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ABSTRACT

The Lawrence BerkeLey Laboratory has constructed a facility for testfng
varLous performance aspects of residentl-al- al.r-to-al.r heat exchangers.

I,lhen used Ln conJunction wlth a nechanical ventllation system, a

resl.dentlal heat exchanger pernits the adequate ventllatlon of a

resLdence whlle recovering most of the energy normally lost during ven-

tl.latlon. By constructing or retrofitting a home so that lt has Low

natural lnflLtratlon rates and using a heat exchanger-ventllation sys-

tem, a homeo¡¡ner can save energy, reduce heating and cooLing costs, and

prevent the bulldup of Lndoor-generated air contamfnants.

In thl.s paper ¡re presenË the test results obtal.ned on five different
resldentLal heat exchangers and describe the performance criteria, the

test facility, and the test procedures used. The performance parameters

measured were heat exchanger effectiveness (a measure of heat transfer
abllity), afrsËream statlc pressure drop, net cross-stream leakage, and

fan system performance. The performance gf the five heat exchangers

dtffered greatly. The abtllty to transfer heat ranged from 43 percerit

to 75 percent of the theoretLcal maxLmum. the resistance to air flow
varied by a factor of t¡¡o. One of the heat exchangers ltas highl-y sus-

ceptfble to Leakage between aLr streams and one had an unstable perfor-
mance. In the future, additionaL heat exchangers wfll be tested, a nelr

test systen w111 be used to measure cross-stream leakage, and the possi-

bility and consequences of freeze-up within the heat exehangers wilL be

lnvestigated.



INTRODUCTION

Lawrence Berkeley Laboratory Heat Exchanser Program

the heat exchanger program at LBt was lnttlated in october, 1g7g. The
Progran focuses on three maln areas: cost-effectiveness as an energy-
conservatl'on measure, fl.eld studLes in residences located throughout the
Unlted States, and laboratory testing of coooercLally available heat
exchangers.

rn a prelfnfnary economic anal.ysisl we have shown that constructl.ng an
alrtlght house and installing an air-to-af.r heat exchanger is a cost-
effective energy-conservatLon measure Ln many areas of the unlted
States' Thls economfc analysl.s ¡¡111 be updated on the basls of data
accuoulated from our freld and laboratory testing program.

rn the fteld project being undertaken during the wlnter of 19g0-g1r wê
will I'nstall alr-to-air heat exchangers in a nr¡mber of homes throug¡out
the Unlted states and measure pollutant concentratlons versus ventira-
tion rate as welL as actual operating problems encountered in installed
units.

The Laboratory studies focus on measuring the thernal performance and
fan perform¿¡nce of commercÍally avail-able air-to-air heat exchangers, as
reported here.

Rationale for Res idential Mechanical VentiLation wíth lleat Recovery

ïn the past' very few hones have used nechanlcal ventilatron.
ResLdences were and are stlll being built that are not well seaied
agafnst the infiltration of outsLde air lnto the structure. Recently,
however, because of high energy costs and recognftion that the fnfiltra-
tlon of outsfde air constitutes a large fractfon of the heat load of a
house ' so'e builders are developrng and imprementing procedures to
reduce the influx of outslde air.2,3,4 ro "or" homes, naturar alr infir-
tratfon rates have been reduced to as low as 0.1 to 0.25 alr changes per
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hour (ach), even durfng severe weather, by Lnstal.ltng hlgh-quality win_
dows and doors as well as plastlc afr/vapor barriers in the outslde
salls and cellr-ngs, and caulking and seal-ing plurnbrng, electricar and
other penetrations to the outside. By reducfng the lnffltratLon of out-
sfde alr and constructfng well insulated houses, buLlders have greatly
reduced the energy required for heating and cooling. unfortunatery, thrs
reductlon of outside ar.r entering the structure can lead to problens
rslth the quality of the rndoor air. rn tightry seared homes, humrdity
can rlse to uncomfortable levels because the noisture generated fndoors
fron occupants, cooking, bathfng, and groundwater in basements cannot
escape fast enough. Ilfgh levels of f.ndoor-generated polJ.utants have
been found' such as No2 fron gas appliances, radon gas from the soil
surroundLng building basements and foundatfons, and fornaldehyde from
bullding materials, furnishings and some t]pes of r.nsulatlon.5

one means of allevlatl'ng these air quallty problems, wfthout sacrlflcing
all of the gal'ns of energy-conservfng measures, is to Ínstall a mechani-
ca1 ventl.latl.on system that incorpolates an air-to-air heat exehanger.
An alr-to-aLr heat exchanger fs a devf.ce that brings two a.i.rstrearns of
differtng temPerature into thermal contact for the purpose of transfer-
tl'ng the heat betr¡een them. rn winter, cold outside afr is brought into
the exchanger where it Ís t¡armed by the heat transferred to it from the
warm air that fs exhausted fron the house. rn summer the heat exchanger
e'an cool and, f.n some cases, dehumidtfy the hot outsLde air that is
passed through it and into the house for the purpose of ventilation. By
providing controlled ventilation, this systen flushes out indoor_
generated pollutants. hlhile many general and speciflc strategies can be
used to control indoor ar.r quality problens (ftrters, air washers, erec-
trostatic afr cleaners, etc.), in this report, we wirl address onry the
use of mechanical ventilation with air-to-alr heat exchangers for
energy-efficfent indoor pollutlon controL.

The essentlal aim of thl.s report is to descrlbe the results obtained on
perfornance tests of five commercially available air-to-air heat
exchangers used in residential mechanical ventilation systems. The
descrfptlon of our frndrngs is preceded by general background informa-
tlon on the design and rnstalration of heat exchangers, our test
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faclllty, and the crlterl.a and methods used for these perfor:nance tests'

General Descrf. tlon of Alr-to-Alr Heat Exc ers

As stated earlLer, an air-to-alr heat exchanger ls a device that brlngs

two airstreams of differing tenperaÈure into thermal contact 1n order to

transfer heat fron the hot to the cold stream. This process is accom-

plished by breaking the larger incoming alrstreams into many smaller

streams and constructfng the unit so that on either side of each cold

aLrstream there is a hot stream and vice versa'

Ileat exchangers are generall-y classlfled by thelr flow configuratlon' In

a counterflow exchanger (Flgure 1) the hot and cold airstreams flow

parallel to ofie another but in opposite dlrections. A sinilar type of

heat exchanger ls the para1Le1-flor¡ exchanger in which the hot and cold

airstreams flow in the same dlrectLon. In a crossflow exchanger' (Flg-

ure 2) the fLow paths are Perpendicular to one another'

Another type of heat exchanger is a heat wheel (Figure 3)' In this type

of exchanger, the air flows are generally in opposite directions with

the cold and hot airstreams each flowing through one half of the ¡¡hee1'

The r¡heel slowly revolves on lts axls and as the Part of the wheel that

has been heated by the hot stream turns into the cold stream, it heats

the air and then turns into the hot stream agaLn to adsorb more heat'

llany other types of heat exchangers are avallable in large sizes for

eommercLal and industrial use. some heat exchangers are designed to

transfer water vapor from one airstream to the other as ¡¡elL as heat'

The advantages and disadvantages of this are discussed later in this

rePort.

The part of the heat exchanger where the heat fs actually transferred is

cal"led the core of the exchanger. Heat exchanger cores are made from a

number of different maÈerials such as metals, plastics, and treated

paper. some manufacturers supply sma1l ventilatton/heat exchanger sys-

tems containing a core, fans, and fllters al-L mounted ln a lnsulated

gheet rnetal case. Other manufacturers suppl-y just a core'

-3-
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Installatfon of Resldentl.al Heat Exchanqer

Mechanlcal ventflatlon systems uslng aLr-to-air heat exchangers can be
lnstall'ed ln a number of dlfferent nays. Ffgure 4 sho¡rs a window- or
¡sall-mounted unit that ls lnstalled nuch l-lke a ¡¡indo¡¡ air conditioner.
Ffgure 5 shows an attic fnstallation where the unit is connected to an
extenslve duct work systen that draws stale air from the kitchen, bath-
roo¡n' and utiLity room of the house and distributes the warmed outside
alr to the bedroons and the llving room. This type of system is gen-
erally more expenslve because of the extensive duct work required. In
the Unf'ted States, where central forced air heating and coolfng sysËems
predominate, an extensive duct lrork system shouLd not be required. rn
houses ¡sl.th forced-air heatl.ng and/or cooJ_Lng systems, the conditioned
outside air fron the heat exchanger can be supplied to the return ducÈ
for dfstrfbution.

other factors related to the lnstallatLon of heat exchangers such as
lnsulating the heat exchanger and ductlng, providing drains for conden-
sate' and balancing the airstrean flor¡ rates are dlscussed Ín the fo1-
lowing section on heat exchanger performance.

EEAT EXCHANGER PERFORMANCE

In a resfdential- heat exchanger, leakage of aLr, condensation and freez-
lng of ldater vapor' Lnternal heat sources (strch as fan ¡notors), and heat
transfer to and from the surroundings all affect performance, The
effect of each of these factors is discussed later ln this section of
the report. For the classlcal (textbook) heat exehanger, none of these
complications is considered and perfornance is characterized by "heat
exchanger effectfveness. "

theoretfcal Perfornance Criterla

üeat exchanger effectiveness is deffned as the ratfo of actual
transfer to that which is theoretícalIy possrble--i.e., the
transfer that would occur 1n an inffnítely large counterflor¿
exchanger.

heat

heat

heat
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.fhe heat t.ransfer that occurs between the tlro airstreams 1n e heat

exchanger causes each alrs.tream to change teûPerature' The airstream

erlth the smallest capacitance undergoes the greatest tenperature change'

(ALrstrea¡n capacitance is deflned as the product of the alrstream mass

flo¡¡ rate and airstream sPecific heat and can be considered the thernal

Lnertla of the alrstreán.) In an lnfinltely large counterflow heat

exchanger, the ml.nimum capacitance airstream changes from lts tnitial

temperature to the inlet temPerature of the other airstream' and heat

exchangereffectivenessisl00percent.Inareal(flnitesize)heat
exchanger, the effectiveness equaLs the ratlo of the temperature change

of the afrstream wlth the smallest capacltance to the temperature

difference between the two entering airstreams. The equation for effec-

tfveness is:

e3 Ar- (1)
(Tt 

"
T cs)

where:

aT- = the temperature change of the ninlmr¡m capacitance al'rstream

Th"=thetemperaÈureofthehotairstreamsuppliedtotheheat
exehanger

T." = the temperature of the cold airstream supplled to the heaÈ

exchanger

If the heat exchanger effectiveness and the two inlet airstrean tempera-

tures are known, EquatÍon 1 can be used to calculate the temperature

change of the mLnimtn capacitance airstrea¡n'

ff the airstream entering the residence does not have the minimum capa-

cltance, then the effectÍveness will not directly characterlze the tem-

perature change of the alr supplied to the residence' However, if no

e.ondensatfon occurs in the core of the heat exchanger and if the leakage

of alr (cross-strean leakage and leakage to and from the surroundlngs)

fssnall,thetemPeraturechangeofthetwoairstreamsinaheat

-5-
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exchanger can be related by the equatlon

(åcpAr) Hor = (åcêr) cor.o (2)

¡otrere, å = the airstream mass flow rate
Cp - the airstream speclfLc heat at constant pressure

.AT = the airstream temperature change

llOT = the hot aLrstream

COLD = the cold airstream

1"he ratlo (å cp)nor/( fr cn)colo is called rhe "capaclty ratio" and

relates the temperature change of the trro airstreans. IdealLy, the
speciflc heat Ín Equation 2 should be the specifLc heat of the airr¡ater
vapor mLxture that we coomonly think of as aLr. ActualJ.y, the airstream
b'ater vapor content has onJ-y a sma11 effect on the aÍrstream speclfic
heat.

The effectl.veness of a heat exchanger decteases ¡¡ith lncreasing flow
fates due to the smaller alrstream temperature ehanges that occur at
htgh fLow rates. ALrstream temperatures and hr¡¡nidity have only a rninor

effect on heat exchanger effectiveness as long as no condensation or
freezf.ng occur within the heat exchanger"

The rate of heat transfer "Q" between the two atrstreams can be calcu-
lated fro¡n the effectiveness using the foLlowÍng equation:

Q = É(åcp)urn (Tt" - t"") (3)

rrhere:

€ = the heat exchanger effectiveness
MIN = refers to the minLmum capacltance airstream
Th" = the tenperature of the hot alr supplied to the heat exchanger

1"" = the tenperature of the cold air supplied to the heat exchanger

-{-
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Equatl.on 3 is exact if no condensatlon occurs l¡l.thfn the core' no alr
leakage occurs, and no heat transfer takes place between the heat

exchanger and Lts surroundl.ngs. The equation is 'approximately correct

1f these compllcatlons have only a snall effect on heat exchanger per-

formance.

Factors Affectl.ng Actual Perfornance

Fan Heat. Heat exchanger performance is affected by the quaotity of fan

heat thaÈ Ls added to the airstreams and the locatLon at whlch the heat

1s added. Because the snall fans and fan motors used in heat exchangers

typically have a lol¡ efflciency, nost of the electrical energy consumed

by the heat exchanger fans is immediately released as heat. The fan heat

¡¡111 cause an increase in the temperature change of. the cold airstream;

therefore, during winter use, some fractlon of the fan-s energy consumP-

t1on Ls saved and suppl"ied to the resLdence. To maxlmLze the fraction
of fan heat delivered to the residence, the supply air fan (for alr suP-

plted to the residence) shouLd be downstream of the heat exchanger core

aad the exhausÈ alr fan (for alr exhausted fron the residence) should be

upstream of the core. Hor¡ever, thLs method of fan placement will cause

an Lmbalance in pressures in the heat exchanger and therefore will Pro-

rote cross-sÈream leakage if the core is not well- sealed. (Cross-stream

leakage Ls discussed later fn this report.) The fan heat that is saved

and delivered to the residence will cost as much per unit of heat as

electrical resistance heating, which is an expenslve nethod of home

heatlng. The fan heat also reduces the temperature change of the hot

airstrearn and therefore has a detrimentaL effect in the summer. In the

summer, the optfnal location for the fans would be the opposite of that

1n the r¡inter. An efficient fan system and a heat exchanger r¡ith a low

frlctional resfstance to air flow are desirable from an energy-

conservation viewpolnt; hor¡ever, the trade-off between fan (and fan

motor) effÍciency and inltial cost remains to be lnvestigated.

-7-
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The performance of a heat exchanger wll1
vapor fron the hot airstream condenses as

be

the

the
hot alr fs cooled in the heat exchanger core. The temperature of
alrstreans entering the heat exchanger, the hunidity of the hot enterfng
airstream, and the performance of the heat exchanger determine ¡¿hether
condensatlon will occur. condensatlon causes a reduction in the tem-
Perature drop of the hot airstrean and thus an increase Ln the average
temperature dffference between the trdo al.rstreams ¡¡Lthin the heat
exchanger core' thereforei the rate of heat transfer betr¿een two air-
streams Ís lncreased when condensat.lon occurs. condensatf.on ffrst occurs
on the heat exchanger wall (the surface separatlng the two alrstreams)
lf the r¡all- Ls below the hot airstream dewpol.nt temperature. The con-
densed water l¡tlL either draln out of the heat exchanger or re-evaporaËe
at some location ¡¡here the wal-l tenperature is higher than the dewpoLnt
temperature. condensatr.on 1n the ar.rstrean (foggtng) wlr.l 0ccur 1f the
aÍrstream I's cooled to belo¡s its dewpornt temperature.

rf condensation occurs during the winter season, tt will occur fn the
aÍr belng exhausted froo the house, and the temperature change of the
cold alrstream entering the house will be Lncreased. This beneficial
effect is generally smalL but could be slgnlffcant if the house alr is
falrly hunfd, the outslde air is very cold, and the heat exchanger is
effective. For instance, if the house air fs 2L oc (70 oF) with a rela-
tLve hunfdity of 30 percent, and the outside alr Ls -L7.g oç (o oF),
condensation in the exhausted house air could, in a very effectlve heat
exchanger, account for a maximum of 2o% of the rise in coLd atr tempera-
ture.

An examination of weather data for the unlted states6 indicates that
condensatfon will occur only rarely durlng summertime use of a heat
exchanger. Iühen condensation does occur in the summer, tt can preïent
the large temperature reductions ln the inconing alrstream, which are
desirable; however, an advantage 1s that undeslrabre rdater vapor wfll be
removed fron the incomlng aLrstream.

-B-
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A heat exchanger should be provfded with an outlet for drainage of con-

densate (unl-ess it is a type for which is not required). TypicalLy a

condensate drainage llne (a length of snall diameter tubtng) is run from

the heat exchanger to a suitable location. This line should not be

pLaced in a locatlon where freezlng of the condensed lraÈer ls possfble.

llhenever condensatfon occurs, the performance of the heat exchanger w111

depend on the entering air temperature, the entering hot-alr huuidity
ard the airstream flow rates. The effectlveness calculated from the

tnlet and outlet airstream temperatures is useful only in representing

the tenperature change that occurs for a speciflc set of inlet alrstream

temperatures, hr.rnídltles, and flow rates. At the Present time, there ls
no slmple way to characterize heat exchanger performance when condensa-

tLon occurs. It ¡¡ould take a prohtbttively large number of tests to
Lnvestlgate perfornance for all aLrstream l.nlet condltfons. one poten-

tlal method of characterizing heat exchanger performance when condense-

tion occurs is to use a theoretLcal model for heat exchanger perfor-
mance. This nethod is currently belng investÍgated and will be dís-

cussed in a future report. All results reported here involve tests
where no condensation occurred.

If the outsl.de air temperature Ls sufficlently beLow 0 oC (32 oF), con-

densed nater may freeze inside the heat exchanger core and obstruct aLl

or some portion of the airflow. Sone of the manufacturers include elec-

trÍc resistance heatlng elements in their systems to preheat the cold

alr before l"t enters the heat exchanger core. Preheating of the cold

alrstream should be kept to the minfnur necessary because it causes a

reduction in the amount of energy recovered by the heat exchanger. The

consequences of. fteeze-up and conditlons under whlch it occurs are dif-
ferent for each type of heat exchanger. In general, a more effectLve

heat exchanger nay have more freeze-up problems than a less effective
heat exchanger. The freeze-up problen will be lnvestigated experimen-

tally and ln field trails at a future date.

Cross-Strean Air Leakage. AÍr leakage can occur between the

ln a heat exchanger; thís is ca1led "cross-stream leakage".

of cross-stream leakage on the measured effectiveness

airstreams
The effect

of a heat

-9-
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exchanger depends on the location and amount of the leakage. Air leak-
age can cause the heat exchanger performance to.appear nuch better Èhan

tt acÈually is and, Ín some cases, the cross-stream leakage cannot be

detected by measurements of air flow rates; therefore, the performance

resuLts presented fn this paper should be considered prelftninary untll
accurate cross-stream leakage measurements can be made. Based upon

prelininary test results, in many of the heat exchangers, the amount of
cross-stream leakage is expected to be smalL.

External Leakage and lleat Transfer. ft¡o other factors that can affect
heat exchanger performance are the leakage of air between the heat

exchanger and its surroundings and heat transfer between the heat

exchanger and fts surroundings. For the heat exchangers tested to date,
the leakage of air is srnall and can be easiLy mlnLnized by tapfng or
caulking the heat exchanger case. Measurements and sinple calculatlons
lndl.cate that the magnitude of the heat trensfer between the heat

exchanger and its surroundings wtll also be snall 1n most cases, and can

be ml.nlnized by insulating ttie heat exchanger. Ilowever, the heat

transfer between the surroundlngs and long ducts used to direct the alr
may be slgniffcant unless the ducts carrying aLr that has a temperature

significantly different from the surroundlngs are well fnsulated. If
the heat exchanger is lnstalLed in a heated space, Lnsulation of the

heaÈ exchanger and ducts that carry cold air may also be necessary to
prevent condensation from their coLd external surfaces.

Fouling. An additional factor that may affect heat exchanger perfor-
sance 1s the foull.ng of heat-transfer surfaces. If a filn of dirt
butlds up on the heat transfer surfaces, the resistance to heat transfer
v¡il-I Lncrease and the effectlveness will deteriorate. No measurements

have been made to investigate thls effect for residential. heat

exchangers. The use of air flLters upstream of the heat exchanger core

should help to rninimize this problen.

Ratlo of Mass Flow Rates. The ratio of afrstream mass flow rates
through the heat exchanger affects both the temperature change of the

afrstream supplled to the residence and the amount of alr leakage

through the house envelope. If more alr is exhausted through the heat

-10-
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exchanger than supplied, the temperature change of the supply airstream
will be increased (which is beneficial), however; an amount of aÍr equal
to the difference between the exhaust and supply airstream flow rates
must leak into the house. The air thaL leaks in must be heated or
cooled and 1t will take more energy to heat or cool this air than is
saved due to the increased temperature change of the supply airstream.

If more air is supplied through Èhe heaÈ exchanger than exhausted, con-

ditioned (heated or cooled) air will be forced out through the house

envelope. Again, this will cause an increase in energy consumption con-

pared to the case of balanced mass flow rates through the heat

exchanger.

Unfortunately, in actual use of a residential heat exchanger, it Ís very

dífficult to maíntain balanced mass flow rates. Changes in air density
and viscosity (due to temperature changes), unequal clogging of air-
stream fiLters, and freezing ¡sithin the heat exchanger core wÍll cause

lmbalances in the mass flow rates. The fl-o¡s rate imbalances will cause

the energy saved iluring actual use of heat exchanger systems to be less
than that indicated by the heaE exchanger effectiveflêss. (Ofher factors
such as increased performance due to condensatÍon may counteract this.)
Further sÈudy is needed to i-nvestigate the magnítude and consequences of
flow rate imbaLances and to determine if periodic balancing of flow
rates is required.

Ithen installing a ducted heat exchanger sysEem, damper valves should be

placed in each duct so that the air flow rates can be adjusted and bal-
anced. SuÍtable equiprnent to measure the air flow rates (such as a

pitot tube and sensitive pressure gauge) is required to adjust the flow
rates.

Transfer of Moisture. Some heat exchangers transfer moÍsture (waÈer

vapor) as well as sensible heat. A Japanese conpany markets cross flow
heat exchangers with cores made from a special treated paper. lüater

vapor is transferred across the porous paper from the airstream with a

high water vapor concentratÍon to that with the lower concentration. In

other heat exchangers the hot and cold airstreams alternately flow over

the same surfaces. In Èhese unlts, if water vapor is condensed from the

hot airstream when it cools, the r{ater can later re-evaporate Ín the

cold airsÈ¡:eam. Stil1 oEher heat exchangers are . constructed from a

-l t-
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material that adsorbs vrater from the high humÍdity airstream and later
releases iÈ to the lower hurnidity aÍrstream as it. passes over the sur-
face. The advantages and disadvantages of using a heat, exchanger that
transfers moisture are dlscussed below.

Ihe ability to transfer water vapor is advantageous during hot huurid

sr¡mmer v¡eather. During these weather conditÍons, air condítioníng sys-
tems must renove hlater vapor fron the eonditioned air, otherwise; very
high indoor relative hunidity values would result. The energy consumed

to remove this water vapor (latent load) can be a very signifÍcant por-
tion of an air conditÍoning system's total energy consumption. A heat,

exchanger that transfers etater vapor is advantageous in this weather

because it can reduce this latent portion of the aír conditioning load
as well as precool the incomi.ng air.

In the winter, indoor moisture sources cause the indoor air to have a

higher concentraÈion of rtater vapor than outside aLr. In very low
infiltration residences and in homes that have strong índoor moisture
sources, hunidity level-s can become uncomfortably high and condensation
on ¡cindohts can become a problem. Ventilation through a heat exchanger

that does not transfer ¡¿ater vapor is more effective at reducing these
hígh hunidity levels, than ventiLation through a heat exchanger that
transfers hrater vaporo

Some homes have uncomfortably low hurnídity levels in the n¡inter and in
some cases hurnidification is required. In these homes, ventilation
through a heat exchanger that transfers hrater vapor will help to maÍn-
tain indoor hunidity levels and reduce the need for hunídification com-

pared to ventílation through a heat exchanger that does not transfer
water vapor.

A heat exchanger that transfers hrarer vapor may also transfer some

indoor air contaminants frorn the exhaust airstream to the airstream
entering the residence. Such a heat exchanger would be less effecÈive
at reducing indoor contaminant levels than one that does not transfer
contamínants. Further research fs needed to determine the rnagnitude of
this effect, in different heat exchangers, for contaminants of interesE.

-t 2-
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Fan System Performance

The total energy performance of a heat exchanger system depends on both

the rate of heat transfer within the heaÈ exchanger core and the raÈe of

energy consumption by the fan system. The fan polrer consr:mption, for a

given al.r fLow rate, depends on the efficiency of the fan and fan motor

and the reslstance to air flow in the heat exchanger and attached duct-

ing. If the resistance to aÍr flow is high, it will take more fan

energy and larger fans to provide a given ventLlatÍon rate than ¡¡hen the

resistance to air flow is low. To minlmize the frictÍonal resistance of

the ducting, the duct lengths should be kept as short as possible. In

addition, abrupt changes Ln the cross-sectional area of the duct should

be avoided. Diffusers Located at the duct inlets and outlets can slgnL-

ficantly reduce the energy required to produce a glven air fl-ow rate.

The charact,eristics of the duct system imnedlately downstream of the fan

discharge al-so can affect the fan performance. Bends or changes Ín the

duct cross sections ¡sLthln five pipe diameters doçnstream of the fans

should be avoided if possible, slnce they are particularly detrimentaL

to the perf ormance of the f ans.

HEAT EXCHANGER TEST TACILIÎY

The Heat Exchanger Test Facillty, located in Richnond, CA, currently

contalns two major systems for testing commercially avail-abl-e heat

exchangers: the Thermal Performance Test Systen and the Fan Performance

Test Systern. These systems will be augrnented 1n the future by a cross-

leakage measurement system that uses tracer gas techniques.

Thernal Performance Test System

the Thermal Performance Test Systern is designed to control and measure

the pressure, temperalure, humidity, and flow rate of the airsÈreams

ent.ering and leaving a heaÈ exchanger. In some cases, the pohrer con-

surnption of the heat exchanger fans and the flow rate of condensed erater

fron the heat exchanger are also rneasured with thls system. These meas-

urements are used to evaluate heat exchanger performance.
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Figure 6 shows a side and top view of the Therqal Performance Test Sys-

tem. In this system, r1,I is directed to and from the heat exchanger in

sheet meÈal ducting and 15.2 crn (6 Ín.) diaureter (nou¡fnal) PVC ducts.

Large centrifugal blowers r¿ith one horsepower motors are used to power

the air f1ow. The hot and cold air flows are ducted through thro

independent flow loops. Each flow loop consÍsts of a supply side (for

air supplied to the heat exchanger) and a return side (for the return of

air to the blowers). The ducting in the central portion of the test

system is rnade from PVC pipe to facilitate easy installation and removal

of the heat exchêng€rs.

In the cold-side flow l-oop (Figure 7), the aír flow rate and pressure is

controlled by varying the posLtion of two butterfly valves and one

bypass gate valve. Four liquid-to-air cooling coils are installed in

the cold side loop to cool the aÍr. A chilled ethylene-glycol- and water

mixture (coolant) is punped from a 3.64 n3 (800 gal-lon) insulated

storage tank through the cooling coils and back to the storage tank.

The coolant is chÍlled in a comnercial brine chiller. The chÍller draws

coolant from, and returns it to, the storage tank. The use of a large

storage tank ensures that the temperature of the coolant supplied to the

coollng coils remains stable so that the temperature of the cold air
supplied to the heat exchanger will be stabl-e. A three-kiloltatt elec-

tric heating unit is also install-ed in the cold flow loop to heat the

afr if D€c€ssâr].

In the hot-side flow loop, (Figure 8) air enters the blower through an

opening for the shaft connecting the motor and the blower. AÍr is
exhaus¡ed from the hot-side flow loop through a butterfly valve located

ln the supply air ductwork. This valve and a second butterfly valve in

the return ductwork are used to control the flow raÈe and pressure in

the hot-side loop. Tt¡o el-ectric heaters, controlled by voltage regula-

tors, are located in the hot loop and are used to heat the air. A steam

hunidifÍer ís placed in the hot return ductwork to hunídify the hot-side

air.

-) 4-
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DescrÍptfon of lleasurement System

For the purposes of measurement, four distinct airstreams can be identi-
fied: two supply airstreams (for air flowing to the heat exchanger) and

trüo return airstreams (for air leaving the heat exchanger). In each of
the airstreans, the pressure, humidity, flow rate, and nixed mean tem-

perature are neasured.

The volumetric flor¡ rate of the airstreams Ís measured with orifice
plate flowureters constructed and installed in accordance with American

Society of Mechanical EngÍneers (ASME) specifications.T Pressure taps

are located one-pipe diameter upstream, and one-half pÍpe dianeter donn-

stream of the orl.fices. The airstream pressure drop between these taps

ls a function of the air flow rate. The pressure drops are measured

with l-arge inclined nanometers that are calibrated with a sensitlve
micromanometer. One of three different-sized orifice plates are used,

the selection depending on the aír flonr rate.

The air temperature at the heat exchanger inlets and outlets is measured

by means of air-flonr mixers and grids of 20-gauge copper-constant ther-
mocouples. The air-flow mixers subdivide the flow and deflect many sma1l

portLons of the air in both vertical and horizontal directions. The air
mÍxing assures that the airstream telnperature will be nearly uniform at
the thermocouple grid. Ff.ve thermocouples are placed across the verti-
cal duct diameter. Each thermocouple represents an approxinoately equal

portion of the cross-sectional area of the duct. Ttre thermocouple wires

are passed donnstream through the air for approxinately 30.5 cn (l ft)
before exiting from the ductwork. This arrangement minimizes tempera-

ture measurement errors due to heat conduction along the length of the

wires. An icebath is used for the thermocouple reference junctions and

a digital voltmeter hTith a one-microvolt sensítivity is used for the

voltage readout. The entire temperature measurement system \das con-

structed and then calibrated by courparison to a National Bureau of Stan-

dard (NBS) traceable Platinum Resistance ThermomeÈer at LBL. Figure 9

j"ll-ustrates a typical heat exchanger insrallation showing the location
of air mi.xers, thermocouples, and pressure taps for this installation.

*15-
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The humidity of the airstreams is measured using a dry- and wet-bulb

psycrometer. The dry- and wet-bulb temperature sensors are located in a

short section of. 7.6 cm (3 in) diameter pipe which is placed in parallel
with the 15.2 cr¡ (6 ln) diaureter plpe as shown in Figure 6. By opening

and closing a butterfly valve ln the 15.2 cm (6 in) diameter PiPe, the

air velocity across the dry- and wet-bulb sensors can be controlled.
The air velocity is measured ¡¡ith a pitot tube and is maintained at

approximately 5.1 n/s (1000 ft/nnin) as recommended in the Temperature

Measurement Standards of the Anerican SocieÈy of Heating, RefrigeraÈing

and Air-Conditioning Engineers (ASI{RAE).8 At each hunidity measurement

location, there are tü/o paÍrs of temperature sensors, each pair contain-

íng a dry- and wet-bulb sêDSoro One pair of sensors consists of 30-

gauge copper-constantan thernocouples with a snall brass ¡¡asher soldered

to the thermocoupLe junction. The use of a brass washer helps to assure

good contact beËween the thernocouple and t,he wet-bulb wick. The

sma1l-dlameter thermocouple wire (30 gauge) mininÍzes temperature meas-

urement errors due to heat conduction along the length of the wire. The

thennocouple junctions are held rigidly in place by passíng the wires

through a two-hole ceranic insulator which is mounted in a rubber

stopper. The dry- and wet-bulb thermocouples are used with an icebath

reference and a digital voltmeter ¡,¡ith a one-microvolt sensÍtíviÈy. The

second set of dry- and wet-bul-b temperature sensors consists of preci-

síon mercury in glass thermometers with 0.1 oC subdivisions. The ther-
mometers are held in place with rubber stoppers. A commercial cotton

wet-bulb wick is used for all of the wet-bulb sensors. The wick

material is replaced periodically to prevent errors due to dirt accumu-

lation on the ¡'¡ick.

In many wet-bulb syst.ems the wick materíal is suspended continuously in
a water reservoir. The r/ater diffuses up the wick from the reservoir to
the tennperature sêrrSoro l,Iith such a system it is dÍfficult Èo ensure

that saturation conditions develop at the temperature sensor for all
air-flow conditions (temperature, humidity and velocity). In addition,
the temperature of the r^rater in the reservoir may affect the Índicated

weE-bulb temperature. To circumvent these problems, an intermíttently
r¿etÈed wíck system is used at the test facility. The intermittently
rvetted wick system has yielded much more satisfactory test resulEs

- I6-
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(i.e. , better vuater-mass balances) than a previously constructed system

utillzing !,rater reservoirs for continuous wetting of the wicks. hlhen

the wet-bulb ternperaturé is required, the sensor and surrounding wick is
dípped in s¡ater and then placed in the airstream. f{ithin a few rninutes,

¿l steady-state wet bulb temperature is obtained and this value is
recorded.

Pressure taps, used to measure airstream pressure, are located close to

the inlets and outlets of the heat-exchangers. Various pressure tap

locations are tried with each heat exchanger installation to mínimize

errors due to tap location. The pressure is measured with calíbrated
inclined manometers and, in some cases, with a sensitive micromanometer.

Some heat exchanger manufacturers include fan systems nrith their heat

exchangers. For these units, tests are run with and without the fans

operating. I'lhen the fans are operating, their porrer consumption is
measured with a !¡attmeter.

In certain tests, not reported here, condensation of water occurs wÍthln
the heat exchanger and the condensate drips out through a drain. The

condensate is collected in a graduated cylinder and the time elapsed

during condensate collectlon is recorded. A condensate flo¡'¡ rate can be

calcul-ated frour the graduated cylinder reading and the time Deasurement.

As discussed earlier, the temperature of the air surrounding the heat

exchanger can affect its performance because heat can conduct into or

out of the heat exchanger case. In most cases the effect is small. At

the test facility, the air surrounding the heat exchanger is maintained

at approxiurately 2l oC (70 of). Duríng testing, the ducting to and from

the heat exchanger is insulated; however, the heat exchanger is tested

as received from the factory with or without insulatÍon.
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Capabilities of The Thermal Performance Test System

the maxirnun air flow rates achievable at the test facility depend on the

fl-ow resistance of the particular heat exchanger installed. In most

cases, the maximum possible air flow rate is approxinately 408 *3/t t
(240 ft3/mi.n). This corresponds to slightly over one air change per

hour in a 140 12 (ISOO ft2) house with 2.4 m (8 ft) high ceilings.

The maximum air temperature that can be supplied to the heat exchanger

ís in excess of 43 oC (t10 oF). The hrunidity ratio of the hot air can

be controlled frour aurbient (roorn) air levels to saturation conditions.

For Ínstance, if ambient air is 21 oC (ZO oF) and its relative hunidity

ls 502, then the relative hurnidity of supply air with a temperature

equal to 35 oC (95 oF) can be controlled between 18 and 1002.

The mininum possible temperature for the col<l sripply air is 0 oC to 4.4
oC (SS oF to 40 oF) dependlng on the air flow rate. For the cold supply

airstream, the hurnidity is not controlled and typÍcal relative hunfdity

val-ues vary between 50 and B0 percent. It is not inportant to conÊrol

the cold airstream hunidity since no condensation can occur in this air-
stream.

The pressures of the aLrstreams supplÍed to the heat exchanger can gen-

erally be controlled to any desired value within the range of -1.3 to
*1.3 cm of water (-0.5 to *0.5 inches of htater), while maintaining the

desired air flow rateso

Accuracy of Measurements

This section discusses the accuracy of the specific measurements made

rrlth the Thermal Perfornance Test System.

Airstream Flo¡v Rate. The accuracy of the orifíce plate flowmeters used

for measuring airstream flow rate is affected by uncertainties in pipe

diarneter, orifice diameter and eceentricity, air viscosity and density'

pre6sure tap location, and pressure measurement. In addition, it is

critlcal that the orifice plate be uade with a very sharp edge if flow

- t.8-
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rate measuremenÈs are to be accurate. A calculation of the orifice flow
coefficient. and expansion factor is required for each flow rate measure-

ment. The expected uncertainty in the values of the flow coefficient
and expansion factor is published in Reference 7 along with a procedure

for estimatÍng the total uncertaínty in flow rate measurement. I"¡ith the

recommended technique of error analysis, the uncertainty in the air-
stream voLumetric flow rate measurements was determined to be tl.3 7".

Airstream Temperature Measurements. Davis, Faison, and Achenbach9 h".r"
examined the errors in the temperature measurement of uroving air using

thermocouples, thermistors, and ther:nometers. They demonstrated that
maximum errors of 0.ll oC (0.2 oF) are possible even when condi.tions are

almost ideal and great care is taken. The magnitude of these errors
could not be explained by predictions of the effects of heat conducËion

or radiation to and from the temperature sensorr.or any other foresee-
able cause. Under less ideal conditions, even larger temperature meas-

urement errors would be likely. AD 0.14 oC (0.25 oF) unexplaÍned tem-

perature measurement error rùas êssumed for temperature measurement.s at
the test facilÍty" 1þo addÍtlonal sources of temperature measurement

error, discussed below, add to the unexplained temperature measurement

êffOE "

Thenrocouples have a very Low voltage output signal. The signal is sub-
ject to interference or noise from surrounding electrícal equipment as

evidenced by snall erratÍc fluctuatÍon in the voltage signal. Duríng

testing signal fluctuations of approximately four microvolts
(corresponding to 0.ll oC (0.2 oF) !Íere conmon; Èhereforer wê assumed

an addítional temperature measurement error of 0.11 oC (0.2 oF). This

problem has subsequently been corrected, therefore; for future measure-

ments ÈhÍs error conponent will not exist

It is urore dffficult to determine the true mixed-mean temperature of an

airstream than to make an individual temperature measurement. The air-
stream leaving some heat exchangers may have large spatial temperature

variatíons (3 o to 6 oC). Mixing the alr just upstream of the therrno-

couples (used for temperature measurement) reduces Èhe maxinum dÍffer-
ence between the five Ehermocouple readings to less than 0.28 oC (0.5

-1 9-
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of) ín almost all cases" The error that occurs in mixed-mean tempera-

ture measurement because of irrperfect knowledge of aÍrstream temperature

variations should be less than the uraximum indicated temperature varia-
tion. Accordingly, a maximum error of 0.ll oC (0.2 oF) attributable to
airstream temperature variations is also assumed. By adding the three

components of aírstream temperature measurement error discussed above, a

totaL maximurn airstream temperature measurement error of 0.36 oC (0.65
of) resultso trle belÍeve this value represents an over-estLmate of the

temperature measurement error, since, in rnany cases, the different error
components would cancel each other out. Energy balances based on actual
test data generally indicate much smaller errors in airstream tempera-

ture measurement.

Airstream Humidity Measurenents. Dry- and l¡et-bulb temperature sensors

are used in the humídity measurement system-at Èhe test facility. Snall
errors in the dry- and wet-bulb temperature measurements can lead to
slgnificant errors in hurnidity reasurement. The dry- and wet-bul-b ther-
mocouples used at the test facility have a stable signal that indicates
no Ínterference (noise) from surrounding eJ-ectrícal equipnent. Accord-

íngly, errors due to signal noise are not a factor in the hunidíty meas-

urement system. Ideal-ly, the dry- and wet-bulb sensors should be

located at the same point. In practl-ce, however, the $ret bulb ís
located a few inches donmstream and in line with the dry bulb. Because

the sensors are in lÍne, the measurement error due to variations in air-
stream temperature should be small; an additional error of 0.05 oC (O.l
oF) nras thus assumed. If an unexplained tenperature measurement error of
0"14 oC (0"25 otr') is added to this (the sarne unexplained error assumed

in airstream temperature measurements), then the Èotal maximum üret- or
dry-bulb ternperature measurement error is 0.19 oC (0.35 oF). Table I
illustrates the errors in hurnidÍty ratio (the ratio of mass of srater

vapor to mass of air) and relative humidity that would result, in síx
different cases, if the dry-bulb temperaÈure measurement is 0.19 o6

(0.35 of) high and the wet bulb measurement ís 0.19 oC (0.35 oF) low.
As illustrated in this table, the magnitude of the errors in hrlnidity
measurement depend on Èhe temperature and humidity of the air.
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Other factors that affect the accuracy of a dry- and wet-bulb humidíty
measurement sysËem include the velocity of the airsËream, the rate of
conduction and radiation heat transfer to and frcjm the temperature sen-
sors, the characteristics of the ¡¿et-bulb wick materíal, and the purity
of the water used to v¡et the wÍck. Precauti.ons have been taken at the
test facility to minimize the effects of each of these factors (see ear-
ller description of hurnidÍty measurement systen). Errors in dry and wet
bulb temPerature measurement should be the dominant source of error Ín
the humidity neasurement system.

Airstream Pressure l{easurements. The accuracy of the aÍrstream pressure
measurements is affected by pressure tap location, tap yaw angles (the
angle between the pressure tap and the air flow), the sÍze and shape of
the pressure tap, and the accuracy of the pressure measurement d.evice.
At the test facility, a quality commercial statÍc pressure Èap ís used
to eliminate any significant errors due to tap size and shape. As noted
earlier, for each heat exchanger installation, a variety of pressure tap
locations were tried, each time measuring pressure hTith a sensitive
micromanoneter. This procedure minimizes errors due to inproper tap
location or installatíon (yaw angle). Based upon the observed differ-
ence 1n Pressure measurements at various tap locations, the maximum

error in airstream pressure measureûent due to tap location and yaw

angel is estinated to be 0.013 cm (.005 in) of water. ?he calibrated
manometers useC for airstream pressure measurement have a rated accuracy
of ú 0.05 cm (*.02 in) of hrater. By suurning the two error components,
the uaxinum error in each pressure measurement Ís estimated to be 0.063
cn (0.025 in) of l¡ater. A sensitive nicromanometer can be used Ín place
of the inclined manomet.ers t.o provide more accurate pressure measure-
ments. I4Iith this instrument, the maximum estimated pressure measurement
error is 0.018 cn (0.007 in) of water. This procedure has been adopted
for future tests.
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Fan Performance Test Syste¡n

Some heat. exchanger manufgcturers lnclude fan systems with their heat

exchangers. In some cases the fans are mounted inside a sheet metal box

¡¿hich also contains the heat exchanger core. In other systems the fans

are mounted externally. For a given air flow rate, the energy consump-

tion of the fan system depends on the efficiency of the fans and fan

notors, the fríctional resistance to aÍr flot¿ in the heat exchanger' and

the frictÍonal resistance to flow in the ductwork attached to the heat

exchanger.

the performance of the heat exchanger fan system is assessed with Ëhe

Fan Performance Test Systen whÍch measures the power consumption of the

fans, the airstream flow rates, and the static Pressure drop in Èhe pip-

ing system attached to the heat exchangers. the .static pressure drop is
a measure of the flow resistance in Èhe duct system attached to the heat

exchanger. The test results can be used to predÍct the power consump-

tion and alrstream flow rates for a heat exchanger system during actual

residential operation, âs well- as to size the ducting for a partícular
air flow rate.

Figure 10 presents a drawlng of the Fan Performance Test System used at

the test facility. As illustrated, air flows to and from she heat

exchanger through 10.2 cm (4 in) diameter (noninal) PVC piping. Sheet

metal Èransitions are used to attach the piping to the heat exchanger.

Diffusers are located at the inlets and outlets of the PVC pípe to

reduce the entrance and exit losses at these locations. Butterfly
valves located approximately eleven pipe diameters downstrean of the

heat exchanger can be opened or closed to vary the frictional resistance

of the duct system. The butterfly valves located upstream of Lhe heat

exchanger are left in Èhe fully open position during testíng.

Statíc pressure is measured at locations approximately three pipe diame-

ters upstream and six pípe diarneters Cownstream of the heat exchanger.

lhe six pipe diameter length is sufficient to allow a fu1l pressure

recovery downstream of the fans. Pitot-static tubes are used as the

static pressure taps. A micromanometer with a sensitivity of 0.051 mm

(0"002 in) of l^tater is used to measure pressure"
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Airstream flow rate is measured at a location tsenty pipe diameÈers

downstream of the butterfly valves. The twenty-diameter length ensures

a smooth velocity profile in the air at the measurement location. Eight

air velocity measurements are made along both the horizontal and verti-

cal pipe diameters for a total of sixteen velocity measurements in each

airstream. Each velocity measurement, represents an approximately equal

poftÍon of the cross-sectional area of the airstream. The air veloci-

tíes are measured with pitot-static tubes and a ¡nicromanometer with the

same sensitivity as that used to measure pressure. The air fl-ou¡ rate is

calcul-ated by sunrnÍng the velocity-area products obtained frorn the meas-

uremenÈs" T'he pitot tube manufacturer indicates that air flow rate can

be measured withín te¡o percent using this technique'

Total fan power consunption Ís measured with a sensitive ac r{tattmeter

with ful1-scale ranges of 150 and 300 ¡ratts and a rated accuracy of 0.57.

of full scale.

It should be noted here that the actual ttas instaLledrr fan performance

may differ from the measured performance depending on the specific

mounting arrangement employed by the manufacturer or the installer.

IESTII{G PROCEDT]RE

Thermal Perfonnance Tests

T'he followÍng eight test procedures apply to all thermal performance

tests. Any exceptions to these procedures are noted under test results

for the individual heat exchangers.

1. the volurnetric flors rate of the supply airsÈreams (air supplied to

the heat exchanger) are balanced (equalÍzed) nrithin 52'

2. The pressures of the supply aírstreans are set equal to zero (gauge

pressure) with-in 0.13 crn (0.05 in) of hrater.
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3" The pressures of the supply airstreams are balanced (equalized)

wiÈh-in 0.13 rnm (0.005 in) water.

4 lest data are recorded only after steady-staÈe conditfons are

reached. (A rate of temperature change of 0.42 o (0.75 oF) per hour

or less is considered steady state.) For most tests reported here,

the rate of temperature change was less than 0.28 oc (0.5 or) per

hour n

5 All data are recorded manually. Approxiurately four minutes are

required to record test data. Test data are Ímnediately recorded a

second time and the two sets of daÈa are compared to elirninate any

J-arge errors in instrument readÍng.

6" Tests are run with six different volumetric flow rates ranging from

85 to 425 n3lnr (50 to 250 f t3l¡nin).

The temperature of the supply afrstreans are controlled so thaÈ no

condensatÍon occurs within Èhe heat exchanger. The actual tempera-

tures requlred to prevent condensation depend on the room air humi-

dity ratio and the heat exchanger effectiveûêsso Typical tempera-

tures for the hot and cold supply airstreams are 26.7 oC and 10 oC

(80 o¡ and 50 oF) respectively. (AddÍtional tests have been run

under inlet airstream conditions that cause condensation to occur;

however, the test results are not descrfbed in this report.)

7

8. For those heat exchangers with internal fan systemsr tests are run

both with and without the heat exchanger fans operating.

Net Cross-Strea¡n Leakage Tests

In testing the net cross-stream leakage of each heat exchanger, the

pressures of the supply airstreams are intentíonally irnbalanced. If the

heat exchanger is subject to inÈernal leakage, air will leak frorn the

hfgh-pressure airstream to the low-pressure airstream and the extenÈ of

the leakage can be measured wi.th the orifice plate flowmeters. firis
type of leakage test detecÈs only the net cross-stream leakage. Even
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when the pressures of the supply airstreams are balanced, there may be

air leakage from the high-pressure (upstream) sÍde of the heat exchanger

core to the low-pressure (downsÈrea¡r) side. T¡¡o equal leaks of thls

type would counteract each other and thus would not be detected by air

flow rate measurements. Cross-leakage tests are run with balance-supply

volunetric flow rates of 128 and, 254 t3/ttt (75 and 150 ft3/nfn). The

pressure dÍfference of the supply airstreams is varied between 0 and

0.64 cm (0.25 in) of water. The tests are run with room temperature air
flowÍng through both sides of the heat exchangero

Fan Performance Tests

In the fan performance tests, the heat exchanger fans power the flow of

amblent (uncondítioned) air through the heat exchanger and attached

ducting. Butterfly valves located downstrearn of the fans are opened or

closed until the static pressure produced by each fan is equal' yíelding

approximately balanced flow rates. Once the static pressure is ba1-

anced, the volumetric flow rate of each airstream Ls neasured with a

16-point pitot tube travêfsêo The total fan power consuutption of the

heat exchanger fans is read from a sensiti.ve ac htattmeter with Lhe same

êccuracy as the wattmeter used in the Thennal Performance Test System.

The outlet temperature of the airstreams (used for determining air den-

sity) is measured with a precision thermometer. The test procedure is

repeated for a range of static pressures produced by openíng and closing

the butterfl-y valves. (It should be noted that the fan performance

tests are actually a test of the fans and the fiow resistance of the

heat exchanger. The test results nrill not be the sane as those from a

classlc fan test where fan performance is measured under ideal condi-

Èions. Also, the static Pressure drop in the píping systern is not the

same as the rrfan static pressurett measured in a classical fan test.)

METHODS OF PRESENTING TEST RESULTS

In this sectíon of the report, the methods used to present test results

are described. The actual t.est resulÈs for each heat exchanger are

presented in the report section entitled 'rHeat Exchanger Descriptions
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and Test Results.tt

For each heat exchangerr .f plot of effectiveness versus flo¡"¡ rate Ís
gíven. The effectlveness ls based on tesÈs without condensation and

without the fans operatÍng" The flow raÈe value is the average

volumetric flow rate of the thro airstreams supplíed to the heat

exchanger. The effectiveness curves are based on tests with balanced

volumetric flov¡ rates. For these tests, the capacity ratio was approxÍ.-

rnately 95 percent r¿ith the hot airstream having the smaller eapacitance.
If the capacity ratio was unity, the effectiveness ¡,rould be sllghtly
lower.

If the heat exchanger rùas tested with its fans operaÈing, plots of
¡rapparent cold airstrean effectivenessrr versus flow rate are given. The

apparent cold airstream effectiveness Ís the t.emperature change of the

cold airstream divided by the temperature difference betr¿een the two

airstreams entering the heat exchanger. The word rrapparent" is used

because for these tests the cold airstrean does not have the rnininurn

capacitance and, therefore, ls not a Ërue effectiveness value. Apparent

effectiveness values are presented for tests in l¡hich the heat exchanger

fans were not operating and for tests in whlch the fans were operating.
Also presented are t'corrected apparent cold airstream effectiveness
valuestt which are described below.

The expected temperature change of the cold airstream consequent to the

addition of fan heat can be calculated if the amount of fan heaÈ added

to the aÍrstream Ís known. This calculated temperature change can be

subtracted from the actual temperature change of the cold airstream and

the result used to produce a rrcorrected apparent cold airsËream effec-
tiveness.rr For the two heat exchangers Ëested with fans, the fans and

fan motors v/ere located in the airstreams dolsnstream of the heat
exchanger core. Therefore, all of the heaÈ from the cold airstream fan
and none of the heat frorn the hot airstream fan, will be added to the
cold airstream" The corrected apparent effecti.veness values are calcu-
lated by assuming that the total fan por^rer consumption inmediately
becomes heat. Actually a portion of the fan energy will be converted Eo

potentíal energy when the fan increases the airstream pressure. This
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potentíal energy is eventually converted to heat because of friction
betr¿een the flowing aír and the piping. Because the fans and fan motors

are generally inefficient, most of the polrer consumed by the fans is
fnrnedlat,ely given of f as heat.

A plot of aÍrstream static pressure drop versus flow race ís presented

for each heat exchanger except the Genvex Heat Exchanger. The pressure

drop is the average decrease ín static pressure of the thro airstreams

flowing through the heat exchanger. The flow rate is the average

volumetric flow rate of the two airstreams supplied to the heat

exchanger.

The results of the net cross-stream leakage tests are presented in plots
of net cross-stream leakage versus pressure difference. The net cross-
stream leakage is defined as the change in volumetric flosr rate of an

airstream divided by its inlet flow rate. lhe average of the values for
the two airstreams is plotted agaÍnst the static pressure difference
between the two airstreams entering the heat exchanger.

the results of the fan system tests are presented Ín pLots of the statíc
pressure drop fn the piping systen and fan power consumption versus air-
stream flow raËe. The flow rate is the average flow rate of the thro

airstreams when the static pressures produced by the fans are balanced.

'Ihe fan pohrer consumption is the total pohrer consumption for both fans.

}ÍASS AND ENERGY BALANCE RATIOS FROM TEST DATA

lhis section describes the mass and energy balance ratios that are cal-
culated frorn the data for each test.

Mass balance ratios for both air and water, i.e., the ratios of mass

flow of air and water out of the heat exchanger to Lhe mass flow into
t.he heat exchanger., are calculated. If no leakage occ¡¡rred and if meas-

urements hrere exacÈ, the ratios would have values equal to unity.

An enthalpy balance ratio can be calculatecl by comparing the total
enthalpy of all air leaving the heat exchanger to that entering the heat

exchanger. However, enthalpy fs not an absolute quantity and is arbi-
trarfly set equal to zero at some reference temperature. The value of
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the enthalpy balance ratio would change i.f one chose a different refer-
ence temperature. A typical enthalpy balance ratio, based on the tests
descrlbed in this report, Ís within 0.005 of unity. It is nore meaning-

ful to compare the ItunexplaineC energy gain or losstt of the heat

exchanger to the measured rate of heat transfer, as explained below.

If Q'OT is the neasured rate of energy transfer from the hot alrstream
and QaOtO is the measured rate of energy transfer to the cold airstream,
then QtOt ¡ninus QCOI¡ is the unexplained energy gain or loss of the heat

exchanger. The energy balance ratio is calculated by taking the ratio
of the unexplained energy gain or loss to the average of Q¡161 and QCOLO.

If there were no leakage of air to and frorn the heat exchanger, if the

heat exchanger were perfectly insuLated, and if all measurements I^Iere

exact, the energy balance ratio would equal z?too A very s¡nall air leak

or a small error ín air flow rate measurement can have a large effect on

the energy balance ratio. For instance, íf one percent of the hot sup-

ply airstream leaked fron the heat exchanger before entering the core,

and all measurerûents srere exact, the energy balance ratÍo for a typical
non-condensation test would have a val-ue of. 4.4îÁ. If the same aoount of
afr at 2L oC (ZO oF) leaked into the heat exchanger, the energy balance

ratio would be 3.6"Á. If the heat exchanger has a lor.r effectiveness, a

snal1 leak will have a larger effect on the energy balance ratio.

The range of mass and energy balance ratios calculated frorn each test
series are reported in the discussion of test results for each heat

exchanger.

HEAT EXCHANGER DESCRIPTIONS AND TEST RESULTS

\rl{C Genvex Heat Exchanger - DescrÍption

The Genvex Heat Exchanger (figure 11) has a crossflow core, tr^ro fans,
and two filters all mounted in an ínsulated sheet metal case. One side

of the case Ís removable for access to the core, fans, and filters. Ttre

core can be easily removed and replaced. The fans are forward-curvecl

centrlfugal units wi-th capacitor start-capacitor run fan motors. The

220-vo1t, single-phase fan motors can be wired for two-speed operaËion
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by switching the capacitor in and out of the electrical circuit. llhen

the capacitor is out of the circuit (low fan speed), the fan motor effi-
clency ls reduced. the manufacturer supplLes a fan speed control system

¡¡hich was not used for our tests. The motors are designed for use with
50-cyc1e poerer typlcal of European countries but will operate wÍth the

60-cycle poh'er supplied in the United States.

The heat exchanger core Ís made from parallel plates of aluminum sheet

rnetal. The air passages in the core are formed by the spaces between

adjacent sheet metal plates. The sides of these passages are sealed by

bending and overlapping the edges of the adjacent plates. In this
design, there is a potential leakage site i.n the thin crack between the

overlapped plate edges. The seals between the heat exchanger core and

the case are made from foam-rubber and hard-rubber seals. There are no

seals between the core and the metal tracks that support the front and

rear edges of the corê.

The total heat transfer area in the core is 8.622m2 (92.8 ftz). the

heat exchanger weighs approximately 68 kg (f50 lb). It is manufactured

in Denmark. This unit has no known distributor in the United States,
and a unit price is not available at thls tirne.

VMC Genvex Heat Exchanger - Test Results

Figure 12 shows the effectLveness versus flow rate curve for the Genvex

Heat Exchanger. The effectiveness nas 64"/. at 102 ¡n3hr (60 ft3nin) and

45.5"/. at 391 r3/tt (230 ft3/min). The test results should be considered
preli-rnínary because this model exhibited considerable cross-stream leak-
age.

For these tests, the airstream pressures rirere set equal to zero at the
heat, exchanger outlets; therefore the pressure in the heat exchanger r^ras

slightly positive in contrast to typical operating conditions in which

the pressure would be slightly negative. (The usual test procedure is
tÐ set the pressure equal to zero at the heat exchanger ínlets, but this
procedure caused eonsiderable cross-stream leakage j"n this heat

cxchanger. )
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The air mass balance ratios for the tests ranged from 0.987 to 1.002 and

the rüater mass balance ratios ranged from 0.962 to 1.11. The energy

balance ratios were in the range of -.0163 to '-.196 and the average

energy balance ratio was -.I13. In general, the test results indicated
that air, rrater, and energy leakecl out of the heat exchanger. The mass

and energy balance ratios for tests on this heat exchanger had generally
nuch poorer values than those encountered Ín tests of other heat

exchangers" The poor water and energy balance ratios were from the

tests with poor air mass balance ratios. Air leakage was evident from

around the heat exchanger's removable cover and from several other loca-
tions, and probably accounted in large measure for the poor mass and

energy balances.

A pl-ot of airstream static pressure drop versus fLow rate is not avail-
abLe for thÍs heat exchanger. The tests !'rere run with the fans removed

from the heat exchanger cêsê. Ihe airstream pressure drop for this heat

exchanger is increased when the fans are removed; therefore, the data
does not accurately represent the true pressure drop characterístics of
the heat exchanger.

Figure 13 ts a pLot of ttapparent cold airstream effectivenesstt versus
flow rate for the Genvex Heat Exchanger. Wtren the fans are operating,
the temperature change of the cold airstream is increased by as much as

25 percent at Low aÍr flow rates and by a smaller percentage at high
flow rates.

lhe ttcorrected apparent cold aÍrstream effecÈÍvenesstt data points are
cLose to the uncorrected data points from tests fn which the fans were

not operating; therefore, the operation of the fans did not change the
rate of heat transfer within the heat exchanger cor€o It was thought

that the operation or lack of operation of the fans would affect the

air-flow distribution within the core and, in turn, affect the heat-
transfer rate. Since this is not the case, the effectiveness measured

without the fans operating is a true measure of the heat-transfer per-
formance of this heat exchanger.
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Ttre Genvex Heat Exchanger had the highest amount of net cross-stream

leakage of any of the heat exchangers tested.* Figure 14 contaíns plots

of the net cross-stream leakage versus lnlet .it"tt..t Pressure differ-
ence for inlet flow rates of 128 and 255 *3/tt (75 and 150 ft3/r,in).
l{hen the inlet pressure difference rùas 6.35 rnm of water (0.25 inches of

lrater) and the inlet flow rate was 128 t37ht (75 tt3/nin), approxinately

27% of the air from the high pressure airstream Leaked to the low pres-

sure stream. Pressure differences of this magnitude could be encoun-

tered in actual use if the duct system for one ai.rstream had a greater

flow resistance than that for the other airstream, or if a high wind was

directed at an inlet or outlet of the piping system-

The results of the fan performance tests on the Genvex Heat Exchanger

are presented in Figure 15 and 16. In the high-fan-speed tests, the air
flow rate was varied frorn 116 to t9Z n3/Ur (68 to' t59 ft3/nin) and the

total fan potúer consumption ranged between.l32 and 148 waÈts. In the

low-fan-speed tests, the fan poner ranged betrseen 96 and L29 watts as

the flow rate ¡uas varied between 99 and t96 ur3/hr (58 and 115 ft3/nin).
The amount of fan po\¡¡er required for a given air flow rate was greater

when the low fan speed was used" I,lhen the static pressures produced by

the fans were balanced, the flor^r rates of the Èwo airstreams were virtu-
ally equal for both the high and l-ow fan speeds.

Flakt RDAA Heat Exchanser - Description

lhe Flakt Heat Exchanger (Figure 17) is a crossflow unit similar in
basic design to the Genvex Heat Exchanger. Only the rnajor differences

between the two unÍts will be Cescribed here.

The air passages in the Flakt Heat Exchanger contain t'fins" to 'increase

the heat-transfer and maintain the plate spacing. The fins are thin
sheets of alurninum that criss-cross the flow passages and dívide the

*Net cross-sÈream leakage test results are presented for this heat ex-
changer only. For all other heaÈ exchangers, the leakage \^/as Eoo sma11

to be accuratel-y measured with the present system.
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space between the parallel plates into small triangular passagesr as

shom in Figure 17. There is no bond (adhesíve, weld' etc.) between the

fins and the parallel plates.

The sides of the parallel-plate air passages are well sealed to prevent

air leakage. Ttre seal-s between the core and the case are made from a

soft, plÍable rubber material.

This heat exchanger contains an electri.c resistance heating element to

preheat the outside air before it enters the core. The heating element

is used to prevent freezing and to Ínsure that the temperature of the

air supplied to the residence does not fa1l below ll oC (52 of). The

preheating of the outside afr should prevent freeze-up in the core; how-

ever, it wiLl reduce the amount of heat recovered from the exhausted

airstream.

Ttre total area for heat transfer between airstreams is 7.80 ^2 
(g¿t ftz).

The unit weighs approximately 36.3 kg (80 1bs). The heat exchanger is
nanufactured in Sweden and is available in the United States through

Flakt Products, Inc.¡ P.O. Box 21500, Fort- Larrderdale, FLa. 33335. The

most recent price quotation from the distributor is $850 per unit.

Flakt RDAA Heat Exchanger - Test Results

The effectiveness versus flow rate curve for the Flakt Heat Exchanger is
presented ín Figure 18. The effectiveness was 67.5 7" aE tOe m3/frr (OO

tt3/nin) and 56 7" at 39/m3/tr. 1230 ft3lhr).

The air mass balance ratios for the tests ranged between 0.996 and

l.OlI, the hrater mass balance ratios ranged between 0.991 and 1.010, and

the energy balance ratios ranged between -.024 and 4.088. The average

energy balance raÈio for all the tests was .038.

l'igure 19 ís a plot of airstream static pressure drop versus flow rate

for this heaÈ exchâûgêro The pressure drop was 2.5 m¡n of I^Iater at IOz

r3/tr and 25.7 urm of water at 39t r3/h. (0.1 in of waÈer at 60 ft3/*in
and 1.0 in of v¡ater at 230 f t3/u,i.n).
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The ttapparent cold airstream effectivenesstt is plotted versus flovr rate
in Figure 20 for the Flakt lieat Exchanger. The fan heat increases the

temperature change of the cold aÍrstream by as much as 15 percent at 10ü¡

flow rates and by a smaller percentage at hÍgher flow rates. The

rrcorrected apparent cold aÍrstream effectivenesst' data points are very

close to the uncorrected data poínts from tests Ín which the fans were

not operating" Therefore, as in the Genvex Heat Exchanger, the opera-

tÍon of the fans does not affect the rate of heat transfer within the

core, and the effectiveness measured without the fans operating is a

valÍd measure of heat exchanger performance.

The results of the fan perfornance tests are presented in FÍgure 21. In
the high-fan-speed tests, the total fan power consr.rmption ranged f rom

139 to 160 watts as the flor¡ ¡¡as varied fron 105 to 292 r3/t t (6I to L72

et3/ntn). When the statlc pressures produced by the fans were balanced,

the volumetríc flow rate of the exhaust air strean (for air that would

be exhausted from the resÍdence) was from 47" to L07. greater than the

flow rate of the supply airstream.

For the low-fan-speed tesÈs, the rotatlonal speed of the fan úras very

low and there fs an apparent breakdown in fan performance; however, {^Ie

did not use the fan speed control system that fs supplied by the

manufacturer. Ihe low-fan-speed test results are not presented because

the fans dÍd not perforn well Ín the low-speed node.

Pl-astic-Sheet l{eat Exchanger - Description

The Plastic-Sheet Heat Exchanger (Figure 22) was fabricated at Lawrence

Berkeley Laboratory. It is sirnilar to a Canadian model which was

specÍfically designed so that it could be constructed cheaply and easily
by a honeovrner "

In this heat exchanger, the air flows in a counterflow arrangement

throughout most of the core. The core is constructed from parallel
aheets of 0.015 cm (0.006 in) thick polyethylene plastic. The plastic
eireets are separated by 1.90 cm (0.75 in) thick wood strips that form

the exterior frame of the heat exchanger. All junctlons between the

I
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plastic and the wood strips are sealed with a silicone sealanÈ. The

outside of the heat exchanger ís covered with 0¡318 cm (1/8 in) thick

finished plywood. Short sectLons of sheet metal ducting are attached to

the heat exchanger inlets and outlets. The heat exchanger Idas tesÈed

without fans.

This heat exchanger has nuch larger outer dimensl-ons than the other

units tested; its outer dimensions are approximately 200 by 50 by 36 cm

(78 by 20 by 14 in). The unit weighs approxinateLy 63.5 kg (140 lbs).
The total heat transfer area Ís 19.3 n2 (208 ft2).

This unit is not available cornmerclally, but a sinilar Canadian unit is

available fron D.C. Heat Exchangers, Rural Route 3, SaskaÈoon,

Sask¿tchewan, Canada for approxinnately $425. In the Canadlan heat

exchanger, the air passages are 1.27 cn (0.5 inj thick; therefore, the

heat-tranbfer area Ís greater and the effectiveness is expected to be

hÍgher. The Canadian unit comes with external fans and sheet metal for
attachment to round ductwork. In the most recent modeL, all connections

are made on one side of the heat exchanger so that the unit can be

placed 1n a corner to sâvê Spâceo A set of construction plans are

avaiLable for $2 fron Division of ExtensÍon, UniversÍty of SaskaÈchewan,

Saskatoon, Canada"

Plastic-Sheet lleat Exchanger - Test Results

The Plastic-Sheet Heat Exchanger haC the lowest effectiveness of all the

units tested. In addition, it rras irnpossible to naintain steady pres-

sures and flo¡,¡ rates during testing. The flexible plastic sheets that

form Èhe air passages deforrn r.¡íth even a sllght imbalance ín airstream

pressure. (The air channels for the high-pressure aírstream expand and

those for the low-pressure airstream conÈract.) Even after very care-

ful1y balancing the pressures, the airstream pressures and flow rates

fluctuated for no apparent reason. Since slightly more stable condi-

tlons r^¡ere obtaÍned by balancing the airstream pressures at the heat

exchanger outlets, this procedure was used for all tests" The pressure

J"n the heat exchanger r^¡as slightly posltive during testing the
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typical operating condition for this heat exchanger.

FLgure 23 is the plot of .effecÈÍveness versus flow rate for thís heat

exchanger. The effectiveness r^ras 567. at tO2 ur3/trr (OO f t3/nín) and. 447"

at 391 or3/hr (230 f.å /mín). The aÍr mass balance ratios f or rhe rests
ranged between O.gg2 and 0.999 and the water mass balance ratios ranged

bet¡¡een 0.972 and 0.997. The ninlnun and maximrmr energy balance raÈios

w€rê -.130 and +.032 r¡ith an average value of -.053.

The pressure drop versus flow rate curve for the Plastic Sheet Heat

Exchanger is presented in Figure 24. The static pressure drop of the

aírst.reams ¡ùas 0.5 nn of water at 102 r3/tt and 15.3 mm of r,,rater aÈ 391

r3/hr (0.02 Ín of water at 60 ft3/min and 0.6 in of rüater at 230

f13lnin).

Aldes VMPI Heat Exchanger - Description

Figure 25 presents a drawing of the Aldes WIPI lleat Exchanger. This
heat exchanger has a complicated plastic core. The air flow arrangement

ls nostly counterflow; however, near the heat exchanger ends, the aír
flot¡s are perpendÍcular (crossflol¡). The flow passages in the counter-
flow section of the core are diamond-shaped. The diaurond-shaped pas-

sages for supply air (air supplied to the residence) are separated ínto
two sectÍons by a vertical plastic divider. The plastÍc air channels

are rigid enough to hold their shape even when the airstream pressures

are imbalanced. The plastic core is contained in an insulated sheet

netal case.

The heat exchanger was tested without fans. It is normally sold as part
of a complet.e sysÈem containing the heat exchanger, ttro fans mounted in
snall fan boxes, flexible ducting, and diffusers. The manufacturer
recommends installing the exhaust air fan upstream of the heat exchanger

and the supply air fan dor¡mstream in order to assure thai the maximum

anount of fan heat will be delivered to the residence. The fans are 220

volt and are designed for 5O-cycle operation but will run on 60-cyc1e
po\ce r c
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the total area for heat transfer within the heat exchanger is 19.3 m2

(208 fJ). This uniÈ weighs approximately 22.7 kg (50 lb). The

manufacturer lnstalls a complete sysÈem in Europe for a Èotal

(instalLed) cost of approximately $2500. l"luch of thís cost is due to

the extensíve system of duct work supplied with the heat exchanger.

Aldes VMPI Heat Exchanger - Test Results

The Aldes Heat Exchanger has a high effectiveness compared to the flrst
three units described. It also has a low airstream pressure drop.

The effectiveness of the ALdes Heat Exchanger, presented Ín Figure 26,

r,Ías 74iL at tO2 n3/frr (60 ft3lnin) and 63"/. at 39t n3/trr (23O f.å/min).
The air mass balance ratios ranged from 0.998 to .1.008 and the v¡aÈer

mass balance ratios ranged fro¡n 0.990 to 1.039. The nininum and maxlmum

energy baLance raÈios were -.049 and *.046 and the average value !ías

-.008.

The aÍrstream static pressure drop versus flow rate curve 1s presented

in Figure 27. The statlc pressure drop was 1.3 rnn of water at 102 t3/ht
and 10.7 nn of waÈer at 391 r3/ht (0.05 |n of stater at 60 ft3/nin and

0.42 in of !Íater at 230 ft3/urin). This is the lowest overall static
pressure drop of all the heat exchangers tested to date.

The relatively high effectÍveness and low pressure drop of this heat

exchanger would make it an attractive unit if it ¡sere available at low

cost.

Des Chanps Model 74 Heat Exchanger '. Description

The fÍnal heat exchanger described in this report (figure 28) ís predom-

inately a counterflow unit. The air passages are formed by folding a

single sheet of aluminum sheet ¡netal back and forth. The use of a single

sheet Ín place of many distinct parallel plates eliminates many paths

for potential air leakage. The air-channel spacing ís maintained by

rows of indentaËions and protrusions stanped in the sheet metal at
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regular intervals. The sheet metal core Ís mounted in an uninsulated

sheetmetal case with provisions for attachment to rectangular ducting'

The ends of the sheet metal core are sealed htith a refractory cement'

The heat exchanger is suppl-ied with externalLy mounted fans but the fans

nere removed before testing. The fans are forward-curved centrifugal

units wlth shaded-Pole motors'

The heat exchanger has 10.7 n2 (115 f*) of heat-transfer âtêâo It

treíghs approxi.mately 31.8 kg (70 Lb) with the fans installed' The heat

exchanger is manufactured in the unÍted sÈates by Des chanps Labora-

toriesrInc.rP.O'Box34ErEastllanover'NJ'07936'Thisheat
exchanger is currently availabl-e .from the manufacturer for $250; how-

ever, a fim marketing strategy has not been developed and the price may

be subject to change.

Des Champs Model 74 IIeat Test Results

The Des champs ìlodel 74 Heat Exchanger has the highest overall effec-

tiveness of all the units described ln this report' Its effectiveness

lshigherthanthat<¡ftheAldesl.¡.eaËExchangerformostoftheflow
raterange;however,itsstatic-pressure-dropisgreaterthanthatof
the Aldes.

ltre effectiveness versus flow rate curve for this heat exchanger is

presented in Figure 29. The effectiveness hTas 737' at 102 m3/hr (60

rt3/min) and 687" at 391 *3/tt (230 tt3/rnin)' The air mass balance

ratios for the tests ranged between 1.000 and l'016' The water mass

balanceratiosrangedfrom0.gT3tol.00s.Theminimumandmaximum
energy balance ratios for the tests were -.018 and +.o7g and the ãverage

value was *0.027.

The pressure drop versus flow rate curve for this heat exchanger is

presented in Fígure 30. The airstream statíc pressure drop was 2'2 mm

srf waÈer at 102 m3/hr and 24.7 mm of water at 391 t3/t't (0'09 in of

warer at 60 ft3/min and O-97 in of water at 230 tt3/min)'
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The manufacturer of the Des Champs Model 74 Heat Exchanger is nohr pro-
ducing a larger heat exchanger that. is expectêd to have a higher effec-
ti.veness and a lower pressure drop. I,fe will test this model in the near

future.
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CONCLUSIONS

The accuracy of the test results on the five heat exchangers described

in this report has been demonstrated by the repeatability of our find-
ings and the good mass and energy balances obtained.

Based on the performance crlteria of effectiveness, airstream static
pressure drop, and net cross-strean leakage, several acceptable heat

exchangers have been identified. l,le belfeve that heat exchangers with
performance characterÍstics superior to those found here can be manufac-

tured for a reasonable cost, and nre have identified at least one pronis-
Íng model.

The fan power consurnption for a residential heat exchanger can be quLte

low. For instance, the two heat exchangers tested for fan performance

required approxímately 150 watts to produce a ventilation rate of 255

r3/tr (f5O rt3/nin); however, these heat exchangers were equipped wlth
more effÍcient fan motors than those typicalJ-y used in the United

States.

In the future, thermal perfornance tests will be conducted on other heat

exchangers" In addÍtÍon, low-temperature thermal performance tests will
be run in order to measure the increased performance when condensation

occurs and to identify the conditions under which freezing occurs wÍthin
the heat exchangers. Fan performance testing will contLnue for addi-
tional heat exchangers. Finally, leakage tests r¡Í11 be performed using

â new leakage test system eurploylng a Ëracer gas to distÍnguísh between

alrstreams and to accurately indicate the rate of total cross-stream

leakage.
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FIGURE 4. hIINDOhI INSTALLATION OF
HEAT EXCHANGTR
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FIGURE 5. FULLY DUCTED INSTALLATION OF HEAT EXCHANGER
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IDENIIFICATION OF COI'IPONENTS FOR FIGURE 6

l. Coollng lower

2. Ih¡ct, Sheetmetal 30.48 cm square

3. Butterfly Valve

4. Reducer -- 15.24 cm to 7.62 ct¡t P.V.C.

5. Orlffce Plate Flow Meter, with Aluminum FJ-anges

6" Pressure TaP

7 o Heat Exchanger

8. Translt|on, Sheetmetal 30.48 cm square to 15.24 cm round

9. Orifice Plate Flow Meter, with PVC Flanges

10. Punp

ll. BLower, High Pressure with I HP Ùfotor.

12. Storage Tank, 3.64 n3 (800 gal) -- EthyJ.ene Glycol -- llater

13. Chlller, for Ethylene Glycol-l{ater, 8790 }Jatts at -17.8oC

14. Thernometer, Precisloo¡ 0.loC Subdtvision, Dry Bulb

15" thernocouple, 30 gauge, Copper-Constantan, Dry Bulb

16. Thermooeter, Precislon, 0.loC Subdlvlelons, I'let Bulb

17. ther¡nocouple, 30 gauge, Copper-Constantan' I.let Bulb

18" Pltot Tube

19. Incllned ll,anometer
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20. Mixer, Air Flow

21. Theroocouples, 20 gauge, Copper-Constantan

22. Pressure lap
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IDENTIFICAÎION OF CO}IPONENTS - FIGI]RE 7

I
,l

Elbow, Sheetmetal, 30.48 cD square

a

2. Duct, Sheetnetal, 30.48 cm x 30.48 cu

3. Splltter, SheeÈmetal, 30.48 cn square to 30.48 cm square to 30.48 cn

square

4 Transltion, Sheetmetal, 30.48 cm sguare to 15.24 cm round

5 Valve, Gate, 10.16 cn, PVC

6" Coil, Cooling

7 Gauge, Pressure

8. Valve, Gate, 5.08 cm, PVC

9" Ileater, ElectrÍc, 2 kl{ Max.

10. lransÍtlon, SheetmetaL, 30.48 cm square to 15.8 cm round

ll. Transftlon, Sheetmetal, 14.9 cm round to 30.48 cm square
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I

IDENTIFICATION OF CO}IPOT¡ENTS FOR FICURE 8

I
Transltion, Sheetmetal; 30.48 cm square to L5.24 'cm round

2. Splltter, Sheetmetalr 30.48 cn equare to 30.48 cttr square to 30.48 cn

Equare

3. lleater, Electrl.c, 2 kl'l Max

4 Dtrct, Sheetmetal, 30.48 cm square

5. Itr¡¡nldifler, Drlp lype

6. Valve, Shutoff

7. Dlrct, Sheetmetal' 30.48 cm squåre

8. EJ.bow, Sheet¡netal, 30.48 cm sqtrare

9. lransition, Sheetmetal-, 30.48 cm square to L5.24 cm round

10. lransitlon, Sheetmetalr 15.8 cn round to 30.48 cm sqr¡are

11. Window, Acryllc Plastlc

12. Injector, Steam

13. Va1ve, Water LeveL ControL' Float Actuated

14. Ileatl.ng Element, 13 kt'l Max

15. Pressure Rell.ef Line

16. Valve, Shutoff

17. Heater, Electrlc, I ktl lfax
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1

IDENTIFICATIOIT OF COMPO}¡ENTS FOR FIGURE IO

/

Diffuser, Sheetmetal, 17.8 cn round to 10.16 cn round

2. Valve, ButterflY

3. PiPe, 10.16 cm dla., PVC

4. Static Pressure Tap, Pitot Tube

5. Transltlon, SheetDetal

6. lleat Exchanger wlth Fans

7 Pltot Tr¡be
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IDENTIFICATION OF COMPONEIiTS FOR FIGURE II

1 Mainfrane of Case

2. Fan and ¡lotor

3 InsulatLon

4. Seal, Rubber

5. Core

6. Filter

7 " Drain, CondensaÈe

8" Cover, Removable

9. Box, Electrical
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IDEI\NIFICAIION OF COMPONENTS FOR FIGURE 17

I Cover, Removablea

a

a

2. Malnframe of Case

3 Insulatlon

4 Gasket, Rubber

5. Filter

6. Core

7 Fan and Motor

8. Sengor, Ternperature

9. Dratn, Condensate

10. Heatl.ng Element

11. Fllter
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IDENTIFICATIOII OF CO}ÍPONENTS FOR FIGURE 22

l" PLne Strip, l.9l cm bY 3.81 cm

2" ?l¡rood Cover

3 Duct, Sheetmetal

4 Pan, Condensate Drain

5 Plastic Sheet
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