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W Fanger thermal. oxnfcv L quatial is
limm i zd and used to develop a praxdure
for asses..ing thcrrral ctiort levels in
w=ive =lar hcalcw ‘builciings. In orclcr
to relateumfort levels in ncm-unifo~m
envirawrents b uniform rmnditicms, a new
thcrkl index G] lcu the “q~ivalcnt
~if~m tcpr~turc” is introuucul.

i. It?KWCI’ICt4

‘ltw lhernbslscmatim cxpcricnoxl in a
qimn cnclaute is a CUnctirm of several
enviruwnukal and @iysiological
paranwtcrs. Anrxlg LiDSc Iurimwtcrs are ttm
air LcTmraturc, Ta (dry Lulb), UK1 tl=
mean rwiiunt krrp!raturc, ‘rm. An
envircxmcnt in hi)ici) tim man radiant
tenp.xaturc is equal to the air txmpxature
is crald to he thcrrrcd Q uni[orm. In
pawqivc .wlar ImaLcti tu ild i ngn the
exi:;Lcmc of lar~Jc gl a?crl arms iUlci mdGSi W

thcrrmlstorageclcmwits tcndu to produce
mn-mifcfm thermal cnvirrxumnts.

T+m rati’mlly dcrivd thermal indices for
rKIn-Imitorm cnvirorlmcnts, Lhc “olwrative
tcqkraturc” and tk “humid qmrativc
temiXXaL Ire, ”

\
arc prcscntcd in tlw NNIME

Hnndbk . lkth of tksc indicxw lack
generality and neitimr is cx]~licitl.y
Wlatai to ttnrmalonnCort. A rv?wLhrrml
imkx, which w dlmcc to all tlw
equivalentuniform Mriwraturer is,
ttuwciore, dc[irxd in tilis ppcr . lhe ncw
imkx is kmcd m the Fangur ccmfor L
qllaticn,z which is Cliscu.%ml ix](x).

2. TllE F- CiWNXrl’F~JATItX4

T1’mFanger rnmfort ccjuatia is km!icd a tk
prwrdbe tlmt tk &?yrcc ot dkcmf or t
expcr iunced in a given Ikrml ollvironmnt
is a [Unctlcm of tke Umrml load to which
tk human My is 5d)jccLcd. ltw thcrrrd

load, L (W/rn2), is defined as the
diflercncc bctmn the rmtalmlic rate of
heat gcncraticm in the My and the rate of
Imat loss to Lk cnvircturmnt. when the
baly is in therml equilibrium, the heat
lead is zrmo and the tmnfor t level is
preswncxl to b at an optirmnn.

Rx the pmpxws of this research, it was
found mnvenient to intrdcc a linear “
~roximatim for the fourth order
radiatkm transprt term a~aring in
Fangcr’s cquaticms.

The linear approxinatla is~

(1~1 - ‘I&) “ 4 lT~v (Tcl - Tm) , (1)

where Tav = (Tcl + Tm)/2 ,

and Tcl = clothing tcmpxaturc at ootcr
suface (’%) .

Other var iablcs app?ar ing in Fangcr’s
equatim ac:

A. &’Livi Ly lwvl (W/m2),
fc~= ratio “f :. :[~~ =r~~ of

clotkd L@ to sur [we area of
nude My,

~ = mnvcct ivc heat transfer
mcf[icicnt (Wrn2 %) , and

~1= dirmnsicmlcss cxprcssi m for
thernM resistance of clothing

(Clo) *

~[0r$2 htrdL)CiIXJ the t3gUiValCtIL UnifOHI!

temmraturc, wc will solve the linear izcd
qiaLias mdcr wiform conditims.

3. mm OITIKN UNIKMWmRM1’ Tr’MTRAl’ulw

llr qxirnm uniform annfort temperature,
Tu, is obt~[ncd by solving Lhc linearized
IWgcr qllat ia under miform mnditicm
with zero thcrrral lcud. AMitimally, the
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area ratio, Eel, is set egual to 1.15?
Whid is a valw correspxding 10 rdl~

weight clothing. ‘l% cxxwxtive heat
transfer -f[iciw.t is hrld amtant at
2.83 (w/m2 OK), which arrcqxds to a
relatiw air velccity of 0.1 rn/sIx. A
Velmity of 0.1 Ns= is amsldcr~
re~csemtative of tree mrwective
tiiticns likely to exist within a FCSSiW
=lar heated enclmure.

!llu2 limar izal cquatims have trwn mlved
numcr imlly W-KICK‘* mnstraint~ cit~
atom a-d the rcculuj are prezcntd in
FiY~. 1 llu~~jl] 3, wllidi le}-)~c~ui-,i L~i~Li~e
humidities of O, 0.5, and 1.0,
respcctiwly. In each figure, tkc mifcxm
annlkxt tcnpxaturc is prcscntcd as a
fmcticn of ~tivity lCVC1 for fcur
distirrt clothing irsulfiticn values. In
order to provide a CCel for the
signifi=na 0[ variatias in the nuncrical
valIM of mtivity lw?l anti clothing
incuiat im valuu, GeOJCra1 rcprccentative
cases are given in Tahlcs I and 11,
rcsprctivcly.

Table I

?&:rA13XIC MTE3 K41 RE3?RHMATIVE
MXWI’I’Y IWKLS

Activity H?talxd ic %tc, A !W/rn2)

Scxkmtar y 5a
(Offim wrk)

1403iwll 116
(dnmest Ic wr k)

Iligk cctivit.y 174
(garage wr k)

Table II

CLUIllltW lN.%lATION VALUIS K4i
RIHUHM’ATIVE t2XlXUl&S

Cloth i ng mscnblc

Liyht
(lag liqhLwciqht

With Ghort-slwvc
Mcdiun

(tYPiCiil bUGilt:S:

InGulat itn Value,
1~) (Clo)

o.
0.5

trouriirs,

Shitt)

1.0
suit)

lkavj- 1.5
(IYadi.tialal Illsimsa Sui’:
plus mttm coat)

4, ‘nIE FWIVAIJNI’UNlklmlTmmummE

lh equivalent Lmiform tcfrpxature, ‘1’eul
is he dcflrxxl US tk mi [orm tcnpsrature

OC m hniihary rwc:lrxiuru in kl)ich a pxwm
will coqm icncc the swnc doyrtw 0[ thcrn~l
axnfat => In the .acLJal mm-uniform
environrrent . ‘Nw f’uncLimlal. form of Teu

RELATIVE HUMIDITY ●O

F ‘“~

[: ;kii‘e-
‘\,’\ “..

\m\ ‘

i ‘0- \m’\
=S - — 1,,.0 \\

~ ---- 1,,.0.5 ‘\\
so - - - It,.l.o
z -- 1,,. lbs .n 1 1 I I.

0 m loo 150 mo
ACTIVITY LEVEL [W/mr )

Fig. 1. Uniform mnfort temperature
(relative hnnidity = 0.0).

RELATIVE lKlh~lDITY m0.5

.

Fig. 2. Uniform mnbrt tcmperiiturc
(rclaiivc Iv.nnidity = 0.5).

RELATIVE HUM191TY ● 1.0

WxL-Y
o DO IMISO COO
ACTIVIIY LEVCL f W/me)

Fig. 3. Unj ~orm amfort tt:i,~rature
(relative humidity = 1.0) .
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is cbtained from the lirmrized Fanger
equaticms which may h= represented as a
eer ies of “cotifft linc~” in (Tm, Ta)
-. =h irdiviriual. line is ttn lCCUS
of all murbi ~ticns of Tm and Ta which
yield an optimal mrnfcwt level for a
partimlar set of cnvironnnn tal and
@ysiolcqical ~amctcrs. A aunfort line
-n be crmrpletely chtiract.cr ized w iw
niform tcrpsrature intcwcept, Tut and
its slope, s, as illuztratcd in Fig. 4.
‘lh S1OW is indicative of the relative
lnpxtancc of tk nran radiant te~mature
and tlw ci r tenpcraLurc.

W, suppxe an asxpant of a NrticJlar
Luilding is mt tlmrnnlly uanfortable,
i.e., k firds ttc enclcr;ure cithm too tmt
m tm cold. FCX this situatim, ttm pint
represcmtd t7]*ttm3 actual mean rati iant
tenpxaturc, TV, ml the actual air
tenpmaLurc, T=, will. he displacul
from We Wmfort l.irh-’ iis slmwn ~n Fig. 4.
Any excursim aWCLYf.KUI1(l’#x, Ta)
that -ur~ Nrdliel U) LIR?.is:wiaLml
oxnfat line will cause m ci)ange in tk
mmfak l.evcl OE the cwupimt, Ex?caxc

alrng SWA1a pmh, var iitims in Tm ancl
T arc mtmll y anpmwatiny. ‘rhcrr’[ore,
i? a lirm of slow s i:; cxtcndcd frcm
(Th, T:) to the uniform Lcmgmaturc
lirw, UC intcr~~ciicn }nint is the
%qulvdlcnt un i form tcnLu:rat urc. ” lIVJ
amountof d iomm[or L cxlwr icnccti at TQ~,
is cktermi nr!d Iv 11w di [ 1wmcc Lr.Awwn
TN ad tltc uni[orm c.rmfort trx!pxaturc,
Tu. Thus, Lhe amlccpt d an equiva lcnL
Mitam t.cvrimrdturc provides a basis [or
qumtitntivc dctermi lv~l.icn of ccml OL t

lcvck in mn-uni[orm clwi rcmmcrLs in tcrnw
of a single therm] ini’x. Additimml.ly,
si~m nrfit EXOPIC arc al, rw(ly wcusu.rrml Lo
relatingthrrrml curiort. to tb.e air
temperature in unilorm environments, the
equivalent lmiform kmlx_r.lturc can h

intndiatcly related to subj~tivc curfort
e-tat irms m tlw bwis 0[ [Mfit
exper irncw.

AIR TLMIYRATIIRI ( ‘.)

Fig. 4. Rclmtimtihip of barpxaturc
~ramtxcrs to cxmmt llnc.
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Fig. 5. &rnfort line slop2 (relative
humidity = 0.0) .

In order to obtain an cxprcssicn [or Teu
in term of the dxmciatd axnfort line
S1O.W, we first write the cquaticm 0[ a
lim puriirq Lhrowjh a given ~int
(T~, T:) with a slope s.

Tim E T& + S (Ta4’~)
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Fig. 6. Ccmfort line slow (relative
humidity = 0.5) .
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The Mcrs=ticn of this Line and the
miform tc~rature lirm in oktaincd by
setting Tm and Ta equal 10 Teu in
q. 1 h solving for Tcu

% = (l-+p:r +(<?-,)“(
m, dropping the asterisks to indiatc the
general case, w have

In general, the equiwknt Imi form
teqx!raLure will mt l-n MIIU1 to the
Opt imurn uni[fmm Umpr_watuw. Ilcw mdl my
ttw hm iwliw}s dilfcr Ix-!ore cxcrwx;ivc
discxxnfort rc:; ult.. ? ‘Ihio [j!.;,::;Ll~ k

tddKCSd ;ll LIMJ rwxL SC!CLi~~.

-1, Sllglltly C.m)l
m= o, neutral (3)

+1, slightly warm

WIC PMV (prdiclml man VOLC) is a

nunmrirml valu(? for wmfort I.CVC1which is
titcrmincd [W a wide range 0[
cnvircznnwnta]. pdramctcrs cm tlw b ;is of
cnpiricdl ddta, Lking hi~ WI dcztd ad

tl~t of Ncvins CL 01,3 and i.k~~k)ll

ct al,4 RUNJU’Wxrmim?rl LhP Lol.lwing
rclaticriship 1b2twn20nthe prcdicrd mean
vote and thv L!rcrrlml NM.

R4V “ (.0352 C
-.03GA + 0.032)1, ● (4)

~satias in ~. 3 arc generated. Ebr our
~r~;cs w determine the temperature range
~ AT almut the optim.~ uniform tenprature
within which a subject will expcr iencc cdy
slight aiscxxntort by virtue of tminy either
-war mort m-l (R.!v=: l).

A hm SUb]Cs2L will then cxper ierrce m
zrrzre than slight discarfort tin the
equivalent uniform temperature, Teu, is
within the range

‘eu =Tu~ AT. (5)

‘Ihe cmn[ort range, AT, has been evaluated
for Llw m parameter space previoushj
used (OL the uniform cOcJort ternp2rature
and Lhc cxatiort line slop. TIKI results
arc prczcntd in Fiqz. 8 through 10.
Pqain, there is a one-t-c cxxrespdcnce
of indqdadcnt variables d~aring in the
three sets d tigurcs, 1 through 3, 5
through 7, and 8 through 10.
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Fig. lC. Qmfort range (relative humidity
= 1.0).

Teu = .45 Tm + .55 T= .

AIUmugh the coefficients of Tm and Ta
are actually situationally ciqcmdcnt, the
atovc cxprc:;~icm will yield acceptable
accuracy in rruny ~ses.

Ccmtrwticm of pssive .ml.ar heated
buildings ccmtinucs at an accelerating
rate, and the ctLect of their
charac Lcristic t!~crmd non-wli[ormity m

OcxXpnt u.wfort has rmt re=mlvcd adequate

attcntirn. k+ a gcrwral rule, existing
design pro~c(lurcs & addrc~s the caiifort
problem, h.rt u!;ually cmly in tcrrrs of the
air .cnyrw_aLlm. Utiler cmvironmcntal and
@ysiolqical pararctcrsr the mean I-adiant
tenymratutc in particular, arc often
ignored.

a.

1.

2.

3.

4.

Il. G. tw.!vins, M al, “A
l~~x:r~l[lrc-lllniclity Cl:drt [or Illcrrrul
Cuufxw L 0[ ScakLI 1’171.. ins,” MIKiW

lYms. 72, I: 2L13-ZIU, 1966.

R. H. NcFWII, Jr., ct al, “Thermal
&fnLrwL (’IIICLTWI1lY NcuL1-al) Ccmiitiuns
[or ‘Ihucc lCVCIS 0[ AcLivity,” AGIUWK
Trims. Q I, 1967.

...


