steam
coils they are sometimes made of steelegen stainless steel. Copper tubes are staggered in 2, 3, 4, 6,
8, or up to 10aws.

Fins are extended suaces often calledecondary surfacet distinguish them from eprimary
surfaceswhich are the outer daices of the tubes. Fins are often made from aluminum, with a thickness
F, = 0.005 to 0.008 in., typically 0.006 in. Coppgteel, or sometimes stainless sfeed are also used.
Fins are often in the form of continuous pluwes, corrugated plate fins to increase heat transienped
spiral or smooth spiral fins that may &druded from the aluminum tubes, and spine pipes, which are
shaved from the parent aluminum tubes. Cgated plate fins are most widely used.

Fin spacing$ is the distance betweewd fins. Fin densityis oftenexpressed in fins per inch and
usuallyvaries from 8 to 18 fins/in.

In awater cooling coilwater crcuits or tube feedsletermine the number efater fow passages.

The greater the finned width, the higher the numbevatér circuits andvater fow passages.

Direct Expansion (DX) Coil

In adirect expansion cqithe refrigerant, R-22, R-134a, or othersvaporated anéxpanded directly
inside the tubes to cool and dehumidify the air asvehin Figure 9.7.3(a) Refrigerant is fed to a
distributor and is themvenly distrbuted tovarious copper tube circuits typically 0.375 in. in diamete
Fin density is usually 12 to Iféhs/in. and a fourow DX coil is often used. On the inner fare of the
copper tubes, microfins, typically at 60 fins/in. and a height of 0.008 in., are widely used to enhance
the boiling heat transfe

Air and refrigerant fiw is often arranged in a combination of coufiter and cross éw and the
dischage header is often located on theeitering side. Refrigerant didiition and loading ivarious
circuits are critical to the cddl performancevVaporizedvapor refrigerant is superheated 10 @8R2in
order to pevent awy liquid refrigerant fronflooding back to the reciprocating compressors and damaging
them. Finaly, thevapor refrigerant is dischged to the suction line through the heade

For comfort ai-conditioning systems, thevaporating temperature of refrigetan, inside the tubes
of a DX coil is usually between 37 an@°b. At such a temperature, the fage temperature of the coll
is often bwer than the ev point of the entering aiCondensation occurs at the toibutside sdace,
and the coil becomes a wet cdl condensatalrain panis necessary for eactertically batked DX
coil, and a trap should be installedagercome the egaive pressure ffierence between the air in the
coil section and the ambient.ai

Facevelocity of the DX coilv,, in fpm, is closely related to thedal-off of the water droplets of the
condensate, the heat transferfiomnts, the aiside pressure drop, and the size of the air system.
corrugated fins, the upper limit is 600 fpm, with anside pressure drop of 0.20 to 0.30\WiG/row.
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FIGURE 9.7.3 Types of coils: (a) direct expansion coil, (b) water cooling coil, (c) water heating coil, and (d) steam
heating coil.

A large DX coil is often divided into two refrigerant sections, each with its own expansion valve,
distributor, and discharge header.

For a packaged unit of a specific model, size, face velocity and condition of entering air and outdoor
air, the DX coil’'s cooling capacities in nominal tons, number of rows, and fin density are all fixed values.

Water Cooling Coils — Dry-Wet Coils

In a water cooling coil, chilled water at a temperature of 40, 50ine, or glycol-water at a temperature
of 34 to 40F during cold air distribution enters the coil. The temperature of chilled water, brine, or
glycol-water is usually raised 12 to “#4before it leaves the water cooling coil.

The water tubes are usually copper tubes of 1/2 to 5/8 in. diameter with a tube wall thickness of 0.01
to 0.02 in. They are spaced at a center-to-center distance of 0.75 to 1.25 in. longitudinally and 1 to 1.5
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in. tranwersey. These tubes may be staggered in 2, 3, 4, 6, 8, ami Chilledwater coils are often
operated at a pressure of 175 to 300 psig.

As in a DX coil, the air iw andwater fow are in a combination of countiexw and cross @éw. The
outer suface of a chilledvater cooling coil at the air entering it is often greater than thead
point of the entering aiT,, or T,> T.. The outer sifiace temperature of coil at the aiaMing side
Ty may be smaller thm T, or Ty < T.. Then thewater cooling coil becomes a dry—wet coil with
part of the dry sdace on the air entering side and part of the wdasearon the air Bying side A
dry—wet boundarylivides the dry and wet dacesAt the bounday, the tube outer stace temperature
Ty = T as slwn in Figure 9.7.3(h)A condensate drain pan is necessary for a dry—wet coil.

A water cooling coil is selected from the méamiurets selection program or from its catalog at (1)
a dry and webulb of entering aj such as 8% dry bulb and 67F wetbulb; (2) an enteringvater
temperature, such as 44 orrB5(3) awater temperature rise between 10 aatF2and (4) a coiface
velocity between 400 and 600 fpithe number ofows and fins per inch igaried to meet the required
sensible and cooling coil load, in Bta/h

Water Cooling Coil-Dry Coil

When the temperature of chilledhter entering thevater cooling coill,, = T., condensation will not
occur on the outer siace of the coilThis coil becomes a sensible cooling—dry coil, and the humidity
ratio of the conditioned aiw, remains constant during the sensible cooling process.

The construction of a sensible cooling—dry coil, such as material, tube dianuetder of ows, fin
densiy, and fin thickness, is similar to that of a dry—wet exdept that a dry coillavays has a poorer
suiface heat transfer cifieient than a wet coil, and therefore a greater coflaserarea is needed; the
maximumfacevelocity of a dry coil can be raised ¥, < 800 fpm; and the cdd outer sufiace is less

polluted The dfectiveness of a dry collly, is usually 0.55 to 0.7.

Water Heating Coil

The construction of avater heating coil is similar to that ofveater cooling coilexcept that inwater
heating coils hotvater is supplied instead of chilleehter and there are usuallgwer rows, only 2, 3,
and 4 ows, than inwater cooling coils. Hotvater pressure iwater heating coils is often rated at 175
to 300 psig at a temperature up t®Z5 Figure 9.7.3(ckhows awater heating coil.

Steam Heating Coil

In a steam heating coil, latent heat of condensation is released when steam is condensed into liquid to
heat the air éiwing over the coil, as stwn in Figure 9.7.3(d) Steam enters at one end of the coil, and
the condensate comes out from the opposite Emdmoreeven distrbution, a béfle plate is often
installed after the steam inlet. Steam heating coils are usually made of, cstppg or sometimes
stainless steel.

For a steam coil, the coil core inside the casing sheqgldnd or contract freglThe coil core is also
pitched bward the outlet tdacilitate condensate drainage. Steam heating coils are generally rated at
100 to 200 psig at 40B.

Coil Accessories and Servicing

Coil accessoriesnclude airvents, drainvalves, isolatiorvalves, pressure reliefalves, fow metering

valves, balancingalves, thermometers, pressgerige taps, condensate drain taps,exad distrbution

bafles They are empbyed depending on the size of the system and operating and serving requirements.
Cail cleanlinesss important for proper operation. If a mediuffiegency air filter is installed upstream

of the caoill, dirt accumulation is often not a problem. lbw-Efficiency filter is empbyed, dirt accumu-

lation may block the air passage and digantly increase the pressure drop across the coil. Coils should

normally be inspected and cleare@ry 3 months in urban areas whew-efficiency filters are used.

Drain pans should be cleanedery month to paventbuildup of bacteria and microganisms.
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Coil Freeze-Up Protection

Improper mixing of outdoor air and recirculating air in the mixing box of an AHU or PU may cause
coil freeze-up when the outdoor air temperature is beléWw. Z2utdoor air should be guided by a baffle
plate and flow in an opposite direction to the recirculating air stream so that they can be thoroughly
mixed without stratification.

Run the chilled water pump for the idle coil with a water velocity of 2.5 ft/sec, so that the cooling
coil will not freeze when the air temperature drops toF32 better method is to drain the water
completely. For a hot water coil, it is better to reset the hot water temperature at part-load operation
instead of running the system intermittently. A steam heating coil with inner distributor tubes and outer
finned heating tubes provides better protection against freeze-up.

Air Filters

Air Cleaning and Filtration

Air cleaningis the process of removing airborne particles from the air. Air cleaning can be classified
into air filtration and industrial air cleaning. Industrial air cleaning involves the removal of dust and
gaseous contaminants from manufacturing processes as well as from the space air, exhaust air, and flue
gas for air pollution control. In this section, only air filtration is covered.

Air filtration involves the removal of airborne particles presented in the conditioned air. Most of the
airborne particles removed by air filtration are smaller tham,land the concentration of these particles
in the airstream seldom exceeds 2 nig/ihe purpose of air filtration is to benefit the health and comfort
of the occupants as well as meet the cleanliness requirements of the working area in industrial buildings.

An air filter is a kind of air cleaner that is installed in AHUs, PUs, and other equipment to filter the
conditioned air by inertial impaction or interception and to diffuse and settle fine dust particles on the
fibrous medium. The filter medium is the fabricated material that performs air filtration.

Operating performance of air filters is indicated by their:

« Efficiencyor effectiveness of dust removal
« Dust holding capacityn,,, Which is the amount of dust held in the air filter, in graihs/ft

« Initial pressure dropwhen the filter is cleap; andfinal pressure drof\p; when the filter's
Myus: IS Maximum, both in in. WG

¢ Service lifewhich is the operating period betwesp, andApg

Air filters in AHUs and PUs can be classified into low-, medium-, and high-efficiency filters and
carbon activated filters.

Test Methods

The performance of air filters is usually tested in a test unit that consists of a fan, a test duct, the tested
filter, two samplers, a vacuum pump, and other instruments. Three test methods with their own test dusts
and procedures are used for the testing of low-, medium-, and high-efficiency air filters.

Theweight arrestance tes$ used for low-efficiency air filters to assess their ability to remove coarse
dusts. Standard synthetic dusts that are considerably coarser than atmospheric dust are fed to the test
unit. By measuring the weight of dust fed and the weight gain due to the dust collected on the membrane
of the sampler after the tested filter, the arrestance can be calculated.

Theatmospheric dust spot efficiency tisstised for medium-efficiency air filters to assess their ability
to remove atmospheric duststmospheric dustare dusts contained in the outdoor air, the outdoor
atmosphere. Approximately 99% of atmospheric dusts are dust particlgsns®izt make up 10% of
the total weight; 0.1% of atmospheric dusts is particlegmithat make up 70% of the total weight.

Untreated atmospheric dusts are fed to the test unit. Air samples taken before and after the tested
filter are drawn through from identical fiber filter-paper targets. By measuring the light transmission of
these discolored white filter papers, the efficiency of the filter can be calculated. Similar atmospheric
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dust spot test procedureavh been specifiedybAmerican Filter Institute (AF[) ASHRAE Standard
52.1, and former National Bureau of Standards (NBS).

The DOP penetration and efficiency test simply DOP testis used to assess higffigiency filters
removing dusts particles of 08lum. According to U.S. Military Standard MIL-STD-282 (1956), a
smdke cloud of uniform dioctyl phthalate (DOP) droplets®uin in diamete generated from the
condensation of the DORipa, is fed to the test unit. By measuring the concentration of these particles
in the air stream upstream andwehstream of the tested filter using an electronic particle counter or
laser spectrometethe penetration andfeeiency of the air filter can be calculated.

Low-Efficiency Air Filters

ASHRAE weight arrestance foow-efficiency filters is between 60 and 95%,l6ASHRAE dust spot
efficiency for low-efficiency filters is less than 2090 hese filters are usually in panels asvah in
Figure 9.7.4(a)Their framework is typically 20x 20 in. or 24x 24 in Their thickneswaries from 1

to 4 in.

|‘ Activated
Q A\(\/v 45 ’hA| carbon tray
|/ ‘ e
r o
£ <j - ; 5 fl\cler
N Lff
@ ‘2‘-5‘-
i \— Prefilter

Framework

%
FTLA]
FRERL
STHEISLAAT
RIBRES

(@) (b)

FIGURE 9.7.4 Various types of air filters: (apw efficiency, (b) medium €iciency, (c) HEPA and ULPA filters,
and (d) aavated carbon filte

For low-efficiency filters, the filter media are often made of materials such as

« Corrugated wire mesh and screen strips coated with oil, which act asvadhiesenhance dust
removal. Detegents may be used tgash df dusts so that the filter media can be cleaned and
reused — thy are therefore callediscous andeusable

« Synthetic fibersriylon, terylene) and polyurethane foam camnwlaeshed, cleaned, and reused if
required —dry andreusable
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¢ Glass fiber mats with fiber diameter greater thaprh. The filter medium is discarded when its
final pressure drop is reacheddry and disposabl&hefacevelocity of the panel filter is usually
between 300 and 600 fpimhe initial pressure droyaries from 0.05 to 0.25 iVG and the final
pressure drop from 0.2 to 0.5 WG.

Medium-Efficiency Air Filters

These air filters &ve an ASHRAE dust spot féiciency usually between 20 and 95%. Filter media of
medium-éficiency filters are usually made of glaber mat with a fiber diameter of 10 1qum using
nylon fibers to join them togethelhey are usually dry and disposable. In addition:

¢ As the dust spotficiency increases, the diameter of gldidrs is reduced, andghare placed
closer togethe

¢ Extended sdaces, such as pleated mats or bags, are used to increasefabe atga of the
medium as sbwn in Figure 9.7.4(h)Air velocity through the medium is 6 to 90 fpiFace
velocity of the air filter is about 500 fpm to match theevelocity of the coil hn AHUs and PUs.

« Initial pressure droparies from 0.20 to 0.60 iWG and final pressure drop from 0.50 to 1.20
in. WG.

High-Efficiency Particulate Air (HEPA) Filters and Ultra-Low-Penetration Air (ULPA)
Filters

HEPA filters have a DOP testféiciency of 99.97% for dust particke0.3 um in diamete ULPA filters
have a DOP testféiciency of 99.999% for dust particle.12 um in diamete

A typical HEPA filter, stown in Figure 9.7.4(d)has dimensions of42x 24 x 11.5 in. Its filter media
are made of glass fibers of submicrometer diameter in the form of pleated pap@thmatedium is
dry and disposabl@ he suface area of the HB filter may be 50 times itface area, and its ratéace
velocity varies from 190 to 390 fpm, normally at a pressure drop of 0.50 to 1\8&sirfior clean filters.
The final pressure drop is 0.8 to 2\WMG. Sealing of the filter pack within its frame and sealing between
the frame and thgaskets are criticafactors that fiect the penetration andfieiency of the HEPA filter.

An ULPA filter is similar to a HEEA filter in construction and filter media. Both its sealing &her
media are morefficient than those of a HB filter.

To extend the service life of HEA filters and ULPA filters, both should be protected by a medium-
efficiency filter, or a bw-efficiency and a mediumféciency filter in the sequencew—medium just
before the HEA or ULPA filters. HEPA and ULPA filters are widely used in clean rooms and clean
spaces.

Activated Carbon Filters

These filters are widely used to r@ra objectional odors and irritatirgaseous airborne particulates,
typically 0.003 to 0.00um in size, from the air stream by adsorptiddsorptionis physical conden-
sation of gas avapor on the sdiace of an adtated substanceki acivated carborActivated substances
areextremely porous. One pound of ivetted carbon contains 5,000,000dt internal sufiace.

Activated carbon in the form of granules or pellets is made of coal, coconut shells, or petroleum
residues and is placed in trays to formiveated carbon beds asasin in Figure 9.7.4(d)A typical
carbon tray is 2% 23 x 5/8 in. thick. low-efficiency prefilters are used for protectioWhen air fows
through the carbon beds afecevelocity of 375 to 500 fpm, the corresponding pressure drop is 0.2 to
0.3 in WG.

Humidifiers

A humidifieradds moisture to theralir is humidified by: (1) heating the liquid tvaporate it; (2)
atomizing the liquidwater into minute droplets by mechanical means, compresgeor ailtrasonic
vibration to create a tger area forvaporation; (3) forcing air télow through a wetted element in

© 1999 by CRC Press LLC



9.74 Section 9

which waterevaporates; and (4) injecting steam into air directly before it is supplied to the conditioned
space.

For comfort ai-conditioning systems, a steam hurfigli with a separator asatn in Figure 9.7.5(a)
is widely used. Steam is supplied to akgted disttoution manifold. It enters a separating chamber
with its condensate. Steam th#ows through a controbalve, throttles to a pressure slightlyosb
atmospheric, and enters a dry chamiiie to the high temperature in the surrounding separating
chambe, the steam is superheated. Dry steam is then dggthdnto the ambient air stream through
the orifices on the inner steam disg®&tubes.
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SItDerg/m manifold »:D:I]:Iﬁ—‘
Air /ﬁ[

[0 0o o0 0 0o 0o o

A & Orific™

Dry chamber
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FIGURE 9.75 Steam grid humidifier (a) and air washer (b).

For an air system of cold air supply with humidity control during winter mode operation,veasaier
is economical for lme-capacity humidification in mg industrial applications.
An air washer is a humidifiea coole, a dehumidifie and an air cleameAn air washer usually has an
outer casing,wto banks of spraying nozzles, one bank of guiddlésaat the entrance, one bank of
eliminators at thexit, a water tank, a circulating pump,vaater filter, and other accessories aswvgh
in Figure 9.7.5(h)Outer casing, fies, and eliminators are often made of plastics or sometimes stainless
steel. Spraying nozzles are usually made of brasglon, with an orifice diameter of 1/16 to 3/16 in.,
a smaller orifice for humidification, and adar orifice for cooling and dehumifitiation An eccentric
inlet connected to the disalge chamber of the spraying nozzlees centrifugal force to thevater
stream and atomizes the sprayimate. Water is supplied to the spraying nozzle at a pressure of 15 to
30 psig The distance betweewd spraying banks is 3 to 4.5 ft, and the total length of thevatier
from 4 to 7 ft The airvelocity inside an aiwasher is usually 500 to 800 fpm.
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Selection of AHUs and PUs

¢ The size of an AHU is usually selected so that the face velocity of its coil is 600 fpm or less in
order to prevent entrained condensate droplets. The cooling and heating capacities of an AHU
can be varied by using coils of different numbers of rows and fin densities. The size of a PU is
determined by its cooling capacity. Normally, the volume flow rate per ton of cooling capacity
in PUs is 350 to 400 cfm. In most packaged units whose supply fans have belt drives, the fan
speed can be selected so that the volume flow rate is varied and external pressure is met.

« ASHRAE/IES Standard 90.1-1989 specifies that the selected equipment capacity may exceed the
design load only when it is the smallest size needed to meet the load. Selected equipment in a
size larger always means a waste of energy and investment.

< To improve the indoor air quality, save energy, and prevent smudging and discoloring building

interiors, a medium-efficiency filter of dust spot efficier®y0% and an air economizer are
preferable for large AHUs and PUs.
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9.8 Refrigeration Components and Evaporative Coolers

Refrigeration Compressors

A refrigeration compressas the heart of a vapor compression system. It raises the pressure of refrigerant
so that it can be condensed into liquid, throttled, and evaporated into vapor to produce the refrigeration
effect. It also provides the motive force to circulate the refrigerant through condenser, expansion valve,
and evaporator.

According to the compression process, refrigeration compressors can be dividpdsitite dis-
placementaindnonpositive displacemenbmpressors. A positive displacement compressor increases the
pressure of the refrigerant by reducing the internal volume of the compression chamber. Reciprocating,
scroll, rotary, and screw compressors are all positive displacement compressors. The centrifugal com-
pressor is the only type of nonpositive displacement refrigeration compressor widely used in refrigeration
systems today.

Based on the sealing of the refrigerant, refrigeration compressors can be classified as

* Hermetic compressorén which the motor and the compressor are sealed or welded in the same
housing to minimize leakage of refrigerant and to cool the motor windings by using suction vapor

« Semihermetic compresspis which motor and compressor are enclosed in the same housing but
are accessible from the cylinder head for repair and maintenance

¢ Open compressorén which compressor and motor are enclosed in two separate housings
Refrigeration compressors are often driven by motor directly or by gear train.

Performance Indices
Volumetric efficiency), of a refrigeration compressor is defined as

n, =V /v, (9.8.1)
where \°/§V = actual induced volume of the suction vapor at suction pressure, cfm
V, = calculated displacement of the compressor, cfm

Isentropic efficiencyn.., compression efficiency,, compressor efficiency,,,, andmechanical
efficiencyn,.. are defined as

nisen = (hz - hl)/(hé - hl) = r]cpr]mec = r]com
Negp = W /W, (9.8.2)
rlmec :V\(//Wcom

where hy, hy, h, = enthalpy of the suction vapor, ideal discharged hot gas, and actual discharged hot
gas, respectively, Btu/lb

isentropic work = I, — h,), work delivered to the vapor refrigerant, and work
delivered to the compressor shaft, Btu/lb

\Nisen WV’ Wcom
The actual power input to the compresBgy,, in hp, can be calculated as
Pcom = r"nr(hz - hl)/(42'41nisennmo)

M, =V, N,Pq (9.8.3)

rlmo = Pcom/Pmo
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where m, mass fow rate of refrigerant, lb/min
P = density of suctiorvapa, Ib/ft3
Pn, = power input to the compressor matbp

Power consumptiorkW/ton refrigeration, is an ergy index used in the MAC&R industry in addition
to EER and C®

Currently used refrigeration compressors are reciprocating, scrady, satary, and centrifgal
Compressors.

Reciprocating Compressors

In a reciprocating compress@s slwn in Figure 9.8.1(g)a crankshaft connected to the motor shaft
drives 2, 3, 4, or 6 single-acting pistonsving reciprocally in thecylinders via a connecting rod.

The refrigeration capacity of a reciprocating compressor is a fraction of a ton to about 200 tons.
Refrigerants R-22 and R-134a are widely used in comfort and processing systems and sometimes R-
717 in industrial applicationd’he maximum compression ratR,,,, for a single-stage reciprocating
compressor is about Yolumetric dficiency n, drops from 0.92 to 0.65 wheR_, is raised from 1 to
6. Capacity control of reciprocating compressor including: fbrend cylinder unloader in which
dischage gas is in short cut and return to the suction chambe

Although reciprocating compressors are still widely used today in small and medium-sized- refrige
ation systems, #y have little room for significant impvement and will be gradually replaced by scroll
and scew compressors.

Scroll Compressors

A scroll compressor consists ofd identical spiral scrolls assembled opposite to each, @heslown

in Figure 9.8.1(h) One of the scrolls ifixed, and the other omes in an orbit around the motor shaft
whose amplitude equals the radius of the offfie wo scrolls are in contact aeveral points and
therefore form a series of paas.

Vapor refrigerant enters the space betweendgcrolls through lateral openingshe lateral openings
are then sealed and the formation of twe trappedvapor pog&ets indicates the end of the suction
processThe vapor is compressed and the diggeaprocessdgins when the trappeghseous pdets
open to the dischige port. Compressed hgas is then discliged through this opening to the disde
line. In a scroll compressgothe scrolls touch each other withffszient force to form a sediut not
enough to cause wea

The upper limit of the refrigeration capacity of currently nfantured scroll compressors is 60 tons.
A scroll compressor hag, > 95% atR,,,, = 4 andn;.., = 80% A scroll compressor also has only about
half as may parts as a reciprocating compressor at the same refrigeration gajgaecicomponents
result in higher reliability andfiéciency. Power input to the scroll compressor is about 5 to 10% less
than to the reciprocating compress® scroll compressor also operates more smoothly and is guiete

Rotary Compressors

Small rotary compressors for room air conditioners and refrigerageesahcapacity up to 4 toriEhere

are tvo types of rotary compressors: rolling piston and rotatenge A typical rolling piston rotary
compressor is glwn in Figure 9.8.1(c)A rolling piston mounted on an eccentric shakegt in contact

with a fixedvane that slides in a sl&apor refrigerant enters the compression chamber and is compressed
by the eccentric motion of the rall&/hen the rolling piston contacts the top housingghstis squeezed

out from the dischge valve.

Screw Compressors

These are also calldetlical rotary compessors Sciew compressors can be cldesil into single-saw
compressors, in which there is a single helical rotor @odstar wheels, and twin-ssv compressors.
Twin-screw compressors are widely used.
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FIGURE 9.8.1 Various types of refrigeration compressors: (a) reciprocating, (b) scroll, (g, r@atwin-scew,
and (e) centrifugal.

A typical twin-scew compressg as slwn in Figure 9.8.1(dxonsists of a fadlobe male rotor and
a six-lobe female rotpa housing with suction and discha ports, and a slidingalve to adjust the
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capacity during part load. Normglthe male rotor is the ider. Twin-screw compressors are often direct
driven and of hermetic type.

Vapor refrigerant isxtracted into the interlobe space when the lobes are separated at the suction port.
During the succesge rotations of the rotpthevolume of the trappedapor is compressetvhen the
interlobe space is in contact with the diggeaport, the compressed hgas discheges through the
outlet. Oil injection &ectively cools the rotors and results inaavér dischage temperature. Oil also
provides a sealingféect and lubricationA small clearance of 0.0005 in. as well as the oil sealing
minimizes leakage of the refrigerant.

The refrigeration capacity of twin-sv compressors is 50 to 1500 tomte compression ratio of a
twin-screw compressor can be up to 20:1. R-22 and R-134a are the most widely used refrigerants in
comfort systems. In a typical twin-gar compressg n, decreases from 0.92 to 0.87dan),,, drops
from 0.82 to 0.67 wheR,,,,increases from 2 to 10. Continuous and stepless capacity contialiceplr
by moving a slidingvalve toward the disch@e port, which opens a shortcut recirculating passage to
the suction port.

Twin-screw compressors are moréieient than reciprocating compressorie low noise and vibra-
tion of the twin-soew compressor together with its p@e# displacement compression results in more
applications toda

Centrifugal Compressors

A centrifugal compessoris a turbomachine and is similar to a cengéfifan A hermetic centrifgal
compressor has an outer casing with owe, breven three impellers internally connected in series and
is diiven by a motor directly or by a gear trait the entrance to the first-stage impeller are inlet guide
vanes positioned at a specific opening to adjust refrigdlamt and therefore the capacity of the
centrifugal compresso

Figure 9.8.1(e)shows a tvo-stage hermetic centrgal compresso The total pressure rise in a
centrifugal compresspoften called head lift, in psi, is due to thensrsion of thevelocity pressure
into static pressurélthough the compression ratR ., of a single-stage centrifjal compressor using
R-123 and R-22 seldorexceeds 4,wo or three impellers connected in series satisfy most of the
requirements in comfort systems.

Because of the high head lift to raise &waporating pressure to condensing pressure, the digcha
velocity at theexit of the second-stage impeller approaches the acougticity of saturatedaporv,,
of R-123, 420 ft/sec at atmospheric pressure and a temperatdt-oC8ntrifugal compressors need
high peripheralelocity and rotating speeds (up to 50,000 rpm) to produce such ardeseblacity. It
is not economical to mafacture small centrifyal compressord he available refrigeration capacity for
centrifugal compressors ranges from 100 to 10,000 tons. Ceatrdampressorsdre highervolume
flow per unit refrigeration capacity output than pesidisplacement compressors. Cengafuicompres-
sors are #icient and reliableTheir volumetric dficiency almost equals.1At design conditions, their
Nisen May reach 0.83, and it drops to 0.6 during part-load operdtimy are the most widely used
refrigeration compressors inrgge ar-conditioning systems.

Refrigeration Condensers

A refrigeration condenseor simply acondenseis a heaexchanger in which hogaseous refrigerant
is condensed into liquid and the latent heat of condensation is rejected to the atmosplserfaca
wate, or wellwate. In a condensgehot gas is first desuperheated, then condensed into liquitinathg
subcooled.

The capacity of a condenser is rated bydtal heatrejectionQ,;, in Btu/tr, which is defined as the
total heat reraved from the condenser during desuperheating, condensation, and subdemliag.
refrigeration system using a hermetic compres3g; can be calculated as
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Qrej = UconAconATm = GOﬁ']r(hz - hé) = qu + (2545Pcom)/r|mo (984)

where U, = overall heat transfer cficient across the tubeall in the condenseBtu/hr.ft2.°F
A, = condensing area in the condemsg
AT,, = logarithmic temperature fierence,°F
r°nr = mass fbw rate of refrigerant, Ib/min

h,, h; = enthapy of suctionvapor refrigerant and hagjas, Btu/lb
g, = refrigeration load at thevaporate, Btu/hr

A factor that relate®,; andq, is theheatrejection factorF;, which is defined as the ratio of total
heat rejection to the refrigeration load, or

Frej = Qrej /qu =1+ (2545Pcom)/(qunmo) (985)

Fouling factorR;, in hr.ft2°F/Btu, is defined as the additional resistance caused by dfitfirtyf
scale, rust, or other deposits on thdae of the tubheAR| Standard 550-88 spdies the folbwing for
evaporators and condensers:

Field fouling albwance 0.00025 hft2.°F/Btu
New evaporators and condenser®

According to the cooling process used during condensation, refrigeration condensers carfibd classi
as ai-cooled,water-cooled, andevaporaive-cooled condensers.

Air-Cooled Condensers

In an air-cooled condensg air is used to absorb the latent heat of condensation released during
desuperheating, condensation, and subcooling.

An air-cooled condenser consists of a condenser coil, a subcooling coil, confazssetampers,
and controls as skvn in Figure 9.8.2(a)There are refrigeration circuits in the condensing coil. Con-
densing coils are usually made of copper tubes and alunfinanThe diameter of the tubes is 1/4 to
3/4 in., typically 3/8 in., and thién density is 8 to 20 fins/in. On the innerfsge of the copper tubes,
microfins, typically 60 fins/in. with a height of 0.008 in., are ugedondensing coil usually has only
two to three ows due to thedw pressure drop of the propeHgpe condenseians A subcooling coil
is located at aolwver level and is connected to the condensing coil.

Hot gas from the compressor enters the condensing coil from th&'lhem the condensate increases,
part of the condensing area can be used as a subcooling\ aegaver is necessary only when the
liquid refrigerant cannot all be stored in the condensing and subcooling coils during thensihpedod
in winter.

Cooling air is dawn through the coils by a condengan(s) foreven distrbution. Condensefans
are often propellefans for theirdw pressure and ige volume fbw rate A damper(s) may be installed
to adjust thevolume fbw of cooling ar.

In air-cooled condensers, tivelume fbw of cooling air per unit of total heat rejemio\7ca/Qu_,q. is
600 to 1200 cfm/ton of refrigeration capacity at éwaporate, and the optimunvalue is about 900
cfm/ton The corresponding cooling air temperaturféedénce — cooling air Bving temperature minus
outdoor temperaturel(,, — T,) — is around 1%

The condenser temperaturéfeiience (CTD) for an eicooled condenser is defined as thiéedence
between the saturated condensing temperature corresponding to the pressure at the inlet and the air
intake temperature, off(,,; — T,). Air-cooled condensers are rated at a $jpe€iTD, depending on the
evaporating temperature of the refrigeration systg, in which the atcooled condenser is installed.
For a refrigeration systemahing a bwer T, it is more economical to equip adar condenser with a
smaller CTD.For a comfort atconditioning systemaving aT,, of 45°F, CTD = 20 to 36F.
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FIGURE 9.8.2 Various types of refrigeration condensers: (a) air-cooled, (b) shell-and-tube water-cooled, and (c)
evaporative cooled.
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A higher condensing temperaguf,,,, a higher condensing pressur,,, and a higher compressor
power input may be due to an undersizedcapled condenselack of cooling air ordw \O/ca/Qu.rej
value, a high entering cooling air temperature at the roof, a dirty condensingazail,air circulation
because of indticient clearance between the condenser andavitie or a combination of thes&he
clearance should not be less than the width of the condensing coil.

If p.on drops badw a certainvalue because of aver outdoor temperature, tieepansionvalve in a
reciprocatingzapor compression system may not operate prpgérh low ambient temperaturg, the
following controls are often used:

« Duty cycling, turning the condenséans on and fé until all of them are shutaivn, to reduce
cooling airvolume fow

¢ Modulating the air dampers to reduce tlsdume fow
¢ Reducing thdan speed

Some maniacturers catalogs startolv ambient control al, = 65°F and some specify a minimum
operating temperature & = O°F.

Water-Cooled Condensers

In awate-cooled condenselatent heat of condensation released from the refrigerant during conden-
sation isextracted bywatea. This coolingwate, often called condensevate, is t&ken directly from
river, lake, sea, undground wellwater or a coolingower.

Two types ofwate-cooled condensers are widely used forcanditioning and refrigeration: double-
tube condensers and horizontal shell-and-tube condensers.

A double-tube condenseaonsists of wo tubes, one inside the oth€ondensewater is pumped
through the inner tube and refrigerdltwvs within the space between the inner and outer tubes in a
counterfow arrangement. Because of its limited condensing area, the double-tube condenser is used
only in small refrigeration systems.

A horizontalshell-and-tube watecooled condensarsing halocarbon refrigerant usually has an outer
shell in which copper tubes typically 5/8 to 3/4 in. in diameterfigesl in position by tube sheets as
shown in Figure 9.8.2(h) Integral external fins of 19 to 35 fins/in. and a height of 0.006 in. and spiral
internal graves are used for copper tubes to increase botbxteenal and the inner daice area and
their heat transfer céigcients.

Hot gas from the compressor enters the top inlet and isbdisti along the W#le to fill the shell.

Hot gas is then desuperheated, condensed, subcooled into liquid, andgdischi the liquid line at
the bottom outlet. Usually one sixth of ti@ume is filled with subcooled liquid refrigerant. Subcooling
depends on the entering temperature of condevegerT,,, in °F, and usuallyaries between 2 andRB

Condensewater enters the condenser from the bottom fiecéve subcoolingAfter extracting heat
from the gaseous refrigerant, condensater is dischayed at a higherelel. Two-pass or three-pass
water fow arrangements are usually used in shell-and-tuster-cooled condenserdhe wo-pass
arrangement means thaater fows from one end to the opposite end and returns to the original end.
Two-pass is the standard setup. In a shell-andwate-cooled condensgthe condensing temperature
T..» depends mainly on the entering temperature of condemserT,,, the condenser area, the fouling
facta, and the configuration of the copper tube.

Evaporative Condenser

An evaporative condenserses thesvaporation ofwater spray on the outer $ace of the condensing
tubes to rerave the latent heat of condensation of refrigerant during condensation.

An evaporaive condenser consists of a condensing coil, a subcooling eetea sprg, an induced
draft or sometimes forced drdén, a circulatingvater pump, avater eliminatg awater basin, an outer
casing, and controls as@tn in Figure 9.8.2(c)The condensing coil is usually made of bare cgppe
steel, or sometimes stainless steel tubing.
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Water is sprayed over the outside surface of the tubing. The evaporation of a fraction of condenser
water from the saturated air film removes the sensible and latent heat rejected by the refrigerant. The
wetted outer surface heat transfer coeffickgptis about four or five times greater than the dry surface
heat transfer coefficieftit, in Btu/hr.f2.°F. The rest of the spray falls and is collected by the basin. Air
enters from the inlet just above the basin. It flows through the condensing coil at a face velocity of 400
to 700 fpm, the water spray bank, and the eliminator. After air absorbs the evaporated water vapor, it is
extracted by the fan and discharged at the top outlet. The water circulation rate is about 1.6 to 2 gpm/ton,
which is far less than that of the cooling tower.

An evaporative condenser is actually a combination of a water-cooled condenser and a cooling tower.
It is usually located on the rooftop and should be as near the compressor as possible. Clean tube surface
and good maintenance are critical factors for evaporative condensers. An evaporative condenser also
needs low ambient control similar as in an air-cooled condenser.

Comparison of Air-Cooled, Water-Cooled, and Evaporative Condensers

An air-cooled condenser has the highest condensing tempéeFatLand therefore the highest compres-

sor power input. For an outdoor dry bulb temperature 8F @hd a wet bulb temperature of°F8a

typical air-cooled condenser h@g, = 110F. An evaporative condenser has the loWwgstand is most

energy efficient. At the same outdoor dry and wet bulb temperatur€s, itsay be equal to 95, even

lower than that of a water-cooled condenser incorporating with a cooling tower, Tyharay be equal

to 100F. An evaporative condenser also consumes less water and pump power. The drawback of
evaporative condensers is that the rejected heat from the interior zone is difficult to recover and use as
winter heating for perimeter zones and more maintenance is required.

Evaporators and Refrigerant Flow Control Devices

An evaporatoris a heat exchanger in which the liquid refrigerant is vaporized and extracts heat from
the surrounding air, chilled water, brine, or other substance to produce a refrigeration effect.

Evaporators used in air-conditioning can be classified according to the combination of the medium
to be cooled and the type of refrigerant feed, as the following.

Direct expansion DX coilare air coolers, and the refrigerant is fed according to its degree of superheat
after vaporization. DX coils were covered earlier.

Direct expansion ice makers liquid overfeed ice makemre such that liquid refrigerant is forced
through the copper tubes or the hollow inner part of a plate heat exchanger and vaporized. The refrig-
eration effect freezes the water in the glycol-water that flows over the outside surface of the tubes or
the plate heat exchanger. In direct expansion ice makers, liquid refrigerant completely vaporizes inside
the copper tubes, and the superheated vapor is extracted by the compressor. In liquid overfeed ice makers,
liquid refrigerant floods and wets the inner surface of the copper tubes or the hollow plate heat exchanger.
Only part of the liquid refrigerant is vaporized. The rest is returned to a receiver and pumped to the
copper tubes or plate heat exchanger again at a circulation rate two to several times greater than the
evaporation rate.

Flooded shell-and-tube liquid cooler simplyflooded liquid coolersare such that refrigerant floods
and wets all the boiling surfaces and results in high heat transfer coefficients. A flooded shell-and-tube
liquid cooler is similar in construction to a shell-and-tube water-cooled condenser, except that its liquid
refrigeration inlet is at the bottom and the vapor outlet is at the top. Water velocity inside the copper
tubes is usually between 4 and 12 ft/sec and the water-side pressure normally drops below 10 psi. Flooded
liquid coolers can provide larger evaporating surface area and need minimal space. They are widely used
in large central air-conditioning systems.

Currently used refrigerant flow control devices include thermostatic expansion valves, float valves,
multiple orifices, and capillary tubes.

A thermostatic expansion valuarottles the refrigerant pressure from condensing to evaporating
pressure and at the same time regulates the rate of refrigerant feed according to the degree of superheat
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of thevapor at thevaporatois exit. A thermostatiexpansionvalve is usually installed just prior to the
refrigerant distibutor in DX coils and direcéxpansion ice mieers.

A thermostaticexpansionvalve consists of aalve bod, avalve pin, a spring, a diaphragm, and a
sensingoulb near the outlet of the DX coil, asmem in Figure 9.7.3(a)The sensindpulb is connected
to the upper part of the diaphragm by a connecting tube.

When the liquid refrigerant passes through the opening of the thermesgpatisionvalve, its pressure
is reduced to thevaporating pressure. Liquid and a small fractiorvayforized refrigerant thefhow
through the distbutor and entewarious refrigerant circuits. If the refrigeration load of the DX coil
increases, more liquid refrigeraamMaporizesThis increases theegree of superheat of thealeng vapor
at the outlet and the temperature of the serzitig A higherbulb temperaturexerts a higher saturated
pressure on the top of the diaphragrhe valve pin then roves dwnward and widens the opening.
More liquid refrigerant is atwed to enter the DX coil to match the increase of refrigeration load. If
the refrigeration load drops, thegilee of superheat at the outlet and the temperature of the slulbing
both drop, and thealve opening is naower. The refrigeration feed decreases accorgirighe dgree
of superheat is usually 10 t@°F. Itsvalue can also be adjusted manuallyvagying the spring tension.

A float valveis avalve in which a float is used tegulate thevalve opening to maintain a sp&ci
liquid refrigerant ével. A lower liquid level causes alver valve pin and therefore a wider opening and
vice versa.

In a centrifigal refrigeration systemwb or more orifice platesnultiple orifices are sometimes
installed in the liquid line between the condenser andlaisa cooler and between tfiash cooler and
the flooded liquid cooler to throttle their pressure as well aggtdate the refrigerant feed.

A capillary tube sometimes calledrestrictor tubeis a fked length of small-diameter tubing installed
between the condenser and ¢aaporator to throttle the refrigerant pressurenfm,,, to p,, and to meter
the refrigerant tw to theevaporate. Capillary tubes are usually made of cappée inside diameter
D.qp is 0.05 to 0.06 in. and the lehdt.,, from an inch to everal feet There is a trend to use short
capillary tubes ot /D, between 3 and 20. Capillary tubes are especially suitable for a heat pump
system in which the refrigerafiow may be eversed.

Evaporative Coolers

An evaporaive cooling system is anragonditioning system in which air is cooledaporaively. It
consists ofevaporaive coolersfan(s), filters, dampers, controls, and oth&rmixing box is optional.
An evaporatve cooler could be a stand-alone cooler or installed in an air system as a comigmrent
are three types advaporaive coolers: (1) directvaporaive coolers, (2) indirectvaporaive coolers,
and (3) indirect—direatvaporaive coolers.

Direct Evaporative Cooler

In adirect evaporative coolethe air stream to be cooled directly contactswhter spray or wetted
medium as stwn in Figure 9.8.3(a)Evaporatve pads made aflooden fibers with necessary treatment
at a thickness of 2 in., rigid and cagated plastics, imggnated cellulose, or fiber glass all dripping
with water are wetted mediums.

The directevaporation process 12kis place along the thermodynamic ‘&b line on the psychro-
metric chart. Saturatiorffectvenesg,,is an in@x that assesses the performance of a d&eqioraive
cooler:

e = (T~ Tu)/(Te - Ta) (9.8.6)

where T, T" = temperature and thermodynamic viatb temperature of air strearf. Subscript ae
indicates the entering air and al theviag ar. €., usuallyvaries between 0.75 and 0.95 avater—air
ratio of 0.1 to 0.4.

© 1999 by CRC Press LLC



Air-Conditioning and Refrigeration 9-85

w, lb/lb Wetted
medium Fan
80% |
70
% 0.016
%% Air D @ D
0.012
AT |
0.008
70 80 90 Sump
T.°F
Pump
(@
w, Ib/lb Wet air
o
0.018
7 / Cooled
9 \ 509 air
\\r>< 0.014 D
y\// 2= 1 2
|/ 0.010
70 80 90 Plate hea
T, °F exchange
(b)
w, Ib/lb Indirect

7 evaporative Direct
80% 50% cooler _ i evaporative
_\ Tk ) /_ cooler

<A AL i=FilGE

3 0.006 A kL

.002
60 70 80 90 0.00
T,°F

(©)
FIGURE 9.8.3 Types ofevaporatve coolers: (a) direct, (b) indirect, and (c) indirect—direct.

Indirect Evaporative Coolers

In anindirect evaporative coolethe cooled-air stream to be cooled is separated from a wetfadesur
by a flat plate or tubwall as slown in Figure 9.8.3(h)A wet-air stream &ws over the wetted séece
so that liquidwater isevaporated andxtracts heat from the cooled-air stream throughfléiteplate or
tubewall. The cooled-air stream is in contact with the wettediaserindirect.

The core part of an indireevaporaive cooler is a plate heaetchange It is made of thin polywviyl
chloride plates 0.01 in. thick and spaced from 0.08 to 0.12 in. apart to form horizontal passages for
cooled air andrertical passages for wet air andtea. As in a directevaporaive coole, there are also
fan(s),water sprays, circulating pump, air ikéa dampers, controls, etc.

An indirectevaporaive cooling process is represented by a horizontal line on a psychrometric chart,
which stows that humidity ratio remains constant. If the space aixtisacted and used as the wet air
intake, the wet air will bexhausted at point x at nearly saturated state.

The performance of an indirestaporatve cooler can be assessed by its performéaatere,,, which
is calculated as:
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e|n = (Tcae - Tcal )/(Tcae - Tsa) (987)

wher T, , T.., = temperature of cooled air entering arabileg the indirecevaporaive coole, °F, and
T, .= temperature of the saturated fédim on the wet air side and is ab@iF higher than the wdiulb
temperature of the entering,diF.

An indirectevaporaive cooler could be so emyy efficient as to povide evaporaive cooling with an
EER up to 50 instead of 9 to 12 for a reciprocating compression refrigeration system.

Direct—Indrect Evaporative Coote A direct—indirectevaporaive cooler is awo-stageevaporating
coole, as slbwn in Figure 9.8.3(c)in which thefirst-stage indirectvaporatve cooler is connected in
series with a second-stage direcporaive cooler for the purpose of increasing éiaporating &ect.

Operating Characteristics.The saturationféectiveness,,, and performanctactore, are both closely
related to the aivelocity flowing through the air passagé&®r a directevaporatve coole, facevelocity
is usually less than 600 fpm to reduce drift carey. For an indirectevaporaive coole, facevelocity
Vv, is usually between 400 to 1000 fpAnhigherv; results at a greaterraide pressure drop.

Scofield et al. (1984) reported the performance of an indirect—airapbraive cooler in Daver,
Colorado. Outdoor air enters the indirect cooler at aodlly of 93F and a webulb of 67.5 andwas
evaporatvely cooled to 67.9- dry bulb and 49.8~ wetbulb with ane,, = 0.76 as stwn in Figure
9.8.3(c) In the direct coole conditioned aimwas further cooled to a diyulb of 535°F and the wet
bulb remained at 49°8 at a saturationfiectveness,, = 0.8.

In locations where outdoor wetlb T, < 60°F, a directevaporaive can often mvide an indoor
environment of 78F and a relave humidity of 60%. In location T, < 68°F, an indirect—direct
evaporaive cooler can maintain a comfortable indonvienment. In locatioa T, = 72°F, anevapo-
rative cooler with a supplementavapor compression refrigeration may be cdftative. Because the
installation cost of an indirect—direct cooler is higher than that of refrigeration, cost analysis is required
to select the right choice.vEporaive coolers are not suitable for dehurficdition except in locations
where T, < 60°F.
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9.9 Water Systems

Types of Water Systems

In central and space conditioning air-conditioning systems, water that links the central plant and the air
handling units or terminals, that extracts condensing heat, or that provides evaporative cooling may be
classified as

¢ Chilled water systepin which chilled water is first cooled in the centrifugal, screw, and recip-
rocating chillers in a central plant. Chilled water is then used as a cooling medium to cool the
air in the cooling coils in AHUs and terminals.

« Evaporative-cooled water systemsed to cool air directly or indirectly in evaporative coolers.

< Hot water systemin which hot water is heated in the boiler and then used to heat the air through
heating coils in AHUs, terminals, or space finned-tube heaters.

« Dual-temperature water systeim which chilled water and hot water are supplied to and returned
from the coils in AHUs and terminals through separate or common main and branch pipes. Using
common main and branch pipes requires a lengthy changeover from chilled water to hot water
or vice versa for a period of several hours.

« Condenser water systemvhich is a kind of cooling water system used to extract the latent heat
of condensation from the condensing refrigerant in a water-cooled condenser and heat of absorp-
tion from the absorber.

Water systems can also be classified according to their operating characteristics.

Closed System

In a closed system, water forms a closed loop for water conservation and energy saving when it flows
through the coils, chillers, boilers, heaters, or other heat exchangers and water is not exposed to the
atmosphere.

Open System

In an open system, water is exposed to the atmosphere.

Once-Through System
In a once-through system, water flows through a heat exchanger(s) only once without recirculation.

Basics

Volume Flow and Temperature Difference

The rate of heat transfer between water and air or water and refrigerant when water flows through a
heat exchangey,, in Btu/hr, can be calculated as

d, =500V, (T,, —T,.) = 500V, AT, (9.9.1)

where \°/gal = volume flow rate of water, gpm
T.» Twe = temperature of water leaving and entering the heat excha&fger,
AT, = temperature rise or drop of water when it flows through a heat exchafger,

The temperature of chilled water leaving the water chilleshould not be lower than 3Bin order
to prevent freezing in the evaporator. Otherwise, brine or glycol-water should be usé&g of legilled
water entering the coil,, and the temperature difference of chilled water leaving and entering the coil
AT, directly affect the temperature of air leaving the cooling TilThe lowerT,,, the higher will be
the compressor power input. The smalldy, the greater will be the water volume flow rate, the pipe
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size, and the pumpoer. For chilledwater in coventional comfort system3,,. is usually 40 to 45
ard AT,, 12 to 24F. Only in cold air distiution, T,, may drop to 3% For a cooling capacity of 1 ton
refrigeration, aAT,, of 12°F requiresa \796‘ =2 gpm.

For hotwater heating systems buildings, hotwater often leves the boiler and enters the heating
coil or heaters at a temperaduf,,, of 190 to 200F. It returns at 150 to 18B. For dual-temperature
systems, hotvater is usually supplied at 100 to0tb and returns at AT,, of 20 to 40F.

Pressure Drop

Usually the pressure drop wfater in pipes due to friction for\AC&R systemsH;, is in the range

0.75 ft/100 ft length of pipe to 4 ft/100 & pressure loss of 2.5 ft/100 ft is most often us&GHRAE/IES
Standard 90.1-1989 specifies thaiter piping systems should be designed at a pressure loss of no more
than 4.0 ft/100 ftFigure 9.9.1(a), (b), and (cjows the friction charts for steel, coppand plastic

pipes for closedvater systems.

Water Piping
The piping materials ofariouswater systems for YAC&R are as fobws:

Chilled water Black and galanized steel
Hot water Black steel, hard copper
Condensewater  Black steel, galanized ductile iron, polywyl chloride (PVC)

The pipe thicknesgaries from Schedule 10, a lightll pipe, to Schedule 160,vary hevy wall pipe.
Schedule 40 is the standard thickness for a pipe of up to 10 in. dialRoeteopper tubing, type K is
the hewiest, and type L is generally used as the standard for pressure copper tubes.

Steel pipes of small diameter are often joined by threaded cadttiiogs. Steel pipes of diameter
2 in. andover, welded joints, and bolted flanges are often used.

In a water system, the maximum @dlable working pressure for steel and copper pipes &R5
varies from 125 to 400 psig, depending on the pipk thickness. Not only pipesut also their joints
and fittings should be considered.

During temperature changes, piggpand and contract. Both operating and staurdperiods should
be t&en into consideration. Bend&kdi U-, Z-, and L-bends, loops, and sometimekgadexpansion
joints, belbws, or fexible metal hose mechanical joints are used.

ASHRAE/IES Standard 90.1-1989 sfazs that for chilledvater between 40 to 35 the minimum
thickness of thexternal pipe insulatiowvaries from 0.5 to 1 in. depending on the pipe diaméte
chilled water temperature b®l 40°F, the minimum thicknessgaries from 1 to 1.5 inFor hotwater
temperatures naxceeding 208F, the minimum thicknesegaries from 0.5 to 1.5 in. depending on the
pipe diameter and the hafater temperature.

Corrosion, Impurities, and Water Treatments

Corrosionis a destructe process caused by a chemical or electrochemical reaction on metay.or all
In water systems, diss@dimpuritiescause corrosion and scale and thwviin of microbiologicals ke
algae, bacteria, and fun@icaleis the deposit formed on a metalfsige by precipitation of the insoluble
constituents. In addition to the disgedl solids, unpurifiedvater may contain suspended solids.
Currently used chemicals include crystal nfieds to change the crystal formation of scale and
sequestering chemicals. @ith of bacteria, @ae, and fungi is usually treated by biocides tevemt
the formation of an insulating layer resulting ower heat transfer as well as restrictedter fow.
Chlorine and its compounds areetive and widely used. Blv-down is an &ective process invater
treatment and should be considered as important as chemical treatments.

Piping Arrangements

Main and Branch Pipes.In a piping circuit as stwn in Figure 9.9.2(a chilled water from a chiller
or hotwater from a boiler is often supplied &omain pipeand then disthuted tobranch pipesthat
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FIGURE 9.9.1 Friction chart for water in pipes: (a) steel pipe (schedule 40), (b) copper tubing, and (c) plastic pipe
(schedule 80). (SoucASHRAE Handbook 1993 Fundament&eprinted with permission.)
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FIGURE 9.9.2 Piping arrangements: (a) two-pipe direct return system, (b) two-pipese system, and (c) fiou
pipe system.

connect to coils and heakchangers. Chilled or hawater from the coils and heakchangers is
accumulated by the return main pipe through return branch pipes and then returned to the chiller or boile

Constant Flow and/ariable Flow. In a constant-fiw water system, theolume fow rate at ay cross-
sectional plane of the supply and return mains remains constant during the entire operating period. In
a variable-fow water system, thgolume fbw rate varies when the system load changes during the
operating period.

Direct Return and Reverse Returin a direct return system, thevater supplies to and returns from
various coils throughvarious piping circuitsABCHJKA, ... ABCDEFGHJKA are not equal in length,
as slown in Figure 9.9.2(a)Water fow must be adjusted and balanced by using baleaiees to povide
required design dlv rates at design conditions. dmeversereturn system, as swn in Figure 9.9.2(h)
the piping lengths fovarious piping circuits including the branch and coil are almost edaaér fow
rates tovarious coils are easier to balance.
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Two-Pipe or Fou-Pipe. In a dual-temperatureater system, the piping from the chiller or boiler to
the coils can be eithertao-pipesystem with a supply main and return main asvshin Figure 9.9.2(a)
or (b) or afour-pipe system with a chilleavater supply main, a hetater supply main, a chillegater
return main, and a hatater return main as eln in Figure 9.9.2(c)The wo-pipe system needs a
changever from chilled to hotvater and vicerersa A four-pipe system is morexpensve to install.

Plant-Building Loop

System Description

The chillers/boilers in a central plant are often located in the basement, machinery room, or on the
rooftop of thebuilding. General}, afairly constantvolumewater fbw is required in thevaporator to
protect it from freezing at part loadSHRAE/IES Standard 90.1-1989 sdexs thatwater systems
using controlvalves to modulate the coil load must be designedidaable fow for enegy savings.
Current chilledwater systems or dual-temperatuvater systems often adoptptant-building loop
that consists ofto piping loops as sfwn in Figure 9.9.3(ajor reliable and engy-efficient operation:

Plant Loop. A plant log ABJKA is comprised of chiller(s)/boiler(s); plant chilled/heater pump(s)
usually of split-case, double suction, or end suction type; a diapheggansion tank to adlv water
expansion and contraction durivgater temperature changes; an air separator ngepdissoled air
from water; corresponding piping afittings; and control systemBhe plant loop is operated at constant
flow.

Building Loop. A building loop BCDEFGHJB contains coilbyilding circulatingwater pumps, often
variable-speed pumps, one being a standby pump; corresponding pifi¢snasg and control systems.
A differential pressure transmitter is often installed afdndest end from thieuilding pump between
the supply and return mainBhe building loop is operated atariable fow.

A short common pipe connects thes® tloops and combines them into a plhniding loop
combination. It is also called primary-secondary loopwith the plant loop the primary loop and the
building loop the secondary loofhe location of the pump inwater system should be arranged so
that the pressure ahypoint in the system is greater than atmospheric pressurevenpair leaking
into the system.

Operating Characteristics

In a dual-temperatureater system, when the coil bg,, in Btu/lr, drops, wo-way valves close to a
smaller openingThe pressure drop across the coils then increase®on as the increase of the pressure
differential is sensed by the transmitte DDC controller reduces tHkow rate of thevariable-speed
pump to match the reduction of the coil load during part.ld&e pressure fferential transmitter
functions similarly to a duct static pressure sens@\iAV system.

Since the plant loop is at constdiaw, excess chilledvater bypasses thauilding loop and fhws
back to the chiller(s) through the common pig#en the reduction of coil loads in thailding loop
is equal to or greater than the refrigeration capacity of a singlerchtilie DDC controller will shut
down a chiller and its associated chillagter pumpThe operating characteristics of the hatter in
a dual-temperature@ater system are similar to those in a chillegter system.

Due to the coik heat transfer characteristics, the reduction of a certain fraction of the design sensible
cooling coil loadqg, 4 does not equal the reduction of the same fraction of degdgr volume fow
\O/W'GI (Figure 9.9.3[c). Roughy, a 0.7qg., 4 needs only a 054 \7W.d, and the temperatureffiirenceAT,,
= (Ty — Twe) Will be about 150% of that at the design conditidinen an equal-percentage contoun-t
way controlvalve is used, thealve stem displacement of the cooling tivo-way valve is approxi-
mately linearly proportional to the sensible cooling’'sdibad change.
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FIGURE 9.9.3 A dual-temperature water system: (a) plant-building loop, (b) single-loop, (c) design sensible load
and design volume flow relationship, and (d) variable-speed building pump curves.
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Comparison of a Single-Loop and a Plant-Building Loop

Compared with a single-loopater system as evn in Figure 9.9.3(b}hat has only a single-stagater
pump(s), the planbuilding loop:

« Providesvariable fow at thebuilding loop and thusases pump pwer at reduced dlv during
part load.

e Separates plant amdilding loops and rmies design, operation, maintenance, and control simpler
and more stable as stated in Carlson (1988 pressure drop across th@iway controlvalve
is considerably reduced as the contrle is only a component of thmilding loop.

Plant-Distribution-Building Loop

In universities, medical centers, and airpotisildings are often scattered from the central plant
campus-type chillegdvater system using a plant-distrtion-building loop is often reliable in operation,
requires less maintenance, has minimalirenmental impact, and sometimesoyides enegy cost
savings.

In a plant-distthution-building loop, plant loopvater is combined with nmgt building loops through
a distrbution loop as sbwn in Figure 9.9.4(a)The water fbw in the plant loop is constant, whereas in
both distrbution andbuilding loops it isvariable. Chilledwvater often leves the chiller at a temperature
of 40 to 42F. It is extracted by the distoution pumps and forced into the dibtriion supply mainAt
the entrance of eadbilding, chilledwater is agairextracted by thebuilding pumps and supplied to
the cooling coilsn AHUs andfan-coil units. From the coils, chilledater is returned through the
building return main and the didttition return main and enters the chillers at a temperature around
60°F at desigrvolume fbw. System performances of the plant dodding loops in a plant-distoution-
building loop are similar to those in a plantiding loop.

A campus-type central plant may transpevesal thousandallons of chilledvater to may buildings,
and thefarthestbuilding may be everal thousand feetway from the central pland smaller pressure
gradient and end pressurdféiential between distiution supply and return main8H, , save enegy.
Meanwhile, a leger diameter of pipes is need€dr a distrbution loop, a pressure drop of 0.5 to 1 ft
head loss per 100 ft of piping length may be ugetbw pressure dierential may be féset at the
control valves without #ecting the normal operation of the coils. Usyadirect return is used for
distribution loops.

Using a wo-way distrbution from the central plant witlwb separate supply and return loops often
reduces the main pipe length and diamete

A differential pressure transmitter may be located afdttbest end of the disfxition mainsAs the
pressure loss in tHauilding loop is t&en care of by thgariable-speethuilding pump(s), a set point of
5 ft WG pressure flierential across the supply and return mains seems appropriate.

Chilled water and hotvater distrbution pipes are often mounted in urgfeund accessible tunnels
or trenchesThey are well insulateégxcept when chilledvater return temperatei,, > 55F. Under
such circumstances, the return main may not be insulated, depending on local conditions and cost
analysis.

Many retrofits of campus-type chillaglater systems required axisting refrigeration plant(s) and a
new developed plant(s) connected to the same plant-higioin-building loop A stand-alone DDC panel
is often used to optimize the turning on arftlaf the chillers in theexisting and @veloped plants
according to the system loads amdilable sources (chillers).
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FIGURE 9.9.4 A chilled water system using a plant-distribution-building loop: (a) schematic diagram and (b)
pressure gradient for distribution loop.
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9.10 Heating Systems

Types of Heating Systems

According to EIA Commercial Buildings Characteristics 1992, for the 57.8 billfoof fheated com-
mercialbuildings in the United States in 1992, the doling types of heating systems were used:

Warm air heating systems usimgirm air furnace 27%

Hot water heating systems using boilers 33%
Heat pumps 13%
District heating 8%

Individual space heaters and others heaters 19%

Modera (1989) reported that nearly 50% of U.S. residential houses arevasingir heating systems
with direct-firedwarm air furnaces.

Warm Air Furnaces

A warm air furnaceis a avice in whichgaseous or liquid fuel is directljred or electric resistance
heaters are used to heat tharm supply ai Natural gas, liquefied petroleugas (LPG), oil, electric
enagy, or occasionallyvood may be used as the fuel ormgyanput Among these, naturghs is most
widely used. In avarm air furnace, thearm air fbw could ke upflow, in which thewarm air is dischaed
at the top, as slwn in Figure 9.10.1(a) and (bjlownflow, with thewarm air discheged at the bottom;
or horizontal flav, with thewarm air discheged horizontail.

Combustion air

Vent Warm air
Warm air ? ¢
0 R
A Vent Primary o |
pipe heat ~—_| %
exchanger > " ~g
urner
Clamshell U —
heat | Relief Secondary S—
exchange /" opening (condensing)
T heat
exchanger 3 +?J/i(?)r:et
Flame— s Burner —————— I:
M \Induced
@ g ) ) draft fan
Fan A Filter Recirculating
f

<:| T Filter

® - O s

@) (b)

FIGURE 9.10.1 Upflow warm air gas furnace: (a) a natuveit gas furnace and (b) avger-vent high-d&ficiency
gas furnace.

Natural Vent Combustion Systemd.here arewo types of corbustion systems in a naturghs-fired

warm air furnace: naturaent or pwer vent confoustion systems. lanatural ventor atmospheric vent
combustion system, thbuoyarcy of the conbustion products carries thkie gas fiwing through the
heat exchanger and draft hood, disehimg from the chimey or vent pipe The gasburner is an
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atmospheric burnerin an atmospheric burner, air is exracted for combustion by the suction effect of
the high-velocity discharged gas and the buoyance effect of the combustion air. An atmospheric burner
can be either an in-shot or an up-shot burner or multiple ports. Atmospheric burners are simple, require
only a minimal draft of air, and need sufficient gas pressure for normal functioning.

Two types of ignition have been used in burners: standing pilot and spark ignitstandting pilot
ignition, the small pilot flame is monitored by a sensor and the gas supply is shut off if the flame is
extinguished Spark ignitionfires intermittently only when ignition is required. It saves gas fuel if the
furnace is not operating.

In a natural vent combustion system, the heat exchanger is often made from cold-rolled steel or
aluminized steel in the shape of a clamshell or S. A fan or blower is always used to force the recirculating
air flowing over the heat exchanger and distribute the heated air to the conditioned space. A low-efficiency
disposable air filter is often located upstream of the fan to remove dust from the recirculating air. A draft
hood is also installed to connect the flue gas exit at the top of the heat exchanger to a vent pipe or
chimney. A relief air opening is employed to guarantee that the pressure at the flue gas exit is atmospheric
and operates safely even if the chimney is blocked. The outer casing of the furnace is generally made
of heavy-gauge steel with access panels.

Power Vent Combustion Systemis1 a power vencombustion system, either a forced draft fan is used

to supply the combustion air or an induced draft fan is used to induce the flue gas to the vent pipe or
chimney. A power vent is often used for a large gas furnace or a high-efficiency gas furnace with
condensing heat exchangers.

Gas burners in a power vent system are cauder burnersThe gas supply to the power burner is
controlled by a pressure regulator and a gas valve to control the firing rate. Intermittent spark ignition
andhot surface ignitiorthat ignites the main burners directly are often used.

Usually, there are two heat exchangers in a power vent combustion system: a primary heat exchanger
and a secondary or condensing heat exchanger. The primary heat exchanger constitutes the heating
surface of the combustion chamber. When the water vapor in the flue gas is condensed by indirect contact
with the recirculating air, part of the latent heat of condensation released is absorbed by the air. Thus
the furnace efficiency is increased in #econdaryor condensing heat exchang®&oth primary and
secondary heat exchangers are made from corrosion-resistant steel. A fan is also used to force the
recirculating air to flow over the heat exchangers and to distribute the heated air to the conditioned space.

Most natural gas furnaces can use LPG. LPG needs a pressure of 10 in. WG at the manifold, compared
with 3 to 4 in. for natural gas. It also needs more primary air for gas burners. Oil furnaces are usually
of forced draft and installed with pressure-atomizing burners. The oil pressure and the orifice size of
the injection nozzle control the firing rate.

Furnace Performance IndicesThe performance of a gas-fired furnace is usually assessed by the
following indices:

« Thermal efficiencyE, in percent, is the ratio of the energy output of heated air or water to the
fuel energy input during specific test periods using the same units:

E, =100(fuel energy output)/(fuel energy input) (9.10.1)

¢ Annual fuel utilization efficiency (AFUE), in percent, is the ratio of the annual output energy
from heated air or water to the annual input energy using the same units:

AFUE = (100 annual output energy)/(annual input energy) (9.10.2)

e Steady-state efficiency (SSE) is the efficiency of a given furnace according to an ANSI test
procedure, in percent:
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SSE =100(fuel input - fuel loss)/(fuel input) (9.10.3)

Jakob et al. (1986) and Locklin et al. (1987), in a report on ASHRAE Special Project SP43, gave the
following performance indices based on a nighttime setback period of 8 hr with a setback temperature
of 10°F:

Description AFUE (%) SSE (%)

Natural vent

Pilot ignition 64.5 77

Intermittent ignition 69 77

Intermittent ignition plus vent damper 78 7
Power vent

Noncondensing 815 82.5

Condensing 92.5 93

ASHRAE/IES Standard 90.1-1989 specifies a minimum AFUE of 78% for both gas-fired and oil-fired
furnaces of heating capacity <225,000 Btu/hr. For a gas-fired warm air fusA26¢D00 Btu/hr at
maximum rating capacity (steady state) the minintis 80%, and at minimum rating capacigy,is
78%.

Operation and Control. Gas is usually brought from the main to the pressure regulator, where its
pressure is reduced to 3.5 in. WG. Gas then flows through a valve and mixes with the necessary amount
of outside primary air. The mixture mixes again with the ambient secondary air and is burned. The
combustion products flow through the heat exchanger(s) due either to natural draft or power vent by a
fan. The flue gas is then vented to the outside atmosphere through a vent pipe or chimney.

Recirculating air is pulled from the conditioned space through the return duct and is mixed with the
outdoor air. The mixture is forced through the heat exchanger(s) by a fan and is then heated and distributed
to the conditioned space. The fan is often started 1 min after the burner is fired in order to prevent a
cold air supply.

At part-load operation, the reduction of the heating capacity of the warm air furnace is usually
controlled by the gas valve and the ignition device. For small furnaces, the gas valve is often operated
at on—off control. For large furnaces, a two-stage gas valve operates the furnace at 100, 50, and 0%
heating capacity as required.

Low NQ, Emissions. NO, means nitrogen oxides NO and NO@hey are combustion products in the
flue gas and become air pollutants with other emissions likeaB@©CO when they are discharged to
the atmosphere. N@ause ozone depletion as well as smog.

Southern California regulations required that,N@issions should be 30 ppm or less for gas-fired
warm air furnaces and boilers. Many gas burner manufactures use induced flue gas recirculation to cool
the burner’s flame, a cyclonic-type burner to create a swirling high-velocity flame, and other technologies
to reduce NQand other emissions while retaining high furnace and boiler efficiencies.

Hot Water Boilers

Types of Hot Water BoilersA hot water boileris an enclosed pressure vessel used as a heat source
for space heating in which water is heated to a required temperature and pressure without evaporation.
Hot water boilers are fabricated according to American Society of Mechanical Engineers (ASME) codes
for boilers and pressure vessels. Boilers are generally rated on the basis of their gross output delivered
at the boiler's outlet. Hot water boilers are available in standard sizes from 50 to 50,000 MBtu/hr (1
MBtu/hr = 1000 Btu/hr).

According to EIA Characteristics of Commercial Buildings (1991), the percentages of floor area
served by different kinds of fuel used in hot water and steam boilers in 1989 in the United States are
gas-fired, 69%; oil-fired, 19%; electric, 7%; others, 5%.
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Hot water boilers can be classified as low-pressure boilers, whose working pressure does not exceed
160 psig and working temperature is 250°F or less, and medium- and high-pressure boilers, whose
working pressure is above 160 psig and working temperature above 250°F. Most of the hot water boilers
are low-pressure boilers except those in campus-type or district water heating systems.

Based on their construction and material, hot water boilers can be classified as fire tube boilers, water
tube boilers, cast iron sectional boilers, and electric boilers. Water tube boilers are used mainly to generate
steam. Cast iron sectional boilers consist of many vertical inverted U-shaped cast iron hollow sections.
They are lower in efficiency and used mainly for residential and small commercial buildings. Electric
boilers are limited in applications because of their higher energy cost in many locations in the United
States.

Scotch Marine Boiler. In a fire tube hot water boiler, the combustion chamber and flue gas passages
are in tubes. These tubes are enclosed by an outer shell filled with water. A recently developed fire tube
model is the modified Scotch Marine packaged boiler, which is a compact, efficient, and popular hot
water boiler used today.

A Scotch Marine boiler, as shown in Figure 9.10.2, consists of a gas, o0il, or gas/oil burner, a mechanical
forced-draft fan, a combustion chamber, fire tubes, flue gas vent, outer shell, and corresponding control
system. A packaged boiler is a one-piece factory-assembled boiler.

This figure is not available.

FIGURE 9.10.2 A Scotch Marine packaged boiler.
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Gas or oil and air are measured, mixed, and injected into the combustion chamber in which they are
initially ignited by an ignition device. The mixture burns and the combustion process is sustained when
there is a high enough temperature in the combustion chamber. Because the number of fire tubes decreases
continuously in the second, third, and fourth passes due to the volume contraction at lower flue gas
temperatures, the gas velocity and heat transfer coefficients are maintained at reasonably high values.

Return water enters the side of the boiler. It sinks to the bottom, rises again after heating, and then
discharges at the top outlet.

The dew point of the flue gas is often 1BOIf the temperature of the return water incdensing
boiler is below 128F, it can be used as a condensing cooling medium to condense the water vapor
contained in the flue gas. Latent heat of condensation of water vapor can then be recovered. Corrosion
in the condensing heat exchanger and the flue gas passage should be avoided.

The chimney or stack is the vertical pipe or structure used to discharge flue gas, which usually has
a temperature rise of 300 to 4B0above the ambient temperature. The chimney or stack should be
extended to a certain height above adjacent buildings according to local codes.

Operation and Safety ControlsDuring part-load operation, reduction of heating capacity is achieved
by sensing the temperature of return water and controlling the firing rate of the gas burners in on—off,
high—low—off, or modulating modes.

For gas burners, two pressure sensors are often provided to maintain the gas pressure within a narrow
range. For modulating controls, the ratio of maximum to minimum input is callédrtikdownratio.

The minimum input is usually 5 to 25% of the maximum input, that is, a turn-down ratio of 20:1 to 4:1.
The boiler should be shut off if the input is less than the minimum.

Pressure and temperature relief valves should be installed in each boiler. An additional high limit
control is often equipped to shut down the boiler in case the sensed water pressure or temperature exceeds
the predetermined limits. A flame detector is often used to monitor the flame and an airflow sensor to
verify the combustion airflow. As soon as the flame is extinguished or the combustion airflow is not
sensed, the fuel valve closes and the boiler is shut down. ASHRAE/IES Standard 90.1-1989 specifies
that gas-fired boilers should have a minimum AFUE of 80%.

Low-Pressure Warm Air Heating Systems

A low-pressure warm air heating systasnoften equipped with an upflow gas-fired furnace having a

furnace heat capacit§); to air flow\t’/a ratio, Q, /\Q/a , of 50 to 70 Btu/hr.cfm and a temperature rise

immediately after the furnace of 50 to°FOThe external pressure loss of the supply and return duct

system is usually not higher than 0.5 in. WG. The supply temperature differ@ntial ) is often 20

to 35°F. The heating system is often integrated with a cooling system, forming a heating/cooling system.
Low-pressure warm air heating systems usually have a heating capacity not exceeding 100,000 Btu/hr.

They are often used in residences and sometimes in small commercial buildings.

System CharacteristicsA low-pressure warm air heating system is equipped with either supply and
return ducts or a supply duct and a return plenum. Recirculating air is then returned from living, dining,
bed, and study rooms to the return plenum through door undercuts in case the doors are closed.

The location of the furnace has a significant effect on the efficiency of the heating system. According
to Locklin et al. (1987), if the gas furnace of a low-pressure warm air heating system is installed in a
closet and its supply duct is mounted inside the conditioned space, its system efficiency may be 20%
higher than that of installations whose furnace and supply duct are in the attic or basement.

When a low-pressure warm air heating system is operating, the supply duct leakage in the attic or
basement raises its pressure to a positive value and promotes exfiltration. Return duct leakage extracts
the ambient air, lowers the attic or basement pressure to a negative value, and induces infiltration.
Gammage et al. (1986) reported that both types of leakage increase the whole house infiltration to 0.78
ach when the low-pressure warm air heating system is operating. The infiltration rate is only 0.44 ach
when the low-pressure warm air heating system is shut off.
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If the supply temperatureftérential AT, = (T, —T,) exceeds 3€F, or if there is a high ceiling, thermal
stratification may form in the conditioned space. Greater swoplyne fow rates and suitable locations
of the supply and return outlets may reduce thermal fatedton andvertical temperature flerence.

Part-Load Operation and Cordl. For a bw-pressurevarm air heating system, a space thermostat is
often used to control thgas valve of the furnace operated in offf-or high—bw—off mode The
proportion of on andfbtimes in an operatingycle can bevaried to meet the change of space heating
load The time period of an onffooperatingcycle is usually 5 to 15 min.

A warm-air heating system that hasexternal pressure higher than 0.5WG is often inégrated
with a cooling system and becomes a part of enaiditioning system.

Low-Temperature Hot Water Heating System Using Fin-Tube Heaters

In a low-temperatte hot water heating systerthe operating temperature is@2b or less with a
maximumworking pressure noéxceeding 150 psig, usually less than 30 psigwv-temperature hot
water heating systems are widely used for space heating in residences and corhaileings.

Fin-Tube Heaters. A fin-tube heateis a davice installed directly inside the conditioned space to add
heat to the space through radiant andveoive heat transfeA fin-tube heater consists offanned-

tube element and an outer casing asvshin Figure 9.10.3(a)The tubes are often made of copper and
steel. Copper tubes are generally 0.75, 1, and 1.25 in. in diameter and steel tubes 1.25 and 2 in. in
diamete. The fins are usually made of aluminum for copper tubes and of steel for steel tubes. Fin density
may vary from 24 to 60 fins per foof fin heater may &e a maximum length of 12.fThe outer

casing of a finned-tube heatdways has a bottom inlet and top outlet for bettewection.
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FIGURE 9.103 A two-pipe indvidual-loop bw-temperature hot water heating system: (a) finned-tube heater and
(b) piping layout.

The most widely used finned-tube heater istihseboad heate, which is often mounted on cold
walls at advel 7 to 10 in. from the flaolt is usually 3 in. deep and has diretube ow. A wall finned-
tube heater has a greater heightonvector has a cabinet-type enclosure and is often installed under
the windwsill.
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Two-Pipe Individual-Loop System<Current bw-temperature hotvater heating systems usifigned-
tube heaters are often equipped with zone controls. Zone contradeaidoverheating roomsacing
south and underheating rooff@ing north because of theets of solar radiation.

Figure 9.10.3(bshows the piping layout of awo-pipe individual-loop systethat is widely used in
low-temperature howvater heating system$wo-pipe means that there are a supply main and a return
main pipe instead of one common main for both supply and retutimidnal-loop means that there is
an indvidual loop for each control zonee®ral finned-tube heaters in aga room can be connected
in series, while finned-tube heatersémnesal small rooms can be connecteddrerse return arrangement.

The sizing of dw-temperature hotvater pipes is usually based on a pressure drop of 1 to 3 ft per
100 ft of pipe lengthFor a small dbw-temperature hotvater heating system, an open-tyg@ansion
tank is often used diaphragm tank is often used for age system. On-line circulating pumps with
low head are often used.

Part Load and Combl. Usually a hotwater sensor located at theit of the hotwater boiler is used

to control the firing rate of the boiler at part-load operation. Its set point is usually reset according to
the outdoor temperature. Zone control isvided by sensing the return heater temperature from each
individual loop or zone and themrying thewatervolume fow rate supplied to that zone by modulating

the speed of each corresponding on-line circulating pump or its centvel For hotwater heating
systems using multiple boilers, on aritifor each specific boiler depend not only on the heating demand,
but also on minimizing the ergy cost.

Infrared Heating

Infrared heatings a process that uses radiant heat transfer frgas-fired or electrically heated high-
temperature evice to povide space heating on a localized area for the health and comfort of the
occupants or to maintain a suitable indoorinment for a marfacturing process.

Aninfrared heateiis a dwvice used to mvide infrared heating. Heat radiates from an infrared heater
in the form of electromagnetiaves and scatters in all directions. Most infrared heates feflectors
to focus the radiant beam onto a localized .arbarefore, tey are often callé beam radiant heaters
Infrared heaters are widely used in high-ceiling supetetsrfactories,warehouses, gymnasiums,
skating rinks, and outdoor loading docks.

Gas Infraed Heaters. Infrared heaters can bevitled into two catgories: gas and electric infrared
heatersGas infraed heatersare again ided into porous matrigas infrared heaters and indirgeis
infrared heaters. Inorous matrix gas infreed heatge a gas and air mixture is supplied and disted
evenly through a porous ceramic, a stainless steel panel, or a metallic screen, wkpdsésl to the
ambient air and b&ed by a reflecto Conbustion tkes place at thexposed suface with a maximum
temperature of about 16T An indirect infrared heater consists obarne, a radiating tube, and a
reflecta. Combustion t&es place inside the radiating tube at a temperaturexneeding 120T-.

Gas infrared heaters are usualBnted and &we a small coversion éficiency. Only 10 to 20% of
the input enggy of an open cobustion gas infrared heater is radiated in the form of infrared radiant
enagy. Usually 4 cfm of corbustion air is required for 1000 Btu/gais inputA thermostat often controls
a gasvalve in on—éf mode.For standing pilot ignition, a sensor and a controller are used tdfaheo
gas supply if the flame ixtinguished.

Electric Infrared Heaters. An electric infraced heateris usually made of nkel-chromium wire or
tungsten filaments mounted inside an electrically insulated metal tube or quartz tube with or without
inert gasThe heater also contains dleetor that directs the radiant beam to the localized area requiring
heating. Ni&el-chromium wires often operate at a temperature of 1200 @HA.80thermostat is also

used to switch on or cuffahe electric currenfAn electric infrared heater haga higher caversion
efficiency and is cleaner and more easily managed.

Design Considerations.An acceptable radise temperature increas€,(— T,) of 20 to 25F is often
adopted for normal clothed occupants using infrared hedthg corresponding requiredatt density
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for infrared heaters is 30 to 37 W/fAt a mounting height of 11 ft, two heaters having a spacing of
6.5 ft can provide a watt density of 33 W/éind cover an area of 2213 ft. The mounting height of
the infrared heaters should not be lower than 10 ft. Otherwise the occupants may feel discomfort from
the overhead radiant beam. Refer to Grimm and Rosaler (¥@@)book of HVAC Desigifipr details.

Gas and electric infrared heaters should not be used in places where there is danger of ignitable gas
or materials that may decompose into toxic gases.
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9.11 Refrigeration Systems

Classifications of Refrigeration Systems

Most of the refrigeration systems used farainditioning arevapor compression systems. Because of
the increase in the emy cost of naturagias in the 1980s, the application of absorption refrigeration
systems has dropped sharpAccording to Commercial Buildings Characteristics 1992, absorption
refrigeration systemdve a weight of less than 3% of the total amount of refrigeration used in commercial
buildings in the United Stated\ir expansion refrigeration systems are used mainly in aircraft and
cryogenics.

Refrigeration systems used for-aonditioning can be claggd mainly in the folbwing caegories:

¢ Direct expansion (DX) systems and heat pumps
e Centrifugal chillers

« Screw chillers

« Absorption systems

Each can be either a single-stage or a multistage system.

Direct Expansion Refrigeration Systems

A direct expansiorrefrigeration (DX) syst®, or simply DX systemis part of the packagedrai

conditioning systemThe DX coil in the packaged unit is used to cool and dehumidify the air directly

as slown in Figure 9.11.1(a)According to EIA Commercial Buildings Characteristics 1992, about 74%

of the floor space of commercialildings in the United Stategas cooled by DX refrigeration systems.
Refrigerants R-22 and R-134a are widely ugemtotropics and near azeotropics are the refrigerants

often used fordw-evaporating-temperature systenielthose in supermigts. Because of the limitation

of the size of the air system, the refrigeration capacity of DX systems is usually 3 to 100 tons.

Components ahAccessories. In addition to the DX coil, a DX refrigeration system has thefotig
components and accessories:

e Compessor(s)— Both reciprocating and scroll compressors are widely used in DX systems.
Scroll compressors are gradually replacing reciprocating compressors beegussvahfewer
parts and compaiigely higher éficiency. For large DX systems, multiple compressors are
adopted.

e Condensers— Most DX systems in rooftop packaged units are air codéda-cooled con-
densers are adopted mainly for DX systems in indoor packaged units due to their soipazt
Evaporaive-cooled condensers are atsailable.

« Refrigeration feed— Thermostatiexpansionvalves are widely used as the throttling and refrig-
erant fow control dvices in medium and tge DX systems, whereas capillary tubes are used in
small and medium-sized systems.

¢ Qil lubrication — R-22 is partly miscible with mineral oil. Since R-134a is not miscible with
mineral oil, synthetic polyolester oil should be uséat. medium and lge reciprocating com-
pressors, an oil pump @hne, gen or centrifugal type is used to force the lubricating oil to the
bearings and oving sufaces via groves.For small reciprocating compressors, splash lubrication
using the rotation of the crankshaft and the connecting rod to splash oil onto the beéairgy sur
and thecylinder walls is used.

A scroll compressor is often equipped with a cerggfwil pump to force the oil to lubricate the
orbiting scroll journal bearing and motor bearikgr the scroll contact sfaces, lubrication is prvided
by the small amount of oil entrained in the suctiapa.
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 Refrigerant piping— Refrigerant piping transports refrigerant through the comprexsulense
expansionvalve, and DX coil to pwvide the required refrigeratiorffect As stown in Figure
9.11.1(a) from theexit of the DX coil to the inlet of the compressor(s) ie shiction line From
the outlet of the compressor to the inlet of tirecabled condenser is tliischage line From
the exit of the condenser to the inlet of tkepansionvalve is theliquid line.

Halocarbon refrigerant pipes are mainly made of copper tubes of L type. In a packaged unit, refrigerant
pipes are usually sized and connected inféwtory. However, the refrigerant pipes ifield-built and
split DX systems for R-22 are sized on the basis of a pressure drop of 2.91 psi corresponding to a change
of saturated temperatiAT,,, of 2°F at 40F for the suction line and a pressure drop of 3.05 psi
corresponding to °F at 108F for the dischage and liquid lineThe pressure drop includes pressure
losses of pipe and fittings. Refrigerant pipes should also be sized to bring back the entrained oil from
the DX coil and condenser through the disghaand suction lines.

Accessories include a filter dryer to rera moisture from the refrigerant, strainer to oeenforeign
matte, and sight glass to obserthe condition of refrigeraritow (whetherbubbles are seen because
of the presence of flash gas in the liquid line).

Capacity Conbls. In DX systems, control of the mafiew rate of refrigerant through the compres-
sor(s) is often used as the primary refrigeration capacity contwal.oR intertwinedface control at the
DX coil is also used in conjunction with the capacity control of the compressor(s).

Three methods of capacity controls are widely used for reciprocating and scroll compressors in DX
systems:

« On-off contol — Starting or stopping the compressor is a kind of step control of the refrigerant
flow to the compressolt is simple and iexpensve, but there is a 100%ariation in capacity
for DX systems installed with only a single compres@m—df control is widely used for small
systems or DX systems with multiple compressors.

¢ Cylinder unloader— For a reciprocating compressoaving multiple cylinders, acylinder
unloader mechanism bypasses the compreggseffom one o, or threecylinders to the suction
chamber to reduce the refrigeration capacity and compressirgy.ene

¢ Speed modulation- A two-speed motor is often used taverscroll or reciprocating compressors
so that the capacity can be reduced 50%wee¢d speed.

Safety Combls. In low- and high-pessue contol, the compressor is stopped when suction pressure
drops batw a presewalue, the cut-in pressure, or the diggleapressure of the hghs approaches a
dangerousevel, the cut-out pressure.

In low-temperatte contol, a sensor is mounted on the outer pipéasar of the DX coilWhen the
sufface temperature drops bel 32°F, the controller stops the compressor tevent frosting.

If the pressure of the oil discfyeed from the pump does not reach a predetermiaedi Within a
certain period, a mechanism oil pressue failue contol opens the circuit contact and stops the
compressn

In motor overload combl, a sensor is used to measure the temperature of the electric winding or the
electric current to protect the motor frawerheating anaverloading.

Pump-down combl is an &ective means of gventing the migration of the refrigerant from the DX
coil (evaporator) to the crankcase of the reciprocating comprelsis prevents mixing of refrigerant
and oil to form slugs, which may damage the compresso

When a rise of suction pressure is sensed by arsenBC controller opens a solenaidive and
the liquid refrigerant enters the DX colls thebuildup of vapor pressurexceeds the cut-in pressure,
the compressor starté/hen the DX system needs to shoivd, the solenoidalve is closed first; the
compressor still pumps thgaseous refrigerant to the condenge the suction pressure drops dvel
the cut-in pressure, the compressor stops.
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Full- and Part-Load Operations.Consider a DX system in a rooftop packaged unit using four scroll
compressors, each with a refrigeration capacity of 10 tons at full load. Performawes clthe
condensing unit and the DX coil of this DX system ar@ashin Figure 9.11.2(a)A DDC controller
actuates on-fb for these scroll compressors based on the signal from a djscha temperaturé
senso.

On a hot summer gawhen the rooftop packaged unit starts with a DX coil load or refrigeration
capaciy, g, = 40 tons, all four scroll compressors are operaflitgg operating point ista’ with a
suction temperaturg, . of about 42F, and the dischrge air temperatur€, is maintained around 38,

As the space cooling lday,. as well asT,, decreases, the required DX coil dog, drops to 35 tons.
Lessevaporation in the DX coil causes a decreals& Q to about 40F, and the operating point may
move downward to poitn A with a DX coil refrigeration capacity of 39 tons. S, > q,, Ty drops
continually until it reaches®F, poirt A in Figure 9.11.2(h)and the DDC controller shutexin one
of the scroll compressarghe operating point immediately shiftsBoon the three-compressor ear

50 A
DX-coil 4 scroll w i
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s} g_ o .
=® g 3 \ Control Set point
2 30 P - bani, 4FL
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FIGURE 9.112 Capacity control of a DX refrigeration system: (a) performance curves and operating points and
(b) locus of control point.

Because the refrigeration capacity at pdht, is 29 tons, which is less than the reqdigg = 35
tons, bothT,, and T, rise When the operating pointowes up to B and T, reaches 5% the DDC
controller starts all four scroll compressors at operatingt pdimvith a refrigeration capacity of 42 tons.
Sinee g, > q,, the operating pointgain noves dwnward along the foucompressor cwe and forms
an operatingcycle A"AB' and B. The timing of the operating period on fewor three-compressor
performance cwes balancesng requiredq, between 29 and 42 tons. Lessporation at part load in
the DX coil results in a greater superheatiegjan and therefore less refrigeration capacity to balance
the reduction of refrigeration capacity of the compressor(s) as well as the condensiftgeuzondition
will be similar whea g, < 30 tons, only three- owb-compresso or wo- or one-compressoor even
on—df of one compressor forms an operataygle.

Main Problems in DX Systems

« Liquid sluggingis formed by a mixture of liquid refrigerant and oil. It is formed because of the
flooding back of liquid refrigerant from the DX coil to the crankcase of the reciprocating
compressor due to inficient superheating. It also may be caused by migration of liquid refrig-
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erant from thewvarmer indoor DX coil to the colder outdoor compressor during the shut-d
period in a split packaged unit. Liquid slugging dilutes the lubricating oil and causes serious loss
of oil in the crankcase of the reciprocating compredsquid slugging is incompressiblé/hen
it enters the compression chamber of a reciprocating compriéssay damage thealve, piston,
and other components. Pumpach control and installation of a crankcase heater Heztwe
means of pventing liquid refrigerant migration arftboding back.

e Compessor short cycling— For on—df control, too short aycle, such as less than 3 min, may
pump oilaway from the compressor or damage system components. It is due mainly to a too
close bw-pressure control fferential or to reduced aftow.

e Defrosting— If the suface of a DX coil is 2°F or lower, frost accumulates on it. Frost blocks
the air passage and reduces the rate of heat trdbsfeould be relwved periodical}. The process
of renpoving frost is called defrosting.

Air at a temperature ale 36F, hot gas inside the refrigerant tubes and an installed electric
heating element can be used for defrostiftte defrostingcycle is often controlled by sensing
the temperature or pressuréfglience of air entering the DX coil duringiged time inteval.

« Refrigerant chege — Instfficient refrigerant ch@e causesolver refrigeration capagit lower
suction temperature, and short off-aycles. Qrverchaging refrigerant may cause a higher con-
densing pressure because part of the condensifagsurecomes flooded with liquid refrigerant.

Heat Pumps

A heat pumgn the form of a packaged unit is alsbeat pump systerA heat pump can eithextract
heat from a heat source and reject heat to aimater at a higher temperature for heating, ovigie
refrigeration at adwer temperature and reject condensing heat at a higher temperature for cooling.
During summe the heatextraction, or refrigeration féect, is the useful féect for cooling in a heat
pump. In winte, the rejected heat and the heat from a supplementary heatielepneating in a heat
pump.

There are three types of heat pumps:saurce,wata-source, and ground-coupled heat pumps.
Ground-coupled heat pumpavie limited applicationsWata-source heat pump systems aogered in
detail in a later section.

Air-Souce Heat Pump.An air-souce heat pumpor air-to-air heat pumpis a DX system with an
additional fou-way reversingvalve to change the refrigerafiow from cooling mode in summer to
heating mode in winter and vieersa The variation in connections between four means of refrigerant
flow — compressor suction, compressor disgaaDX coil exit, and condenser inlet — causes the
function of the indoor and outdoor coils ®verse. In an aisource heat pump, the coil used to cool or
to heat the recirculating/outdoor air is called ittdoor coil The coil used to reject heat to or absorb
heat from the outside atmosphere is calledailtdoor coil A short capillary or restrict tube is often
used instead of a thermostaéipansionvalve. Both reciprocating and scroll compressors are used in
air-source heat pumps. R-22 is the refrigerant widely used. Curmaailable ai-source heat pumps
usually tave a cooling capacity of', to 40 tons.

Cooling and Heating Mode Operationln cooling mode operatigras slown in Figure 9.11.1(h)the
solenoid valve is deenggized and drops avnward The high-pressure hajas pushes the sliding
connector to the left endhe compressor discig®e connects to the outdoor coil, and the indoor coil
connects to the compressor inlet.

In heating mode operatigras slwn in Figure 9.11.1(g)the solenoid plunger omes upvard and
pushes the slide connector to the right-hand. ide compressor discigee connects to the indoor coll,
and the outdoor coixit connects to the compressor suction.

System PerformanceThe performance of anrasource heat pump depends on the outdoor air tempe
atue T, in °F as well as the required space heating pa During cooling mode operation, both the
refrigeration capacity,, in Btu/lr, and EER for the heat pump EERn Btu/lr.W, increase as, drops.
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During heating mode operation, the heating capagit in Btu/lr, and COR, decrease, angj, increases
as theT, drops Whengy, > q,, supplementary heating is required. If GO&ops betw 1, electric
heating may be more economical than a heat pump.

If on—dff is used for compressor capacity control for arsaurce heat pump in a split packaged unit,
refrigerant tends to migrate from tiv@rmer outdoor coil to the cooler indoor coil in summer and from
thewarmer indoor coil to the cooler outdoor coil in winter during tfigoeriod When the compressor
starts again, 2 to 5 min of reduced capacitserienced before the heat pump can be operated at full
capaciy. Such a loss is calledaycling loss

In winter, most ai-source heat pumps switch from the heating mode to cooling mode operation and
force the hotas to the outdoor coil to melt frogtfter the frost is melted, the heat pump is switched
back to heating mode operation. During defrosting, supplementary electric heating is often necessary to
prevent a cold air supply from theragource heat pump.

Minimum Performance.ASHRAE/IES Standard 90.1-1989 sgdezs a minimum performance for-ai
cooled DX systems in packaged units ageced in Section 9.7or ar-cooled, electrically operated
rooftop heat pumps (@source heat pumps), minimum performance characteristics are:

Cooling EER 8.9
Heating, COP (al,F = 47F) 3.0
Heating, COP (al,F = 17F) 2.0

Centrifugal Chillers

A chiller is a refrigeration machine using a liquid cooler agwporator to produce chilledater as

the cooling medium in a centralraionditioning systemA centrifugal chille, as slbwn in Figure
9.11.3(a) is a refrigeration machine using a cenggéfucompressor to produce chillegte. It is often
afactory-assembled unit with anégtated DDC control system and sometimes may separate into pieces
for transportationA centrifugal chiller is also aentrifugal vapor comssionrefrigeration system

Refrigerants. According to Hummel et al. (1991), in 1988 there were about 73,000 cgatrhillers
in the United States. Of these, 80% use R-11, 10% use R-12, and the remaining 10% use R-22 and
others As mentioned in Section 9.4, production of CFCs, including R-11 and R-12, ceased at the end
of 1995 with limitedexception for service. R-123 (HCFC) will replace R-The chillets dficiency
may drop 2 to 4%, and a capacity reduction of 5% is possible. R-128vhasxicity. Its allowable
exposure limitwas raised to 50 ppm in 1997 from 30 ppm in 1993 by its faaturersA monitor and
alarm dvice to detect R-123 in air should be installed in plant rooms and places where there may be
refrigerant leaks.

R-134a (HFC) will replace R-12ccording to lowe ard Ares (1995), as a result of the changeout
from R-12 to R-134a for a 5000-hp centgélichiller in Seas Tower, Chicago, its speed increased from
4878 to 5300 rpm, its cooling capacity is 12 to 24% less, andfittgercy is 12 to 16%worse.

System ComponentsA centrifugal chiller consists of a centrifal compressp anevaporator or liquid
coola, a condensga flash coole throttling devices, piping connections, and contrdspurge unit is
optional.

¢ Centrifugal compresser According to the number of internally connected impellers, the cen-
trifugal compressor couldde a single,wo, or more tharvio stagesA two-stage impeller with
a flash cooler is most widely used because of its higher system performance and o@typarat
simple construction. Centrifial compressorsduing a refrigeration capacity less than 1200 tons
are often hermeticvery lage centrifugal compressors are of open type@ear train is often
required to raise the speed of the impeddarept forvery lage impellers using direct ige.

« Evaporator — Usually a liquid cooler iboded shell-and-tube tygeaporator is adopted because
of its compact size and high rate of heat transfe

« Condenser— Wata-cooled, horizontal shell-and-tube condensers are widely used.
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FIGURE 9.113 A two-stage watecooled centrifugal chiller: (a) schematic diagram and (b) centrifugal compressor
performance map at constant speed.

« Flash cooler —or a twvo-stage centrifgal compresso a single-stage flash cooler is usedr
a three-stage compressa wo-stage flash cooler is used.

« Orifice plates and floalves — Both multiple-orifice plates such as thatsghin Figure 9.11.3(a)
and floatvalves are used as throttlingvices in centrifgal chillers.

¢ Puge unit — R-123 has aevaporating pressurp,, = 5.8 psia at 4%, which is bwer than
atmospheric pressur@ir and other noncondensalijases may leak into thevaporator through
cracks and gaps and usually accumulate in the upper part of the contieese noncondensable
gases raise the condensing pressure, reduce the refrig@saand bwer the rate of heat transfe
A purge unit uses a cooling coil to separate the refrigeranivater from the noncondensable
gases and pge the gases by usingvacuum pump.
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Performance Ratings.The refrigeratiorncycle of a typicalwater-cooled, wo-stage centrifgal chiller
with a flash coolewas overed in Section 9.4. Centrial chillers fave the same refrigeration capacity
as centrifugal compressors, 100 to 10,000.téesording b ARI Standard 550-88, the refrigeration
capacity of a centrifgal chiller is rated as failvs:

Chilled water temperature ding evaporatorT,; 100% load 44F
0% load 44F
Chilled water fbw rate: 2.4 gpm/ton

Condensewater temperature entering condernigg  100% load 8%
0% load 60F

Condensewater fow rate: 3.0 gpm/ton

Fouling factor inevaporator and condenser: 0.00025 hft2°F/Btu

The inegrated part-load/alue (IR.V) of a centrifigal chiller or other chillers at standard rating
conditions can be calculated as:

IPLV = 0.1(A+B)/2+0.5(B+C)/2+0.3(C + D)/2+0.1D (9.11.1)

wher A, B, C, andD = kW/ton or COP at 100, 75, 50, and 25% load, resmygt If the operating
conditions are dierent from the standard rating conditions, whg is 40 to 50F, for each’F increase
or decrease df,, there is roughly a 1.5%ftkrence in refrigeration capacity and gyyeuse; whei,
is between 80 to 96, for each®°F of increase or decreasé Ty, there is roughly a 1% increase or
decrease in refrigeration capacity and 0.6% inmgnase.

ASHRAE/IES Standard 90.1-1989hARI Standard 550-88 specify the minimum performance for
water-cooledwater chillers from January 1, 1992:

COP IPLV
>300 tons 5.2 5.3
>150 tons < 300 tons 4.2 4.5
<150 tons 3.8 3.9

COP = 5.0 is equalent to about 0.70 kW/ton.eW, installed centrifgal chillers often bve an enmy
consumption of 0.50 kW/ton.

Air-cooled centrifgal chillers lave COPs from 2.5 to 2.8 heir enegy performance isar poorer
than that ofvate-cooled chillersTheir application is limited to locations where aitgter is not athwed
to be used as rkaupwater for cooling dwers.

Capacity Conol. The refrigeration capacity of a centgfl chiller is controlled by modulating the
refrigerant fbw at the centrifgal compresso There are mainlywio types of capacity controlsarying
the opening and angle of the ink&nes, and using an adjustable-freqyeAC inverter tovary the
rotating speed of the centrifal compresso

When the opening of the inlganes has been reduced, the refrigeflamt is throttled and imparted
with a rotation The result is aew performance cwe at bwer head and div. If the rotating speed of
a centrifugal compressor is reduced, it also hasvgperformance cwe at bwervolume fow and head.
Inlet vanes are iexpensve, whereas #AC inverter speed modulation is more gedficient at part-
load operation.

Centrifugal Compessor Performance MapFigure 9.11.3(bshows a single-stageyate-cooledcen-
trifugal compessor performance mdpr constant speed using inkeines for capacity modulatioA
performance map consists of the compréssmerformance cues atvarious operating conditionghe
performance curvef a centrifigal compressor sfws the relationship ofolume fow of refrigerant\olr
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and its head lifAp or compressionficiency n, at thatvolume fbw. It is assumed that,, for a two-
stage compressor is equal to dverage of thewo single-stage impellersating a head of their sum.

On the map, the requitesystem head curviedicates the required system head lift at thtime
flow of refrigerant The intersection of the performance v®itand the required system headveuis
called theoperating pointO, P, Q, R, ... as stwn in Figure 9.11.3(h)One of the important operating
characteristics of a centrifal chiller (a centrifgal vapor compression refrigeration system as well) is
that the required system head lift is mainly determined according toffeeedce in condensing and
evaporating pressur®p... = (P.on — Pey)- The pressure losses due to the refrigerant pigitiengs, and
components are mino

In Figure 9.11.3(h)the abscissa is the percentage of desajnme fow of refrigerant,% \7,, or
load ratio; the ordinate is the percentage of design systeh\kkeg or percentage of design temperature
lift (T.,n—Te). Here load ratio LR is dimed as the ratio of the refrigeration load to the design refrigeration
load q,/q, 4. There are three schemes of required system hesadscur

¢ SchemeA — T, = constant and,, = constant
e Scheme B —, = constant and a drop of 2B50f T, for each 0.1 reduction of load ratio

* Scheme G— A reset ofT,, of 1°F increase and a drop of 2Z50f T, for each 0.1 reduction of
load ratio

At desiqn \O/r and system hedd, , n,, = 0.87 As \O/r, load ratio, and required system Hég decrease,
N, drops accordingl

Suge is a unstable operation of a cengg@fucompressor ofan resulting in vibration and noise. In
a centrifugal chille suge occurs when the centrifal compressor is unable t@a&lop a dischae
pressure that satisfies the requirement at the condarmsmtrifugal compressor shoulever be operated
in the suge kegion.

Part-Load Operation. During part-load operationf T, and T, remain constant, thevaporating tem-
peratureT,, tends to increase from the design leatle because there is a greaeporating s'face
and a smaller temperaturdfdrence ,, — T,,). Similarly, T, tends to decrease.

The ratio of actual compressoover input at part load to theoper input at design load may be
slightly higher or éwer than the load ratios, depending on whether the outdodmultets constant or
varying at part load or whether thereig, reset; it also depends on thegcee of drop ofi, at part load.

Specific Conmbls. In addition to generic controls, spfcicontrols for a centrifgal chiller include:

« Chilled water lewving temperaturd,, and reset

¢ Condensewater temperaturé&., control

« On and & of multiple chillers based on actual measured coil load
« Air purge control

» Safety controls Ke oil pressure ow-temperature freezing protection, high condensing pressure
control, motoroverheating, and time delaying

Centrifugal Chillers Incorporating Heat Recoyer A HVAC&R heatrecovery systermonverts waste
heat orwaste cooling fromry HVAC&R process into useful heat and cooliAgheat reovery system
is often subordinate to a parent system, such as a heaemesystem to a centrial chiller.

A centrifugal chiller incorporating a heat oeery system often uses a doubledle condenser in
which water tubes are classified @sver bundles and heatingundles. Heat rejected in the condenser
may be either discihged to the atmosphere through tbedr bundle and coolingawer or used for
heating through the heatityndle A temperature sensor is installed to sense the temperature of return
hot water from the heating coils in the perimeter zén®DC controller is used to modulate a bypass
threeway valve which determines the amount of condengater supplied to the heatifgindle The
tower and heatingundles may be enclosed in the same shellpdfle sheets are required to guide the
water fbws.
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A centrifugal chiller incorporating a heat osery system mvides cooling for the interior zone and
heating for the perimeter zone simultaneously in winter with a highef, Cidiivever, it needs a higher
condensewata-leaving temperaturd,, of 105 to 110F, compared with 95 oreven lower in a cooling-
only centrifigal chiller. An increase of 10 to2PF of the diference T, — T.,) requires an additional
10 to 15% pwer input to the compressd-or a refrigeration plant equipped with multiple chillers, it
is more enmgy dficient and éwer in first cost to &e only part of them equipped with doulbeadle
condensers.

Screw Chillers

A saew chilleror ahelical rotary chilleris a refrigeration machine using aeseicompressor to produce
chilled wate. A factoryfabricated and assembledeserchiller itself is also a sew vapor compression
refrigeration system.

Twin-screw chillers are more widely used than singleeacchillers A twin-screw chiller consists of
mainly a twin-scew compressg a flooded shell-and-tube liquid cooler esporate, a wata-cooled
condense throttling devices, an oil separatoan oil coole piping, and controls as @hin in Figure
9.11.4(a) The construction of twin-sew compressors has already beeweted.For evaporate, con-
dense and throttling evices, they are similar to those in centrifal chillers. Most twin-saw chillers
have a refrigeration capacity of 100 to 1000 tons.

Following are the systems characteristics obsarhillers.

Variable Volume Ratio. The ratio ofvapor refrigerant trapped within the interlobe space during the
intake procesy/, to thevolume of trapped hajas dischegedV,; is called thebuilt-in volume ratioof
the twin-scew compresso¥; = V;,/Vy, or simplyvolume ratig all in ft3.

There arewo types of twin-s@w chiller: fixed andvariablevolume ratio.For a twin-scew chiller
of fixed volume ratipthe isentropic féiciency n;., becomes maximum when the system required
compression rati®, ., = Vi. HereR, com = PeorfPev If Pais > Peorr OVErCOMpression occurs, asosim in
Figure 9.11.4(h)The discheged hot gas expands to match the condensing pressdr@yd < Peon
undercompression occutSigure 9.11.4[d]. A volume of gas at condensing pressure reenters the trapped
volume at the &ginning of the dischge process. Bothver- and undercompression cause a reduction
of Niser

For a twin-scew chiller of variable volume ratipthere arewto slides: a slidingralve is used for
capacity control and a second slide. Bgving the second slide back and forth, the radial diggha
port can be relocatedhis allows variation of suction and discige pressureslels and still maintains
maximum éficiency.

Economize The hermetic motor shell is connected to an intermediate point of the compression process
and maintains an intermediate presqubetweem,,, andp,, Liquid refrigerant at condensing pressure

P.on iS throttled tgo;, and a portion of the liquid flashed intawapa. This causes a drop in the temperature

of the remaining liquid refrigerantodin to the saturated temperature correspondingy Althoudh the
compression in a twin-sew compressor is in continuous progression, the mixinfiashed gas with

the compressedas at the intermediate point actuallyides the compression process intm tstages.

The resulting economizingfect is similar to that of ano-stage compound refrigeration system with

a flash cooler: an increase of the refrigeratiffiacé and a asing of the compressionoprer from @,

- pev) to (pcon - p|)

Oil Separation, Oil Cooling, and Oil InjectionQil entrained in the discinged hot gas enters an oil
separato In the separatpoil impinges on an internal perforatedfsge and is collected because of its
inertia. Oil drops to an oil sump through perforation. It is then cooled by condeatssrin a heat
exchange A heater is often used t@porize the liquid refrigerant in the oil sump teemt dilution

of the oil. Since the oil sump is on the high-pressure side of the refrigeration system, oil is forced to
the rotor bearings and injected to the rotors for lubrication.
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FIGURE 9.11.4 A typical twin-screw chiller: (a) schematic diagram, (b) over-compression, and (c) under-
compression.

Oil slugging is not a problem for twin-screw compressors. When suction vapor contains a small
amount of liquid refrigerant that carries over from the oil separator, often eadeduction it often
has the benefit of scavenging the oil from the evaporator.

Twin-screw compressors are positive displacement compressors. They are critical in oil lubrication,
sealing, and cooling. They are also more energy efficient than reciprocating compressors. Twin-screw
chillers are gaining more applications, especially for ice-storage systems with cold air distribution.
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9.12 Thermal Storage Systems

Thermal Storage Systems and Off-Peak Air-Conditioning Systems

Many electric utilities in the United StatesMe theiron-peak hourdetween noon and 8 p.m. during
summer weekdays, which include the peak-load hoursr@baditioning. Because the capital cost of
a rew power plant is so high, from $1200 to $4000 p#f, lelectric utilities tend to increase theower
output by using customeérthermal enmgy storage (TES) systems, or simply thermal storage systems,
which are much lessxpensve.

A thermal storage systeas slown in Figure 9.12.1(ajnay have the same refrigeration equipment,
like chillers, additional storage tank(s), additional piping, pumps, and corfif@selectric-diven
compressors are operated durirf§peak, partial-peak, and on-peak houtdf-peak hoursare often
nighttime hoursPartial-peak hoursare hours between on-peak arifipeak hours in a weekday24-
hr day-and-nightycle. Chilledwater or ice is stored in tanks toopide cooling forbuildings during
on-peak hours when higher electric demand and electric rateffesive Although thermal storage
systems operate during nighttime when outdoor dry andowbs are dwer, they are not necessarily
enagy sving due to bwer evaporating temperature, additional pungwpr, and enggy lossesThermal
storage systems significantly reduce the electricggneost.

Utilities in the United States often use higher electric demand and rates as well ageirEnis to
encourage the shift of electric load from on-peakftepeak hours by using thermal storage systems
and others. Such a shift not onlgvas expensve capital costbut also increases the use of base-load
high-€ficiency coal and nuclear plants instead offfiséent diesel andjas turbine plants.

The ai-conditioning systems that operate duririfyjpeak and partial-peak hours for thermal storage,
or those that use mainly natugas to povide cooling toavoid higher electric demand and rates during
on-peak hours, are calleoff-peak ai-conditioning systemsThese systems include ice-storage and
chilled-water storage systems, desiccant cooling systems, absorption systeges andine chillers.

Absorption chillers and desiccant cooling systems avered in other sections. Gas enginaxein
reciprocating chillers are often a cogeneration plant with heatescfrom engine jaet andexhaust
gas, and will not beavered here.

Full Storage and Partial Storage

Ice and chilledwater storage systems are the® tmost common thermal engy storage systems toda
Knebel (1995) estimated that more than 4000 cool storage systems are operatisdisncommercial
buildings.

The unit of stored thermal emyy for cooling is ton-how or ton.l. Oneton.hris the refrigeration
capacity of one refrigeration ton during a 1-hr period, or 12,000 Btu.

In order to acleve minimum lifeeycle cost, thermal storage systems could be either full storage or
partial storageFor afull-storage or load shift,thermal storage system, all refrigeration compressors
cease to operate during on-peak hours. Building refrigeration loads are erffsetyby the chilled
water or brine from the thermal storage system within an on-peak periagattial storage or load-
leveling thermal storage system awsh in Figure 9.12.1(b) all or some refrigeration compressor(s)
are operated during on-peak hours.

Direct coolingis the process in which refrigeration compressors produce refrigeration to cool the
building directly. During a specific time inteal, if the cost of direct cooling i®Wer than the stored
enggy, the operation of a thermal storage system is said to dfgller priority. On the contra; if the
cost of direct cooling is higher than the cost of storedygnthe operation is said to beséorage priorit.

The optimum size of a thermal storage system is mainly determined according to the eldiiric
rate structure, especially a time-of-day structure whose electric ratesffarentlibetween on-peak,
partial-peak, andfépeak hours. Not only the design daynstantaneousuilding peak cooling load is
important,but also an hauby-hour cooling load profile of the design day is required for thermal storage
design A simple payback or a lifeycle cost analysis is usually necegsar
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FIGURE 9.12.1 A brine-coil ice-storage system: (a) schematic diagram, (b) partial-storage time schedule, (c) ice
making, and (d) ice burning.

Ice-Storage Systems

System Characteristics

In an ice-thermal-storagesystem, or simply afce-storagesystem, ice is stored in a tank or other
containers to provide cooling for buildings in on-peak hours or on- and partial-peak hours. One pound
of ice can store [(¥ 144) + (55 — 35)] = 164 Btu instead of (60 — 44) = 16 Btu for chilled water storage.
For the same cooling capacity, the storage volume of ice is only about 12% of chilled water. In addition,
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an ai-conditioning system using ice storage often adopts cold airbdisbm to supply conditioned air
at a temperature typically ad4. Cold air distribution reduces the size ofraide equipment, ducts,
and nvestment as well akan enegy use. It also immves the indoor air quality of the conditioned
space. Since the late 1980s, ice storageghmed more applications than chillacter storage.

Brineis a coolant without freezing afidshing during normal operatiohhe freezing point of brine,
which has a mass fraction ohglene glycol of 25%, drops to0iF, and a mass fraction of pyene
glycol of 25% drops to3°F. Glycol-wate, when glycol is dissekd inwate, is another coolant widely
used in ice-storage systems. Ice crystals are formed in ghatel-when its temperature dropsdvel
its freezing point during normal operation.

In an ice-storage systenice makingor charging is a process in which compressors are operated to
produce icelce burning or dischaging, is a process in which ice is melted to cool the brine or glycol-
water to dfset refrigeration load.

Brine-Coil Ice-Storage SystemsCurrently used ice-storage systems include brine-coil, iceshtr,
and ice-on-coil system#ccording to Knebel (1995), the brine-coil ice-storage system is most widely
used today because of its simplicitexibility, and reliability as well as using modular ice-storage tanks.
In a typical brine-coil ice-storage system, ice isrghd in multiple modulafactoryfabricated storage
tanks as sbwn in Figure 9.12.1(a)ln each storage tank, closely spaced pbjjene or plastic tubes
are surrounded byate. Brine, a mixture of 25 to 30% oftgtene glycol by mass and 70 to 75%4te,
circulates inside the tubes at an entering temperaturd®bfdliring the ice-making proceghe water
surrounding the tubes freezes into ice up to a thickness of about 1/2 imwasishrigure 9.12.1(c)
Brine leaves the storage tank at aboutRBONater usually at atmospheric pressure is separated from
brine by a plastic tubwall. Plastic tubes ocpy about one tenth of the tanklume, and another one
tenth remains empty for trexpansion of ice. Multiple modular storage tanks dveags connected in
parallel.
During the ice-melting orburning process, brine returns from the cooling coils in théaidling
units (AHUs) at a temperature 064 or highe. It melts the ice on the outer &are of the tubes and
is thus cooled to a temperature of 34 6F3 as sbwn in Figure 9.12.1(d)Brine is then pumped to
the AHUs to cool and dehumidify the aigain.

Case Study of a Brine-Coil Ice-Storage SystdmTadkett (1989), a brine-coil ice-storage system cools
a 550,000-f office building near DallasTX, as slown in Figure 9.12.1(a)Ethylene glycolwater is
used as the brin@here arewo centrifugal chillers, each of theraiing a refrigeration capacity of 568
tons when 3% brine is produced with aower consumption of 0.77 kWi/ton for direct coolifighe
refrigeration capacity drops to 425 tons 42 brine leves the chiller with a gver consumption of
0.85 kWi/ton A demand-limited partial storage is used, asshin Figure 9.12.1(h)During on-peak
hours, ice is melted; at the same time one chiller is also opefHt@gystem uses 90 brine-coil modular
storage tanks with a full-chged ice-storaged capacity of 7500 ton.h

For summer cooling, the weekday®l-hr day-and-nightycle is dvided into three periods:

« Off peak lasts from 8 p.moAHU'’s start the ext morning. Ice is chrged at a maximum capacity
of 650 tonsThe chillers also mvide 200 tons of direct cooling for refrigeration loads that operate
24 hr continuoust

 Direct cooling lasts frm AHU'’s start until noon on weekdays. Chillers are operated for direct
cooling. If required refrigeration loaekceeds the chilletscapaciy, some ice storage will be
melted to supplement the direct cooling.

* On peak lasts from noon to 8 p.m. Icéusning with one chiller in operation. During ibarning,
water separates the tube and Water has a muctower thermal conduitity (0.35 Btu/h.ft.°F)
than ice (1.3 Btuftift.°F). Therefore, the capacity of a brine-coil ice-storage system is dominated
by the iceburning.
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Ice-Harvester Ice-Storage Systemis anice-harvestersystem, glycolwater fows on the outside su
face of theavaporator and forms ice sheets with a thickness of 0.25 to 0.40 in. within 20 to 30 min. Ice
is hawvested in the form of fles when hot gas isofking inside the tubes of theaporator during a
time intewval of 20 to 30 sec. Ice ftasfall to the glycolwater in the storage tank bel The glycol-
water at a temperature of ‘¥is then supplied to the cooling coils AHUs for conditioning After
cooling and dehumidifying the raiglycol-water returns to the storage tank at a temperature of 50 to
60°F and is again cooled to 3 again.

Ice hawesting is an intermittent process. It hayee loss due to haesting of about 15%. In addition,
because of its operating corexity and maintenance, its applications are more suitable fge lae-
storage systems.

Ice-on-Coil Ice-Storage Systemé$n an ice-on-coil system, refrigerantegaporated in the coils sub-
merged inwater in a storage tank. Ice of a thicknessarogeding 0.25 irbuilds up on the outer siaice
of the coils The remainingvater in the storage tank is used for coolindHUs. Ice-on-coil systems
need lage amounts of refrigerant aige and are lesseflible in operationThey are usually used in
industrial applications.

Ice-in-Containers Ice-Storage Systemse-in-containers ice-storage systems store ice in enclosed con-
tainers. Brine circulatingver the containers produces the ice inside containers. @dtgph control
of the ice nventory inside the containers limits the application of the ice-in-containers systems.

Chilled-Water Storage Systems

Basics

Chilled-water storagaises the samaater chiller and a similar coolant disution systemexcept for
additionalwater storage tanks and corresponding piping, additional storage pumps, and.ctmtrols
larger the chilledwater storage system, thaver the installation cost per ton.hr storage capacit

Various types of storage tanks had been used in chiliéer storage systems during the 1970s
diaphragm tank uses a rubber diaphragm to separate the coldemienerwate. Bafles dvide the
tank into cells and compartmen®day, stratified tanks dwve become the most widely used chilled-
water storage systems because of their simpliciv cost, and egligible difference in loss of cooling
capacity between stratified tanks and other types of storage tanks.

During the storage of chilledate, the loss in cooling capacity includes direct mixing, heat transfer
betweenwarmer return chilledvater and colder stored chilledate, and also heat transfer between
warmer ambient air and coldesater inside the tankAn enthapy-based easily measured axdcalled
figure of merit(FOM) is often used to indicate the loss in cooling capacity during chilledr storage.
FOM is defined as:

FOM = q,,/d,, (9.12.1)
where g4 = cooling capacityavailable in the dischge process, Btu/hr
0., = theoretical cooling capacitgvailable during chaing process, Btu/hr

Chaging is the process of filling the storage tank with colder chilater from the chille At the
same timewarmer return chilledvater isextracted from the storage tank and pumped to the chiller for
cooling.

Dischaging is the process of disciging the colder stored chilledater from the storage tank to
AHUs and terminals. Meanwhile, tlvearmer return chilledvater from tke AHUs and terminals fills
the tank.

StratifiedTanks. Stratifid tanksutilize thebuoyarncy of warmer return chilledvater to separate it from
the colder stored chillediater during chiging and disch@ing, as sbwn in Figure 9.12.2(a)Colder
stored chilledwater is &vays chaged and disclrged from bottom dfusers, and thevarmer return
chilled water is introduced to and withaivn from the top dfusers.
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Chilled-water storage tanks are usual@rticalcylinders and oftendve a height-to-diameter ratio of
0.25:0.35. Steel is the most commonly used material foreaprade tanks, with a 2-in.-thick spray-on
polyurethane foam, wapor barrie and a highly refledte coating. Concrete, sometimes precast, pre-
stressed tanks are widely used for ugdsund tanks.

A key factor to reduce loss in cooling capacity during chilkeder storage is to reduce mixing of
colder andvarmerwater streams at the inlet. If thelocity pressure of the inlet stream is less than the
buoyarcy pressure, the entering colder stored chileder at the bottom of tank will stratifRefer to
Wands handbook (1993) and Knebel (1995) for details.

A thermoclinds a stratifiedegion in a chilledwater storage tank of which there is a steep temperature
gradient as shwn in Figure 9.12.2(h)Water temperature ofteraries from 42F to about 68F. Tha-
mocline separates the bottom colder stored chillegtr from the topvarmer return chilleavate. The
thinner the thermocline, thewer the mixing loss.

Diffusers and symmetrical connected piping are usedetay distrbute the incomingvater streams
with suficient low velocity, usually bwer than 0.9 ft/sec. Inlet stream from bottorfiudiers should be
downward and from the top flusers should be ward or horizontal.

Field measurements indicate that sfredi tanks bve a FOM between 0.85 to 0.9.
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9.13 Air System Basics

Fan-Duct Systems

Flow Resistance

Flow resistances a property of fluid édw which measures the characteristics @iba passage resisting
the fluid fow with a corresponding total pressuresldg, in in. WG, at a specifiwolume fbw rate V,
in cfm:

Ap = RV?2 (9.13.1)

where R = fbw resistance (inWG/(cfm)).
For a duct system that consists eferal duct sections connected in seriesflits resistance Rin
in. WG/(cfm}, can be calculated as

R=R+R+..+R (9.13.2)

where R, R,, ... R, = flow resistance of duct section 1, 2, ... n in the duct systeriV@y(cfm}).
For a duct system that consists efexal duct sections connected in parallelflite resistance R
in in. WG/(cfmp, is:

YR =V R+ R +. .+ R, (9.13.3)

Fan-Duct System

In afan-duct systeafan or gveralfans are connected to dweotrk or ductvork and equipmeniThe
volume fbw and pressure loss characteristics of a duct system can be described by its performance
curve, calledsystem curveand is described byp = RV2.
Anair systenor an air handling system is a kindfah-duct system. In addition, an outdgentilation
air system to supply outdowentilation ai, anexhaust system texhaust contaminatedraand a smke
control system to pwide fire protection are all air systems, thatffés-duct systems.

Primary, Secondary, and Transfer Air

Primary air is the conditioned air or keap ai. Secondary air is often the induced spacepdnum

air, or recirculating ai Transfer air is the indoor air thatores to a conditioned space from an adjacent
area.

System-Operating Point

A system-operating poinhdicates the operating condition of an air systerfanrduct system. Since

the operating point of g&an must lie on théan performance cue, and the operating point of a duct
system on the system ey, the system operating point of an air system must be the intersection point
P, of thefan performance cue and system cue as sbwn in Figure 9.13.1(a)

Fan-Laws

For the same air system operated at spegdadn, both in rpm, their relationshigf oV volume fbw
rate, in cfm, system total pressure loss, i@, andfan pwer input, in hp, can bexpressed as

\72/\71 = n2/nl
Bp,/Bp, = (n,/n)"(p,/.) (9.13.4)

R,/P, = (n,/n) (p2/Py)

© 1999 by CRC Press LLC



Air-Conditioning and Refrigeration 9-121

where p = air density (Ib/f). Subscripts 1 and 2 indicate the original and the changed operating
conditions.For air systems that are geometrically and dynamically similar:

\72/\71 = (DZ/Dl)s(nZ/nl)
Bp, /8p, = (D,/D,) (n,/my) (p, /) (9.13.5)
R,/R, = (D,/D,)’(n,/n) (e, /py)

where D = diameter of the impeller (ft).

Geometrically similar means thatd systems are similar in shape and construckontwo systems
that are dynamically simitathey must be geometrically similaand in addition, theivelocity distri-
bution or profile of fluid fbw should also be simitawhen fluid fows in the air systems are at high
Reynolds numbe such as Re > 10,000, the#locity profiles can be considered similar to eachrothe

System Effect

The systemféect Ap,, in in. WG, of an air system is its additional total pressure loss causedmnun
or nonuniformvelocity profile at thdan inlet, or at duct fittings aftéan outlet, due to the actual inlet
and outlet connections as compared with the total pressure lossfahttest unit during laboratory
ratings The selectedan total pressure which includes the systéfeceAp,, in in. WG, as sbwn in
Figure 9.13.1(a)can be calculated as

Apts = pr + Apse = Aps/ + Apsi + Apso
(9.13.6)
2 2
= Ap,, +C,; (v, /4005)” + C_,(v,,/4005)

where Ap,, = calculated total pressure loss of the air systerdyG
Ap,;, Ap,, = fan inlet and outlet systenffect loss, h WG
C.» C., = local loss cofficient of inlet and outlet systenifect, in WG
Vi, Vi, = Velocity atfan inlet §an collar) andan outlet, fpm

Both G; and G, are mainly #ected by the length of connected duct between thefidtioy andfan
inlet or outlet, by the configuration of the duct fitting, and by thevelocity at the inlet or outlet.
Because y and v, are often the maximumaelocity of the air system, systenffext should not be
overlodked According b AMCA Fan and Systems (1973), a squar@eltheight to turning radius ratio
R/H = 0.75) connected tofan inlet with a connected duct length of 2(Bguvalent diameter) and,;v
= 3000 fpm may &ve a 0.67 inWG Ap,, loss. Referd AMCA Fan and Systems (1973} Wands
handbook (1993) for details.

Modulation of Air Systems

Air systems can be clafigd into o cakgories according to their operatinglume fbw: constant
volume andvariable-ai-volume systemsThe volume fbw rate of aconstant volume systeramains
constant during all the operating time. Its supply temperature is raised during paFoloadariable-
air-volume(VAV) systemijts volume fbw rate is reduced to match the reduction of space load at part-
load operationThe system pressure lossa¥AV system can beidded into tvo parts:variable part
Ap,, andfixed partAp;,, which is the set point of the duct static pressure control aensim Figure
9.13.1(b) and (c)The modulation curveof a VAV air system its its operating au@r, or the locus of
system operating points when Wtslume fbw rate is modulated at full- and part-load operation.
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FIGURE 9.13.1 Air system \O/ Ap, performance: (a) system operating point and system effect, (b) modulation
curve, and (c) damper, inlet vanes, and fan speed modulation.

The volume flow and system pressure loss of an air system can be modulated either by changing its
fan characteristics or by varying its flow resistance of the duct system. Currently used types of modulation
of volume flow rate of VAV air systems are

1. Damper modulatioruses an air damper to vary the opening of the air flow passage and therefore
its flow resistance.

2. Inlet vanes modulatiomaries the opening and the angle of inlet vanes at the centrifugal fan inlet
and then gives different fan performance curves.

3. Inlet cone modulationaries the peripheral area of the fan impeller and therefore its performance
curve.

4. Blade pitch modulatiowvaries the blade angle of the axial fan and its performance curve.

5. Fan speed modulationsingadjustable frequency AC drivearies the fan speed by supplying a
variable-frequency and variable-voltage power source. There are three types of AC drives: adjust-
able voltage, adjustable current, and pulse width modulation (PWM). The PWM is universally
applicable.
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Damper modulatiowastes engy. Inletvanes aredw in cost and are not so ege dficient compared
with AC diives and inlet cones. Inlet cone is eqiensve and is suitable for baalard cured centrifugal
fans. Blade pitch modulation is egg dficient and is mainly used fmane and thular axialfans AC
drive is the most emgy-efficient type of modulation;dwever, it is expensve and often considered cost
effective for air systems usingrige centrifugafans.

Example 9.13.1
A multizore VAV system equipped with a centrifal fan has the folwing characteristics:

\ol(cfm) 5,000 10,000 15,000 20,000 25,000

Ap, in.WG  4.75 4.85 4.83 4.60 4.20
P hp 17.0 18.6 20.5 21.2

At design condition, it has wlume fow rate of 22,500 cfm andfan total pressure of 4.45.WG.
The set point of duct static pressure control is 1.20ViG.

When thg VAV system is modulated by inleanes to 50% of desigrofl, its fan performance cues
show the following characteristics:

V (cfm) 5000 10,000 11,250

Ap, in. WG 3.6 25 21
P hp 7.5 7.8

Determine thdan pwer input when dampeinlet vanes, 0 AC drive fan speed modulation is used.
Assume that thé&n total &iciency remains the same at design condition wherighespeed is reduced.

Solutions

1. At 50% design fiw, thevolume fbw of thisVAV system is (b x 22,500 = 11,250 cfnThe flow
resistance of theariable part of tle VAV system is

R, =Ap,, = RV? =(4.45-1.20)/(22,500)% = 6.42 x 10° in. WG/(cfm)?
When damper modulation is used, the system operating point Q must be the intersection of the
fan cuve and the system awg that has a higherofi resistance and V = 11,250 cfm. From
Figure 9.13.1(g)at point Q, thédan pwer input is 17.0 hp.

2. From the @ven information, when inletane modulation is used, tfien pwer input is 7.8 hp.
3. The total pressure loss of thariable part of ta VAV system at 50%olume fbw is

Ap,, =R, V2 =6.42x107°(11,250)° = 0.81in. WG

FromFigure 9.13.1(g)since theéfan pwer input at design condition is 21.2 hp, therfais total
efficiency is:

N, = VAp, /(6356Pf) = 22,500 x 4.45/(6356 x 21.2) = 74.3%

Thefan pwer input at 50% desigwlume fbw is:

P = VAp, / (6356n, ) = 11,250(0.81 +1.20)/(6356 x 0.743) = 4.8 hp

Damper modulation has a egg waste of (17 — 4.8) = 12.2 hp
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Fan Combinations in Air-Handling Units and Packaged Units
Currently usedan combinations in ehandling units (AHUs) and packaged units (PUsgépt dual-
duad VAV systems) are slwvn in Figure 9.13.2(a), (b), and (c)

Constant
Supply volume Relief Supply Exhaust
f

an \ exhaust fan / fan f an fan \

erJ( k%ru
o»I m — (O 1%y - O%I eav] - g
=~ | -~ & A %

r r
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FIGURE 9.132 Fan combinations: (a) supply aeghaust fan, (b) supply and relief fan, and (c) supply and return
fan.

Supply and Exhaust Fan/Barometric Damper Combination

An air system equipped with a single supfay and a constanblume exhaustfan, or a supplyan
and a barometric damper combination asashin Figure 9.13.2(g)is often used itbuildings where
there is no return duct or the pressure loss of the return doet &rl all-outdoor air economizeycle
is usually not adopted due to tberemely high space pressurfe barometric relief damper is often
installed in or connected to the conditioned spaceageptexcess$vely high space pressuMhen the
space-posite pressurexerted on the barometric damper is greater than the weight of its damper and/or
a spring, the damper is opened andetmess$ve space pressure is esied.

Considera VAV rooftop packaged system using a sudly and a constamntblume exhaust system
to sewe a typical floor in anffice building. This air system has the folling design parameters:

During minimum outdoowentilation airrecirculating modeat summer desiguolume fow and at
50% of desigrnvolume fbw, the outdoor damper is at its minimum openifige recirculating damper
is fully openedThe outdoor air intee at the PU must be approximately equal toettiiftration at the
conditioned space due to the pogtspace pressure, fin in. WG. By using the iteration method, the
calculated pressure characteristics and the correspovalinge fow rates are stwn bebw:
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Supplyvolume fbw rate: 20,0 cfm
Total pressure loss: Across the recirculating damper 0.1in WG
Filter and coils 25in WG
Supply main duct 0.85 in WG
Return system between point r and 1.2 in WG
Effective leakage area on tibeilding shell 3.35f¢
Minimum outdoorventilation air 3000 cfm
Space pressure at desigowf +0.05 in WG
Point o m r ru
Design fow:
p,in. WG 0 -020 +0.05 -0.15

V, cfm 3,000 20,000 20,000 17,000
50% design:

p,in. WG 0 -0.092 +0.0225 -0.052

V, cfm 2,025 10,000 10,000 7,975

Here, o represents outdpon the mixing box, r the space, and ru the recirculating air inlet to the PU.
When the supplyolume fbw is reduced from the desigolume fbw to 50% of design dw during

the recirculating mode, the total pressure in the mixing box increases from —0.20 to —-/@32aind

the outdoor air intee reduces from 3000 to 2025 cfm. ReferWwandgs (1993)Handbook & Air

Conditioning and Refrigeratiofor details.

Supply and Relief Fan Combination

Figure 9.13.2(byhows the schematic diagrams of an air system of sifpplgnd reliefan combination.
A relief fan is used to redve undesirable high posie space pressure laxtracting space air and
relieving it to the outside atmosphererelief fan is dways installed in the relidfow passage after the
junction of return fhw, relief flow, and recirculating éw passage, point ru. It is usually egized only
when the air system is operated in air economizer mpdelief fan is often an axidlan. Since the
relief fan is not engized during recirculating mode operation, ¥oéume fbw and pressure characte
istics of a supplyan and reliefan combination are the same as that in a single stgopnd barometric
damper combination whendh have the same design parameters.

During air economizer mode, the outdoor air damper(s) are fully opened and the recirculating damper
closed The space pressurep+0.05 in WG is maintained by modulating the relfeh speed or relief
damper openingThe pressure aneblume fbw characteristics of a supply and relfah combination
at designvolume fbw and 50% of designdiv are as folbws:

Point 0 m r ru
Design fow:
p,in. WG 0 -0.20 +0.05 -0.15

V, cfm 20,000 20,000 20,000 17,000

Point 0 m r ru

50% design:
pin. WG 0 -0.057 +0.05 +0.007
V,cfm 10,000 10,000 10,000 7,000

Supply Fan and Return Fan Combination

A return fanis dways installed at the upstream of the junction of return, recirculatingexaadst fow
passage, point ru asetm in Figure 9.13.2(c)A supply and returfian combination has similar pressure
andvolume fbw characteristics as that of a supply and rdief combinationgexcept a higher total
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pressure at point ru. If the retuigm is improperly selected and hasescess$ve fan total pressure, total
pressure at point m may be posgt There will be no outdoor inka at the PU 0AHU, and at the same
time there will also be aegaive space pressure and an infiltration to the space.

Comparison of These Three Fan Combination Systems

A supplyfan and barometric damper combination is simpler ancelggnsve. It is suitable for an air
system which does not operate at air economizer mode anddwapr@s$sure drop in the return system.
For those air systems whose pressure drop of return systemescaetling 0.3 inWG, or there is
a considerable pressure drop in reliefeginaust fow passage, a supply and relfah combination is
recommended-or air systems whose return system has a pressuredregding 0.6 inWG, or those

requiring a egaive space pressure, a supply and retamcombination seems more appropriate.

Year-Round Operation and Economizers

Consider a typical single-duwAV reheat system to sar a typical floor whose indoor temperature is
75°F with a relatve humidity of 50%, as skwn in Figure 9.13.3(a) During summe the df-coil
temperature is 5%. The yearound operation of this air system can bad#d into four egions on the
psychrometric chart, as @lin in Figure 9.13.3(h)

* Region | — Refrigeration/evaporative codglirin this egion, the enthaly of the outdoor air h
is higher than the enttm of the recirculating air fy h, > h,. It is more engy dficient to
condition the mixture of recirculating air and minimum outdoar ai

« Region Il — [ee cooling andefrigeration In this egion, h, < h,,. It is more enmgy dficient
and also pvides better indoor air quality &xtract 100% outdoor gi
« Region Il — Fee cooling evaporative cooling, amefrigeration In this egion, extract 100%

outdoor air for free cooling becausg<hh,,. Useevaporatve cooling and refrigeration to cool
and humidify if necessgr
* Region V —Winter heating Maintain a 58F supply temperature by mixing the recirculating air
with the outdoor air until the outdoor air is reduced to a mininvaioe. Povide heating if
necessat
An economizer is aatice consisting of dampers and control that uses the free cooling capacity of

either outdoor air oevaporaively cooledwater from the coolingotver instead of mechanical refrige
ation An air economizer uses outdoor air for free coalifigere arewo kinds of air economizers:
enthapy-based, in which the enthpgl of outdoor and recirculating air is compared, and temperature-
based, in which temperature is comparedvater economizer usesaporaively cooledwate.

Fan Energy Use

For an air systenfan enegy use for each cfm of conditioned air supplied fromARUs and PUs to
the conditioned space within a certain time periadyicfm, can be calculated as

W/cfm = 0.11754p,, /(n,n,,) (9.13.7)
where Ap,, = mean system total pressure loss during a certain time periaiGn
n¢ = fan total &iciency
N, = combined motor and e (direct dive or belt dive) dficiency

For an air system using a separate outdemtilation system, it§an enegy use, m W/cfm, is then
calculated as

W/cfm = (1+ Rls)[o.mspr /(nfnm)] (9.13.8)
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FIGURE 9.13.3 Year-round operation, discharge air temperature, and duct static pressure control for a VAV reheat system: (a) contrdbjlipgaamqund
operation, and (c) discharge air temperature control output diagram.
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FIGURE 9.13.3bc

where R = ratio of outdoor air volume flow rate to supply volume flow rate.

Outdoor Ventilation Air Supply
Basics

« An adequate amount of outdoor ventilation air supply is the key factor to provide acceptable
indoor air quality (IAQ) for a conditioned space. Although an inadequate amount of outdoor
ventilation air supply causes poor I1AQ, an oversupply of outdoor ventilation air other than in an
air economizer cycle is often a waste of energy.

¢ According to local codes and ANSI/ASHRAE Standard 62-1989, the minimum outdoor ventilation
rate for each person must be provided at the outdoor air intake of AHU or PU, or by an outdoor
air ventilation system. If the minimum outdoor ventilation air rate is reduced by using higher
efficiency filters to remove air contaminants in the recirculating air, then indoor air contaminant
concentration must be lower than the specified level in ANSI/ASHRAE Standard 62-1989.

« For a multizone air system, although the ratio of outdoor ventilation air rate to supply air volume
flow rate required may be varied from zone to zone, the excessive outdoor air supply to a specified
zone will increase the content of unused outdoor air in the recirculating air in AHU or PU. This
helps to solve the problem in any zone that needs more outdoor air.

 Since the occupancy in many buildings is often variable and intermittent, a demand-based variable
amount of outdoor ventilation air control should be used instead of time-based constant volume
outdoor ventilation air control, except during the air economizer cycle.
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« Carbon dioxide (CQ is a gaseous body effluent. Ci® an indicator of representative odor and
an indicator of adequate outdoor ventilation rate at specific outdoor and indoor air concentration
in a control zone at steady state. For most of the comfort air-conditioning systems, it is suitable
to use CQ as a key parameter to control the intake volume flow rate of outdoor ventilation air
to maintain an indoor CQconcentration not exceeding 800 to 1000 ppm in a critical or repre-
sentative zone. As mentioned in Section 9.5, Persily (1993) showed that the actual measured
indoor daily maximum C@concentration levels in five buildings were all within 400 to 820 ppm.

If a field survey finds that a specific indoor air contaminant exceeds a specified indoor concentration,
then a gas sensor for this specific contaminant or a mixed gas sensor should be used to control this
specific indoor concentration level.

Types of Minimum Outdoor Ventilation Air Controllhere are four types of minimum outdoor venti-
lation air control that are currently used:

« Type | uses a COsensor or a mixed gas sensor and a DDC controller to control the volume flow
rate of outdoor ventilation air for a separate outdoor ventilation air system on the demand-based
principle.

« Type Il uses a COor mixed gas sensor and a DDC controller to control the ratio of the openings
between outdoor and recirculating dampers and, therefore, the volume flow rates of outdoor air
and recirculating air in AHUs or PUs on the demand-based principle.

¢ Type Il uses a flow sensor or a pressure sensor and a DDC controller to control the openings of
outdoor and recirculating dampers to provide a nearly constant volume outdoor air intake in VAV
AHUs or VAV PUs.

« Type IV adjusts the opening of the outdoor damper manually to provide a constant volume of
outdoor air in constant-volume AHUs and PUs. If the outdoor intake is mounted on the external
wall without a windshield, the volume flow of outdoor ventilation air intake will be affected by
wind force and direction.

Type | is the best minimum outdoor ventilation air control for the air system. For a VAV system, it
is expensive. Type Il is a better choice. Type Ill is more complicated and may cause energy waste. Type
IV has the same result as Type Ill and is mainly used in constant-volume systems.

Outdoor intake must be located in a position away from the influence of exhaust outlets. Fans, control
dampers, and filters should be properly operated and maintained in order to provide a proper amount of
outdoor ventilation air as well as an acceptable 1AQ.
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9.14 Absorption System

Absorption systems use heat ggyeto produce refrigeration as well as heating if it is requiéater
is the refrigerant and aqueous lithium bromide (LiBr) is widely used as the carrier to absorb the refrigerant
and povide a higher cdé&cient of performance.

The mixture ofwater and anhydrous LiBr is calledlution The composition of a solution is usually
expressed by its mass fraction, or percentage of, ldBen callecconcentrationWhen thewatervapor
has boiled & from the solution, it is callkconcentration solutionlf the solution has absorbed the
watervapa, it is calleddiluted solution.

Absorption systems can bévidled into the folbwing caggories:

¢ Absorption chillersuse heat emgy to produce refrigeration.
< Absorption chiller/heateruse direct-fired heat input togeide cooling or heating separatel

e Absorption heat pumpxtract heat ermgy from theevaporate, add to the heat input, and release
them both to the havater for heating.

« Absorption heat transformgraise the temperature of thaste heat source to a requiredel.

Most recently installed absorption chillers use difeetd natural gas as the heat source imyma
locations in the United States where there are high electric demand and electric rate at on-peak hours.
Absorption chillers also are free from CFC and HCR@ enegy cost analysis should be done to
determine whether an electric chiller ogas-fired absorption chiller is the suitable choice.

Absorption heat pumpsabe only limited applications in district heating. Most absorption heat
transformers need industriaiaste heat. Both of them will not bevered here.

Double-Effect Direct-Fired Absorption Chillers

Figure 9.14.1(ajhows a double-ect direct-fired absorption chileDouble effectmeans that there are
two generatorsDirect fred means that gas is directly fired at the generator instead of using steam or
hot wate. A single-dfect absorption chiller using steam as the heat input to its single generator has a
COP only from 0.7 to 0.8, whereas a doulffea direct-fired absorption chiller has a COP approxi-
mately equal to 1 and therefore is the mot widely used absorption chiller in the United Statas for n
and retrofit projects togaThe refrigeration capacity of doubléext direct-fired absorption chillers
varies from 100 to 1500 tons.

A double-éfect direct-fired absorption chiller mainly consists of theofelhg components and
controls:

< Evaporator— An evaporatoris comprised of a tubbundle, spray nozzles, water trough, a
refrigerant pump, and an outer shell. Chillgdter fows inside the tube#\ refrigerant pump
sprays the liquid refrigerartver the outer sfiace of the tubeébundle for a higher rate of
evaporation A water trough is located at the bottom to maintawater evel for recirculation.

e Absorber — In arabsorbe, there are tubbundles in which coolingvater fows inside the tubes.
Solution is sprayedver the outer sfiace of the tubbundle to absorb theatervapa. A solution
pump is used to pump the diluted solution to the beatanger andolv-temperature generato

« Heatexchangers— There arewo heatexchangersiow-temperatee heat exchangen which
the temperature of hot concentrated solutiorougel, andhigh-temperatte heat exchangen
which the temperature of hot concentrated solution is hidgheboth heaexchangers, heat is
transferred from the hot concentrated solution to the cold diluted solution. Shell-and-tube or plate-
and-frame heagxchangers are most widely used for their higtitgctiveness.

« Generators —Generatorsare also callediesorbers In thedirect-fred generatng there are the
fire tube, flue tubeyapor/liquid separatpand flue-gas economizéieat is supplied from thgas
burner or othewaste heat sourc&he low-temperatte generatoiis often of the shell-and-tube
type The watervaporvaporized in the direct-fired generator is condensed inside the Tuiees
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FIGURE 9.14.1 A double-effect direct-fired reverse-parallel-flow absorption chiller: (a) schematic diagram
(reprinted by permission from the Trane catalog) and (b) absorption cycle.

latent heat of condensation thus released is used to vaporize the dilute solution in the low-
temperature generator.
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« Condenser— A condenser is usually also of the shell-and-tube type. Coulaigr from the
absorber fiws inside the tubes.

« Throttling cevices — Orifices andalves are often used as throttlingyides to reduce the pressure
of refrigerant and solution to the requirealues.

« Air purge unit — Since the pressure inside the absorption chiller as limospheric pressure,
air and other noncondensalgases will leak into it from the ambient.a@\n air purge unitis
used to rerave these noncondensalgises from the chilteA typical air puge unit is comprised
of a pickup tube, a pge chambe a solution spmg cooling water tubes, aacuum pump, a
solenoidvalve, and a manual shuffosalve.

When noncondensabimses leak into the systemegttend to migrate to the absorber where pressure
is lowest. Noncondensabtgses andvatervapor are piked from the absorber through the pickup tube.
Watervapor is absorbed by the solution spray and returned to the absorber through a liquid trap at the
bottom of the prge chambe Heat of absorption is reswed by the coolingvater inside the tubes.
Noncondensablgases are theavacuated from the chamber periodically byacuum pump to the
outdoor atmosphere.

Palladium cells are used to continuously tema small amount dfydrogen that is produced due to
corrosion. Corrosion inhibitorskié lithium chromate are needed to protect the machine parts from the
corrosve dfect of the absorbent when air is present.

Absorption Cycles, Parallel-, Series-, and Reverse-Parallel Flow

An absorptioncycle stows the properties of the solution andvgsiation in concentrations, temperature,
and pressure during absorbing, heathanging, and concentration processes on an equilibrium chart
as slown in Figure 9.14.1(h)The ordinate of the equilibrium chart is the saturated temperature and
pressure ofvatervapa, in °F and mm Hg absThe abscissa is the temperature of the solutiofk-.i
Concentration lines are incline liné the bottom of the concentration lines, thera @ystallization
line or saturation line If the mass of fraction of LiBr in a solution which remains at constant temperature
is higher than the saturated condition, that part of E8eeding the saturation condition tends to form
solid crystals.

Because there are/d generators, thediv of solution from the absorber to generators can be in series
flow, parallel fow, or reverse-parallel &w. In a series-fiw system, the diluted solution from the absorber
is first pumped to the direfited generator and then to tloevitemperature generatdn a parallel-tbw
system, diluted solution is pumped to both diféetd and dw-temperature generators in parallel. In a
reverse-parallel-w system as shvn in Figure 9.14.1(g)diluted solution idirst pumped to theol-
temperature generatdfter that, the partly concentrated solution is then sent to the diiredtgenerator
as well as to the intermediate point 4 between high- amddmperature heaixchangers in parallel.
At point 4, partly concentrated solutionx@s with concentrated solution from a diréotd generato
A reverse-parallel-tiw system is more ergy dficient.

Solution and Refrigerant Flow

In a typical doublefect direct-fired everse-parallel-w absorption chiller operated at design full load,
water is usuallyevaporated at a temperature @B and a saturated pressure of 6.8 mm Hg abs in the
evaporate. Chilledwater returns from #nAHUs orfan coils at a temperature typicall§’®, cools, and
leaves theevaporator at 4% A refrigeration éfect is produced due to theporization ofwatervapor

and the reraval of latent heat ofaporization from the chilledvate.

Watervapor in theevaporator is themxtracted to the absorber due to iweér vapor pressure. It is
absorbed by the concentrated LiBr solution at a pressure of about 5 mm.HAdtebabsorption, the
solution is diluted to a concentration of 58.6% and its temperature increa$sk {@@nt 1). Most of
the heat of absorption and the sensible heat of the solution ésegérhy the coolingvater inside the
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tube bundle. Diluted solution is then pumped by a solution pump to the low-temperature generator
through a low-temperature heat exchanger.

In the low-temperature generator, the dilute solution is partly concentrated to 60.3% at a solution
temperature of 18 (point 3). It then divides into two streams: one of them is pumped to the direct-
fired generator through a high-temperature heat exchanger, and the other stream having a slightly greater
mass flow rate is sent to the intermediate point 4. In the direct-fired generator, the concentrated solution
leaves at a concentration of 66% and a solution temperature & g@gint 7).

The mixture of concentrated and partly concentrated solution at point 4 has a concentration of 63%
and a temperature of 192 It enters the low-temperature heat exchanger. Its temperature dropSRo 121
before entering the absorber (point 5).

In the direct-fired generator, water is boiled off at a pressure of about 390 mm Hg abs. The boiled-
off water vapor flows through the submerged tube in the low-temperature generator. The release of latent
heat of condensation causes the evaporation of water from the dilution solution at a vapor pressure of
about 50 mm Hg abs. The boiled-off water vapor in the low-temperature generator flows to the condenser
through the top passage and is condensed into liquid water at a temperature of @bantd® vapor
pressure of 47.7 mm Hg abs. This condensed liquid water is combined with the condensed water from
the submerged tube at the trough. Both of them return to the evaporator after its pressure is throttled by
an orifice plate.

Part-Load Operation and Capacity Control

During part-load operation, a double-effect direct-fired reverse-parallel-flow absorption chiller adjusts
its capacity by reducing the heat input to the direct-fired generator through the burner. Lower heat input
results at less water vapor boiled off from the solution in the generators. This causes the drop in solution
concentration, the amount of water vapor extracted, the rate of evaporation, and the refrigeration capacity.
Due to less water vapor being extracted, both evaporating pressure and temperature will rise. Since the
amount of water vapor to be condensed is greater than that boiled off from the generators, both the
condensing pressure and condensing temperature decrease.

Coefficient of Performance (COP)
The COP of an absorption chiller can be calculated as

COP =12,000/q,, (9.14.1)

whereq,, = heat input to the direct-fired generator per ton of refrigeration output (Btu/hr.ton).

Safety Controls
Safety controls in an absorption chiller include the following:

¢ Crystallization controls are devices available to prevent crystallization and dissolve crystals.
Absorption chillers are now designed to operate in a region away from the crystallization line. It
is no longer a serious problem in newly developed absorption systems. One such device uses a
bypass valve to permit refrigerant to flow to the concentration solution line when crystallization
is detected. Condenser water temperature is controlled by using a three-way bypass valve to mix
the recirculating water with the evaporated cooled water from the tower to avoid the sudden drop
of the temperature of concentrated solution in the absorber.

¢ Low-temperature cut-out control shuts down the absorption chiller if the temperature of the
refrigerant in the evaporator falls below a preset limit to protect the evaporator from freezing.

¢ Chilled and cooling water flow switches stop the absorption chiller when the mass flow rate of
chilled water or the supply of cooling water falls below a preset value.

« A high-pressure relief valve is often installed on the shell of the direct-fired generator to prevent
its pressure from exceeding a predetermined value.
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« Monitoring of low and high pressure gas supply and flame ignition are required for difeed
burner(s).

« Interlodked controls between absorption chiller and chilleder pumps, coolingvater pumps,
and coolingawerfans are used to guarantee they tire in normal operation before the absorption
chiller starts.

Absorption Chiller/Heater

A double-éfect direct-fired everse-parallel-w absorption chiller/heater has approximately the same
system components, construction, #ilod/ process as the absorption chillehe cooling mode operation

is the same as in an absorption chillBuring the heating mode of an absorption chiller/hedte
evaporator becomes the condenser and is used to condemssahepor that has been boileff rom

the direct-fired generatoAt design condition, hotvater is supplied at a temperature of 130 t6°E4
The condenser and thenl-temperature generator are not in operation. Sgeare 9.14.])

In order to increase the dfieient of performance of the absorption chille triple-dfect cycle with
three condensers and three desorbers has been proposed and isewgldpment A triple-effect
absorption chiller is predicted t@ale a cofficient of performance of around 1.5. Its initial cost is also
considerably increased due to a greater number of condensers and desorbers.
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9.15 Air-Conditioning Systems and Selection

Basics in Classification

The purpose of classifingraionditioning or VAC&R systems is to distinguish one type from another
so that an optimum @&conditioning system can be selected according to the requirements. Proper
classification of atconditioning systems also will gride a background for using &nledge-based
expert systems to help the designer to select mooaiditioning system and its subsystems.

Since air system characteristics directffeet the space indooméronmental parameters and the
indoor air qualy, the characteristics of an air system should be clearly designated in thitcalassi

The system and equipment should be compatible with each Biieh system has itsvn charac-
teristics which are significantly ffierent from others.

Individual Systems

As described in Section 9.1, air conditoning MAC&R systems can be clasd as invidual, space,
packaged, and central systems.

Individual systems usuallya#e no duct and are installed only in rooms thaelexternalwalls and
external winaws. Indvidual systems cangain be subivided into the folbwing.

Room Air-Conditioner Systems

A room air conditioner is the sofactoryfabricated self-contained equipment used in the room ai
conditioning system. It is often mounted on or under the ewinsill or on a windw frame as stwn
in Figure 9.1.1 A room afi-conditioner consists mainly of an indoor coil, a smalwind-cured
centrifugal fan for indoor coil, a capillary tube, aw-efficiency dry and reusable filte grilles, a
thermostat or other controls located in the indoor compartment, and y satall, or reciprocating
compressn an outdoor coil, and a propelkan for the outdoor coil located in the outdoor compartment.
There is an outdoorentilation air intke opening and a manually operated damper on the casing that
divides the indoor and outdoor compartments. Roamaditioners Bve a cooling capacity between
1/2 to 2 tons.

The following are system characteristics of a roomcanditioner system:

Room heat pump systéma room aiconditioner plus a fawway reversingvalve which povides
both the summer cooling and winter heating.
Air system: single supplfan
Fan, mote, and dive combined #iciency: 25%
Fan enegy use: 0.3 to @.W/cfm
Fan speed: HI-LO 2-speed or HI-MED-LO 3-speed
Outdoorventilation air system: type IV
Cooling system: DX system,ratooled condenser
EER 7.5 to 9.5 Btuttw
Evaporating temperatefT,, at design load: typically 45
Heating system: electric heating (ifiyd
Part-load: on—{f of refrigeration compressor
Sound ével: indoor NC 45 to 50
Maintenance: More maintenane®rk is required.

Summer and winter moderaionditioningcycles of a room a&conditioning system are similar to
that stown in Figure 9.3.4

All fan, mote, and dive combined #iciencies forvarious ai-conditioning systems are from data in
ASHRAE Standard 90.1-1989.
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Packaged Terminal Air-Conditioner (PTAC) Systems

A packaged terminal mconditioner is the primary equipment in aA€ systemA PTAC system is
similar to a room aiconditioner systemrheir main diferences are

¢ A PTAC uses avall sleeve and is intended to be mounted throughviaé.

¢ Heating isavailable from hotvate, steam, heat pump, electric heasend sometimesven direct-
fired gas heaters.

PTACs areavailable in cooling capacity between 1/2 to 1 1/2 tons and a heating capacity of 2500 to
35,000 Btu/in

Space (Space-Conditioning) Systems

Most space conditioning ratonditioning systems cool, heat, afilrate their recirculating space air
alove or in the conditioned space. Space conditioning systems often incorporate besty rby
transferring the heat rejected from the interior zone to the perimeter zone through the condenser(s).
Space systems ofterade a separate outdoeentilation air system to supply the required outdoor
ventilation ai.

Space systems can be sifided into fou-pipefan-coil systems angatea-source heat pump systems.

Four-Pipe Fan-Coil Systems

In a fou-pipe fan-coil unit system, space recirculating air is cooled and heatethatcail by using
four pipes: one chillesvater suppl, one hotwater suppt, one chilledwater return, and one haiater
return. Outdoowentilation air is conditioned at a ke&up AHU or primay AHU. It is then supplied
to thefan coil where it mies with the recirculating mias slown in Figure 9.15.1(g or is supplied to
the conditioned space directl
A fan-coil unitor afan coil is aterminal as slown in Figure 9.15.1(h)Fan-coil units arewvailable
in standard sizes 02, 03, 04, 06, 08, 10, and 12 which correspond to 200 cfm, 400 cfm, and so on in
volume fow.
The following are system characteristics of arfpipe fan-coil system:
A two-pipe fan-coil systetmas a supply and a return pipeyoecause of the problems of chamgr
from chilledwater to hotwater and viceversa, its applications are limited.
A water-cooling electric heating fan-coil systeuses chilledvater for cooling and an electric heater
for heating as shwn in Figure 9.1.2This system is often used in a location that has a mild winte
Air system:
Fan-coil, space air recirculating
Fan, mote, and dive combined ®iciency: 25%
Fan speed: HI-LO 2-speed and HI-MED-LO 3-speed
External pressure fdian coil: 0.06 to 0.2 inWG
Systemfan(s) enmgy use: 0.45 to 8.W/cfm
No return air and return air duct
Outdoorventilation air system: type |
An exhaust system texhaust part of the outdoeentilation air
Cooling system: chilledvater from centrifgal or scew chiller
Watea-cooled chiller enggy use: 0.4 to 0.65 kW/ton
Heating system: hatater from boile electric heater
Part load: control the div rate of chilled and hotvater supplied to the coil. Since aialeg coil
temperature [ rises during summer mode part load, spaceivel&umidity will be highe
Sound ével: indoor NC 40 to 45
Maintenance: higher maintenance cost
Systemfan(s) enggy use: 0.45 to 0%W/cfm (includes alfans in the fortpipe fan-coil system)
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FIGURE 9.151 A four-pipe fan-coil system: (a) schematic diagram, (b) fan-coil unit, andr{cpaditioningcycle.

An air-conditioningcycle for a fou-pipe fan-coil system with outdoaentilation air deélvered to the
suction side of théan coil is slwn in Figure 9.15.1(c)A part of the space cooling and dehumidifying
load is usually teen care by the conditioned outda@ntilation air from the mae-yo AHU. A double-
bundle condenser is often adopted in a cergaifichiller to incorporate heat mery for poviding
winter heating.

Water-Source Heat Pump Systems

Watea-source heat pumps (WSHPs) are the primary equipmentvatexsource heat pump system as
shown in Figure 9.15.2(a)A wate-souce heat pumpsually consists of an air coil to cool and heat
the air; awater coil to reject andxtract heat from the condenseater; a foward-cuved centrifugal
fan; reciprocating, rotgy or scroll compressor(s); a short capillary tubesvansingvalve; controls; and
an outer casing?SHPs could be either a horizontal v@rtical unit WSHPs usually &we cooling
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capacities between 1/2 to 26 tons. Small-capaWiEHPs of 3 tons or less without ducts are used in
perimeter zones, whereasda-capacit WSHPs with duatiork are used only in interior zones.

In addition to tle WSHPs,a WSHP system usually is also comprised ofeaaporatve cooler or
cooling bwer to cool the condensesater; a boiler to mvide the supplementary heat for the condenser
water if necessarywo circulating pumps, one of them being standby; and controlspas shFigure
9.15.2(h. A separate outdoorentilation air system is required to supply outdoor air @MSHP or
directly to the space.

During hot weathe such as outdoor wétilb at 78F, all the WSHPs are operated in cooling mode.
Condensewater lewves theevaporaive cooler at a temperature typicall®°’B and absorbs condensing
heat rejected from the condensers —whaéer coils n WSHPs. Condensevater is then raised to 4T
and enters thevaporaive coole. In anevaporaive coole, condensemwater isevaporatvely cooled
indirectly by atmospheric giso that itwould not foul the inner stace ofwater coils n WSHPs.

During moderate weathethe WSHPs serving the shady side dfdlding may be in heating mode,
and while serving the samp side of thebuilding and the interior space in cooling mode. During cold
weathe, most of tle WSHPs serving perimeter zones are in heating mode, while serving interior spaces
are in cooling modexcept morningvarm-up. Coolig WSHPs reject heat to the condensater loop;
meanwhile heatpyWSHPs absorb heat from the condensater loop The condensewater is usually
maintained at 60 to 9B. If its temperature rises ale 9CF, the evaporaive cooler is engized. If it
drops bedw 6C°F, the boiler or electric heater is egized A WSHP system itself is a combination of
WSHP and a heat reeery system to transfer the heat from the interior space any sige of the
building to the perimeter zone and shady sidéudiding for heating in winte spring, andall.

System characteristics ofatooling, and heating @WSHP system are similar to a room conditioner
heat pump system. In addition:

Outdoorventilating air system: type | and IV
Water system:wo-pipe, close circuit
Centrifugalwater circulating pump

Water storage tank is optional
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To prevent freezing in locations where outdoor temperature may drow B&FF, isolate the outdoor
portion of thewater loop, outdooevaporaive coole, and the pipavork from the indoor portion by
using a plate-and-frame heatchange Add ethylene or praylene glycol to the outdoawater loop for
freezing protection.

There is another space system called a panel heating and cooling system. Because of its higher
installation cost and dehumfiiation must be performed in the separagstilation systems, its appli-
cations arevery limited.

A space conditioning system has the bitioé a separate demand-based outdeatilation air system.

A WSHP system incorporates heataesry automaticajl. However, its indoor soundelel is higher;
only a bw-efficiency air filter is used for recirculatingraand more space maintenance is required than
central and packaged systems. Because of the increase of the minimum veditation air rate to

15 cfm/person recentlit may gain more applications in the future.

Packaged Systems

In packaged systems, air is cooled directly by a DX coil and heated byfiieelogas furnace or electric
heater in a packaged unit (PU) instead of chilled andvatgr from a central plant in a central system.
Packaged systems areffdrent from space conditioning systems sisagable-ai-volume supply and
air economizer could be features in a packaged syfackaged systems are often used toes@vo
or more rooms with supply and return ducts instead of servirigidndl rooms only in an irididual
system.

As mentioned in Section 9.7, packaged units &&ed according to their locations into rooftop,
split, or indoor units. Based on their operating characteristics, packaged systems caivizedlbtb
the following systems:

Single-Zone Constant-Volume (CV) Packaged Systems

Although a single-zone CV packaged system mave lduct supplies to and returns frowotor more
rooms, there is only a single zone sensor located in the repraseraim or spacé CV system has
a constant supplyolume fbw rate during operatioexcept the undesirable reductionaflume fow
due to the increase of pressure drop acrosfiltee

A single-zone CV packaged system consists mainly of a cegatiffan, a DX coil, a direct-fired gas
furnace or an electric heata bow or medium &iciency filter, mixing box, dampers, DDC controls,
and an outer casing relief or a returrfan is equipped for fger systems.

A single-zone CV packaged system serving a churchasrsin Figure 9.1.3This system operates
on basic atconditioningcycles as stwn in Figure 9.3.4during cooling and heating modes.

The system characteristics of a single-zone CV packaged system are

Air system: single supplfan, a relief or returfian for a lage system
Fan, moto, and dive combined ®iciency: 40 to 45%
Fan total pressure: 1.5 to 3 WG
Fan(s) enmy use: 0.45 to 8.W/cfm
Outdoorventilation air system: type IV and Il
Enthapy or temperature air economizer
Cooling systems: DX system, air cooled
Compressor: reciprocating or scroll
EER: 8.9 to 10.0 Btuftw
Heating system: direct-fired gas furnacessaiurce heat pump, or electric heating
Part load: on—&f or step control of the compressor capaditX-coil efective area, and thgas fow
to theburner
Sound ével: indoor NC 35 to 45
Maintenance: higher maintenance cost than central systems
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Single-zone, CV packaged systems are widely used in residences, small retail stores, and other
commercialbuildings.

Constant-Volume Zone-Reheat Packaged Systems

System construction and system characteristics of a CV zone-reheat system are similar to the single-
zone CV packaged systerescept:

1. It seves multizones and has a sensor and a DDC controller for each zone.
2. There is a reheating coil or electric heater in the branch duct for each zone.

A CV zone-reheat packaged system cools and heats simultaneously and thveasfeseermgy. It
is usually used for the mafacturing process and space needs control of temperature and humidity
simultaneousi

Variable-Air-Volume Packaged Systems

A variable-ai-volume {AV) systemvaries itsvolume fbw rate to match the reduction of space load at
part load A VAV packaged system, also callad/AV cooling packaged systenis a multizone system
and uses VAV box in each zone to control the zone temperature at part load during summer cooling
mode operation, as aln in Figure 9.15.3(a)

A VAV boxis a terminal in which the supplolume fbw rate of the conditioned supply air is
modulated bwarying the opening of the air passage by means of a single bladerdaspbwn in
Figure 9.15.3(h)or a noving disc against a cone-shaped casing.

The following are the system characteristiccadAV packaged system:

Single-zond&/AV packaged systemhich seves a single zone withoMAV boxes A DDC controller
modulates the position of the inketnes or théan speed according to the signal of the space temperature
senso.

Air system: a supply/reliefan or supply/returfian combination. Space pressurization control by a

relief/returnfan
Fan, moto, and dive combined #iciency: 45%
Supplyfan total pressure: 3.75 to 4.5 WG
Fan(s) enmy use at design condition: 1 to 8 //cfm
VAV box minimum setting: 30% of peak supplglume fow
Outdoorventilation air system: type Il and IlI
Economizer: enthal air economizer owater economizer
Cooling system: DX coil, &, watea-, or evaporaive-cooled condenser
Compressor: reciprocating, scroll, andeacr
EER: 8.9 to 12 Btutiw

Capacity: 20 to 100 tons

Part load: zon&olume fow modulation ly VAV box; step control of compressor capacity; modulation

of gas fow to burner; and dischige air temperature reset

Smdke control:iexhausts simke on the fire flogp and supplies air and pressurizesftbers immediately

above or bebw the fire floor

Diagnostics: a diagnostic module displays the status and readingsiads switches, dampers,

sensors, etc. and the opératproblems by means ekpert system

Maintenance: higher than central system

Sound ével: indoor NC 30 to 45

Heating system characteristics as well as theaiditioningcycles are similar as that in a single-
zone CV packaged system.

VAV Reheat Packaged Systems

A VAV reheat packaged system has its system construction and characteristics similar ta\tA&t in
packaged systeexcept in eal VAV box there is an additional reheating coil. Sad#\V box is called
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areheatingVvAV box as slown in Figure 9.15.2(aqind9.15.3(c) VAV reheat packaged systems are used
to sewve perimeter zones where winter heating is required.

Fan-Powered VAV Packaged Systems

A fan-pwerad VAV packaged system is similar to thated¥AV packaged systemxceptfan-poweed
VAV boxesas slown in Figure 9.15.3(dpare used instead WAV boxes.

There arewo types offan-ppwerad VAV boxes: parallel-ttw and series-fiw boxes. In aparallel-
flow fan-ppwered box, the plenum diiow induced by théan is parallel with the cold primary diow
through tke VAV box. These wo air streams are then combined anaeditogethe In aseries-flow
box, cold primarily from tBVVAV box is miked with the induced plenum air and tHtaws through the
smallfan The parallel-fbw fan-ppwered VAV box is more widely used.
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In a fan-powered VAV box, volume flow dropping to minimum setting, extracting of ceiling plenum
air, and energizing of reheating coil will actuate in sequence to maintain the space temperature during
part-load/heating mode operation. A fan-powered VAV box can also mix the cold primary air from cold
air distribution with the ceiling plenum air and provides greater space air movements during minimum
space load.

Packaged systems are lower in installation cost and occupy less space than central systems. During
the past two decades, DDC-controlled packaged systems have evolved into sophisticated equipment and
provide many features that only a built-up central system could provide before.

Central Systems

Central systems use chilled and hot water that comes from the central plant to cool and heat the air in
the air-handling units (AHUSs). Central systems are built-up systems. The most clean, most quiet thermal-
storage systems, and the systems which offer the most sophisticated features, are always central systems.
Central systems can be subdivided into the following.

Single-Zone Constant-Volume Central Systems

A single-zone CV central system uses a single controller to control the flow of chilled water, hot water,
or the opening of dampers to maintain a predetermined indoor temperature, relative humidity, or air
contaminants. They are often used in manufacturing factories. The system characteristics of a single-
zone CV central system are
Single-zone CV air washer central systases air washer to control both space relative humidity and
temperature. This system is widely used in textile mills. The reason to use constant volume is to dilute
the fiber dusts produced during manufacturing. A rotary filter is often used for high dust-collecting
capacity.
Air system: supply and return fan combination
Fan, motor, and drive combined efficiency: 45 to 50%
Outdoor ventilation air system: type Il and IV
Economizer: air or water economizer
Smoke control: exhaust smoke on the fire floor, and pressurize adjacent floor(s) or area
Cooling system: centrifugal or screw chiller, water-cooled condenser
Cooling energy use: 0.4 to 0.65 kW/ton
Heating system: hot water from boiler or from heat recovery system
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Part load: modulate thevater mass éw to cooling and heating coils1 AHUs, and dischae air
temperature reset

Sound ével: indoor NC 30 to 45. Silencers are used both in supply and return air systegpsaikth
required

Maintenance: in central plant afah rooms, dwer maintenance cost

Single-Zone CV Clean Room Systems

This is the central system which controls the air cleanliness, temperature, a@ne helatidity in Class

1, 10, 100, 1000, and 10,000 clean rooms for electronic, pharmaceutical, and precisifactonamy
and other industrieszigure 9.15.4(ayhows a schematic diagram of this systérhe recirculating air
unit (RAU) uses prefilte HEPA filters, and awater cooling coil to control the space air cleanliness and
required space temperature, whereas kero@ air unit (MAU) supplies conditioned outdoorr,adways
within narow dew point limits to the RU at awy outside climate, as efwn in Figure 9.15.4(h)A
unidirectional air thw of 90 fpm is maintained at theorking area.For details, refera ASHRAE
Handbook 1991 MAC Applicationsard Wands Handbook 6 Air Conditioning and Refrigeratio

CV Zone-Reheat Central Systems

These systemsahe their system construction and characteristics similar to that for a single-zone CV
central systemexcept they sewe multizone spaces and there is a reheating coilwat, or electric
heating in each zone. CV zone-reheat central systems are often used for hedhhilta®s and in
industrial applications.

VAV Central Systems

A VAV central system is used to germultizone space and is also calé&V/ cooling central system
Its schematic diagram is similar to thatao¥/AV packaged systenfigure 9.15.3 except air will be
cooled or heated bwater cooling or heating coils ingiAHUs. The same VAV box stown in Figure
9.15.3(b)will be used ina VAV central systemThe system characteristic6 WAV central systems are
as follows:

Single-zonevAV central systendiffers froma VAV central system only because it\&s a single
zone, and therefore there is VAV box in the branch ducts. Supplglume fbw is modulated by inlet
vanes ad AC inverta.

Air system: supply and relief/retufan combination

Fan, moto, and dive combined Eiciency for airfoil centrifugal fan with AC inverterfan speed
modulation: 55%

Fan(s) enmy use: 0.9 to 2.W/cfm

VAV box: minimum setting 30% of peak supplglume fow

Outdoorventilation air system: type I, II, and I

Cooling system: centrifial, scew, and reciprocating chillersyata-cooled condensewith enegy

use 0.4 to 0.65 kW/ton; or sometimes absorption chiller

Heating system: hawater from boiler or electric heating at the terminals

Economizer: air andvater economizer

Part load: zoneolume fow modulation, dischge air temperature reset, and chillester temperature

reset

Smdke control:exhausts smke from the fire floor and pressurizes the immediaters alove and

below

Sound ével: indoor NC 20 to 40. Silencers are often used both in supply and return systems.

Maintenance: less space maintenance

VAV central systems are widely used for interior zonbuitdings.
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FIGURE 9.15.4 A single-zone CV clean room system: (a) schematic diagram and (b) air-conditioning cycle.

VAV Reheat Central Systems

A VAV reheat system is similar in system construction and characteristics to that in a VAV central system
except that reheating boxes are used instead of VAV boxes in a VAV central system.
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Fan-Powered VAV Central Systems

A fan-ppwered VAV central system is similar in system construction and characteristics to #\Vh
central systenexcept thatfan-ppwered VAV boxes are used instead AV boxes.

Dual-Duct VAV Central Systems

A dual-duc VAV system uses warm air duct and a cold air duct to supply batirm and cold air to
each zone in a multizone space, asashin Figure 9.15.5(a)Warm and cold air are first xad in a
mixing VAV box, and are then supplied to the conditioned spsaem air duct is only used for perimeter
zones.

A mixing VAV boxconsists ofwo equal air passages, one farm air and one for coldraiarranged
in parallel. Each of them has a single blade damper andlitie fow rate is modulatedVarm and
cold air are then combined, xeaid, and supplied to the space.

A dual-dud¢ VAV system is usually either a single supfday and a relief/returfan combination, or
awarm air supplyfan, a cold air supplfan, and a relief/returfan A separatevarm airfan and cold
air supplyfan are beneficial in discige air temperature reset afath enegy use.

During summer cooling mode operation, the mixture of recirculating air and outdoor air is used as
thewarm air suppl. The heating coil is not ergized. During winter heating mode operation, mixture
of outdoor and recirculating air or 100% outdoor air is used as the cold air supply; the cooling coil is
not enegized.

Because there is often air leakage at the dampers in thegriviin box, more cold air supply is
needed to compensate for thekisdwarm air or leked cold ai.

Other system characteristics of a dualtdi&V central system are similar @VAV central system.

Dual-Duct CV Central System
This is anotherersion of a dual-dud/AV central system and is similar in construction to a dual-duct
VAV system,except that a mixing box is used instead of a ngAAV box. The supplyvolume fow
rate from a mixing box is nearly constant. Dual-duct CV central systaresohly limited applications,
like health caréacilities, etc.

An ice- or chilledwater storage system iknays a central system plus a thermal storage sy3teen
thermal storage system does ndiience the system characteristics of the air bigtan, and air cooling
and heating —except for a greater head lift for a refrigeration compressor — is needed for ice-storage
systemsTherefore, the fotiwing central systems should be added:

« VAV ice-storage or chilledvater systems
* VAV reheat ice-storage or chilledater storage systems
« Fan-pwered VAV ice-storage systems

Some of the aiconditioning systems are not listed becausg #re not &ective or are avaste of
enegy, and therefore rarely used iewnand retrofit projects such as:

« High-velocity induction space conditioning systems which need a higher pressure drop primary
air to induce recirculating air in the induction unit and use morggerikanfan-coil systems

¢ Multizone central systems which mixarm and cool air at thian room and use a supply duct
from fan room to each control zone

« Air skin central systems which usenarm air heating system tdfget transmission loss in the
perimeter zone andverlook the &ect of the solar radiation frowariationbuilding orientations

In the future, there will beawly developed systems added to this clasation list.

Air-Conditioning System Selection

As described in Section 9.1, the goal of arcanditioning or WAC&R system is to pvide a healti,
comfortable, manfiacturable indoor mironment at acceptable indoor air qualiteeping the system
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FIGURE 9.15.5 A dual-duct VAV central system: (b) mixing VAV box and (c) volume flow-operating mode diagram.

energy efficient. Various occupancies have their own requirements for their indoor environment. The
basic considerations to select an air-conditioning system include:

1. The selection of an air-conditioning system must satisfy the required space temperature, relative
humidity, air cleanliness, sound level, and pressurization. For a Class 100 clean room, a single-
zone CV clean room system is always selected. A four-pipe fan-coil space conditioning system
is usually considered suitable for guest rooms in hotels for operative convenience, better privacy,
and a guaranteed outdoor ventilation air system. A concert hall needs a very quiet single-zone
VAV central system for its main hall and balcony.

2. The size of the project has a considerable influence on the selection. For a small-size residential
air-conditioning system, a single-zone constant-volume packaged system is often the first choice.

3. Energy-efficient measures are specified by local codes. Comparison of alternatives by annual
energy-use computer programs for medium and large projects is often necessary. Selection of
energy source includes electricity or gas, and also using electrical energy at off-peak hours, like
thermal storage systems is important to achieve minimum energy cost.

For a building whose sound level requirement is not critical and conditioned space is comprised
of both perimeter and interior zones, a WSHP system incorporating heat recovery is especially
suitable for energy saving.

N

. First cost or investment is another critical factor that often determines the selection.

5. Selection of an air-conditioning system is the result of synthetical assessment. It is difficult to
combine the effect of comfort, reliability, safety, and cost. Experience and detailed computer
program comparisons are both important.

The selection procedure usually begins whether an individual, space conditioning, packaged, central
system, or CV, VAV, VAV reheat, fan-powered VAV, dual-duct VAV, or thermal storage system is selected.
Then the air, refrigeration, heating, and control subsystems will be determined. After that, choose the
option, the feature, the construction, etc. in each subsystem.

Comparison of Various Systems

The sequential order of system performance — excellent, very good, good, satisfactory — regarding
temperature and relative humidity control (T&HC), outdoor ventilation air (OA), sound level, energy
use, first cost, and maintenance for individual, space conditioning (SC), packaged, and central systems
is as follows:
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Excellent

(low or less) Very good Good Satisfactory
T&HC Central Packaged Space Individual
1AQ Space Central Packaged Individual
Sound Central Packaged Space Individual
Energy use Individual Space Packaged Central
First cost Individual Packaged Space Central
Maintenance Central Packaged Space Individual

Among the packaged and central systems, VAV cooling systems are used only for interior zones. VAV
reheat, fan-powered VAV, and dual-duct VAV central systems are all for perimeter zones. VAV reheat
systems are simple and effective, but have a certain degree of simultaneous cooling and heating when
their volume flow has been reduced to minimum setting. Fan-powered VAV systems have the function
of mixing cold primary air with ceiling plenum air. They are widely used in ice-storage systems with
cold air distribution. Fan-powered VAV is also helpful to create a greater air movement at minimum
cold primary air flow. Dual-duct VAV systems are effective and more flexible in operation. They are also
more complicated and expensive.

Subsystems

Air Systems

The economical size of an air system is often 10,000 to 25,000 cfm. A very large air system always has
higher duct pressure loss and is more difficult to balance. For highrise buildings of four stories and
higher, floor-by-floor AHU(s) or PU(s) (one or more AHU or PU per floor) are often adopted. Such an
arrangement is beneficial for the balance of supply and return volume flow in VAV systems and also for
fire protection. A fan-powered VAV system using a riser to supply less cold primary to the fan-powered
VAV box at various floors may have a larger air system. Its risers can be used as supply and exhaust
ducts for a smoke-control system during a building fire.

In air systems, constant-volume systems are widely used in small systems or to dilute air contaminants
in health care facilities and manufacturing applications. VAV systems save fan energy and have better
operating characteristics. They are widely used in commercial buildings and in many factories.

Refrigeration Systems

For comfort air-conditioning systems, the amounts of required cooling capacity and energy saving are
dominant factors in the selection of the refrigeration system. For packaged systems having cooling
capacity less than 100 tons, reciprocating and scroll vapor compression systems with air-cooled con-
densers are most widely used. Evaporative-cooled condensers are available in many packaged units
manufactured for their lower energy use. Scroll compressors are gradually replacing the reciprocating
compressors for their simple construction and energy saving. For chillers of cooling capacity of 100
tons and greater, centrifugal chillers are still most widely used for effective operation, reliability, and
energy efficiency. Screw chillers have become more popular in many applications, especially for ice-
storage systems.

Heating Systems

For locations where there is a cold and long winter, a perimeter baseboard hot water heating system or
dual-duct VAV systems are often a suitable choice. For perimeter zones in locations where winter is
mild, winter heating is often provided by using warm air supply from AHU or PU from terminals with
electric or hot water heaters. Direct-fired furnace warm air supply may be used for morning warm-up.
For interior or conditioned zones, a cold air supply during occupied periods in winter and a warm air
supply from the PUs or AHUs during morning warm-up period is often used.
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Control Systems

Today, DDC microprocessor-based control with open data communication protocol is often the choice

for medium- and large-size HVAC&R projects. For each of the air, cooling, and heating systems, carefully

select the required generic and specific control systems. If a simple control system and a more compli-
cated control system can provide the same required results, the simple one is always the choice.

Energy Conservation Recommendations

1. Turn off electric lights, personal computers, and office appliances when they are not needed. Shut
down AHUs, PUs, fan coils, VAV boxes, compressors, fans, and pumps when the space or zone
they serve is not occupied or working.

2. Provide optimum start and stop for the AHUs and PUs and terminals daily.

3. Temperature set point should be at its optimum value. For comfort systems, provide a dead band
between summer and winter mode operation. Temperature of discharged air from the AHU or
PU and chilled water leaving the chiller should be reset according to space or outdoor temperature
or the system load.

4. Reduce air leakages from ducts and dampers. Reduce the number of duct fittings and pipe fittings
and their pressure loss along the design path if this does not affect the effectiveness of the duct
system. The maximum design velocity in ducts for comfort systems should not exceed 3000 fpm,
except that a still higher velocity is extremely necessary.

5. Adopt first the energy-efficient cooling methods: air and water economizer, evaporative cooler,
or ground water instead of refrigeration.

6. Use cost-effective high-efficiency compressors, fans, pumps, and motors as well as evaporative-
cooled condensers in PUs. Use adjustable-frequency fan speed modulation for large centrifugal
fans. Equipment should be properly sized. Over-sized equipment will not be energy efficient.

7. Use heat recovery systems and waste heat for winter heating or reheating. Use a heat-pump system
whenever its COR is greater than 1.

8. For medium- and large-size air-conditioning systems, use VAV systems instead of CV systems
except for health care or applications where dilution of air contaminant is needed. Use variable
flow for building-loop and distribution-loop water systems.

9. Use double- and triple-pane windows with low emissive coatings. Construct low U-value roofs
and external walls.
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9.16 Desiccant Dehumidification and Air-Conditioning

Zalman Lavan

Introduction

Desiccant atconditioning is a promising errging technology to supplement electricallyven vapor
compression systems that rely almesatlusvely on R22 refrigerant that causes depletion of the ozone
laye. To date, this technolgg has only a limited méet, e.g., in supermiets where the latent heat
loads arevery high, in specialized mafacturingfacilities that requirevery dry ar, and in hospitals
where maximum clean air is requiredowréver, recent emphasis on increased air change requirements
(se2 ASHRAE standardsANSI 62-1989), impoved indoor air qualjt and restriction on use of CFC
refrigerants (seThe Montreal ProtoddAgreement, as amended in Copenhagen in 1992, United Nations
Environmental Programme, 1992) may stimulate wider penetration of desiccant-basmudaioning
which can be used as stand-alone systems or in combination wigntional systems. (8dable 9.4.1

for properties of some refrigerants.)

Sorbents and Desiccants

Sorbentsare materials which attract and hold certaipor or liquid substanceEhe process is referred
to absaption if a chemical change kas place and asdsaption if no chemical change occurs.
Desiccants in both liquid and solid forms, are a subset of sorbents tvatd high Hinity to water
molecules. Liquid desiccaabsorbwater molecules, while solid desiccaadsorbwater molecules
and hold them on theirast sufaces (specific stace areas are typically hundreds of square meters per
gram).

While desiccants can soviater in both liquid andapor forms, the present discussion is limited to
saption of watervapor from adjacent air streani$e sorption dwing force for both liquid and solid
desiccants is aapor pressure gradiemdsorption (in solid desiccants) and absorption (in liquid
desiccants) occur when tivatervapor partial pressure of the surrounding air igdathan that at the
desiccant sdiace When an air stream is brought in contact with a desiceatervapor from the air
is attracted by the desiccant, the agidéhumidified, and thewater content of the desiccant risAs
thewater sorbed by the desiccant increases, the sorption rate decreafealligrstops whesorption
equilibriumis reachedFor dehumidification to be resumasater must be reaved from the desiccant
by heatingThis process is referred tes @esa ption, reacivation, orregeneration The heat of sorption
(or desorption) is generally higher than the latent heaapbrization ofwater; it approaches the latter
as sorption equilibrium is reached.

Some typicaliquid desiccantarewater solutions of calcium chloride (CacCl), lithium chloride (LiCl),
lithium bromide (LiBr), and tridtylene glycol The equilibriumwater vapor pressure at the solution
sufface as a function of temperature amater content is slwn in Figure 9.16.1for watea-lithium
chloride solutionThe sufacevapor pressure (andaa point) increases with increasing solution tem-
perature and decreases with increasing moisture content.

Comma solid desiccantsre silica gel, molecularesies (zeolites), antated alumina, and acated
carbon The equilibrium sorption capacity (or moisture content) at a constant temperature, referred to
as anisotherm, is usually presented as percerater (mass ofvater dvided by mass of dry desiccant)
vs. percent relate humidity ¢apor pressureidided by saturatiovapor pressure). Sorption capacity
decreases with increasing temperatime, the spread of isotherms is rélaty small (especially for
conave down isotherms)Figure 9.16.Zhows normalized loading (sorption capacityided by sorption
capacity at 100% relia® humidity) vs. relave humidity for silica gel, molecularesie, and a generic
desiccant, type 1 (modified) or simply 1-M (Collier et al., 1986).
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Dehumidification

Dehumidification byapor compression systems is accomplished by cooling the aiv thed deaw point
and then reheating. iThe performance is greatly hindered when the desired oatlepdint is bebw
40°F due to frost formation on the cooling cdisSSHRAE, Systems and Equipment Handbd®82).

Desiccant dehumidificatiols accomplished by direekchange ofvatervapor between an air stream
and a desiccant material duenatervapor pressure flerenceFigure 9.16.3hows thecyclic operation
of a desiccant dehumidification system.

DESICCANT MOISTURE CONTENT

DESICCANT MOISTURE VAPOR PRESSURE

FIGURE 9.16.3 Cyclic dehumidification processes.

In sorption (1-2),dry and cold desiccant (point 1) sorbs moisture sincevdper pressure at the
suiface is dwer than that of the air stream. During this process the moisture content (loadingke) upta
increases, the diacevapor pressure increases, and the liberated heat of sorption raises the desiccant
temperature. Duringlesorption (2—3)the desiccant is subjected to a hot air stream, and moisture is
removed and transferred to the surroundingTie sufacevapor pressure is increased and the desiccant
temperature rises due to the added .HEa cycle is closed bygooling (3—1) The desiccant is cooled
while its moisture content is constant and thdamsrvapor pressure ilered The alwve cycle of
sorption, desorption, and cooling can be rfiedi by combining the sorption process with cooling to
approach isothermal rather than adiabatic sorption.

Desirable Characteristics for High-Performance Liquid and Solid Desiccant Dehumidifiers
High equilibrium moisture sorption capacity
High heat and mass transfer rates
Low heat input for egeneration
Low pressure drop
Large contact transfer diace area per unilume
Compatible desiccant/contact materials
Inexpensve materials and mafacturing techniques
Minimum deterioration and maintenance

Additional Requirements for Liquid Desiccant Dehumidifiers
Small liquid side resistance to moisturéwlion
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Minimum crystallization

Additional Requirements for Solid Desiccant Dehumidifiers

The desiccant should not deliquesgen at 100% relate humidit.
The airfow channels should be uniform.

The desiccant should be bonded well to the matrix.

The material should not be carciogenic or baostible.

Liquid Spray Tower

Figure 9.16.4s a schematic of a liquid spraynter. A desiccant solution from the sump is continuously
sprayed dwnward in the absorlbewhile ar, the process streampowes upvard The air is dehumidified
and the desiccant solution absorbs moisture and ikemed. In order to maintain the desired solution
concentration, a fraction of the solution from the sump is passed throughyémenatg where it is
heated by the heating coil antvgs up moisture to the desorbing air stre@he strong, concentrated
solution is then returned to the sunihe heat liberated in the absorber during dehdioadion is
removed by the cooling coil tdacilitate continuous absorption (sEeyures 9.16.1and9.16.3. The
process air streaexits at a relavely low temperature. If Sticiently low water temperature available
(an undeground well, forexample), the process stream couldvile both sensible and latent cooling.

Dried Air Moist Air out

Absorber Regeanerator

s ZAY 7%
—eret e e
Cooling Heating
Coil Coil
— pr—rpe—
Regeneration

Air to
be Dried Air in

Strong Solution
Weak Solution

Weak Strong
Solution f 1 Solution

Sum
|

FIGURE 9.164 Liquid desiccant dehumidifier with heating and cooling coils.

The heating and cooling coils,@tn in Figure 9.16.4are often eliminated and the liquid solutions
are passed through heating and cooling beatangers before entering the sprayers.

Advantages
The system is controlled to dedr the desiredelel of dry air by adjusting the solution concentration.

Uniform exit process stream conditions can be maintained.

A concentrated solution can be economically stored for subsequent drying use.

The system can s&x as a humidifier when required by simply kexing the solution.

When used in conjunction with meentiond A/C systems, humidity control is impred and engy
is conseved.

Disadvantages

Some desiccants are corinas
Response time is relatly large.
Maintenance can bextensve.
Crystallization may be a problem.
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Solid Packed Tower

The dehumidification system,@kn in Figure 9.16.5consists ofwo side-by-sideylindrical containers
filled with solid desiccant and a heathanger acting as a desiccant codlke air stream to be processed
is passed through dry desiccant in one of the containers, while a heated air stream isvpassed
moist desiccant in the othédsorption (1-2) tkes place in the first contaipelesorption (2—3) in the
other containe and cooling (3—1) occurs in the desiccant aodlee function of thevto containers is
periodically switched by redirecting thed air streams.

@ Reactivation air in

Desiccant
heater

Packed
tower

Process air out

Sorption Desorption

Reactivation air out

Desiccant
cooler

Cooling
Process air in

FIGURE 9.165 Solid packeddwer dehumidification.

Advantages

No corrosion or crystallization
Low maintenance
Very low dew point can be achved

Disadvantages

The air fow velocity must bedw in order to maintain uniformelocity through the containers and
to awoid dusting.

Uniform exit process streamed point cannot be maintained due to changing moisture content in the
adsorbing desiccant.

Rotary Desiccant Dehumidifiers

A typical rotary solid desiccant dehunfidr is stown in Figure 9.16.6Unlike the intermittent operation
of paked bwers, rotary desiccant dehunfidrs use a wheel (or drum) that rotates continuously and
delivers air at constant humiditevels.
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FIGURE 9.16.6 Rotary desiccant dehumidification wheel.

Desiccant wheels typically consist of very fine desiccant particles dispersed and impregnated with a
fibrous or ceramic medium shaped like a honeycomb or fluted corrugated paper. The wheel is divided
into two segments. The process stream flows through the channels in one segment, while the regenerating
(or reactivating) stream flows through the other segment.

Desiccant Material

The desired desiccant properties for optimum dehumidification performance are a suitable isotherm
shape and a large moisture sorption capacity. The isotherms of silica gel are almost linear. The moisture
sorption capacity is high; the desiccant is reactivated at relatively low temperatures and is suitable for
moderate dehumidification. Molecular sieves have very steep isotherms at low relative humidity. The
desiccant is reactivated at relatively high temperatures and is used for deep dehumidification. The
isotherm of the type 1-M yields optimum dehumidification performance (Collier et al., 1986), especially
when used in conjunction with high regeneration temperatures.

The Desiccant Wheel
Some considerations for selection of desiccant wheels are:

Appropriate desiccant materials

Large desiccant content

Wheel depth and flute size (for large contact surface area and low pressure drop)
Size and cost

The actual performance depends on several additional factors that must be addressed. These include:

Inlet process air temperature and humidity
Desired exit process air humidity

Inlet reactivating air temperature and humidity
Face velocity of the two air streams

Size of reactivation segment
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It should be noted that:

Higher inlet process air humidity results in higbdt humidity and temperature (more heat of sorption
is released).

Lower facevelocity of the process stream resultsawer exit humidity and higher temperature.

Higher egeneration temperatures result in deeper drying, hemes &xit process air humidity and
higher temperature.

When bwer exit air temperature is required, tledt process air should be cooled by a rexahange

Final cooling of theexit process air can be aewed by partial humidification (this counteracts in part
previous dehumidification).

The following is a range of typical parameters for rotary desiccant wheels:

Rotation speed: 4 to 10 rpm

Desiccant fraction: 70 to 80%

Flute size: 1 to 2 mm

Reacivation ggment: 25 to 30% of wheel
Facevelocity: 300 to 700 fpm
Reacivating temperature: 100 to 300

Hybrid Cycles

A limited number ohybrid systems consisting of desiccant dehufigds and electrically drenvapor
compression aiconditioners are presently in use in supek®ai This application is uniquely suited
for this purpose since the latent heat loads are high due torgeeniamber of people and frequent
traffic through doorsAlso, low relaive humidity air is adantageous for open-case displays.

Vapor compression systems arefficeent bebw a dew point of 45 to 50F. When used in superma
kets, tley require high airfiw rates, the air must be reheated for comfort, anévidygorator coils must
be defrosted frequemtiHybrid systemsféer improved performance andwer enegy cost in these cases.

Figure 9.16.%&hows a typical hybrid aiconditioning system for supernkats A mixture of outdoor
and recirculated air is first passed through the desiccant and sensib&cheager wheels, where it
is dehumidified and precooled. It then enters tieextional chiller before it is introduced to the interior
of the superm&et The sensible heakchanger wheel is cooled by outdoor air and the desiccant wheel
is regenerated by air heated with natugaks. Enegy cost can be further reduced by preheating the
reactvating air stream withwaste heat rejected from the condenser of the refrigeration and/or ai
conditioning systems.

The adantages of thedeybrid systems are

Air-conditioning requirement is reduced by up to 20%.

The vapor compression system operates at a highdfigert of performance (COP) since the
evaporator coils are at a higher temperature.

Airflow requirements are reduced; elecfao enegy is sved and duct sizes are reduced.

The refrigeration cases run moréi@ently since the frequey of defrostcycles is greatly reduced.

Solid Desiccant Air-Conditioning

Several stand-alone desiccant-eonditioning systems were suggested exténsvely studied These
systems consist of a desiccant wheel, a sensibleckefzinger wheel, ane/aporating padsSorption
can be adiabatic or cooled (if cooling is combined with sorptidiien room air is dehumified and
recirculated, the system is said to operate @t dcirculating mode When 100% outside air is used as
the process stream, the system operateseiudtilating mode.
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FIGURE 9.16.7 Hybrid air-conditioning system for supermarkets.

Ventilation Mode

In theadsorption pattthe process air stream drawn from the outdoors is passed through the dry section
of the desiccant wheel where it is dehumidified and heated by the liberated heat of sorption. It then
passes through the sensible heat exchanger wheel and exits as dry but slightly warm air. The hot and
dry air leaving the dehumidifier enters the heat exchanger, where it is sensibly cooled down to near
room temperature. It is then passed through the evaporative cooler, where it is further cooled and slightly
humidified as it enters the conditioned space.

In thedesorption pathair is drawn from the conditioned space; it is humidified (and thus cooled) in
the evaporative cooler. The air stream enters the sensible heat exchanger, where it is preheated, and it
is then heated to the desired regeneration temperature by a suitable heat source (natural gas, waste heat,
or solar energy), passed through the desiccant wheel (regenerating the desiccant material), and discharged
out of doors.

Performance. In order to achieve high performance, the maximum moisture content of the desiccant
should be high and the isotherm should have the optimum shape (1 M). In addition, Zheng et al. (1993)
showed that the optimum performance is very sensitive to the rotational speed of the desiccant wheel.
Glav (1966) introduced stage regeneration. He showed that performance is improved when the reacti-
vation segment of the wheel is at a temperature which increases in the direction of rotation. Collier
(Collier et al., 1986) showed that well-designed open-cycle desiccant cooling systems can have a thermal
COP of 1.3. This, however, would require the use of high-effectiveness sensible heat exchangers, which
would be large and expensive. Smaller and more affordable heat exchangers should yield system COPs
in the order of unity. An extensive review of the state-of-the-art assessment of desiccant cooling is given
by Pesaran et al. (1992).

Conclusions

Desiccant-based air-conditioning offers significant advantages over conventional systems. Desiccant
systems are already successfully used in some supermarkets. It is expected that these systems will
gradually attain wider market penetration due to environmental requirements and potential energy
savings.

The advantages of desiccant air-conditioning are summarized below:

No CFC refrigerants are used.

Indoor air quality is improved.

Large latent heat loads and dry air requirements are conveniently handled.
Individual control of temperature and humidity is possible.
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The energy source may be natural gas and/or waste heat.
Less circulated air is required.
Summer electric peak is reduced.

Defining Terms

Absorb, absorption: When a chemical change takes place during sorption.
Adsorb, adsorption: When no chemical change occurs during sorption.
Dehumidification: Process of removing water vapor from air.

Desiccant: A subset of sorbents that has a particular affinity to water.

Desorb, desorption:Process of removing the sorbed material from the sorbent.
Isotherm: Sorbed material vs. relative humidity at a constant temperature.
Reactivation: Process of removing the sorbed material from the sorbent.
Recirculation: Indoor air only is continuously processed.

Regeneration: Process of removing the sorbed material from the sorbent.
Sorbent: A material that attracts and holds other gases or liquids.

Sorption: Binding of one substance to another.

Staged regeneration:When the temperature of the regeneration segment of the desiccant wheel is not
uniform.

Ventilation mode: 100% of outdoor air is processed.
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