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1

VIETHODA iDAPPARATUS FOR
MOVI fTORIN(I 4 CA I.IHRATI D (:ONDII NSI:R
UNIT IN 4 RRISRIOI:RAN'll('Y('l,l( SYS I'l(M

REFERENCE TO RELATED APPPLICATION

llus apphcat ton ts 0 divisional ofU S. application Ser. No.
11/130.601. Iiled May 17, 2005 now U.S. Pat. NO. 7,114343
titled PMI I(II IOD AND APRARA'I'US I'OR MONI I'ORIN(r
A ('ONDIINSIiR I)NI'I IN A Rill'RI(il!RAN1-('YCI II
SYS'I'l)M. which is a continuation of U.S. application Ser.
No. 10/916.222.

filed

A 11, 2004. titled "METHOD AND
APPARATUS FOR MONITORING REFRIOERANT-
CYCLE SYSTEMS," the entire conienls ofvhich are hereby
incorporatcxI by rcferencc.

BACKGROUND

1. Field of thc Invenuou
lilt: ulvt:ulliiu rclan:s 10 uloullonug svslcul lol ulwssltl Big

the operatin and efficienc of a refrigerant-cycle systenl,
such as, for exmnple. an air conditioning system or refrigera-
tion system.

2. Description of the Related Art
Onc ol'the ma ]or recumug cxpcnses ul opera nng a home or

commercial building is thc coal ofpmvlding cleclricily lo the
Hcanng Venltlauug Air Conditioning (HVAC) system. If the
I IVA( systenl ts not operating at peak efliciency, then the cost
ofoperatin the system increases unnecessarily I'.Sch pound
of refrigerant circulating in the system must do its slmre of the
ivork. It must absorb an amount of heat in the evaporator or
cooling coll. Bail 11 tuusl dlsslpttlc this ical pills sonic thill ls
added in the compressor tlumigh the condenser. whether mr
cooled, water cooled. or evaporative cooled. Thc wtilk iltiuc
by each pound of the refrigerant as it goes through the evapo-
rator is reflected by the anlount of heat it picks up from the
refrigeration load. cluefly when the refrigerant undergoes a
change of state from a liquid to a vapor.

For a hquld to bc able to change to a vapor. heat must be
added to or absorbed u»t. Tlus is what happens m lhc cooling
coil. The rcfrigcranl cnt era thc mclerm device as a hquld and
passes thmugh the device into the evaporator, v here it
absorbs heat as it evaporates into a vapor As a vapor. it nlakes
its way tltmugvt the suction tube or pipe to the compressor.
Here it is compressed fmm a low tempemsture. Iow pressure
vapor to a lugh temperature, high pressure vapor; then it
passes tltrough thc high prcssure or dlschiugc pipe to thc
coudtuscl,whcrclluudclgocsauolhcrchaugctifslBn: fltiul
a vapor to a liquid in which state it tlows out into the liquid
pipe and again makes its way to the metering device for
another trip tltrough the evapomstor.

Wltcll lhc rclrlgixttun tls a hquul, loaves lhc coudcuscl 11

may go lo a rimcivcr until tt ts nccdcd ul the cvaporalor. or il
may go directly into the liquid line to the metering device and
then into the evaporator coil. 1'he liquid entering the metering
device just ahead of the evaporator coil will have a certain
heat content (enthalpy), which is dependent on its rempem-
turc when il enters thc coil. as shown in lhe rcln eranl tables
ul lhc Appendix. The vapor lcavulg thc evaporator will also
have a given heat content (enflm Ipy) 0 ccordulg to I Is lempera-
ture. as shoivn in the refngerant tables

The difference between these two amounts ofheat content
is lhc amount ofwork being done by each pound of rcfn ermtl
as tl passes Ihrough lhc evaporator and picks up hwst. Thc
amount of heat absorbed by each pound 01'cfngcrant ts
knoivn as the refrigerating effect of the system, or of the
refrigerant within the system

Situations that cim reduce lhc overall cfliclcncy of thc
system mclude. refrigerant overcharge, refri erant under-
charge, rcstrictlolw in rclhgcrant lines, faulty compressor,
excessive load. insufficient load. undersized or dirty duct
work, clogged Bu Illlcrs. Clc.

Unfortunately. modem HVAC systems do not include
motuloring systems lo momtor Ihc opcranug ol the system. A
nxidern I IVA('ystem is typically installed. charged ivith
relrigcrant by 0 scrvicc lcclmtclan, und then opcmled lorui
months or years without further nlaintenance As long as the
system is putting out cold air, the building owner or home
owner assuine the system is ivorking properly This assump-
tion can be expensive; as the owner has no knowledge ofhow
well thc system is funmiomng. If thc eflicicncy ol'lhe system
deteriomstes, the system may still be able to produce the
des trixl amount of cold air, but it will have to work harder. and
ciillsilulc Iuol'c ctlcrgg 10 do so ltl tu'lllv cases, thc systctu
owner docs nol have lhc HVAC system tnspcclcd or serviced

20 until the etficiency has dmpped so low that it can 00 longer
cool the buildin . This is due in part. because servicing of an
I IVAC system requires specialized tools and kltowlcdgc that
the typical buiiding owner or home ott ner does not posses.
Thus, the building owner or home owner. must pay for an

-'xpensive service call in order to have the system evaluated.
Evmt il'hc owner does pay for a service call, many HVAC
service teclmicians do not measure system efficiency. Tvpi-
cally, thc HVAC service tixluuclans are traulcd only lo make
rudimentary checks ol'he system (c.g., rclyigerant chtugc,

ill
output temperature), but such nidtmentary checks may not
uncover other factors that can cause poor system efficiency
Thus, the typical building owner„or home owner, operates the
HVAC system year after year not knov in that the system
may be wasting money by operating at less than peal elh-
ctency Moreover, lncfliciency use of clectncal power can
lead lo brownoum and blackouts dunug heal waves or other
periods of high air conditioning usage due to overloading of
the electric poiver systenl (comnlonly referred to as the elec-
tnc po~er grid).

40

SUMMARY

Thcsc and other problems are solved by a real-time moni-
toring system that monitors various aspects of lhc opcranon
of a refrigerant system. such as, for example, an I IVA( sys-
tem, a refrigemltor, a cooler, a freezer, a water chiller etc. In
one embodiment, the monitoring system is configured as a
retrofit system that can be installed tn an existing refrigerant

so system
In onc cmbodimcnt. thc system includes a processor that

measures power provided to the I IVA('ystem and that gath-
ers data froin one or nlore sensors and uses the sensor data to
calculate a Iigure of merit related to the efhciency of the

s. system In one embodiment. the sensors include one or more
of the following sensors. a suction lute tcmperaturc sensor, 0

sucnon hnc prcssure smlsor, a suction linc flow sensor, a hol
gas line temperature sensor. a hot gas line prcssure sensor, 0

hot gas line floiv sensor. a liquid line temperature sensor. a
io liquid line pressure sensor. a liquid line flow sensor In one

embodiment. the sensors include one or more of an evapora-
tor air temperature input sensor, an evaporator air temperature
Output sensor. an cvaporaior mr flow semor, au evaporator air
humidity sensor, and a dllfcrcnlial pressure sensor. In one

ss embodiment, the sensors include one or morc of 0 condenser
atr tempemlture input sensor. a condenser air temperature
output sensor, and a condenser air flow sensor, an evaporator
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mr humidity sensor. In one cmbotlunem, thc sensors include
one or more of an ambient air sensor and an ambient huniidity
scl'Isor

BRIEF DESCRIPTION OF THE DRAWINGS

I 1(i I is a diagram of a typical refrigerant cycle systent
used in I IVA('ystents. refrigerators, freezers, and the like.

FIG. 2 is a detailed pressure-heat diagram of u typical
refrigerant 3R-22). 1!!

FIG. 3 is a prcssure-lmdt diagram showing prcssure-cn-
thalpy changes through a rel'ngcmlion cycle.

FIG. 4 is a prcssure-heat diagram showing pressure, heal,
and tentperature values for a refrigeration cycle operatiag
with a 40' '. evapomtor I

FI(3. 5 is a pressure-heat diagram showing pressure, heat,
and tempemture values for a refrigeration cycle operaring
with a 20'. evaporator

FIG. 6 Is a prcssure-lmd t diagram show utg the cycle ofFIG.
4 with a 40'. evaporating tcmpcrature, where the condmts-
ing temperature has been increased to 120" I!

I 1(i 7 is a pressure-heat diagram showing how subcooling
by the condenser improves the refri eration effect und the
COP.

FIG. 8 is a prcssure-heat diagrmn shotting thc cooling
process ut Ihc evaporator

FIG. 9A is a block diagrmn of a momtoring system for
nionitoring the operation of the refrigerant-cycle system

FI(i 9I3 is a block diagram of a inonitoring systent fbr
monitoring the operation of the refrigerant-cycle system, Ic
ivhere operating data for the system is provided to a monitor-
Iilg acr vii tx sui h as. Ior cxaiuplc, tl powc'I coinpilii)'r 1111!tu-

toring center, by usutg data tmnsnussion over power lines.
FIG. 9C is u block ihagrimt of a moiulonng system for

monitoring, the operation of the refrigerant-cycle systeni, Ii
where operatiim data for the system is provided to a monitor-
in service, such as. for example. a power company ormoni-
toring canter. by usin data transmission over a computer
netw I!rk.

FIG. 9D is a block diagrmn of a momtoring system for do
moiulorutg Ihc opcrauon ol thc rclngeranl-cycle syslmn,
where data re arding operation of the systein is provided to a
thenuostat and/or to a computer system such as, for example,
a site nionitoring computer. a maintenance computer. u per-
sonal digital assistant. a personal computer. etc.

FI(3. 9E is a block diagram of u monitoriitg system for
moniiorutg the opcrauon of Ihe refrigermtl-cycle syslmn
w barmn an electronically-controllcxi mclermg device is pro-
vided to allow control of the system in an energy-etficient
to '111 cr o

FIG. 9F is a block diagram of a thermostat control and
monitoring system having a data interface device provided to
the thermostat.

FIG. 9G is a block diagram of a Ihemtoslat control and
moiulorutg system hnving a data interface device provided lo
tile Cv;lpot ttol'fltt

FI(i 9H Is a block diagram of a thermostat control and
monitoring system bavin a thats interface device provided to
the condenser unit.

FI(3. 10 (consisting ofFICIS. 10A and 10B) shows various tu
am!aors Ihal can bc used ut coiutcclion with lhe system of
FIGS. 9A-H for morutoring the operation OI'he rcfngcrant-
cycle system.

FI(3. 11 six!v,s the tempemture drop across in the air
tlu ough the evapomtor as a function ofhumidity. si

FI(i 12 shows heat capacity of a typical refrigerant-cycle
system as a fiutctton of refrigerant charge

FICi 13 shows power consumed in a typical refrigeranl-
cycle systein as a function of refrigerant charge

I i(i 14 shows efficiency ol a typical refrigerant-cycle
system as a function of refrigerant charge

FICi. 15 shows a differential-pressure sensor used to moni-
tor an air filter in an air-lmndler system.

FICi 16 shows a diffcrenual-pressure sensor used to moni-
tor an air filter in im mr-handler system using a wireless
system to provide filter di Iferenti el pres sure data hack to other
aspects of the monitorina system.

I!I(i 17 shows the system of I! I(i 16 implemented using a
filter frame to facilitate retrofittin of existing air handler
systems.

l)EIAII,EI) DI'S('RIFI'ION

FICi 1 is a diagram of atypical refri emnt cycle system 100
used in HVAC systems, reliigcrators, frix zcrs,;md thc like. In
thc system 100, a compressorprovides hot compressed rcfrig-
crant gas lo a hot gas linc 106. The hot gds lute provides thc
hot gas to a condenser 107 I'he condenser 107 cools the oas
and condenses the gas into a liquid that is provided to a liquid
line 108. The liquid refrigerant in the liquid line 108 is pro-
vided tluough a metering device 109 to an evapomtor 110.
The relyigcrant cxpmtds bacl into a gas In thc cvapomlor 110
and is provakxl back to thc compressor though a suction lute
110 A suction sert ice I dh c 120 provides access to the suc-
tion hne I I l. A liquid line service valve 121 provides access
to the liquid line 121 A fan 123 provides input air 124 to the
evaporator 110. The evapomtor cools the air and provides
cooled evaporator output air 125. An optional drier/accumu-
lator 130 can be provided in thc liquid linc 108. A Ihn 122
provides cooling air lo lhc condenser 107.

Thc melcnng device 109 can bc uny refngermtt metcnng
device as used in the art. such as, forexample, a capillary tube,
a fixed nrifice, a Therniostatic expansion Valve ('I'XV). an
electronically controlled valve, a pulsatin solenoid valve, a
stepper-motor valve, a loiv side fioat, a high-side fioat. an
duloinaltc cxpailsion vdlt tv t:lc. A Iixcil iiu:tcililg device'. sitch
as a capillary lube or fixed orilicc will allow some ad) ustmenl
in system capacity as Ihc load changes. As the outdoor cun-
densing temperature increases. more refrigemnt is fed
through the metering device into the evaporator, increasing its
capacity slightly. Conversely, as the heat load goes down, the
outdoor condensing temperature goes down and less reibig-
erant Is fed into the evapomtor. For a location where the load
docs not vary w nlcly. lixed metering deto cas my Il oat with the
load vvcll enough. However. for clunatcs wlmrc there is a
relatively greater range in temperature venation, an adjust-
able metering device is typically used

Thc system 100 cools the air tluough the evaporator 110 by
using the rcfngcraung elliml ol'an cxpunding gas. Tlus rcfrig-
cra ling effcc I is rated ut Blu per pound ol rcfngcranl 38 lu/lb).
if the total heat load is kttotvn /given m 13tu/hr), one can find
the total number of pounds of refrigerant that must be circu-
Lated each hour ofoperation of the system. Tlfis fi ure can be
broken dov:n further to the amount that nutst be circulated
each minute, by dividutg lhc amount circulnted pcr hour by
60.

l3ecause ofa small orifice in the metering device 109, tvhen
the compressed refrigerant passes from the smaller opening
in the metering device to the larger tubing in the evaporator, a
change ut prcssure occurs 1ogelhcr with a change ut

temperat-

uree. Tlus change ut temperature occurs bimmisc of the vapor-
ization of a small porlion of the rcl)1 erdnt (about 20%) mtd,
in the process nf this vaporization. the heat that is involved is
taken frnm the reniainder of the refrigerant
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For cxdmplc, lbom the table of saturatix! R-22 m FIC. 2, II

can be seen that the heat content of 100" I'iquid is 39 27
B I'U/lb and that of 40" li hquid is 21 42 BTU/lb: this indi-
cates that 17.85 I)'I'I//lb has to be reinoved frnm each pound
of refrigerant entering the evaporator. The intent heat of
vaporization of 40" F. (17 85 BTII/lb) is 68.87 BTU/lb. Tlus
is another method of calculating the rcliigcraung cffbct. or
work bmng done, by each pound ol rcfngemnt under the
conditions aiven.

1'he capacity of the conipressor 103should be such that it In

will remove from the evaporator that amount nf refrigerant
lvhich has vaponzed in the evapomltor nnd in the metering
device inorderto et the necessary workdone. Thecompres-
sor 105 must be able to rcmove and send on to thc condenser
10'7 thc same weight ol'el'ngcmnt vapor, so tlmt it can bc
condensed hack into a hquid and so continue in the refrigera-
tion circui I 100 to perform additional work

If the compressor 105 is unable to Inove this weight, some
of the vapor ivill remain in the evapomltor 110. This, in turn,
will cause an increase in pressure inside the evaporator 110, In
accompanied by an Incrcasc in tcmperaturc;md a dccrcasc in
thc work being done by the refrigcr mt, mid design conditions
within the refrigemlted space cannot be nmintained.

A compressor 105 that is too large will withdmlv the refrig-
emnt front the evaporator 110 too rapidly, causing a loweriag
of the temperature inside the evapomltor 110. so that desi n
conditions will not be mnintamed.

In order for design conditions to bc mamuiined witlun a
refrigeration circuit, a balance bctwiun Ihe requirements of
the evaporator 110 and the capacity of the compressor 105 Is lo
maintained. This capacity is dependent on its displacement
and on its volunletric efficiency I/oluntetric eNciency
depends on the absolute suction and discharge pressures
under wluch the compressor 105 is operating.

In onc embodiment. (hc system 1000 controls thc spccxt of ls
thc compressor 105 to increase clliciency. In onc mnbudi-
mcnt, the system 1000 controls thc metcnng device 109 to
increase eNciency. In one embodiment. the system 1000
controls the speed of the fan 123 to increase eNciency. I n one
enibodiment, the system 1000 controls the speed of the fnn do

122 to increase efhciency.
In the system 100. thc rcl'ngerant passes lbom thc liquid

stage uito the vapor stngc as It absorbs heat ui Ihc evaporator
110 coil. In the compressor 105 Ion stage, Ihc refngcrmit
vapor is increased in teniperature and pressure. then the
refrigerant aives off its heat m the condenser 107 to the
ambient cooling medium. and the refrigerant vapor con-
denses back to its liquid state where it is ready for use again in
tile cvchx

FI(h 2 shows the pressure, heat, and IcmperaIurc charac- O

tcmstics of tins rcfngcrant. Enthulpy Is min(her word for heat
content Diagrams such as I'l(i 2 are referred to as pressure-
enthalpy diagrmns l)etailed pressure-enthalpy diagrants can
be used for the plotting of the cycle shown in FIU. 2. but a
basic or skeleton chart as shown in FICi. 3 is useful as a ls
prclinnnary illustration ol'he venous plmscs ol'Ihe rcfrigcr-
dnt circuit. Thcrc arc (brim basic arms on thc ctrdit denoting
clrdnges ui state bctwccn thc stituratcxI liquid lmc 301 and
saturated vapnr line 302 In the center of the chart 'I'he area to
the left of the saturated hquid lme 301 is the subcooled area, io

wheretherefrigerantliquidhas beencooled belowthe boiling
tempemlhire corresponding to its pres sure; whereas the area to
thc nght ol'he saturated vapor line 302 Is the area of super-
heat. where the rclhgcrnnt vapor has bccn heated beyond the
idpotlzdtiotl IeilipcI'Ilturc coircSpoildiilg 10 Ils pleasure. Ss

1'he cnnstruction of the diagram 300, illustrates what hap-
pens to the refri erant at the various stages ivithin the refrig-

era(ton cycle. If thc liqunl I apor slate and nny two properties
of a refrigerant are knolv n and this point can be located on the
chart, thc other properties can be dctem»ncd from thc cham

If the point is situated anywhere between the saturated
liquid 310 and vapor lines 302. thc refngcrant will bc ui the
form of a mixture of liquid nnd vapor. If the location is closer
to thc saturated hquid lute 301. the mixture will bc morc
liquid than vapor, and a point located in the center of the area
al a piirticilliir pressure would Iiidicnte a 60/o liquid 50%
vapor situation.

'I'he change in state front a vapor to a liquid, the condensing,
process. occurs as the path of the cycle develops from right to
left, whereas the change in state from a liquid to a vapor. the
evaporating proces~, travels front left to right. Absolute pres-
sure is indicated on thc I crtical axis at the left, and thc hori-
zontal axis indicates heat content, or catha lpy, ui BTU/lb.

'I'he distance between the two saturated lines 310, 302 at a
given pressure. as indicated on the heat content line, amounts
to the latent heat ofvaporization of the refrigerant at the given
absolute prcssure. Thc distance bctwcen thc two ines ol'dhlidlioilIs Ilot tile satlic In all pi'assures. for (llcv do Iiiil
follow parallel curves 'I'heretilre. there are variations in the
latent heat nfvapnri za ti on o fthe refrigerant, depending on the
absolute pressure. 'I'here are also variations in pressure-en-
thalpy charts of difi'erent refrigerants and the variations
depend on the various properties of the individual refriger-
dilla

I'here is relatively little temperature change of the con-
densed refrigeration liquid after It leaves the condenser 107
and travels tiuough the liquid line 108 on its v.ay to the
expansion or metering device 109. or in the tempemlture ofthe
refrigemnt vapor after it leaves the evaporator 110 and passes
tluough thc suction lute 111 to thc compressor 105.

lil(i 4 shmvs the phases of the sinlple saturated cycle Ivith

appropriate labeling ofpressure~, temperatures, and heat co n-
tent or enthalpy. Starting at point A on the saturated liquid
where all of the refrigerant vapor at 100" F. has condensed
into liquid at 100" F. Snd Is at the inlet to thc metering device.
bctwimn points A and B is the expansion process as thc
refrigerant passes through the metering device 109; and the
refrigerant temperature is loivered front the condensation
temperature of 100" I( to the evapomlting teniperature of 40"
F.

When thc verucal line A-B /the cxpnnsion process) is
extended downward to the bohom axis, a reading ol'9.27
B'I'U/lb is indicated. which is the heat content of I(X)"I'iquidTn the left nf point i) at the saturated hquid hne 108 is
point Z, vvhich is also at the 40'. temperature line. Takiitg a
vertical path dollnward from point Z to the heat content line,
a reading of 21.42 BTU/lb is indicatixl, wluch Is thc heat
content of 40'. hquid.

'I'he horizontal line behveen points B and ('ndicates the
vaporization process in the evaporator 110, where the 40"I'iquidabsorbs enough heat to completely vaporize the refri-
emlnt. Point C is at the saturated vapor line. indicating that the
relbigccdnt has completely vaporizcxl and is rmidy for the
compression process. A lute drawn vertically dowim ard to
where it joins the enthalpy line indicates that the heat content,
shov'n at h,. is l(tg 14 i)tuilb. and the ditTerence between h,
and h,. is 68 87 Btivlb. which is the refngerating etTect, as
shov n in an earlier example.

Thc dilii:rcncc between points h and h, on thc cnthalpy
lute amounts to 86.72 Btu/lb, winch is thc latent hcai of
vaporization nf I lb of R-22 at 40" I'ibis anlount would also
exlubit the refrigerating etTect. but some of the refrigerant at



LJS 7,469,546 B2

100'. must evuporate or vaponzc m urdar that Ihc remauung
portion ofeach pound of R-22 can be lowered in temperature
fmm 100" I( to 40"I'll

refrigerants exhibit properties of volume. temperature,
prt:Ssiiic. Ciltlidlpv OI'cdt COI1IC111, aiul CBIIOpy whCII 111 11

gaseous suite. Entropy is dclinixi as ihe dcgrce of disorder of
the ntolecules that make up. In refrigeration, entropy is the
ratio of the heat content of the gas to its absolute temperature
in degrees Rankin.

11&c pressure-mithalpy chart plois thc lute of constant I'I

mr(ropy, which stays the same provided Qtat Ihe gas is com-
pressed and no outside heat is added or taken away When the
entmpy is constant, the compression process is called adia-
batic. which means that the gas changes its condition without
the absorption or rejection ofheat either from or to an exterrml
body or source. It is conunon practice, in the study of cycles
ol rclrigeranon, Io plot llm compression linc eilher along or
parallel 111 ii litle of coilsniilt ciltropv.

In FRi. 5. line C-D denotes the compression process, in
tvhich the pressure and temperature ofthe vapor are increased Io
fmm that in the evaponutor 111) to that in the condenser 107,
with the assumption that there has been no pickup of heat in
the suction line 111 between the evaporator 110 and the
compressor 105 I/or a condensing temperature of 100" I'., a
pressure gauge would read appnixiinately ] 96 psig,: but the
chart is rated in absolute pressure and the atnxispheric pres-
sure of 14.7 are added to the psig. making it actually 210 61
PSI'1.

Pout) D on Ihc absolute pressure hne is cquivalcn1 Io the
100'. condensing tempcraturc: it is not on tim saturated

t(i
I apor linc. it is Io thc nght ui thc supcrhimt dre i. St a )unction
of thc 210.61 psia linc, the linc ol'constant entropy of40'.,
and the temperature line of approximately 128" F. A line
drawn vertically don nv ard from point D intersects the heat
content line at 118.68 Btu/lb, which is hm the difference
between h, and hd. Is 10.54 Btn'lb the heat of compression
that ltos been added to the vapor. Tlgs amount of heat is the
heat energy equivalent of the work done during the refrigem-
tion compression cycle. This is the theoretical discharge tem-
perature, assuming that saturated vapor enters the cycle: in
actual operation„ the discharge temperature may be 20" to 35'o
higher than that predicted theoretically. This can be checl ed
in the system 100 by attaching a temperature sensor 1016 to
the hot gas line 106.

During thc compression pmc cab, thc vapor Is heated by the
action of its molecules being pushed or compressed closer ds
together, comntonly called heat of compression.

I.ine D-li denotes the amount of superheat that must be
removed from the vapor before it can coinmence the conden-
sation process. A line drawn vertically downv ard from point
E to point h, on the heat content line indicates the dismnce so

h„-hes or heat amountin to 654 Btu/ib, since the heat content
ol'00* F. vapor is 112.11 Btu/lb. Tlus superheat is usually
removed in the hot gas discharge lute or ui Ihc upper portion
of the condenser 107 l)uring this process the temperature of
the vapor is lowered to the condensing temperature b.

Line E-A rcqircscnts Ihe condensation process that lakes
place in Ihe condenser 107. At point li the refrigerant is a
saturated vapor at the condensing teinperature of 100" F and
an absolute pressure of210. 61 p cia; the same temperature and
pressure prevail at point .A. but the refri erant is now in a io
liquid state. At any other point on line E-A the refri erant is in
thc phdst: iif ii liqiiid vdpoi coinbinantin, Ihc closet thc poiilt
IS Io A, IRC grCatcr thC dinollilt Ol Ihc rCfrigc111111 thiit hiIS
condensed into its liquid stage. At point .A. each pound of
refrigerant is ready to go through the refrigerant cycle again 61

as it is needed for heat rentoval from the load in the evaporator
110.

Two factors that dctcmunc ihe cocllicicnt ol perfonnance
(COP) of a refri erant are refrigerating effect and heat of
compression. Thc ex)nation may bc wnucn as

«fug» ut » «iieetcop=

Substituting values, from thc pressure-cnthalpy diagram of
the sunple saturated cycle previously presented. the equation
v ould be:

/i, — 6„61 S7cop= = 6 63
/I — /t, la sd

I'he ('F is, there fore. a rate or a measure o f the theoretical
efficiency of a refrigeration cycle is the energy that is
absorbed in the evaporation process divided by the energy
supp lied to the gas during the compression pm cess. As can be
seen from Equation I, the less energy expended in the com-
pression process, thc larger will be the COP ol'hc rcl'n cm-
tion system.

I'he pressure-enthalpy diagmms in I/I(ig 4 and 5 shoiv a
comparison of tv,o simple saturated cycles havmg different
evaporating temperatures, to bring out various differences in
oIhcr aspects ol the cycle. In order that an approximate math-
muatical calculauon comparison muy be mades thc cycles
shown in FIGS. 4 and 5 will have thc same condensing tem-
perature, but the evaporating temperature will be lou ered 20"
l(fhevaluesofA,B,(L D, andI! from lq(i 4 as the cycleare
compared to that in F K 2 5 (with a 20" F. evaporator 110). The
refri crating eifects heat of compression. and the heat disci-
patcd at thc condenser 107 in each of thc rcl'ngcmtion cycles
will bc compared. Thc comparison will bc based on dmd
about Ihc heat content or mtthalpy lines rated ui Btu/lb.

For the 20" F, evaporating temperature cycle shown in FICi.
5:

1'et retur. tst u etre t (/, / „1-67 I I Btu Ib

Hest et omtuess on (/u-/t,,/ — 67 11 But ib

Comparing the data above with those of the cycle with the
40', evaporatin temperature Flfi. 4. shov s that there is a
diwrcaac in the net refngcra1 ion clfi:ct I NRE) of2.6% and an
incrcasc in thc heat of compression of 16.7%. There will be
some incrcasc in supcrhcat, which should be removed either
in the hot gas line 106 or the upper portion of the condenser
107 'I'his is the result of a loivering in the suction tempenuture,
the condensing temperature remaining the same.

From Equation I, I I loll on s that Ibc w mgh1 ofrc fog crau) Io
bc circulated pcr Ion ol'ooling, in a cycle with a 20'.
evaporating temperature and a )00" I/ condensing tempem-
ture, is 2.98

Ib/miiutton'ou(nb/mml

Iv =
/V/IEIBtu/Ibl

11/OBu/m o

67 11 Bu/Ib

= "
VS Ib/ouu
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C&rculatuig morc refugermit Iypically uivolvcs oilier a
lar er compressor 105. or the same size of compressor 105
operatin at a higher rpm

l1(I 6 shows the original cycle with a -10" Ii evaporating
tempemture. but the condensing temperature has been
increased to 120" F

Agam lak&ng thc spec&f&c dale Irom Ihc heal contcnl or
cnthalpy linc, onc uow finds Ihr thc 120'. condcns&ng tem-
perature cycle that h„45.71. h 100.14. ha 12201, and
h, 112.7g. 'Ilius. the net &efugerating etTect (h„.-h„,) 62 43 &c

l3tuilb.theheatofconipressiim(hi h,.) 13 g7l3tu/lb.andthe
condenser 107 superheat (h„h,.)=9.23 Btu/lb

In con&parison with the cycle having the 100" F, condens-
ing tcmpcraturc (FIO. 4), thc cycle can also be calculated by
allo&su&g Ihc Imnpcra&ure ol'he condensm process Io
increase to 120" I'as shown in I'l(i. 7). Iil(i. 7 shov s a
decrease in the N RI I of 9 4%. an increase in heat of con&pres-
sion of 31 6%, and an increase of superheat to be removed
either in the discharge line or in the upper portion of the
condenser 107 of 40 5%. io

W&&h a 40'. evaporatu&g Icmpcra&urc mid a 120" F. con-
densing temperature, Illc w i &ght ofref&tgi rd&lt to bc cu c illa&cil
will be 3.2 lb&min/ton I'his indicates that approximately 10%
niore refrigerant must be circulated to do the same amount of
work as v hen the condens&ng temperature was 100" IL

Both ofthese examples show that for the beset efficiency of
a system„ the suction temperature should be as Ifigh as fea-
sible. and thc condcns&ng tempcraturc should be as low as
Ii:asible. Ol'ourse, there arc lim&tauons as to Ihc extremes
under which the ay&ten& 100 may opemte satisfactorily, and &o

other means of increasing efficiency must then be considered.
I .conomics of equip&nent (cost+operating perfi&unance) ult&-

mately determine the feas&bility range.
Referring to FIO 8. after the condensing process has been

con&pfctcxl and all ol'Ilm rely&gerant vapor at 120" F. is ui the &i

liquid s&a&c. &f &he 1&qu&d can bc subcoolcd Io point A'n Ihe
100'. lute (a d&ITcrcncc ol'20'.), thc NRE (h, -h„) mill be
increased f&.44 l3tu/lb 'I'his increase in the anx&unt of heat
absorbed in the evaporator 11 0 without an increase in the heat
of compression will increase the COP ofthe cycle, since there so
is no increase in the energy input to the compressor 105.

lh&s subcoohug can take place wlulc Ihe liquid is tempo-
rarily in storage &n thc condenser 107 or rccc&ver, or some of
Ihe hqunl's heal maybe d&ss&palcxI to the ambient tempera! urc
as it passes through the liquid pipe on its way to the metering
device Subcooling can also take pksce in a ci&&11&tlercial type
water cooled system tluough the use of a liquid subcooler

Normally. the suction vapor does not arrive at the compres-
sor 105 ui a sa&uratixl condition. Supcrhcat &s added to the
i aporaficr the cvapornt&ng process has been comple&cd, in the o

cvapora&or 110 and/or &n thc sucuon linc 111, as well as in the
compressor 105 If th&s superheat is added only in the evapo-
rator 110, it is doing annie useh&l cooling: fi&r it too is remov-
ing heat from the load or product. in addition to the heat that
&vas renu&ved durin the evaporating process. But ifthe vapor &s

is superhca&ed iu Ihc sucuon lu&c 111 loca&cd outside of thc
cond&i&oned space, no usefiil cooluig &s accomplished. yc! tlus
is wha& takes place u& many sys&cm.

In the aysteni I UU. the refrigerant p ressure is relatively high
in the condenser 107 and relatively loiv in the evaporator 110. (I!

A pressure rise occurs across the compressor 105 and a pres-
sure drop occurs across the metering device 109. Thus. the
compressor 105 and thc mctcnng dcv&cc maintain thc prcs-
sure di ITerencc bctw ccn I 1m condenser 1 07 mid tlm evaporator
110. si

11nis. a refrmeration system can be divided into the high
side and lo&v side portions 1 he high side contains the high

prcssure vapor and hqu&d rcfngcrant aud &s thc part of thc
system that rejects heat. 'I'he lov side contains the k&iv pres-
sure liquid vapor and refri erant and &s the side that absorbs
heat

Heat is ahvays trying to reach a state ofbalance by fiowin
from a warmer object to a cooler oblect. Heat only fiows in
ouc direct&on. from warmer Io cooler Tcmpcra&urc d&ffcrcncc
(TD) is what allows hca& Io liow from onc obtcc& to ano&her.
The gree& cr the tcmperaturc d&ffi rm&cc the morc rapid thc hca I

flov . I&or the high side of a refri emtion unit to reject heat its
temperature must be above the ambient or surrounding tem-
perature. For the evaporator 110 to absorb heat, its tempera-
ture nuist be beiow the surrounding ambient temperature.

Tv o factors that affect the quantity of heat tmnsferred
bc&wimn two objcc&s are thc Icmpcrature ihlTcrcnce and thc
mass ol'hc two oblccts. The greater thc Icmpcra&ure d&ffi:r-

ence between the refrigerant coil (e 5, the condenser 107 or
the evaporator 110) and the surrounding air. the more rapid
v ill be the heat tm&wafer 'I'he larger the size of the refrigemnt
co&l. the greater the mass of refrigerant. which also increases
the rate of heat transfer. Engineers can either design coils to
have high tcmpcraturc d&fii:rm&ccs or larger areas Io increase
Ihc heal Ird&isle& I Jtc.

To incrcasc energy efficicncy, systems are dcsigncxI w&fi&

larger coils because it is more efficient to have a lower tem-
perature and a larger area to transfer heat It takes less energy
to produce a smaller pressure/temperature difference within a
refrigemtion system. Manufacturers of nev hi h efficiency
a&r cond&tioning systems use this principle.

Thc same pnnciplc can be appluxl to the cvapora&or 110
co&ls Thc tempera&urc diIThrcnces bctwccn thc evaporator
input a&r 124 mid Ihe ci spore tor outpu& a&r 125 arc lower than
they were on earlier systems. Older, lo&ver eff&ciency, air
conditioning ay&tents may have evaporative coils that operate
at 35" F. output temperature„while nev er higher efficiency
evaporator 110 may operate in the 45', output ran e. Both
cvaporators 110 can pick up the same amount of heat pro-
v&dcd that thc lugher tempera&urc. h&gher cffic&ency co&l has
grcatc& ilu:a il&ld. thc&cfo&c. &1&o&c &1&iiss of reft&gers&ll bcu&g
exposed to the air stream to absorb heat I'he higher evapo-
mfive coil temperan&re may produce less dehun&id&fication. In
humid climate~. de-humidification can be an important part of
the total air conditioning.

Corrcc& cqu&pmen& sclec&ion &s nupor&m&t to ensure sys&cm
opemfion and to obtain desired energy efficiencies Previ-
01&slv, &I vvIS a coil&mon p& ictice »1 &&lan)'ocat&oils fo»'isiall-
ers to select an evaporator 110 of a d&fferent tonnage than the
condenser unit 101 capacity. While this practice in the past
may provide hi her efilciencies, fiir most of today's more
technically dcs&gnixi sys&ems proper mntch&ng is usually
achieved by us&ng Ihc manulhc&urer's spec&licauons ui order
to provide pmper operation. Misniatching systems can result
in poor lnunidity contml and higher operating costs. In addi-
tion to poor energy efficiency and lack of proper humidity
controL the compressor 105 in a mismatched system may not
rece&ve adequate cooling from returnin refrigemnt vapor. As
a result the compressor 105 temperature w &ll bc higher, and
tlus can reduce shel&fc of thc compressor 105.

As refrigerant vapor leaves the d&&charge side of a com-
pressor 105. it enters the condenser 107. As tlfis vapor travels
through the condenser 107. heat from the refri erant disci-
pa&cs Io Ihc surround&ng air Iluough thc p&p&ng and Iins. As
heat is rcmovcxh the rcfugcrant begins to change suite from
vapor to hqunl. As Ihc mix&ure of liqu&d and vapor con&uiucs
to flov thmugh the condenser 107, niore heat is removed and
eventually all, or viuually all. of the vapor has transformed
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into liquid. Thc 1&qu&d flows from ihe outlet ol thc condenser
107 through the liquid line 108 to the metering device 109

'flic high pressure, high temperature liquid refrigerant
passes through the niete ring device I U9 where its temperature
and pressure change. As the pres sure and temperature change,
some of the liqu&d refri emsnt boils off formi&tg flash gss As
tins nuxture of refngerant, liquid, tmd vapor flow tluough the
cvapora(or 110, heat &s absorb&ah and thc rcmaimng hqu&d
refrigerant changes into a vapor At the outlet ofthe evapora-
tor 110 the vapor flows back thn&ugh the suction line 111 to io

the con&pressor 105
The compressor 105 draws in this lovv pressure, low tem-

perature vapor and converts it to a high tempermire. hi h
prcssure vapor whcrc the cycle begu&s agau&.

An nlcally sized and funcuon&n sys(em 100 &s onc whcrc
the last bit of refrigerant vapor changes into a liquid at the end
of the condenser I U7 and where the last bit of liquid refrig-
erant cha&mes into a vapor at the end of the evaporator 110.
However. because it is impossible to have a system operate at
this ideal state. units are des&gned to have some additiorml zc

coolu&g. Calhxl subcoohng, ol'hc liqunl rcfngeran( Io e&wure

tha& no vapor leaves Ihe condenser 107. Even a small amuunt
of vapor leavin a condenser 107 can significantly reduce
eflicie&icy of the syste&n 100

On the evapomstor 110 side a small ainount of additional
temperature is added to the refri erant vapor. called super-
heat, to ensure that no liquid refrigerant returns to the com-
pressor 105 Rctum&ng l&qu&d rcfr&gcran& Io thc compressor
105 cnn damage thc compressor 105.

Systems that must operate under a broad range oftempera- io
nire conditions will have difliculty maintaining the desired
level of subcooling and superheat I'here are nvo components
that can be used in these systems to enhance the level of
efTiciency and safety in operation. They are the receiver and
thc actnimulator. The rccmvcr &s placed in the hqu&d lme 108 &s

and holds a 1&ttle extra rcfrigcran& so thc sys&em has e&x&ugh

for high loads on hot days. The accumula(or &s placed in the
suction line 111 and tmsps any the liquid refrigerant thatwould
flow back to the con&pre as or I 05 on cool days with light loads.

A liquid receiver can be located at the end ofthe condenser sc
107 outlet to collect liqu&d refrigerant. The liquid receiver
allows the hqu&d to flow into Ihe rcce&vcr and m&y vapor
collcctcxI in the race&ver to flow back in(o thc condenser 107
Io bc convcltcil back n&lo a liquid. Thc hnc connccnng C&c

receiver to the condenser 107 is called the condensate line and
must be large enough in diameter to elks liquid to flow into
the receiver and vapor to flow back into the condenser 107.
The condensate line nnist also have a slope toward the
recco cr Io allow 1&qu&d rel'ngcmnt to frccly flov, from the
condenser 107 into ther&wc&vcr. The outlc( s&de of&horace&vcr o

is located at the bottom whcrc thc trappcxl hqunl can flow out
of the receiver into the liquid line

Receivers should be sized so that all of the refrigerant
charge can be stored in the receiver. Some refrigeration con-
densing units come with receivers built into the hase of the &s

condcnsh&g iln&1

11&c accumulator &s loca(cd at the end of thc evaporator 110
and allows 1&qu&d rcfrigcrm&1 to bc collcc(ed u& tlm bottom of
the accumulator and remain there as the vapor refrigerant &s

returned to the compressor 105. I'he inlet side of the accumu- io
fetor is connected to the evaporator 110 where any liquid
refrigerant and vapor flow in. The outlet of the accumulator
draws vapor tluough a U shaped tube or clwmber. There &s

usually a small port at the bonom ol thc U shaped tube or
cluunbcr tha(allows hqu&d rcfrigcran( and oil to bc drawn u&to as

the suction line Without this small port, refrinerant oil would
collect in the accumulator and not return to the compressor

105 Thc small port docs allow some liquid rely&gcrani to
enter the suction line I lo&vever, it is such a small amount of
liquid refrigerant that it boils ofT rapidly, so there is little
daager of liquid refrigemsnt flo&vin into the compressor 105

Accunndators are oflen fi&und on heat pumps During the
changeover cycle, liquid refrigemsnt can flow back out of the
outdoor co&l. Th&s hquid rcfrigeran( could cause compressor
105 dmnagc il'it werc no( for the accumulator, which blocks
its rehirn

I'he pressure-heat diagram of I'l(i 8 shows the cooling
pmcess in the evaporator 110. Initially the high pressure
liquid is usuaily subcooled 8-10" F. or more When subcooled
liquid from point A flows tluough the expansion device 109,
its prcssure drops to thc pressure of thc evaporator 110.
Approx&ma&cly 20% ofthc liquid bo&la olT to gas, cooling thc
remainmg liquid-gas n&ixture Its total heat fenthalpy) atpoint
13 is relatively iuichanged from A No external heat energy has
been exchanged I'rom points 13 to C, the rema&nder of the
liquid boils offl absorbing the heat flowing &n from the evapo-
rator 110 load fair &vater etc). At po&nt C. all ofthe liquid has
evaporated and the rcfrigeran( is vapor a( thesaniration Iem-
pcraturc corresponding Io the evaporator 110 pressure.

I'he subcooling increases cycle efficiency and can prevent
flash gas due to pressure loss from component~. pipe friction,
or increase in height.

Many smalier refrigeration systems are des&gned to have
the expansion device control the refrigerant flow so the evapo-
rator 110 w&ll heat thc vapor beyond saturated cond&cons and
mwure no liquid droplets will en(er and pose&bly damage thc
compressor IU5 It is assumed here for the sake of simplicity
Chere is no pressure drop tl&rou h the evaporator 110 In

realty there are pressure drops which would shghtly shift the
evaporating and condensing processes from the constant
pressure hoes sho&vn.

If thc evaporator 110 docs no(have to superheat rcfrigcran&
vapor, &t can produce morc cooling capac&ty. On smaller sys-
tems thc dilTcrcnce is relanvcly small and &t is morc unportm&1
to pmtect the compressor 105. On larger systenis. an increase
in evaporator performance can be important A flooded
evaporator 110 absorbs heat from po&nts B to C. It can circu-
late more pounds of refrigerant )more coohng capacity) per
sqiiarc loot OI heal transfc& surface.

An undersized evaporator w&th less heat transfi:r surface
will not handle thc same heal load at the same Icmperaturc
difference as a correctly sized evapomstor 1he new balance
point will be reached with a lov er suet&on pressure and tem-
perature. The load will be reduced and the d&scharge pressure
and temperature will also be reduced. An unders&zed evapo-
rator and a rixluced l&at load bo(h have sim&lar cffi:ct on Ihe
relyigcrant cycle becmise they both arc removing less hca&

from Ihc refngcrant.
As the ambient ten&pemture increase. the load on the

evaporator increases When the load on the evaporator
increase, the pressures increase. The operating points shift up
and to the right on the pressure-heat curve As the load on the
evaporator decrcascs, Ihc load on Ihc cvapora(or decrcascs.
and thc pressures dccrcase. The operating po&nts on thc pres-
sure-heat curve slnli &km n. Thus, knowlcdgc of Ihc mnbicnt
temperature is useful in determining whether the system 100
is operating eff&ciency.

FICi. 9A is a block diagram of a monitorin system 900 for
monitorin the operation of the refrigerant-cycle system. In
FIG. 9A. onc or morc condm&ser urut sensors 901 measure
opera 1u&g charac Icos ties of Ibc elcmen(s of the condenser u&u I

101. onc or more cvnporator unit sensors 902 &measure oper-
ating characteristics ot the evaporator unit 102, and one or
nx&re ambient sensors 905 measure ambient cond&tions. Sen-
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sor dais lrom the condcnscr unit scnsurs 901. evaporator unit
sensors 902. and condenser unit sensors 903 are provided to a
pmcessin system 904. The processing, system 904 uses the
sensor data to calculate system etTiciency. identify potential
perfiirniance problems, calculate ener y usage. etc, In one
embodiment. the processin system 904 calcuLI(es energy
usage and energy costs due to uicllicicnl operation. In oue
cmbodimcnt, thc processing system 904 schctlules liltcr
niaintenance according to elapsed time and/or filter usage. In
one enibodiment. the processing system 9()4 identities poten-
tial pertiirmance prob)ellis, (e o.. )ow airfioiv. InsutTicinit or
unbalanced load, excessive load. Iow ambient temperature,
high atnbient tempemture, refrigerant undercharge. refriger-
ani overcharge, litt u id linc res inc(ion, suction line res trw lion,
hol gas lute rcsluctlon, incliicmnt compressor, clc.). In onc
embodiment. the processing system 904 provides plots or
charts of energy usage and costs ln one embodiment, the
pmcessin system 904 the monitoring system provides plots
or charts of the additional energ) costs due to inethcient
operation of the refri erant-cycle system. In one embodi-
mcnl, a thennosuil 952 w provided lo lhc processmg system
904. In one embodiment, thc processui system 904 and
theniiostat 952 are combined.

FI(i 9I3 is a block diagialu of the system 900 v herein
operatiim data from the refrigerant-cycle system is provided
to a remote monitorin service 950, such as, for example, a
power company ormonitoring center. In one embodiment, the
system 900 provides operating dale rclatnl to lhe operating
cfiiciency of the rel'ugcrant-cycle system lo die rnnote mom-
tor 950 ill (1llc cillbotllincilt, ttlc rcinotc moillti11"iilg service
pmvides operating efficiency data to an electric power coni-
pao)'l'(1vcrilinciital agcilcv.

Data can be transmitted from the system 900 to a remote
monitoring service by using data transmission over power
)inca as shown in FIG. 9B andior by usm daut transmission
os cr a dale network (c g., Ihc Internet, a wireless network, a
cable modem network, a tclephonc ac(work, elc ) as shown ln
lilCi. 913 and also as shown in discussed in connection v ith
lilCig. 91 xl I

FI(t. 9D is a block diagram of a monitorin system for
monitoring the operation of the refrigerant-cycle system,
where dale regardulg operation of thc ay sinn is provided lo a
thermos(a(952 and/or to a computer system 953 such as, for
cxmnplc, a sile monllonng computer, a maintenance com-
puter, a personal digital assistant. a personal computer. etc.

11Ci 911 is a block dtagralu of a monitoring, system for
monitoring the opemstion of the refrigerant-cycle system
wherein an electronically-controlled metering device 960 is
provided to allow control of thc system in an ener y-ctlictcut
Intlttcu

FIG. 9F is a block diagram of a diermoslat control and
nionitoring system having a data interface device 955 pro-
vided to the theunostat 952 The thermostat 952 tvpically
coninuuiicates with an evaporator unit controller 953 using
reLatively low-voltage control wiring. The control unit 953
typically provides relays and other control circuits I'or thc air
lumdler fan, and other systems in thc evaporator uiut 102 Thc
control w inng is also provided to a condenser unil controller
954 in the condenser unit 101 The controller 954 provides
re) ays and other control circuits for the coinpressor 105. the
condenser fan, etc The data interface device 955 is provided
to the low-voltage control w irmg to allow the themtostat 952
to rccnve control siipials I'rom the mao(e monitor 950.

FIG. 9G is a block diagram of a Ihemioslat control and
moiuloruig syslnn whcrcin a data mu:rfacc device 956 is
pmvided to the controller 954 The data interface device 956
alloivs the remote nionitor 930 to communicate with the

condenser unit. In onc cmbodimenl, thc thtta inlcrlhce dcvicc
956 allows the remote monitor to read sensor data from the
condenser unit 101. In one embodiment. the data interface
device 956 allows the reniote monitor to turn off the con-
denser unit 101. In one embodiment. the data interface device
956 allows the remote nionitor to switch the compressor 105
to a lower spcixl mode. In one embodiment, thc data interface
dcvicc 956 allow s the remote monitor to sw itch the condenser
unit 101 to a poiver conservation mode

io lil(i 911 is a block diagram of a thermostat control and
nxmitoring systeni ivherein a data interface device 937 is
provided to the controller 953.

In one embodiment, the (LIta interface devices 955-957 are
coniigurcd as power lmc modems (e g . using Broadband over
Power Linc (BPL), or other power linc networluug lccluiul-
ogy) In one embodiment, the data interface devices 955-957
are coilfigured as ivireless nlodems for comiliuilication using,
v ireless transmission ln one embodiment, the data interface
devices 955-957 are contigured as telephone modems. cable

io modems. Ethernet modems. or the like, to conuminicate usin
a wired network.

In onc embodiment, thc system 900 provides sensor dms
from the condenser unit sensors 901 and/or the evaporator
uilit sensors 902 to the renlote moilitoring service 950 ln one
embodinient, the system 900 uses data from the condenser
unit sensors 901 and/or the evaporator unit sensors 902 to
compute an efficiency factor for the refngerant-cycle system
and thc system 900 proiidcs the cliicmncy fimlor lo thc
mao le monitoung sets icc 950. In one embodiment, the ay s-

io tern 900 provides power usaae data (e g.. aniount of power
used) by the refrigerant-cycle system and the system 9()l)

pmvides the efficiency factor to the remote monitoring ser-
vice 950. In one embodinient. the system 900 provides an
identification code (ID) with the data transmitted to the

Is remote monitor 950 lo ulcnufy thc system 900.
In onc nnbodlment, lhc remote monitor 950 is provtdcxt

with dale rcgarihng a nuixmium expected cliiclcncy for Ihe
refrigerant-cycle system (e g., based on the nianufacture and
desifui characteristics of the refrigerant-cycle system) such

so that the remote monitor 950 can ascertain the relative eth-
ciency (that is. hov, the refrigemsnt-cycle system ts operating
wllh rcspcxl lo lls cxpcctcd opcrauug ctlicleucv). In onc
nubodunent, the remote monitor 950 provides cllicicncy data
to Itic power ciilllpsilv'r 01 ii gin crtltucnl sgcncv so cli chic
mites can be charged according to the system efficiency ln one
embodiment, the homeoivner (or building owner) is charged
a higher electrical rate for electrical power provided to a
refri erant-cycle system that is operating at a relatively low
absolute cliicmncy. In one cmboduueut, Ihe homeowner (or

o building owner) is charged a lngher clcctucal rate lhr elccui-
cal povvcr provided lo a rclhgerant-cycle system that ls oper-
ating at a relatively loiv relative efficiency In one embodi-
ment, the homeoivner (or building owner) is char ed an
electucal rate according to a combination the relative and

11 absolute elticiency of the refri emsnt-cycle system. In one
nubodunent, thc dale prox iilnl lo thc mouitonug system 950
is used to provide notice lo thc homeowner (or bulliluig
owner) lhat the rcfhgcranl-cycle syslnn is operatuig al a poor
etTiciency In one embodiment, the data provided to the moni-

I o turing system 950 is used to provide notice to the homeoivner
(or building owner) that the refrigerant-cycle system is oper-
ating at a poor ethciency, and that the system must be ser-
vlcid. In onc nnbodunnit, thc owner w given a warning that
scrvicc is ncixled. If the unit is not serv lcixl (or if ctliciency

ss docs not unprovc) after a period ol'time, the system 950 cmi
remotely shut off the refrigerant-cycle system bv sending
cnnniands to one or more of the interface devices 955-957.
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In one cmboduncnt, the homeowner (or bui1dulg owner) is
charged a higher electrical rate for electrical polver pnivided
to a refrigemnt-cycle system that is opemting at a relatively
low eNciency during a specified period of tiine. such as, for
example, when the power system ic high)y loaded. during
peak afternoon cooling periods, during heat waves, during
ro11mg blackouts, etc. In one cmbodimcnt, thc homeow ncr (or
bullring owner) is charged a higher elcctncal rate (a premium
rate) for electrical power provided to a refrigensnt-cycle sys-
tem during a specified period of time, such as„ for example, la
when the power system is highly loaded. during peak aAer-
noon cooling periods. during heat waves. during rolling
blackouts. etc, In one embodiment. the homeowner (or build-
ing owner) can programmulg thc system 900 to receive mes-
sages I rom the power company uldica 1ulg lha1 prmm um rates
are being charged In one embodiment, the homeowner (or
buildin olvner) can pmgram the systein 900 to sinn down
during premium rate penods. In one einbodiinent. the home-
owner(orbuildin owner)canavoidpayingpremiumrates by
allowing the polv er company to remotely control operation of Io
thc rcfngcrant-cycle system during prenuum rate times. In
one embodunent, the homeowner (or building owner) is only
allolved to run the refrigerant-cycle system during prenuunl
rate periods if the system it operating above a prescnbed
eAiciency

In one embodiment, the system 900 monitors the amount of
time that the refri emnt-cycle system hns been nmning (e
lhe mnount of ruuumc duung the last day, weeL ctc.). In onc
mubodimcnt. Ihc remote monitonng system cim query thc
systenl 900 to obtain data regarding the opensting of the io
refrigerant-cycle systenl and one or more of the data interface
devices 955-957 will receive the query and send the requested
data to the monitoring system 950. The query data be. such as,
for example, the efficiency rating of the refri erant-cycle
system (c.g., thc SEER, EER, ctc.), thc currmlt operating li
cflicicncy of thc rcfngcrant-cycle system, thc runtuue of the
system during a spccilicd time pcnod. ctc. The system 950
opal'Bnu'c g., thc pow'ci colnpally ol'ower tl lllsiuisslon
company). can use the query data to make load balancing
decisions. Thus. for example the decision regarding whether so
to instnlct the refri emnt-cycle system to shut down or go Into

low power mode can bc based on flle system cflicicncy
(spccilied eflicicucy, absolute cflicmncy, and/or relative efli-
cicncy). Ihc amount ol'ime thc system lies been ruiuung, thc
home or building owner's willingness to pay premiunl rates
during load shedding periods. etc 'I'hus, for example a home-
owner lvho has a lov -eNciency system tllat is heavily used or
who llas indicated an unwillingness to pay premium rates,
would luive his/her rcfngcrant-cycle system shut olf by the
system 950 belbre tlrat of a homcowncr who has ulstallcd a o

lugh-efiiciency systmn that is used rclalively little. and who
had indicated a willingness to pay premiuin rates In one
embodiment, in nlaking the decision to slnit off the systenl
900, the monitoring system 950 would take into account the
efficiency of the system 900. the amount the system 900 is ss
being usixi, and the owner's wilhngness to pay prcmnun
lares. Ill onc clnbixllillcllt, htghcl-cflicicncy svslclns Blc prc-
li:rrmi olcr lower-cfliciency systems (tliat is. Iughcr-cfli-
ciency systenls are less likely to be shut otf during a power
emergency). and lightly-used systems are preferred over io
heavily-used systems.

In one embodiment. the system 900 sends dam regarding
thc sct icmpcruture of thc thermoslat 952 lo the monilorulg
system 950. In onc mnboduncnt, the clectnrity mtc charged
to the homcow ncr (or building owner) calculated accordulg to si
a set point of the thernlostat 952 such that a lower set point
results in a higher rate charge per kilowatt-hour In one
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mubodunent, the ehwuicity rate charged to thc homeowner
(orbuilding olvner) calculated accordmg to the set point ofthe
thermostat 952 and the relative efliciency of the refrigerant-
cycle system such that a lower set point and/or lower eN-
c Iency results in a higher rate charge per kilowatt-hour. In one
embodiment. the electricity rate char ed to the homeowner
(or buiidulg owner) calculated Imcording to thc sct poult ol'the
themlostat 952 and lhc absolute eflicimicy of thc rcfrigcrant-
cycle systein such that a lower set point and/or lower efli-
ciency results in a higher rate charge perkilowatt-hour. In one
embodinlent, the electricity rate charged to the homeolvner
(orbuilding ov acr) calculated according to the set point ofthe
themlostat 952. the relative efficiency ofthe refri erant-cycle
system, and thc absolute cfliciency of the refngcrimt-cycle
system accordulg to a fonmila whereby a lower sct poult
and/or lov er efficiency results in a higher rate charge per
kilowatt-hour

In one embodiment, the monitoring system 950 can send
instructions to the system 900 to shut down if the reibigemnt-
cycle system is operating at a low eihciency. In one embodi-
meul, tlm moiutonng system 950 can amid nwtructions to the
system 900 to change the set tulg of the thcnnostat 952 (c.g.,
mise the set tempemture ofthe thermostat 952) in response to
low efficiency of the refrigerant-cycle systenl and/or to avoid
a blackout In one embodiment the nlonitonng system can
send instructions to the condenser unit IAI to switch the
compressor 105 to a lolv-speed mode to conserve power.

In onc embodiment. ihe rmnotc moiutonug service know s
thc idmltilicatioll codes ol Bdiircsscs ol thc dilta 1111cllacc
devices 955-957 and correlates the identification codes with a
database to determine whether the refrigemnt-cycle system is
servmg a relatively high priority client such as, for example,
a hospital, the home of an elderly or invalid person, etc. In
such circumstance~, the renlote monitonng system can pro-
vide rclativcly less cutback ul cooling provided by thc refrig-
clillll-cy'clc sy'steal.

In one embodiment. the system 900 conunuiucates w 1th the
nxonitoring system 950 to pmvide load shedding 'I hus. for
example, the inonitoring system (e, a polver company) can
conununicate lvith the data interface device 956 and/or the
data interface device 957 to turn off the refrigemnt cycle
system. Thc monitonng aystmn 950 can thus rotate the on and
olf times ol'ur conditioners across a region to rcducc thc
power load without unplemmlting rofiing blackouts. In onc
embodiment, the data interface device 956 is configured as a
retrofit device that can be installed in a condenser unit to
provide remote siultdolvn. In one embodunent, the data inter-
face device 956 is coniigured as a retrofit device that can be
iustaficd in a condenser umt to rmnotcly switch Ihc cun-
dcnscr-unit lo a low pow cr (e.g.. energy conservation) mode.
In onc cmbodimcnt, the data interface dcvicc 957 Is coniig-
ured as a retrofit device that can be installed in an evaporator
unit to provide remote slnltdov n or to remotely switch the
system to a lower power nlode. In one embodnnent, the
remote system 950 sends separate shutdown and re~tart com-
lllillldS to OBC OI BIOI C Ol lie ihl 1 a llltCI faCC ih vl CCS 95 5-957. Ill
ouc embodiment, lhc remote system 950 sends commands to
thc data intcrfacc devices 955-957 to shutdown for a spccflicd
period of time (e.g, 10 min, 30 nlin, I hour. etc ) after which
the system automaticafly restarts

Inoneembodiment, the systenl900conuuunicateswiththe
monitorin system 950 to control the temperature set point of
the 1hcmlo st a I 952 to prevent blackouts or brownouts without
regard to cfiicicncy of thc refngcraut-cycle system. When
brownout or potential blackout conditions occur. the system
951) can override the homeowner's thernlo stat setting to cause
the temperature set point on the thermostat 952 to chano e (e 0,
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increase) in order to rcducc power usage. In most residenual
installations. low-voltage control wiring, is provided between
the therniostat 952 and the evaporator unit 102 and condenser
unit 101. In niost residential (and many industrial) applica-
tions the thermostat 952 receives electrical power via the
low-voltage contml wirin from a step-down transfomier
provided with the evaporator unit 102.

In one embodiment, the modem 955 is provided ui connec-
tion ivith the power nieter 949, and the inodem 955 conunu-
nicates ivith the thermostat 952 using, wireless ciiltlilllliiica- ill

tlol'is

In a typical refngeration or air conditioning system. the
condenserunit 101 is placed outside the area being cooled and
the evaporator unit 102 i ~ placed uisidc thc area being cool ixk
Thc nature of outside and uiside depend on thc particular
installation. I'or example, in an air conditioning or IIVA(:
systeni. the condenser unit 101 is typically placed outside the
buildin, and the evaporator unit 102 is typically placed
inside the budding In a refngerator or Ibeezer, the condenser
unit 101 is placed outside the refrigerator and the evaporator io
unit 102 is placed inside the rclbigerator. In any case, the
waste heat from thc condenser should be dumped outside
(e a., mvay front) the area being cooled.

When the systeni 900 is mstalled, the system 900 is pro-
ranimed by specifying the type of refrigerant used. and the

characteristics of the condenser 107, the compressor 105. and
the evapomtor unit 102. In one embodiment, the system 900
is also programmed by specifying thc size of flie air handler
system. In one mnboduncnt, the system 900 is also pro-
grammed by specifymg the expected (e.g, design) efficiency io
of the systeni 100

'(lie monitoring system can do a better job of monitoring
etTiciency that published perfomtance mtiiigs such as the
Energy Efficiency Ratio (EER) and SEER. The EER is deter-
nnncd by dii iduig thc published steady state capacuy by the is
published steady sate power uiput at 80'. dB/67' Wb
indoor and 95'. dB outdoor Tlus is oblcctive yet unrealistic
with respect to system "real world" opemting ciiiiditions 1 he
published Sl(ER rating of a system is determined bv multi-
plying the steady state EER measured at conditions of 82'. so
outdoor temperature, 80" F. dB/67" F. Wb indoor entering air
tempcraturc by thc (run tune) Pan Load Factor (PLF) of thc
system. A ma)or factor not cons xlcrcd in SEER calculations is
the actual part loaduig factor of thc indoor evaporator cooling
coil. ivhich reduces the umt's listed B'I"(0 I capacity and
Slilig efficiency level Many older air handlers and duct
systems. do not deliver the published BTL H and SEER Rat-
in s. This is primarily due to inadequate air flow tluough the
evaporator 110, a ihrty evaporator 110. and/or dirty blower
wheels. Also, improper location of supply diffusers and o

return air registers can result ui incflicmnt floor level recircu-
lation of the cold conditioned air, resulting in lack of heat
loading of the evaporator 110

By nionitoring the system under actual load conditions,
and by measuring the relevant ambient temperature and s.
hunniliiy. thc system 900 can calculate ihe actual cfliciency of
the system 100 ui operation.

FIG. 10 shows u monitoung system 1000 lor moiutoring
the operation ofthe refrigerant-cycle system 100 1 he systeni
1000 shov n in lil(i 10 is one example of an emlxidiment of ro
the system 900 shov n in FIC(S. 9A-E. In the system 1000. a
condenser unit sender 1002 monitors opemtion of the con-
denser unit 101 tluough one or morc sensors, a evaporator
scnilcr unit 1003 monitors operation of thc evaporator unit
102 tluough onc or morc sensors. The condenser urn( scndcr ss
1002 and the sender unit 1003 communicate with the thermo-
stat 1001 to provide data to the building owner. Iior purposes

of explanation, and not by way of limitation, ui FIG. 10 thc
pmcessor 904 and thermostat 952 from lii(ig 9A-E are
shown as a single thermostat-processor One ofordinary skill
in the art ivill recognize that the processor fiuictions can be
separated from the thenuostat.

In one embodiment, a building interior tempemture sensor
1009 is provxhxl io the thermostat 101. In onc embodiment, a
building interior hunndity sensor 1010 is provided to the
therniostat 101 In one embodiment. the thermostat 1001
includes a display 1008 for displaying system status and
e)Ticiency In one enibodinient, the thermostat 1001 includes
a I eypad 1050 and/or indicator lights (e.g . LEDs) 1051. A
power sensor 1011 to sense electrical power consumed by the
compressor 105 is proviiled to the condmiser uiut scndcr
1002. In onc cmbodimmit, a power sensor 1017 to scnsc
electrical power consented by the condenser fan 122 is pro-
vided to the condenser unit sender 1002 'I'he air 125 from the
evaporator I IU floivs in the ductwork 1080

In one embodiment, a temperature sensor 1012, confi ured
to measure the temperature of the refri emnt in the suction
lute 111 near thc compressor 105, w providix! to thc cun-
dcnscr unit sender 1002. In onc embodiment, a tcmpcrature
sensor 1016. conhgured to measure the temperature of the
refrio e rant in the hot gas line 106. is provided to the condenser
unit sender IU02 In one embodiment, a teniperature sensor
1014, configured to measure the tempemture of the refriger-
ant in the fluid line 108 near the condenser 107. is provided to
thc condcnscr unit scndcr 1002.

Contanunants ui thc refrigerant lines 111, 106, 108, cic.
can reduce the efliciency of the refngerant-cycle system and
can reduce the life of the con)presser or other system com-
ponents in one embodiment, one or more contaminant sen-
sors 1034, confi ured to sense contaminants in the reibigemnt
(e g., water, oxy en, nitrogen. air. improper oil. etc.) are
prov sled in at least one o f the rel'rigerunt lines and prov uled to
the condcnscr unit sender 1002 (or, optionally, to thc evapo-

ratorr

unit snider 1003). In one embodimenu the con(amusent
sensor 1060 senses refrigerant tluid or droplets at the input to
the compressor I U5, which can cause damage to the compres-
sor 105. In one embodinient. a contaminant sensor 1060 is
provided in the liquid line 108 to sense bubbles in the reibig-
crant. Bubbles in the liquid line 106 muy indicate low rcfrig-
crant levels, an understzcxI condenser 109, insuflicient coul-
ing of thc condcnscr 109. ctc. In onc cmbodunent, thc semor
I U34 senses water or water vapor in the refrigemnt lines In
one enibodiinent, the sensor 1034 senses acid in the refriger-
ant ines. In one embodiment„ the sensor 1034 senses acid in
the refrigerant lines. In one embodiment. the sensor 1034
smiscs air or other gasses (e.g., oxygen, nitrogen, carbon
dioxide, cltiorinc, ctc.).

In onc embodiment. a pressure sensor 1013, coniigurcd to
measure pressure in the suction line I I l. is provided to the
cmidenser unit sender IUU2 In one enibodinient, a pressure
sensor 1015, configured to measure pressure in the liquid line
108. is provided to the condenser unit sender 1002. In one
mubodunent, a pressure smisor (not shown), coniigurcd to
mcasurc prcssure ui thc lxit gas linc 106, is provided to thc
condenser unit scndcr 1002. In one embodiment. thc pressure
sensor 1013 and the pressure sensor 1015 are connected to the
system 100. by attachin the pressure sensors 1013 and 1015
to the service vaives 120 and 121, respectively. Attaching the
pressure sensors to the pressure valves is a convenient way to
access refrigerant pressure ui a retro(it installation without
having to open thc pressurizcil rclbigcrunt system.

In onc embodiment. a flow smisor 1031, conftgurix) to
measure flov; in the suction line 111, is provided to the con-
denser unit sender 1002 In one embodiment, a flow sensor
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1030, conligurcd to measure flow in the liquid lmc 108, is
pmvided to the condenser unit sender 1002. In one embodi-
ment, a floiv sensor (not shown), configured to measure flov
in the hot gas hne IU6, is provided to the condenser unit
sender 1002. In one embodiment. the flow sensors are ultm-
sonic sensors that can be attached to the refrigerant lines
without opemng the prcssunzcd rclblgermu system.

In one embodiment, a tenlperature sensor 1028 coidigured
to measure anlbient tenlperature is provided to the condenser
unit sender (002 In one enibodiment, a humidity sensor (029
confiuured to measure ambient humidity is pmvided to the
condenser unit sender I (N)2

In one enibodiment, a temperature sensor 1020. contigured
to measure the temperature ofthe refri erant in the liquid line
108 near the evapomtor 110 is provided to the sender unit
(003. In one eilibodulient, a temperature sensor 1021, coil-
fi ured to measure the temperature of the refrigerant in the
suction line I I I near the evaporator (10 is provided to the
sender unit 1003.

In one enibodiment, a temperature sensor 1026. contigured
to measure the tempemture ofair 124 flowing into the evapo-
rator 110 is provided to the sender unit 1003.

In onc mubodunent, a tcmpcrature sensur 1026. conligurcd
to mcdsurc the tempcraturc of air 125 flowing out of thc
evaporator 110 w provided to the scndcr unit 1003. In oue
mubodimcnt. a tlow sensor 1023, conligured to measure thc
mrflow of air 125 tlowing out of thecvaporator 110 is pro-
vided to the sender unit 1003 In one embodiment. a humidity
sensor 1024. configured to measure the temperature ofair 125
flowing out of the evaporator 110 is provided to the sender
unit 1003. In one embodiment. a differential pressure sensor
1025, configured to measure a pressure drop across the evapo-
rator 110, is provided to the sender unit 1003.

Inoncembodimcut, the tempcraturc sensors areattachedto
the rcfrigcrant lines (c.g., thc lines 106, 108. 111, ui order to
Illcilsulc Ihc tclupcl'iltarc of fllc refllgixalu cllculatln ulsldc
the lines. In onc mnboduncnt, thc temperature sensors 1012
and/or 1016 arc provuled utsidc the compressor 105. In oue
mubodimcnt. the tmupcra lure sensors are provtdcxl insula onc
or Illorc of thc refllgiYilnt linus.

A tdchonu:tcr 1033 senses rotauonal speed of the fan
blades in (hc lbu 123 Thc tachometer Is provided to thc
evaporator unit sender 1003. A tachometer 1032 senses rota-
uonal spccd ol'hc fau blades in the condmlser fan 122. Thc
taclxlmeter 1032 Is provided to the condenser urn( scndcr
1002.

In one embodiment. a power sensor 1027. conti ured to
measure electrical power consumed by the fan 123 is pro-
vided to the sender unit 1003.

In onc cmbodunent, tlm scndcr unit 1003 conununwatcs
smlsor data to the coudmlser unit scndcr 1002 tluou h wirc-
lcss umlsnussion. Iu oue muboduuenb the sender umt 1003
conuuunicates semor data to the condcnscr unit sender 1002
tluough existing HVAC wiring. In onecmbodimcnt. the
snider unit 1003 conmiunlcdtcs sensor data to thc condenser
unit smiler 1002 tluough exwung HVAC wlung by modulat-
ing sensor data onto a carrier that is transmit(cd usui thc
cxlsnng HVAC w iring.

Each of the sensors shown in FICi. 10 (e, the sensors
1010-1034 etc.i are optional. The system 1000 can be con-
fi ured with a subset of the illustrated sensors in order to
reduce cost at the expense of monitoring system capabihty.
'I'lnis, for example. the contaniinant sensors 1034 can be
eliminated. but ability of the system (000 to detect the con-
tanlinants sensed by the sensor 1034 ivill be compromised or
41 S 1.

lite pressure sensors 1013 and 1015 measure suction and
disduiigc prcssurcs, rcspcctivcly, at thc compressor 105. Thc
tcmpcraturc sensors 1026 aud 1022 measure evaporator 110
supply air and rctum air, respiwtivcly. Thc temperature sen-

aors 1018 and 1019 measure ulput air and disclrdrge mr.
respcctivcly, at thc condenser 107.

The pov, er sensors 1011. 1017„and 1027 are configured to
measure electric power. In one embodiment. one or more of
the polver sensors measure voltage provided to a load and
power is computed by using a specified impedance for the
load. In one embodiment, one or more of the power sensors
measure current provided to a load and power la computed by
using a specified impedance tilr the load In one embodiment,

I i 1

one or more ofthe power sensors measure voltage and current
pmvided to a load and power is conlputed by using a specified
power factor for the load In one enlbodiment. the power
sensors measure voltage, current. and the phase relationship
between the voltage and the current

'I'he temperature sensors IU12 and/or (021 measure the
temperature of the refrigenlnt at the suction line ill. Hy
measuring the suction line I I I tempemture. the superheatcan
be determined (he suction pressure has been measured by
the pressure sensor (013, the evaporating tempenltme can be
reiul from a prcssure-temperature char(. Thc supcrhcat is the

lo dilTcrcncc bctwccn the sucuon linc 111 temperature and thc
cvdporatulg tcnlpcldtulc.

Thc tcmpcrature sensors 1014 and/or 1020 moisurc thc
temp erat ure of the rel'rigers nt in the liquid linc 108. By mea-
suwng thc liquid line 108 tcmpcrature, thc subcoohng ca+bc
dc( crnuncik lite discliargc pressure is measured by the prcs-
sure sensor 1015. and tlnis the condensing tmupcra lure can bc
reiul from the prcssure-tempera lure chart. Thc subcoohng is
thc di ITcrciwi bctwccn the liquid lute I 08 temp era lure mid the
condclislng iclnpclilture.

In one embodiment, the system 1000 calculates efficiency
by measuring the work (coofingj done by the reibigemnt-
cycle system and dividing by the power consumed by the
system. In one embodinlent, the system 1000 monitors the
system for abnormal operation. Thus. for example. in one
embodiment. the systenl 1000 measures the refrigerant tem-

31 perature drop across the condenser 109 using the temperature
sensors 1016 and 1014 to be used ln calculatin the heat
removed by the condenser. The system 1000 measures the
refri erant temperature drop across the evaporator 110 to be
used in calculating the heat absorbed by the evaporator 110.

'I'he monitoring system is typically used to monitor the
opemltionofa system (00 thatwasori inaflycheckedoutand
put mto pmper operation condition. Mechanical problems in
an air conditioning system are generally classified in tivo
categoues: air side problems and refri eration side problems

I'he primary problem that can occur in the air category is a
reduction in airtiolv. Air handling systems do not suddenly
tllclcdsc ill capacity. (hat ls. Illcrcilsc thc amount ofair across
thc coll 011 fllc other hdnd, Ihc IclilgcrB(lon svstcnl ilocs util
suddenly ulcrcasc ui heat transfbr ability. Thc system 1000
uses thc tcmperaturc sensors 1026 und 1022 to measure thc
tcmpcrature drop of Ihc air fluough the evaporator 110. Al'ier
mcasunng the rcuim air dnd supply air temperatures and
subtracting to gct thc tcmpcraturc drop, thc system 1000
checks to scc whether thc iemperaturc differmlcc lughcr or
lower than it should bc.

SS
FICi 11 shows Ihe temperature drop across ul the air

tluuugh Ihe evaporator as a funcnon ol'umality. In one
embodiment. the luunidity sensors 1024 and/or 1041 are used
to measure building humidity. and/or the humidity sensor
1041 is used to measure ambient humidity The Inunidity

"" readings are used to correct tenlperature readings for wet bulb
temperature according to relative humidity

In one embodiment, a comparison of the desired (or
expected) temperature drop across the evapomtor 110 with
the measured actual temperature drop„ is used to help classify

si potential air problems from refrigerant-cycle problems. If the
actual temperature drop is less than the required temperature
dmp, then the airfloiv has likely been reduced Reduced air-
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flow can bc caused by dirty air liltcrs or evaporator 110,
problems with the fan 123, and/or unusual rcstricuons ui the
iIUc( svstcnl.

Air (i)ters of the thmwaway type are typically replaced at
least twice each year. at the beginning ofboth the cooling and
heating seasons In one embodiment, the thermostat allows
the owner to indicate when a neiv air filter ic installed. 1 he
thermostat keeps track of the time the filter hac been in use,
and pmvides a rent in der to the owner when the tilter should be
rcplacid. In onc embodimcnk thc thermostat uses acIual

I itcldpscd clock time to dctcmiinc tilter usage.
In one embodiment, the thermostat 1001 calculates hlter

usage according to the amount oftime the air handlerhas been
blowing air through the filter. Thus. for exiunpl. in modemte
clinuites or seasons whcrc thc air handler system Is not used
conunuously. thc thcrmosuit will wai( a longer penod of I

acsual time bcl'orc indicaung that liltcr rcplacmnent Is war-
ranted In come areas of higher use or where dust is high, the
filter will aenerally have to be replaced relatively more often.
In one embodiment. the themiostat uses a wei+thtg factor to

20combine rumflng time w ith idle time to determine filter usage.
Thus, for example. In dctenninui tilter usage, hours when
thc hair handler Is blow ing air thorough the li 1ter are weighted
relatively more heavily than hmirs whcrc thc mr hmidler sys-
tem is idle. In one embodiment. the owner can pmgram the
theniioctat to indicate that filter replacement is needed after a
specified number of hours or days (e.g., as actual days. as
nuuiing cacys. or as a combination thereof).

In onc cmbodimcnt, thc thcnnosuit 1001 Is conligurcd to
receive information front an information source regarding

3(l
daily atmospheric dust conditions and to use such informa-
tion in calculating tilter usage. Tints, in one embodiment,
cvhen calculating filter use, the themiostat weighs days of
relatively high atmosphcnc dust relatively morc heavily than
days of rclativcly low aunospheric dus1. In one embodunent,

3c
Ihe udomiation source for atmospheric dus1 mfiimuition
includes a data network, such as, fiir example, the Internet. a
pager network. a local area network, etc.

In onc embodiment, thc thcnnostat collcc:ts data for calcu-
laung filter usage and passes such dmd to a computer nlolll-

dotoring system.
In commercial and uidustria1 applies(iona, 0 regular sclud-

ulc of maintenance Is gcncrally used. In one emboduncnt,
smisors arc provided In connection with Ihe mr lilter, as
descnbcd below In connccuon with FIG. 11.

In one embodiment, power measured by the power meter
it)27 is used to help diagnose and detect pniblems v ith the
blower 123 and/or the air handler system If the blower 123 is
draiving too much or too little current, or if the blov er 123 ic
showing a loiv power factor, then possible problems v ith the
bloiver and'or air handler system are indicated 0

Placing furniture or carpeting over return air 8ri1 les reduces
the air available fiir the blower to handle Shutting off the air
to unused areas will reduce the air over the evaporator 110.
('overin a return air grille to reduce the noise fnim the
centrally located fit mace or air handler may reduce the oh j Ix-
tionable noise. but it also drastically affects the openction of

'

the system by reducing the air quantity. 'I'he collapse of the
return air duct system will affect the entire duct cysteni per-
fiirmance. Air leaks in the return duct will raise the return air
temperature and reduce the tempencture drop acmss the coil.

lite air flow sensor 1023 can bc used (o measure air flow 00

tluough the ducts. In one embodiment, the air flow sensor
1023 is a hot wire (or hot film) macs flow sensor. In one
enibodiment, the diiferential pressure sensor 1025 is used to
measure airfkiw through the evaporator 110. In one embodi-
ment, the diiferential pressure sensor 1025 is used to measure «
drop across the evapomtor 110. In one embodiment, the pres-
sure drop across the evaporator is uced to ectimate when the

evaporator 110 is res(acting mrflow (c.g., due to dmnage, dirL
hair, dust. etc.). In one enibodinient, the difl'erential pressure
sensor 1025 is used to nieasure dmp acmss an air filter to
estimate when Ihc liltcr is restricting airflow (c.g., duc to 0 c,
damage, dirt, hair, dust, etc ) In one enibodiment. the indi-
cator lights 1051 arc used to uidicate that thc lil ter needs to bc
changed. In one embodinient. the indicator li htc 1051 are
used to indicate that the evaporator 110 needs to be cleaned

In onc embodiment, the airflow sensor 1023 Is used to
measure airflow into the duc(cvork 1080. In one embodiment,
thc uidicator lights 1051 arc used to indicate that thc airflow
into the due nvork I 080 is restricted (e g . due to dirt, furniture
or carpets placed in front ofvents, closed vents, dirty evapo-
rator, dirty fan blades. etc.).

In one embodiment. a dust sensor is provided in the air
stream of the evaporator 110. In one embodiment, the duct
sensor includes a licht source (optical and/or Infmred) and a
light sensor. The dust sensor measures light transmission
between the source and the li ht censor I'he buildup of dust
will cause the li ht to be attenuated. The sensor detects the
prcsencc ol'dust buildup at the evaporator 110 by measunng
light attenuation betiveen the 1 i'ource and the light sensor
When the attenuation exceeds a desired value, the manitorin
system 1000 indicates that cleaning of the air flow system is
nimded (c.g., the fdn 123, thc duct work 1080, andior the
evaporator 110, etc.)

Ill 0111C ClllbiidllnCII(. (llc powcI'cllsor 1027 IS iiscd to
measure power provided (o Ibc blow cr motor ui the fan 123.II'he

fan 123 is drawing too much power or too little power,
then potential airiiocv problems are indicated (e g., blocked or
closed vents, dirty Ibn blades. dirty evaporator, ihrty lilter.
bmken fan belt, slippina fan belt, etc )

If the temperature drop across the evapomtor 1010 is less
than des ircd. then Ihe hea 1 rmnovs 1 capacity o I'hc system has
been reduced Such pmblems can generally be divided into
two categories: refrigerant quantity„and refrigerant flow rate.
If thc system 100 has (hc correct mnount ol'refngcrimt clwrge
and refrigerant is tioiving at the desired mate (e 8 . ac measured
by the flov: sensors 1031 and/or 1030)„ the syctem chould
worl efficientiy and deliver mated capacity. Pmblems with
rcfngcrdnt quantity or flow rate typically affi:ct the (cmpcm-
turec and pressures that occur in the refrigencnt-cycle system
v hen the correct amount of air is supplied through the evapo-
rator 110. If thc system Is empty of refngermit, a leak has
occurred, and it nnist be found and repaired Ifthe system will
not operate at all, it is probably an electrical problem that inust
be found and corrected.

If the system 100 ivill start and nui but does not produce
satisfactory cooling, then the amount ofheat picked up in the
evaporator 110 plus the amount of motor heat added and thc
total rq(ected from thc condenser 107 w not thc total hea1
quantity the unit is desi ned to handle. 'I 0 diagnose the pmb-
lem. the infomiation listed in Table I Is used. These results
compared to normal operating results will gcncrally idcntily
the pmblem (I ) I lvaporator 110 opencting temperature: (2)
Condensing unit condensing temperature: and/or (3) Reibig-
CIilllt SilbCoollllg.

I'hese items can be modified according to the expected
ener~ elficiency ratio (EER) of the unit. The amount of
Cvd pot d (loll allil CUIIIICIISllig SUI f0 i c ih 0 IgllCd ill(0 fllC U ill 1 II I C

the main factors in the efficiency rating A larger condensing,
surface results in a loiver condensing teniperature and a
hi her EER. A larger evaporating surface results in a higher
suction prcssure and a lughcr EER. The miergy cfiiciency
matin for the conditions is calculated by dividing the net capac-
ity of the unit in Btu/lu by the 11 atts input.
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TABLE I

Pi bable(fma«

Condcnaei
Hie(ion H apor:itor Hot Gaa Liquid Compressor

(pa'g) t 1.) fp" I
(''

I Inaufhc enr oi unb.il.in ed load
Ls caa ve In.i I

3 Lo uubient Imnpcrarirc
4 Higli ariibiciit teiripcninirc

Rcfi'7 cl'iiiir undercfraigc
6 Rcfriecr:uit over large

l(7 Horeaal neieati eton
ll Inefh enr ompreaa r

Lnii Low
H Ji Hgh
Lo Higli
Hip)i Hi h
Lo Higli
Hip)i Ln

Il gh

Hgh Hgh
H Ji Hgh

Lnn Nounal
H gh Nounal
Lo Normal
Higfi Normal
Lo Lo
Higfi Hieh

0 gf

H Ji Nounal
Lcn Lon

L n
H Ji
L

Higli
L

Higli
lo

lo
H oh
Lnn

Normal evaporator 110 opcraung temperatures can bc
found by sub lrucuug thc design coil sphl from lhc avera e mr
lempcralurc going tluough Ihe evaporalor 110. The coll split
w ill vary w 1th thc system design. Systems ui thc EER range of
7.0 to 8.0 typically huve design splits in the mngc 25 to 30'.
Systems ui the EER range of 8.0 to 9.0 typically have (lesign
sphts in thc range 20 to 25'. Systems w ith 9.0+EER ratuigs
will hale design splits in the rlmgc 15 to 20'. Thc Ihnuula
used for deteuninin coil operating temperanlres is:

IEI T +L4T
j 3(i

For nn EER rating of 7 0 of'.0:

I sU + 6U I
COT=I

j
— 75 tn 30'40 tn43'F

7

whcrc COT is the coll Upcraung iemperaturc, EAT Is the
cntcring air tempcraturc of thc coil (e.g., ds measured by the
temperature sensor If)20). I,AI's the leaving air temperature 35

ofthe coil(e.g . as nleasured by the temperature sensor 1022),
and split is the desi n split temperature.

The value (EAT+LAT)/2 is the avera e air temperature,
which is also referred to as the mean temperature difference
(MTD). It is also somet uncs referred to as the coil TED or ihT.
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'Split'* is the design split according to the EER rating. For
example, a unit having an entering air condition of 80" DB
and a 20" F. temperature drop across the evaporator 110 coil
will lmve an opemsttng coil tempemsture detemiined as fol-
lows:

Tlnls, llm operating coil Imuperalurc changes wnh Ihe EER
rating of Ihc unrt.

Thc surlhcc arcs of thc condenser 107 a ffi:cts thc condcns-
iug tcmperaturc Ihc system 100 must develop to opcmie at
rated capacity. The vdualion in Ihc size of thc condenser 107
also affects the production cost and puce of the unit. The
smaller the condenser 107, the lov,er the efliciency (EER)
rating. In the same EER ratings used for the evapomstor 110, at95', outside ambient, the 7.0 to 8.0 EER category will
operate ui the 25 to 30" condenser 107 split range. the 8.0 to
9.0 EER category in the 20 to 25" condenser 107 split range,
and the 9 0+EER cate ory inthe 20 to 25" condenser 107 split
range. and the 9.0+EER category in the 15 to 20" condenser
107 split ran e.

I'his means that lvhen the air entering the condenser If)7 is
at 95" I'., the fomlula for findifm the condensing tempensture

16'CT=ERZ'+split

w herc RCT is Ihc rclbigcrmt condmisuig tcmpecdturc, EAT Is
the eulcnng air temperature ol Ihc condenser 1077 and split Is
the design temperature difference betrveen the entering air
temperature and the condensin tenlperatures of the hot high
pressure vapor from the conlpressor If)5

i(or example, using the tiiuuula with 95" IL I IA'I'. the split
for the various If) i R systems rvould be

For an EER rating of 7.0 to 8.0

I(('I' 05'+27 I, 30'=1201 I
'.

For an EER rating ol'.0 to 9.0

R('I' 07'+2('o 25'=Its lo I

For an EER rating of 9.0+

R('I' 07'+Is lo 2(i'=Italo I I

For an EER ratin of 8 0 to 9.0:

i 30+605('0/ =( j
— 20 I 25'=47u 5U'F

2

For;m EER rating of 9.0+.

i SU+605
COT=I „J — 13 io IP = 0 io

33''0

'I'he operating head pressures vmy not only fuim changes
in outdoor temperatures but with the different I II IR noting 5

'I'he aniount of subcoolina produced fn the condenser lf)7
is determined priniarily by the quantity of refrigerant in the
system I he temperature ofthe air entering the condenser If)7
and the load in the evaporator 11() will have only a relatively
small effect on the amount of subcooling produced 'lhe
amount of refrigerant in the system has the predominant
ef'ect. 'I'herefiire, regardless of I.ER mqtings, the unit should
have, if properly charged, a liquid subcooled to )5 to 20'
I Iigh ambient temperatures rvill pmduce the lower subcooled
hquid bccausc ol'hc reduced quantity of refugcrant ui Ihe
hquid stale ui thc system. Morc rcfngcrant will slay in thc
vapor state lo produce the big)mr prcssure mid condcnsuig
tcmperaturcs ncrxled lo eject the requfrrxl amount of heat.
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Table I shows 11 probable causes of trouble u& an mr
cond&tioning system Aftercach probable cause&a&herc mt&on
&ha& thc eau ac would have on thc rclr&gars&ion system low side
or sucnon prcssure, thc evaporator 110 superheat, thc h&gh
side or discharge pressure, the amoun& of subcooling of thc
liquid leaving thc condm&scr 107, tmd &he mnpemge draw of
the condensing un&t. In one emboduncn(, an mrflow sensor
(no i show n) is included &o measure the air over the co&xlenscr.

Insuflicien& mr over thc evaporator 110 (as measurcik for
example, by using &hc a&rflow sensor 1025 and/or thc di(fcr-
ential pressure sensor 1025) is indicated by a greater than
desired temperature dmp in the air through the evaporator
110. An unbalanced load on the evapomstor 110 will also give
the opposite indication, indicat&ng that some ofthe circu&ts of
the evaporator 110 are overloaded while others are lightly
loaded. In one embodiment, the temperature sensor 1022
includes mult&pie sensors to measure the temperature across
the evaporator. The hghtly loaded sections of the evaporator
110 allow liquid refrigemnt to leave the coil and enter the
suction manifold and suet&on line.

In TXV systems, the liquid refrigerant passing the sensing &o

bulb of the TXV can cause the valve to close down. Tlus
reduces the opemt&ng temperature and capacity ofthe evapo-
rator 110 as well as lov erin the suction pressure. The evapo-
rator 110 operating superheat can become very low because
of the liquid leav&ng some of the sections of the evaporator
110

With inadequate airflow. high side or discharge pressure
will be low due to the reduced load on the compressor IU5,
reduced amount of refrigemnt vapor pumped. and reduced
heat load on the condenser 107. ('ondenser 107 liquid sub-
coolingivouldbeonthehighsideofthe normal rangebccause &O

ofthe reduct&on in refrigerant demand by the'I XV (:ondens-
ing unit amperage dmw would be down due to the reduced
load

In sys&ems using fixed metering devices, the unbalanced
load ivould pmduce a lower temperature drop of the air 3(
through the evaporator 110 because the amount of refrigerant
supplied by tlu: lixed metcru&g device would not be reduced,
therefore, the system prcssure (boiling porn&) would bc
dpp&oxuudn:Iv'lu: san&c.

1he evaporator 110 superheat would drop to zero v ith
dc

liquid refrmerant flooding into the suction line tinder
extreme case of imbalance, hqu&d returning to the compressor
105 could cause damage to the compressor 105. 'I'he reduc-
tion in heat athered in the evaporator I I 0 and the lowenng of
the refri emnt vapor to the compressor 105 will lower the
load on the compressor 105. 1 he compressor 105 discharge
pressure (hot gas pressure) will be reduced.

The flow mate of the refri emsnt will be only slightly
reduced because of the lower head pressure. The subcooling
of the refrigerant w&ll be in the normal mange. 'I'he amperage
draw of the condensing unit will be slightly lower because of o

the reduced load on the con&pres sor )05 and reduction in head
pressure

In the case ofexcessive load. the opposite eiyect exists The
tempemture drop of the a&r throu h the coli will be less,
because the unit cannot cool the air as much as it should. Air „
is n&oving tl&rough the coil at too high a velocity. There is also
the possibility that the temperature of the air entering the coil
is hiked&er than the return air from the conditioned area Tlus
could be from air leaks in the return duct system drawing hot
air from unconditioned areas

The excessive load raises the suction pressure. The refrig- so

erant is evaporating at a rate faster than the pumping rate of
the compressor 105. If the system uses a TXV, the superheat
&vill be normal to slightly high. The valve will operate at a
hi her flow rate to attempt to maintain superheat set(i&gs. If
the system uses fixed metering device~. the superheat will be si
hi h. Thefixedmeterin devices cannot feedenou h increase
in refrigerant quantity to keep the evaporator 110 fully active.
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Thc lugh sale or d&scharge prcssure w&ll bc high. Thc

compressor 105 will pump morc vapor because of &he

incrcasc &n suc&ion prcssure. The condenser 107 must handle
n&ore

hen &

dad w&ll develop t& h&ghcr condcnsu&g 0:n&pc& d hue
to c) iwt thc addinona1 heat. A higher condensu&g tempera turc
means a greater Ingh s&dc prcssure. Thc quent&ty ofhqu&d in
thc sys&em has not changed. nor &s the refugcrtmt flow
res&rictcd. The hquid subcooling will be &n the nomuil mn c.
Thc ampcragc draw ol'hc unit will be h&gh because of thc
addi&&onal load on thc compressor 105

When the temperan&re of the ambient a&r entering the con-
denser 107 is lo&v. then the condenser 107 heat transfer mote is
excessive, producing an excessively low discharge pressure.
As a result. the suction pressure &vill be low because the
amount of refrigerant tlm&ugh the metering device w ill be
reduced. This reduction will reduce the amount of liquid
refrigemnt supplied to the evapomtor 110. The coil will pro-
duce less vapor and the suction pressure dmps.

The decrease in the refrigerant flow rate into the coil
reduces the amount of active coil. and a lfigher superheat
results In addition, the reduced system capacity will decrease
the mnount ofheat removed from the air There will be higher
temperature and relative lnunidity in the conditioned area and
the high side pressure will be loiv. This starts a reduction in
system capacity 1he amount of subcooling of the liquid will
be u& the nom&al mange 'I'he quantity of liquid &n the condenser
107 will be bio her. but the heat transfer rate of the evaporator
I )U is less. I'he amperage draiv ofthe condens&ng unit will be
less because the compressor 105 is domg less work.

'I'he amount of dmp in the condenser 107 ambient air
temperature that the air conditioning system will tolerate
depends on the type of pressure reducing device in the system
Systems using fixed me&ering dev&ces will have a gradual
reduction in capacity as the outside amb&ent drops fmm 05"I'hisgradual reduction occurs down to (&5" II I)elo&v this
temperature the capacity loss is dnastic, and some means of
maintaining head pressure must be employed to prevent the
evaporator Ill temperature fmm dropping bek&w freezing
Some systems control air fluough thc condenser 107 v&a

dampcrs u& the a&rstrcam or a vanablc spccd condenser 107
fan

Systen&s that use 'I'XV wifl maintam higher capacity down
to an ambient temperature of 47'')elow this ten&perature,
cm&trois must be used. '11&e con&rol of airflow through the
condenser 107 using dampers or the condenser 107 fan speed
cm&trol can also be used In laraer 'I'XV systen&s. hquid quan-
tity in the condenser 107 is used to control head pressure

The hi her the temperature of the air entering the con-
denser 107. the lugher the condens&ng temperature of the
refri erant 3 apor to eject the heat in the vapor. The higher the
cm&densing temperature. the hi her the head pressure. The
suction pressure&vill be high for two reasons (l)the pumping,
etfic&ency of the compressor 105 will be less: and (2) the
higher temperature of the liquid &vill increase the amount of
flash gas in the meterin device. fur&her reducing the system
etficiency

The amount of superheat produced in the coil will be dif-
ferent in a TXV system and a fixed metenng device system. In
the TXV system the valve will maintain superheat close to the
1 im&ts of its adjustment range even though the actual tempera-
tures &niolved will be higher. In a fixed metering device
system. the amount of superheat produced in the coil is the
reverse of the temperature of the air through the condenser
107 I'he flow mate through the fixed n&etering devices are
directly affected by the head pressure 'I'he higher the air
temperature, the higi&er &he head pressure and the higher the
tlow rate As a result ofthe higher flow rate, the subcooling is
lower.

Table 2 shov,s the superheat that will be developed in a
properly charged air conditioning system using fixed meter-
ing dev&ces. The head pressure will be hi h at the higher
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amb(cnt tcmpersturcs because of thc lu her condcnsuig 1mn-
peraturcs required Thc condcnscr 107 hqusl subcoolmg will
bc ui thc lower portion of thc normal rmige. The i(lilt(tilt( of
liquid rclhgcrant ui thc condenser 107 w(11 bc reduced
slightly bccausc more will stay ui thc vapor suite to produce
thc lughcr prcssure aud condensing iemperature. The amper-
age draw ol'he condensing uiut will be high.

TABLE 2

1((

("1( t

61

76
s(i

9(i

9

ui w.b

0

2.
20
ls
16
10

20
A shortage of refngcrant in thc system means less liquid

rel'rigcrant in thc evaporator 110 to pick up heat. and lower
suction pressure Thc smaller quantity of hquul supplied thc
evaporator 110 means less active surface in flie coil for 6 apor-
izing thc liquid rcfrigcrmit, and more surface 1o rmse vapor
tcmpcraturc The superheat will be high. There v,ill bc less
sapor for thc compressor 105 to handle and less head for thc
condenser 107 to reicct, lower high side pressure. mid lower
condensing temperature. Thc compressor 105 in an air con-
ditioning system is cooled pumauly by 1hc coul returning
suctiongas Compressor105sthatarelowonchor ecanbtve io
a nurch lfigher opemtting temperature.

the runount of subcooling will bc below nomial to none,
dcpmxling on the amount ofundercharge. The system opera-
tion is usually uot aff(mted very seriously until the subcooling
is zero and hot gas starts to Icavc thc condenser 107, together
with thc liquid rclyigerant The ampcragc draw ol'hc con-
densing unit will be slightly less than normal.

An overcharge of refngerant will affect the system in dif-
ferent ways. depending on the pressure reducing device used
in rhe system and the aniount of overcharge.
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In systems using a TXV, the valve will attempt to contml

the refrigerant flow in the coil to maintain the superheat
settin of the valve I lowever, the extmt refrigerant will hack
up into the condenser 107, occupying, some of the heat trans-
fer area thar v ould otherwise be available for condensiug As
a result. the discharge pressure will be slightly higher than
normal, the liquid subcooling ivill be high. and the unit
amperage draw will be high. 11ie suction pressure and evapo-
rator 110 superheat will be normal Excessive overcharging
will cause even higher head pressure, and hunting ofthe 1'X V.

For TXV systems with excessive overclmrge rhe sucrion o

pressure will typically be hikrdt. Not only does the reduction in
compressor 105 capacity (due to higher head pressure) mtise
the suction pressure, but the higher pressure will cause the
'I'XV valve to overfeed on its opening stroke 'I'his will cause
a wider mnge of hunting of the valve 1'he evaporator 110
superheat ivill be very erratic from the low normal range to
liquid out of the coil The high side or discharge pressure will
be extremely high Subcooling of the liquid will also be high
becmise of rhe excessive liquid in the condenser 107 'I he
condensing unit amperage draw will be higher because of the
extreme load on the compressor 105 motor.

The amount of refrigemnt in the tixed metering, system has
a direct effect on system perfomiance. An overcharge has a
rester effect than an undercharge. but both affect system

performance, efficiency (EER), and operating cost
FI()S, 12 through 14 show how the perfonnance of 0 rypi- 66

cal capillary tube air conditioning system is affected by an
incorrect amount of refrigemtnt charge. In FICi. 12. 01 100% rif

correct charge (56 oz). the uiut develops a nct capacity ol
26,200 Btu/hr. When the runount of charge is vened 5% in
either dircctron. Ihe capacity drops as thc charge van(xh
Rcmovuig 5% (3 oz) ol'relhgerant reduces thc uct capacity to
25,000 Btu/lu. Anodier 5% (2.5 oz) rcduccs the capacity to
22,000 Btu/hr. From thcrc on the reducuou in capacity
b(usmc very drasuc. 85% (8 oz). 18,000 Btu/hr: 80% (11 oz).
13,000 B1u/lu-( mid 75% (14 oz). 8000 Btu/hr.

Overcharge has a similar effect but at a greater reduction
rate Thc addition ol 3 oz of relrigerant (5%) rcduccs the nct
capacity to 24,(100 Bnr/lu( 6 oz added (10%) reduces the
capacity to 19.000 Btu/hr; and 8 oz added (15%) drops the
capacity to 11.000 Btu/lu. This shows that overcharging of a
unit has a greater eflect per ounce of refngerant than does
undercharging.

FICi. 13 is a chart showing the amount ofelectrical ener y
the unit demand because ofpres sure created by the amount of
refrigerant in the system as the refrigerant char e is varied. At
100% of char e (55 oz) the unit uses 32 I W. As the charge is
reduced. the wattage demand also drops, to 29.(i kW at 95%
(3 oz), to 27.6kWat 90%((05 oz)„1o 25.7kWat 85%(8 oz),
to 25 kW at 80% (11 oz). and to 22.4 kW at 75% (14 r(z sitott
of correct charge). When the unit is overcharged, the power
consumed also increases. At 3 oz (5% overcharge) the power
cmisumed is 34 2 kV '. at 6 oz (1(P/ overcharge) 39 5 kW and
at 8 oz (15% overcharge), 48 kW

FICi. 14 shoivs the efficiency of the unit (EER rating) based
on the Btu/lu capacity of the system versus the power con-
smned by the condensing unit. At correct charge (55 oz) the
efficiency (EER rating) of the unit is 8.49 As the refrigerant
is reduced, the EER rating drops to 8.22 at 9% of charge, to
7.97 at 90'!w to 7.03 at 83%, to 3.2 at 80%„'I(id to 3.57 at 75%
of full refrigerant charge. When refrigemtnt is added, at 5% (3
oz) the EER rating drops to 7.19. At 10% (6 oz) the EER is 4.8,
and at 15% overcharge (8 oz) the EER is 2.29.

Thc cffi 01 of os crchargc produces a high suction prcssure
because the refri erant flow to the evaporator 110 increases.
Suction superheat decreases because of the additional quan-
tity to the evaporator 110. At approximately 8 to 10'/(( of
overcharge. the suction superheat becomes zem and liquid
refrigemnt ivill leave the evaporator 110. This causes flooding
of the compressor 105 and greatly increases the chance of
compressor 105 failure. The high side or discharge pressure is
hi h because of the extra refrigerant in the rxindenser 107.
Liquid subcoo ling is also high for the same reason. The power
dmw increases due to the greater amount ofvapor pumped as
well as the higher compressor 105 discharge pressure.

Restnctions in Ihc liquirl lute 108 rcducc thc mnount of
relyigcrant to thc prcssure reducing device 109. Both TXV
valve systems and fixed metering device systems will then
operate with reduced refrigerant flow mote to the evapomttor
110 The follov,in observations can be made of liquid line
108 restrictions. First. the suction pressure v ill be low
because of the reduced amount of refrigerant to the evapora-
tor 110. The suction superheat will be hi h because of the
reduced active portion of the coil, allow in more coil surface
for increasing the vapor temperature as well as reducing the
refrigemnt boilin point. The high side or discharge pressure
v ill be low because of the reduced load on the compressor
105 Liquid subcooling will be high. The liquid refrigemtnt
v ill accumulate in the condenser 107 It cannot flow out at the
proper rate because of the restriction. As a result. the liquid
v ill cool more than desired. Finally. the ampert e draw of the
cmidensing unit will be low.

Either a plugged fixed metering device or plugged feeder
tube between the TXV valve distnbutor and the coil will
cause part of the coil to be inactive The system will then be
operating with an undersized coil. resultin in low suction
pressure because the coil capacity has been reduced. The
suction superheat ivill be high in the fixed meterin device
systems. The reduced amount of vapor produced in the coil
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aliil rcsullaiil rciluctioii ill snclioii pit:aau/c will Icihlcc cciiii-
pressor 105 capacity, head pressure, and the flov rate of the
remaining active capilLary tubes. The high side or discharge
p/cssuic will bi: loiv

Liquid subcooling will bc lugh, thc liquid rclbiger mt will
accumulate in thc condmiser 107. Thc umt amperage draw
will be lowe

In I XV systems, a plugged feeder tube reduces the capac-
ity of the co i I 'I he coil cannot provide enough vapor to satisfy
the pmnping capacity of the compressor lt)5 and the suction
pressure balances out at a low pressure. 'I'he superheat. hov-
ever. will be in the normal range because the valve will adjust
lo Ihc lower operating condiuons and mainlaui the selling
superheat range. The high sale or dischar c pressure will be
low because ol'hc rcduccd load on ihe compressor 105 and
condenser 107. Low suction and discharge prcssure uidicate

rcfngcrant shortage. Thc liqunl subcooling is nomial to
slighlly above normal. This uidicatcs a surplus ol'refn ermit
in the condenser 107. Most ol'hc rcl'ngemnl is in the coil,
w herc Ihc cvaporanon rate m low due lo lhc lnghcr operating
prcssure ui thc coil. Thc ampcragc draw ol'ie condensing
unit would bc low bc cause of the hghl load on Ihc compressor
105.

II Ihc hol gas linc 106 is restricted. then lhe high sale or
compressor 105 discharge prcssure will be lugh if mcasurcd
at Ihc compressor 105 outlet or low il mcasurccl al the con-
denser 107 outlet or liquid linc. In cithcr case. Ihe compressor
105 current draw will be lugh. The suction prcssure is lugh
due to reduced pumpuig capacity of die compressor 105. The
evaporator 110 supcrhcat is lugh because thc suction prcssure
is lngh. Thc high side pressure is high when mess urccl at the
compressor 105 discharge or low when measured at thc liquid
linc. Li qual sub cooling Is ui the lugh end of the nomia1 range.
Even with all ol'lua, thc compressor 105 mnpcrage draw is
a boa c normal. Al I symptoms pouii to tm cxu I:mc restriction in
the hol gas lute 106. This problem is easily Ibuncl when thc
discharge pressure is measured at the compressor 105 dis-
charge.

When thc measunng poult is tlm hquid line 108 al thc
condenser 107 outlets the I'acts arc easily misinterpreted. High
suction prcssure mid low discharge prcssure v,ill usually bc
intcrprctcxl as mi incflicmnt compressor 105. 11&c amperage
dr;m of Ihe compressor 105 must bc measured. Thc lugh
amp era gc draw indicates that Ihc compressor 105 Is opera ting
against a lugh discharge pressure. A reslnction apparently
exists bctw ceo the outlet of the compressor 105 and lhc pres-
s a/c liicalsil/hi'olit

When the compressor 105 will nol pump Ihc required
amount of rcl'rigeranl vapor (c.g., because il is undersizixh or
is not worl uig at rated capacity). The sucuon pressure will
bal mce oul higher thnn normal. Thc evaporator 110 superheat
will bc high. The high side or ihschargc pressure will bc
cxtrcmely low Liqunl subcooluig will be lov, bccausc not
much heal will be in thc condenser 107. The condensing
tcmpcralurc will therefore be close to thc entering mr tem-
perature. The ampera e draw of the condensiitg unit will be
extreniely lolv, indicating that the compressor 105 is doing
very little ii ork

11&c follow iug Ibnnulas can bc used by die systems 900,
1000 to calculate venous operatuig parmnclers ol'he rcfug-
cranl-cycle systmu 100 using data frum onc or morc of thc
sensors show 0 in FIG. 10.

Power is.

Spec die heat is.

ala=IT c

AI'ensible

heat added or removed from a substance ia:

0 — a'H Aj

I,atent heat added or renioved from a substance is

0 0'Iu
I I I

I'he refrigeration effect is

"uos'
A'SA

where W lveight of refrigerant circulated per minute (e.go
lb/min), 2(N) Btu/min is the equivalent of I ton of refrigera-
tion, and NRE is Ihc ncl rcfrigcratuig elfcct (Btu/lb of refrig-
erant)

Thc coeflicicnl ol'pcrfonnancc (COP) is

1 of

legal 'Iiajg

cft ci
COP =

heat ot comp ess a

System capacity is:
ia

0,—44 CTA/ Alj

where Q, is thc total (sensible and

la(cut )

cooling being done.
CFM Is the airtloiv across the evaporator 110. And Ah is the

I'hange of enthalpy of the air across the coil

Condensing temperanlre is:

III'I' A.I I+ I I 1

whcrc RCT is Ihc rclbigcr;ml condmisuig tcmperaturc, EAT is
thc lempcralurc of thc air mitering thc condenser 107s and
spht Is the design temperature difference betv een the enter-
ing air temperature and the condensing temperatures of the
hot high-prcssure vapor from thc compressor 105

Net cooling capacity is;

IIC IIT—IIIII

where HT is the heat transfer (gross capacity). HM is the
o nxitor heat, I I('s the net cooling capacity, and Plj is the

pov er factor.

Airtiolv rate of a system can be expressed as:

Q=g,(l cl! IO)

v here Q is the flmv rate in ('IIM, Q, is the sensible-heat load
in But/hr. and TD is the dry bulb temperature ditference in "

Ij

In a Ihn, airflow (CFM) is approximately related Io rotation
co

(rpm) as fiillow a.

Xyansm Iis amps pl

where PI's the power factor
Heat is:

Cpi 0 rpan
I'l/, .p

ala= i/'T
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Iii d fiui. prcssure ls Bpploxlulaiclv lclaiixl to 1otililou iis
follow si

In a fan, work is approximately related to rotation as fol-
kliVS'

I 1

The sensible heat removed is

g,=t os i)'0 rlsi difr

The latent heat removed is: 3(i

The total heat removed is:

gl,—g,+g,

gsd i'I'M ivu I h I ) )i r«s

The rate of heat transfer is

g=l.r A /D

3i

lvhere q is the heat transfer (Btuh). IJ is the overall heat do

uansfcr coefiicicnt (BtulgFts/' ), A is (Itc area (fts), TD is thc
iempcraiurc diffcrcncc bciwccn insulc and oulsidc design
tenipemture and the refrigerated space design temperature

'Ihe keypad 1050 is used to provide control inputs to the
efiiciency monitoring system. 'I'he display 1008 provides
feedback to the user. temperature set point display In one
embodiment, the power use and/or power cost can be dis-
played on the display IUU8 In one einbodiinent. the systeni
(000 receives rate inforniation from the power company to
use in calculating power costs. In one embodiment, the abso- 0

lute efiiciency of the refrigenunt-cycle system can be shnwn
on the display 10(kg In one embodiment, the relative etfi-
ciency of the refngerant-cycle system can be slxuvn on the
display 1008 Iu one mnboduncni, the data Ibom venous
sensors in the sysimn 1000 can be show non thc display 1008.
Iu oiu: cuibixliiucuL didgiloslic ulcssagcs (c.g., ch'uigc thc
lilicr, ddd rclhgcrunt, etc.) areshown on thc display 1008 In
Ouc cuibodiuicuL uu:ssBgcs foul ihc ptiwix coulpiiuy drc
shown on the display 1008. In onc embodimmit, warning
ulcssdgcs f1 001 thc power coulpauv drc shown ou ihc displav
1008. In one embodunmit, the thcnnostai 1001 conumuu- SO

catcs with tlm power compmiy (or other rcmolc device) using
power linc conununicdtion mcthoib such as. for cxinnple,
BPL.

Then the systmu 1000 is coniigurcd. thc uisndlcr progranw
in thc fixed system parameters ncxdcd lilr calculation of efii- Si

cicncy and/or other qunntitics dcnved from the sciwor data.
Typical fixed progranuned pamameters include the type of

1

In one embodiment, the tachometer 1033 is provided to
measure the rotational velocity ofthe fan 123. In one embodi-
ment, the tachometer 1032 is provided to measure rhe rota-
tional velocity of the fan 122 In one embodimenr. the system
1000 uses one or more of the above fan equations ro calculate 10
desired fan rotation rates In one embodiment. the system
1000 controls the speed of the fan 123 and/or the fan 122 to
increase system efhciency.

The quantity of air used for cooling. based on rhe sensible
cooling is approximately:

r'1'1(— H, ((D 1 Csl

rcfngcrdnt, thc compressor spcciiicauous. (hc condenser
specifications. the evaponutor specifications. the duct speci(i-
cations. the fan specifications. the system SEER, and/or other
system parmncicrs. Typical lixed progrummcx) parmnclcrs
can alan include equipnient model and/or serial munbers,
manufacturer data, engineering data, etc

In onc embodiment, thc system 1000 is couiigurcx( by
bringing the refrigerant-cycle system up to design speci(ica-
tions. and then runnin the systeni 1000 in a calibration mode
wherein thc system 1000 isles smisor readings to motsurc
normal baseline paramcicrs Ihr thc rcfrigcraui-cycle system.
(Ising the measured baseline data, the systeni 1000 can cal-
culate various system parameters (e ., split temperatures,
cic )

In one embodiment. (he system IUIN) is first nin in a cali-
bmtion mode to measure baseline data„and then nm in a
uoriuBI uloui(Cling ulodc whciclu it couipBrcs opcidilou ol
the refrigerant-cycle systeni with the baseline data. The sys-
tem 1000 then ives alerts to potential pmblems when the
operating paramcicrs vary ioo much Iyom thc bascluic data.

In One embodiment. the system 1000 is configured by using
a combination of progranmied parameters (e.g., refrigerant
type, tcmpcraturc splits. ctc.) and buscline data obtainixi by
openuting the refrigermit-cycle systeiu

FIC( 15 sholvs a difi'erential-pressure sensor 1502 used to
mo tutor an air Iiltcr 1501 in an air-handler system. As ihe Ii1ter
becnmes clogged, the difibrential pressure acmss the filter
v ill rise This increase in differential pressure is measured by
the diffcrcnual prcssure sensor 1502 The ihlfcrcntial prcs-
sure measured by the differential pressure sensor 1502 is used
to assess the state of the filter 1501 When the differential
pressure is too high, then replacement of the filter 1501 is
ludiCd1Cd.

lii(i 16 sholvs the differential-pressure sensor 1502 from
Iiiii 15 provided to a wireless conimunication unit to alloiv
the data frnm the differential pressure sensor 1502 to be
pmvided to nther aspects of the monitoring system, such as,
for example, thc coiulmiscr unit sender 1002 or the ihcmiosial
1001.

Iil(i 17 shows the system of lilii 16 implemented using a
filter frame 1701 to facilitate retro(itting of existing air han-
dler systems. 'I'he frame 17U( includes the sensor 1502 and
the sender 16U( I'he frame 17UI is configured to Iit into a
standard filter franie lhe fmme 17U I is configured to hold a
standard filter 1501. In one enibodiment. the fnurne 1701
evaluates the cleanliness of the filter 1501 by measuring a
differential pressure betiveen the filter input and output air. In
ouc embodiment, ihc frame 1701 evuluatcs the clcmihness of
thc (ilier 1501 by prov iduig a source of light on ouc side of the
lilicr, a light seiwor on ihc 0(hcr side of thc lilicr, and by
mcasunng lhc hght transmission tluough Ihc (ilier. In onc
embodiment, ihc Ibamc 1701 is calibrated to a bascluic light
transmission lcvcl. In one cmbodunmit, tlm friunc 1701 sig-
nals that thc lilicr is dirty when ihc light trnnsnussion Iblls
below a fixed ihrcslxild level. In one cmboihment, thc frame
1701 calibratcs a baselmc light transmission level each tmic a
clean, Iilter is installed. In one embodimcnL thc I'ramc 1701
signals thai the Ii1 ter is dirty when the light transmission la 1 la

below a pcrccniagc of thc bdsclinc lcvcl.
Although venous embodiments have bccn dcscribod

above, other cmbodimmiis will bc witlun thc skill of one of
ordmary skill in ihe art. Thus, for exmnplc, although
described pnmanly in terms of an air-conditioning system,
ouc o I'ordinary ski I in the ari w ill recognize that all or pari of
the system 1000 can bc applied to other rcl'ngcrani-cvclc
systems, such as, I'or cxiunple, conuncrcial H3 'AC systems.
rclyigcrator systems, Iyeedcrs, water chillcrs, cic Thus, thc
invention is finutcxI only by the claims that follow.
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Whttt ls clduucd Is.
I A monitoring system for monitoring a condenser uiut in

a refriaerant-cycle system, comprising
a first temperature sensor configured to measure input

refrigemnt temperature to a condenser unit;
a second tempemsture sensor confi ured to measure output

refrigerant lempcrnture from said condenser uiul,
onc or morc ambient scimors conligurcd lo measure onc or

more ambient conditions;
an electncal sensor to sense power provided to sense elec-

trical power provided tn a compressor of said condenser
ilnln Slid

a processing system configured to calculate a perfonnance
criteria of said condenser using at least a portion of the
ILsta from said first temperature sensor, said second tem-
perature sensor. said ambient sensors, said electrical
sensor and onc or more calibration values oblamcd dur-
ing d cd lib ra non process w harem s md process uig system
computes said perfonnance criteria as a perftlrmance
criteria compared to an expected perfonnance. v herein
said expected performance is based at least in part on an
ambient temperature.

2. The moni ton ng system ol'claim 1. w hercui said process-
ing systenl is configured to calculate etficiency

3. The monitonng system ofclaim 1, wherein said process-
ing system is configured to ulennfy perlormancc problcnm
due lo rclyigerunt undercharge.

4 1 he monitonng system of cLsim I, wherein said process-
in system is configured to identify performance problems
due to refrigerant overcharge.

5. The momtonng system ol'clauu 1, further comprisin an
airflow sensor for a fan pnlvided to said condenser unit

6. The monitoring system of claim 1, further comprisin a
lempcralurc sensor conligurcd lo measure oulpul air lcmpcra-
lurc ol' condmlser coll in said condenser unit.

7 I he monitoring systenl of claim I. hlrther comprising
one or more pressure sensors configured to measure B refri-
erant pressure differential across said compressor.

8 'I'he nlonitoring system ofclaim I, hirther comprismg at
least one lnimidity sensor.

9. The nionitoring system of claim 1. hirther comprising
OUC Ol 1110lt: t:ICCIIICdl SCIISOIS lo ItlctiSIIIC CICCI11CBI pow Cr

provided lo a lan motor of saul condmiser unil.

10. Thc moniloruig syslmn of claim 1, further compnsulg
a refmgensnt flow sensor

11 I he monitoring system of clainl l. wherein said pro-
cessmg system is conhgured to provide data for plots of
ener y usa e and costs.

12. The monitorin system of claim 1. wherein said pro-
cessing system is configured lo provide data rclalcd to opera-
tion of said condenser lo B rcmolc monllomng ccnlcr.

13. The monitoring system of claim I. wherein said pro-
to cessin system is configured to provide data related to open-

tion of said condenser system to a remote nlonitoring center
using powerline networking.

14. The monitoring system of claun 1. wherein said pro-
ccs sulg sfstela ls coullgUrcd lit pl 0 vide 8;I la rchl lcd 10 opcl a-
tion of said condmlser to a remote monitoruig center usulg
bmadband over powerline nettvorkmg

15 The monitoring system of claim 1. filrther comprising,
a tenlperahire sensor to nleasure a temperature of refrigensnt
provided to said compressor.

lo 16. The monitoring system of claim 1. filrther comprisin
a lempcralurc sensor lo measure a Icmperdturc of rcfrigcrmil
UUlptu Irolll saul colnplcssor.

17. 'I'he inonitoring, system of claim I. further comprising
a tenipensture sensor to measure a temperatuie of refrigerant
output from a condenser coil.

18. The monitoring system of claim 1. wherein said moni-
toring system is configured ivith data regarding a maximum
cxpcctcd cflicieimy for said condenser unit under various
dulblenl letup cia till ca.

so 19 The monitoring system of claim 1. wherein said moni-
toring system is conhgured v ith data regarding a type of
refrigerant used in said condenser unit

20. The monitoring system of claim 1. filrther comprisin
a pressure sensor configured to measure a pressure of the

ls relyigcrant ui a rclbigcr;ml line provided to said compressor.
21. Thc monitoruig syslmn of claim 1. further compnsuig

a prcssure sensor lo mensurc refrigerant pressure ui an output
line of said condenser iulit

22. 'I'he inonitoring, system of claim I. further comprising
do at least one refrigerant contaminant sensor.

23. The monitoring system of claim 1. further comprising
an mnbicnl humidity sensor.

t t t


