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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.

© 1999 by CRC Press LLC



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
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13.0 135 14.0
A\ \ \ 0
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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
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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)

© 1999 by CRC Press LLC

6 017098



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

© 1999 by CRC Press LLC



Air-Conditioning and Refrigeration 9-57

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)
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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

© 1999 by CRC Press LLC



9-68 Section 9

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
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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.

Jacketed
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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.
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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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