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ST.]MMARY

Air qualtty wichln an airspace largely depends on che ventilat.ion raÈe of
the airspace. rn nany casês, air flou rates of nfcroenvlronr¡enÈs (e.g., zones
t¡ithin a roon) are unknowns and vary conslderably from nean roon
(nacroenvi.ronmenEal) condltfons. yet, approprlate vencllaÈion of rhe
ni.croenviror¡menÈ is ¡¡ore critical because the occupants are dlrectly affected by
the ¡nÍcroenviron¡lencal condltlons 1n che occupied zone,

An equilfbrir¡m calorloecry nechod Èo estinate che vcntilation rate in an
airspace is described, The validity of the theory nas verlfted by concrol,led
laboraÈory chanber experÍnenÈs and is descrlbed in chis paper. The nechod is
harmless co che occupanÈs of the airspace and suicable for snal.I airspaces Èhar
are noc bounded by solfd boundarles.

the equfllbrir¡n calorinetry nethod can noÈ only be applfed co enclosed
mechanically venrilared afrspaces, but also Èo Èhose less encloied airspaces suchas a rooD rrlÈh a door open or a zon€ trithln a !ooD. rhe nechod is nore
åpproprfate for sn¡ll airspeces (e.g., zones within a roorn) where cher¡¡al
capecicence effects are of littIe lnfluence.
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INIRODUCTION

Air quallty within an airspace largely depends on the ventilarion raÈe of
Èhe airspace. As perc of routine trouble shooting procedures, it is imporÈanE
co know whether or not an unacceptable enviro¡ìmenÈ is due Èo an inadequaEe or
excessive vencilaÈion ra!'e, It is also necessary in nany applied research
projects Èo neasure or esÈinate the air flow race !o calculaÈe energy and mass
balances.

In rnany cases, eir flow retes of nicroenviro¡ulencs (e.g., zones r¡ichin a
roorn) are unknorrns and vary conslderably from nean roorn (macroenvironmencal)
condiÈions. Designs of venlilation sysÈens are nearly always based on che
macroenvirorunent wich che assunpcion ÈhaÈ roon air is r¡ell nixed. Measuremencs
verify thaÈ Èhe well mixed assunption is frequently not valid. Yec, appropriace
vencilaËion of che ¡¡icroenvironmenÈ is nore critlcal because the occupants are
direccly affecced by che nicroenviron¡nenÈal condiEions in the occupied zone.

Many nethods have been developed co measule or esÈi.mate air flow raÈe
through an enclosed airspace. The most connon mechod is to use a flow measuring
meter accached eicher upstream or downstrean of each supply or exhaust fan [],
21. Use of hot-wire anenometers and tracer gases to measure air flow in duccs
downsÈream of exhaust fans is another alternative [3]. A third nechod is ro
monitor the ventilacion race by measuring che roÈatlon speed of exhaust fans and
the sceÈic pressure dlfference across che fans and then use fan daca co escimaÈe
the air flow race [4]. AII chese mechods requlre thet Èhe airspace be enclosed
so ÈhaE ducts and instrumenÈaÈlon can be Ínstalled to conduct the measurement.
It is impossible to use these nethods to neasure lhe air flow rEce of a less
confined airspace (e.9., s nacurelly ventilaced buÍlding) because ic is difficulc
to locace the sensing points.

Another well developed nethod used Eo Deasure and escinaÈe Èhe building air
exchenge rates is co perforn tracer gas experin¡ents, Hlcchin and l{ilson [5]
successfully used chis ¡rechod in industrÍaI and residential buildings Èo estimece
venÈilaclon rate. Leonard e! al. [6J used the tracer ges nerhod for esCinating
ventilaÈion rates in livesÈock buildlngs. Ventilacion raÈe can also be escinated
by measuring the difference of cerbon dioxide concenÈretion assurning ÈhaÈ Èhe
average carbon dioxide producclon raÈe lnslde che afrspace is knoun [7]. The
reporced cracer gås meÈhods require complicated inscrunencalion and an expensive
gas analyzer. l,foreover, use of the trecer tas nethod Ís liniced or prohibited
in airspaces (e.9., laboratory animal rooms) where occupancs can noÈ be
disturbed.
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Si¡¡llar co the rate--of.-decêy t¡âcer, gas.mechod, ventllatÍ9n raÈe, can be
estimeted by rtrenÍtoring ten¡perature ch4nges. during the he3tihg and cooling
perÍods of a heacing/cooling.cycle [8]. - the nechod requÍres sirnple .meâsuremenc
i.nstrumentation and is harnlgsé-to qhe. occupants of the qir5pace. fowever, the
esÈi¡naÈed venËilaÈion raÈe ls sensiËfve co che ÈÍne constant of che heating
source used for che sÈep change of heat inpuc. The estinated ventil,ation raÈe
is also influenced by the tine constants of the buildlng shell and roaÈerÍals
wichin che airspace.

" the obJective of this paper fs co descrlbe an equillbrlun calorÍmeÈry
mechod Èo esÈlrûate che ventllacion rate in an airspace. The nethod is har¡nless
Èo the occupants of the alrspace and suicable for s¡uall airspaces Èhac are noÈ
bounded by solid boundarles. The theory is described,and the valiflicy of rhe
meÈhod is verifled by laboratory experi¡lencation.

DEVELOP-MENT OF THEORY

An aLrspace can be Èreeted as a slngle bout¡ded concrol volune (Figure 1).
The 'incoming air to che eirspace ls characterlzed by a nåss flow rate, m¡, and
an enchalpy, h¡. Sinllarly, Èhe ourgolng alr,'fron Èh'e airspa.ce is denoted.as a
mass'flon raÈe, r¡\, and an enthelpy, tL, The total ¡¡ess,of móist :elr $rithin Èhe
airspace is given by l,l. .rAssunilng che air wlthin rhe airspace is uniform in ,

lempe!âture and hu¡lidicy distríbutlon, chen che .encha.Lpy of-.the ai,rspace !s h,
and the toÈal energy withln the airspace is unlquely defiiné.d b) hH'.

Mh
ñ1¡, h¡ \

.l
fn

Figure 1, Sketch of nass and energy exchange for an alrspace
' .r¡hich nass andrenergy consen¡,åEion laws apply.



:Considðring Èhat rûass ahd;énergy produced wì1:hl¡'Êhe airspacé are ac a neÈ
rate ot'i4 Àna Q,, räbþectlvel.y," and rroÈltrg Èhdt'ti äh@ h. are ëquâ! because the."
air wichin ihe airspáce is unlforn'i thän applylng.'the principles of ¡nass and
energy cón3efüation lèisu'lcs' in two differentlal eqüátions: ' . I;

375

, mt-mo+m, dM'' 1

T'
:. h¿n,t: hm" * Q,

d(hM)
T

,l: u)

(2t

where all'äymÈo1s ãùe dêfined in;táble 1.

Table L Nonenclacure

Surface arqa o.f êl.rspsce shell ,

: Enthalpy of air ,-, r:
.:Jotal ¡ass r¡itl¡ln aiir ;spq.ce it 'j -i
' Mass ail, flor¡ rate ,' ..'( ;: .. ...,¡r.j j

, Tolal inu!¡ber a,f .conponents-of airspgoe¡,she11
;Èleet p:rod.ucEio.n raÈe ^r:' - r . ..,
Heat production of, occupants.,wlchin airspêce
Volunetric air flow ra¡e
Heat source or sink r¡ithin airspace
Dry bulb Èenperature
HeaC conduccance
Specific volr¡me of air
Hu¡¡idlcy racio "-

Tenperacure dífference åctoss jch coripgnenc
of airspace shell

J

r- (n')
".:t (kvkg)'

(kg) ..

.,\kg/h)'

,(Ltllh).
('krlh)'
(nr,/h)
(krlh)

(.c)
(lcJlh¡n'?C)

(m!/kg)

('c )

Subscripts:
Flrsc stage oeasurenenÈ
Seco¡d sc.ãge neasurenent
Conduéclon- î
Heat co¡¡luctfon through Jch cornponent
Inconing alr ,;r .r.r !Firsc scage,Eeasurenenc for Jth conponent of airspace shell
Jth component of airspace shell, as denoÈed ln cext
Second stege neesurenenc for Jch conponenc of airspace shell
l,fanagenenÈ
Oucgoing air
Supplenenca
Totel net heac produccion race "iiithlñ''äirspace

1

2

c
cj
ijr
j
j2
m

o
s
t

I

AÈ a sceady state, there..is no,change of che nass:and energy content wiÈhln
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che airspace. Therefore, the dlfferentiå1 Èêrrls aÈ che righc sides of equacions
1 and 2 ate zeto. Assunlng chac che production rate of nass (e.g., dusts,
alrborne micro organisns and nolsture) 1n the alrspaee is negltgible conpared
r¡ith the tocal mass of the airspece air, EQuation 1 becomes:

ml

l!

Substitucing EqrJati¡n 3 into EquaÈÍon 2 yieJ.ds:

n(h,-h)*Q, - O

The nec energy productlon raEe, Q;, ls conposed of several sources r,¡ithin
Èhe airspace: heaÈ production rates of equipnenc such as fans and righcs, e,heat loads of occupanls ¡¡ichÍn the airspace, e, heat loads of managenent
activlties, Q-, and heat conductlon race through che airspace she1l, Q..

Although Èhe racio of sensible Ëo lacent heac produced by the occupancs
uill change when tenperature changes, che cotal hêac productlon of the occupanEs,
4., will renain relatively conscant if the temperecures aré wichin Èhe
ÈherrnoneuÈral range [9, 10]. Assu¡Ding Èhat the heac produccion of equipmenr and
nanageDent ecÈivicies are consEancs,,then Q, is given by Equation 5:

Q, s, - EApî^Tt (s)

where s. - q + q + Q, and subscript j refers Èo the jth cornponent (e.g., a wall
or a ceiring) of the airspaee shell. subsriÈuÈing Equation 5 inco Equacion 4,
giveç che equilibriun energy equation of,an atrspace:

n(h,-h)+$,- la,u¡r,

(3)

(4)

(6)

There are Èhree tèrns on che refr,side of Eqrlationi 6. lhe fi.rår cerm
represenEs the heat Eransfer' Èhrough convecclon, the second 'ché nec heac
production r¡ithin the air spece and the third Èhe heat lransfer through
conducÈiôn. Assurning Ëhat che heat conduccances, u,, are known and A¡, ÂTi c.r, b"
measúred, chen the heaÈ Ëransfer race , Èhrough conduccion, e, can be carcuraced.
Wlth lnconlng alr cernperecure (T') and hunidlcy (W,), and outgofng alr rernperaEure
(T.) and hunldlry (l{.) measured, enthalpies of the incomrng and outgoini alr, h,
and h", respecÈively, can be calcuraced using the fo1lor¡ing uquatiãn Ill]:

ht 1.006{, + W,1XO: + t.tlsT) (ft) (-sec<4<uoeq (7t

(!)h r.0064 1 w.lzsgr + r.ttsQ (ft)' (-sec < ?: <.llec)
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^h 
= h,:,h,

Therefore, chere are only cwg unkn_osns, m and S., in Equacion 6..,To solve
the unknowns, m and S., t!¡o independent equalions are requlred. Assurning Èhac
che ,airspace is at an equilibrlun state 1 with S., aII other Parameters are
measured as T,,, T¡, W¡¡, ll, and ÂT1r. Then apply a supplenental heat inpuc, Q, wich
known capaclty to the airspace. the airspace wiII reach a second equilibriun
sËaÈe 2 with To, T2, Wu, W, and ÂT¡2. Incorpq¡ating these p¿IraneEers inlo
Equations 7, 8 and 9 to calculate h,, h, Âh, and then substicuting Åh into
Equacion 6, gfves a palr of equaclons:

-mLh, +. S, - EArUA\t :
l'l

0

-m&h. + S, * Q, - D¡,!þr),,

1 '' -;: ]t :-
subÈrecting Equacion l0 fron Equacion 11-and solying f,or che ¡¡ass,f}pw rate of
the,"air sparge, m,..give,st ,r ::,. _ r

\Q,:ft,u,1trn- ^Tìl

(10)

úr)

(12)rl

i:l j

m= Mr-M,

Because the âir nass flow raEe ¡n - g/v,, where v. is Èhe specific volu¡ne of
air within Ehe airspace, Equacion 12 can be rewriEcen in Èerns of volumetric air
flow rate: ,r !

q ¡9,-la)Ù¡tr,,- 
^\t)l

(13)

The volu.netric air flor¡ race, corresponds to the specific volume, v,
(e.9., if inconing air specific volurne, v.¡, is used, q vill be

q,

volr¡necric air f,Iot¡, gr) . Fron the-,¡¡as.s .,co¡servaÈ.ion def ined r þ¡q¡lEquati
outçpiJtg voh.¡ne Èric air,, flrg,g, qn, can

-ì;

incoming
o.n- 3.; che

(14)

EXPERIMENT AND RESTJLTS

the cechnique developed in the previous seccion for esEimaÈing the
ventilaÈion raÈe of an airspace was ,tesced in a laboracory chamber. The
foll"owing test and calci¡laÈion procedutes can also bë'considered as an exarnple
of che applicacion of che equilibriun calorineÈry nethod.
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Laboracory chanber

The chamber used for Èhis experinent (Figure 2) had lnside dimensions of
3.05 X 2,44 y' 2.40 m (10 x 8 x 7.8 ft), gÍving an interior surface area A - 41
nz (442 ft2), and a volu¡¡e 17.8 ¡¡r (62.7 ftt). The cha¡nber ts located wichin the
Bloenviron¡enßal and Scructural Systens;:,LeboraÈory (BESS) which is a large
airsPaçe l¡1th an air condltioning sysÈen, The supply air,was naincained at a
constant ternpereture:'of 22eÇ and a relaclve t¡r¡nidlty of 321. Alr entered the
chanber.chrough a slocced air ln-leÇ!åÈ an end wêl-l, The alr waspxha¡rsÈed by a
centr.lfugel fen wÍth a flow EeasureEent sectfon upstream. from che fan. The
exhausÈ fan was naintaÍned aÈ a static pressurg of L41 Pa (0.58 inch of wacer
coluran) Èo ensure accur.âÈe.measurenent of the air f,Iow race; A s¡oa1l oscillatfng
propel,ler fan was operated conÈfnuously. lnslde the chanber to ensure conpleËe
mixing.

FLOW RATE
MEASUREMENT
NOZZLE 1

AIR
INLET \a

EX HAUST
FAN

\.\i.

HEATER MIXING
FAN

Flgure 2. Sketch of laboratory chanber used Ëo evaluate che equillbtium
calorinetry nethod for estiDaÈion of zona.l air flow rale.

Calibratfon of heat.conduccance of the. chanber shell

The chanber was nade of 2 cu (0.75 in) thick plywood supporÈedwith 5 x lo
crn -(norpinal 2 x 4 in) crusses i4 30 cn (1 fr) inrervals, rAlthough rhe heat
conducEance of che chanber natertal cen be esGinated using avallable infornacion
[12], ic is appropriaÈe !o calibrace the heat conducÈance of the chanber shell
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because che exterior surfaces of the chanber are bounded wich supporÈing Erusses
and equipped with instrr¡nentation. These irregular surfaces will inlrodùce an

error source in the convecclve heat transfer coefficient and, ln curn, an error
of heat conduòÈance ..- : :t -

".

the calibratÍon wa.s cond{¡cEed by putting an eleccrical heater,(Q. - 1.1 kW)

into the sealed ôhanber elrspace urlÈl.I Èhe alÌ cenperature'rwithin Ehejâ,ttrsPace
reached an eqúil,ibriurn,sÈate. Since the airËpace ruds cornpleËely,enclosed; chere
nas no heaÈ loss throügh convect"lôn. ' A.I1 supplemenèal h6aË' ' ('l . 1 kt"J) 'r,¡as
dissipeted by,hebr conductidn throúgh' che. chenbef shel1. i ¡At Ètte'éQutl.ibr'ium
sÈate, air 'tem'perature (Ð, wlthtn 'Che OhalÍrber' was 38.6'C and âmbi-en!''' àfr
Èemperature (T¡) was 22.25C: - There wàb ho ¡néisÊure producËion r.¡ighin che ãir
sPace' hencè;the hu¡nidity reÈlö't'l - tJ¡ ¿ 0.005-' The âvåråB€ hêat lonductancéi:U
for che chamber shelL r/as':êalculatedLuging

U

Exoerinenc resuÌÈs:

After .thd- caIlbrat.lon of the "h"i"r, a tes! was perforrned using che
chamber. The supplemenÈal heaC source (Q) was 1.1 kW. The venCilagion laÈe
through thg cha¡nber was measured using an mass flow Sate nozzle and was

concrolled ar 1I4 ¡nrlh (67 cf¡¡). Scages 1 and 2 refer Eo che equilibrium scates
before and afcer the appllcaÈion of che supplemenca.l heat source, Q.. The
measured daËa and calculated values fron the test- ere listed in Table 2.

Table 2. Measured and çålculated,daça froin.cha¡¡he,r exP.er.irnen¡ ---

L$6 Y
m¿C

ì1 :
In practice, an air space enclosure consists of n componencs such as walls

and ceillngs which rnay be nade of dlffeiãnt macerials. The heat conducÈances for
these components are usually dlfferent. Therefore, heat loss through conduction
should be the sum of heac trar¡sfer through^ these-different conPonéffcsi

Stage T¡ l.¡¡

('c )

l,leasured
TW

(.c)
Aq

(n:) (kJlh)
:h

(krlkc)

Calculaged
ah - "Q:(krlh) (mrlkg)

t\

1

2
22.8 0.005 22;8t 0u005 41
22 .8 0:005 ' 33 .2 0.005 , ,,' 41

0
3960 '

35;1 35..1,
35.1 : 46.4

: 0, -,,,0

111 3 2512
0.i88

0.875

Measured air flow race through chanber 114 mr,/h (67 cfut )

SubsclcuÈing che daca ln table 2 into Equatton 13,
air flon' rate: j:. ., : i

: F:

gives an òucgofng volü¡ä'êtiic '

:' _ iÍìÈ
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q ùt
T (16)

Compared wich -the neasured outgoing voluneÈric air flow raÈe of I14 m!/h(67 cfn), the calculated value is s[fti-iehtlyìaccurare for most engineeringapplications.
i'ri

'' ! r: '1 r .j.

i'i: r' :;: .. , 'r I -:..

EsÈinaÈlon'of the air flo¡¡ rate Èrsing Equatlon l3--requires Êhe.neasuremencsof che following variables:

temperatufe of incomlnt air; ., : ..

huridity rario of incoming air; . : t:

rf the ¡¡oiscure production rates do ndÈ.changä during the trro equillbrium sÈates,h.rnidity råElos of !l-" inconing and Éhe insrde air wirl be Èhe serne and cheentharpydifference (ah, - Âh,) can be,.carcuraÈed..f,ggrn c¡e temperargre difference.thereforé, the neasurenents of air hunidlty can.be o4irÈed. ,..,

esti' ,a!e taken ,after _che ,sysÈen .reacþes SguiliÞrium,sher] :iJo","'iïiiï*,li;!i iï:""î'"""i::î::?;".1*"i:'å::l:sourc calorimerry nåËr¡oa is'used tgl. '

_--_:_l:ìfeulflb.liun 
.calor.inecr¡r, nerhod can-nor 9n1y be applied ,cp e¡closednecnanlcaLly venÈiraÈed alrspaces, buc also Èo those leis enclosed airspaces suchas a roon wlth a door open or a zone wichln e roon. The nrethod is most accurate

l::.:Y]Ir:tt"l."-","" 9,g-. , zones wirhin a roon) where rhernal capacicance are
::i::::__:l_, lt-!!I... inf!,uencg . .,: hrr" airspaces usualty have' rarge heat
::Pi:.1::iî"1_Tllî.1.".",::sylç in failu5e ro react an esuitibrium sÈate-becauseor orurnal teDperacure. fluctuaËion. ,.. . .. ,..

The cpa.ranerers i:r""1ffårffîr$;i." "1,i1ilïrnil
$. inqleale ion. gçnsiçiviry., . .Too, rargp. 9f e candÍstorc air cause Èhe ihernal buoyanoy force beponesa significant drlvrng force for the zone air exchange rete. The Èe¡nperaÈure
1":r""ìp shculd--.be escfnared uslng. Equation 13 to ap]pro*ii"."- thar;rwhicþ wirloccur due co occupanËs. . t. : :

In case of an oPen sPace, Q-should be snall so Ëhe Èenperature difference
"11, 1.". |e.pr ål- e low- r¡arqe. . A. large cenperacure increaså will rçsurc in asigirf fic'anc buóyancy force and ch"tg"--th" frow patcerr," ,orJt,i¡ rhe airspace. To
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reduce the effect of the buoyancy force, it is desired Èo ernpcy the airspace to
do the scage 1 measurerîents, and then perforrq;'Èhe second scage measuremencs by
applying a Q which haS- an approxinateli chê sâne heac capacity as Èhe heaÈ
produccion rate wÍthin the airspace, S..

CONCLUSIONS
:,1 :':

The equilibriun calorineÈry Eechod for estlnacing che alr flow rate Èhrough
an airspace is derfved fron the lar¡s of Dass and ençTgy consenraÈion. The
validity of the theory wes verified.by a conorolled laboracory cha¡nber experimen!
and the test results âre saÈlsfactory. Accuracy of the nechod depends on the
accuracy of: -cenperaÈure.-and hunidtty neasureneilcs;' ,and calculatf<in óf heat
trensfer rate Èhrough the airspace shell. ¡,. C I

The supplemental sÈep-change heat lnpuc (Q) ,should be seleccéd co avold
an undesÍred tenperature increase during Èhe neasurements ofl íEeþe 2. Genèrally,
Q should be snall for open alrspeces so.,ìchê'tenpèrå.Ut¡re d{fferèliôþ is,bmall co
reduce the effecËs of buoyancy. For enclosed:.alrspéces, téuperature,,:"i.ncrease
should be estlrûaÈed and Q should be reasonably Álzed so as Èo åvb.id unacêeptably
hot environ¡nents rfor Èhe occupants.r
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