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ABSTRACT 
The evaluation of the ventilation effectiveness and ther

mal c01rifort for various industrial ventilation schemes has 
been carried out by scale model experimentation. Forty exper
iments involving ten ventilation arrangements, each with three 
supply aiiflow rates and two possible industrial process heat 
loads, were performed. Measurements of airspeed, tempera
ture, and contaminant concentration allowed the thermal 
comfort and contaminant removal to be quantified using the 
ISO Comfort Standard IS0-7730 and the ventilation effective
ness indices, respectively. Archimedes number scaling was 
used to convert the small-scale measurements to full-scale 
conditions. 

The largest ventilation effectiveness occurred for a low 
supply/high return configuration, with values above 1.6, 
followed by a high supply/high return configuration with 
values in the range from 1.0 to 1.2. A low supply/low return 
configuration had values of about 1.0. The ventilation effi
ciency generally increased when the heat load was increased 
and/or the flow rate decreased. Increasing the number of 
diffusers in the occupied zone increased the ventilation eff ec
tiveness. The thermal comfort results depended on the diffuser 
configuration and the activity level of the worker. Most of the 
configurations produced acceptable thermal comfort results 
for a seated worker and unacceptable conditions at an 
increased activity and clothing level. 

INTRODUCTION 
The subject of this paper is the experimental determina

tion of the ventilation and thermal comfort performance of a 
variety of configurations of industrial ventilation systems. The 

ventilation of industrial facilities is important for two main 
reasons. One is to maintain thermal comfort. A ventilation 
system should be designed to remove heat and contaminants 
added to the working environment by machinery and occu
pants without overcooling or creating drafts. The second 
reason that the ventilation of industrial spaces is important is 
to ensure a supply of fresh air. The introduction of fresh air by 
a mixing ventilation system reduces the level of contaminants 
produced by machinery and occupants. 

Industrial facilities house large process equipment, with 
large releases of process heat and contaminants. The spaces in 
which the equipment is contained are large, with ceilings typi
cally 20 ft (6.1 m) or more above the work floor. The zone of 
interest for ventilation and thermal comfort is termed the 
"occupied zone," a volume occupied by people working on the 
process equipment. The size of the occupied zone in an indus
trial facility is typically taken as 10 ft (3.0 m) high and 2 ft 
(0.61 m) from each wall. 

There are many configurations of ventilation air distribu
tion systems and a wide range of potential processes in indus
trial facilities. The industrial ventilation designer must select 
the size and number of supply and return air outlets and their 
location in the space. The selection process includes consid
erations of both ventilation effectiveness and thermal comfort. 
The type of ventilation process examined in this paper is 
mixing ventilation, in which the fresh and cool ventilation air 
will mix with the existing room air, as opposed to displace
ment ventilation, in which the ventilation system is designed 
to displace the room air with fresh air. 

The impact of the process equipment on the ventilation 
performance and thermal comfort is not well understood. The 
objective of this research is to experimentally determine the 
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ventilation and thermal comfort characteristics of a scale 
model industrial space containing process equipment. 
Specific goal 'are iO' comp�e the performance of supply and J .. 
return diffusers located at qifferent heights for a range of flow 
rates WJd heat l�ads. ' ·  · 

SCALE MODEL TESTING 
'·A one-qiiarter scale experiment was used in this research. 

The nondimensiorial parameters that are applicable to the scal
ing of an industriiil ventilation problem are ·the -Reynolds 
number, the Archimedes number, and the Pran.dtl andSchmidt 
numbers. If all of the similarity parameters between the ftill
scale prototype and the small-scale!model are .equitl;- then 
complete s'imilarity is satisfied and the small-scale model will 
accurately predict full-scale ·conditions<;; Unforrutrately, 
complete similarity is impossible for the sfudy of indoor venti
lation, as both Reynolds numoer and Archimedes number 
simitarity cannot be satisfied. ·However, if the Reynolds 
number is above aicritical value, the flowlin the scale model 
becomes independeritof Reynolds number. In addition, since 
the working :fluid is air; the Prandtl and Schmidt numbers are 
the same for the small and full scale. , ·;· 

Thd' Archimedes number was chosen as the small- and• 
full-scale similarity parameter. It is the primary determinant of 
the flow pattern· for a buoyant flow in· aH'i enclosure. The 
Archimedes number is a ratio of the ht1oya.ncy and inertial 
forces and is defined as 

,· gl&l3 
. .• Ar=� 

ii 
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where g is the local gravitational acceleration, Lis a·charac
teristic length, AT is t4e temperature difference between the 
supply air imd the room air, bis the volumetric th�rmal expan
sion coefficient, and u is a characteristic velocity. In this 
research, ttle characteristic similarlty betwe\!n a small-scale 
model (m) and a full-scale prototype (j) requires that the 
Archimedes numbers tie equal for both modd imd prototype. 
Assuming that gm= gf' �m = �f' and AT m = · Tj. the Archimedes 
number similarity requires that ·1• • 

"' 
J' -

·:· . 

. (2) 
')! I 

I. 

Thus, Archimedes number similarity ·requites that the 
small-scafo/fUlf-stal� air vel6city.ratio scaJe'astM'square root 
of the srrrall-scale'lfu'll-scaie geometry ratio� Fodrgedmctcy 
ratio of 1 /4, the velocity ratio is 112, i.e., at geometricallv simi-.J J.: • • l 'C r ,- .f� , lar locations in the space, the smaJl�scale·velocity ]s 1/2 of the 
full-scale velocity. Consequently:�iii ·1:11i s,mai1-s'cale imodel, 
the flow rate per unit floor ard ci.hd the thermal loading per 
unit�oor �1a, are both 1/2 of ili,�i-: c.on:���9.nc;li.�g fyl�cscale 
y�u�.s�. ·_r_ .. ) .. ,... , ,.i;· , ;. .1• '.·rJ 
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VENTILATION AND THERMAL COMFORT INDICES 
The contaminant removal or ventilation effectiventf.SS 

(VE) at a point pin a mechanically ventilat�d space is (Skaret 
and M11thisen L983) 

, , c (3) VE =-e 
p c 

p " 
where Ce is the contaminant concentration of the exhaust air 
and CP is the concentration at a point in the space. This' 
formula is valid when the: contaminant concentration of the 
supply is zero. When there is a nonzero contaminant <tC>ncen
tration in the supply, as for the experiments done for this 
paper, the above:equation must be reformulated as 

• . ·.JL <. le -C) VE = e s 

p· (cp-cJ 
�here Cs is therconcentrati�n of the supply air. 

. As c� be seen fro� the equati6'n for ventilation effec
tivenes�, pilint concentrfl:ions lower than the ex.Hlitist concen
tration lead to high VE. Obviously, a point ldcafed in the 
supply jet would have a very l�w contaminant concentration. 
This would lead to a very high VE. Point concentrations higher 
than the exhaust concentration lead to low VE. This might 
occur for points located near a contcµninant source. A VE 
equal . to or greater than one is considered .desirable. This 
ensures that the contaminant concentration at the point of 
interest is lower than that of the exhaust. 

An analogous parameter is the temperature. effeGtiveness 
(TE). This parameter is the ratio of the supply/exhaust temper
ature difference to a local point/supply temperature differ-
ence: 

If �·· f-". o 
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•,·r A temperature effectiv'eness of one indicates that the 
room i well mixed, great�r than one indicates that the local ... . . , I ; . . l J . . IJ • poin.t temperature is less than the e:iiliaust temperature and 
less than m�e fHruc:ates that '\he ·1Ci2al point tempera�e):s 

t ' I I "f •\ - + • greater than the exhaust temperature. The reciprocal of the 
temper;tu�� effectiveness is 'the t�lative" tratification of tire 
�CC�pied ZQfl�:· I( ol• , • 1 ·' ', ,� •• r 

' The"tllcimhl co�fort''m6deJ used 0io11this work is ISO 
'c�infort s�iiidard 773d (ISO 1984). Tilis-:model ii:ie:-tu<16' the 
foli6V:.i'�g 'panµp.eterf the'.' o�c1;1,Pied zo1�' � fetnpe;�ure, 
airspeed, mean radiant temperature, Hiliiil'dify ·and th ·>d'c6u-

• • � i • -. r " - \ " .,... I , 
pant clothing, metabofic race; and e'xtema1 work. This model 
is 9f�e� on � 1�tr�(, ?al�c�

,
.?n .�e ?.�f�P.a:ht 'ai:id· i\i:i�Iudes 

OCCU!)Mt re ppabon and perspiration Ill 'the eneriy oalance. 
Th� d�ti'i� bfllie model r trtf preqictc!a nlelui d e (PM'!) and 
:.�·e, '.�. �-?cia.ted. p�ic�nt ·��fs?n.� , dis��ti��'J1· ��?f'\�� ffie rpn 
. 1s less than 20% then the thermal conilit:J.oll's are ju<i:ge'd to be i.' ·�, �-n i ,(  l! ! tr· · • · • )�· _: . · ... : ,:t ·l 1· itv'·:�; 
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acceptable, since at least 80% of the occupants find the ther
mal conditions acceptable. Int-Hout (1990) has modified the 
ISO 7730 model to include skin wettedness. It shbuld be noted 
that the PMV model predicts the thermal sensation for the 
person as a whole and does not predic;tlocal discomfort due to 
spatial temperature gradients. 

The ISO thermal comfort model also requires an occupant 
clothing and metabolic level. In the research, two different 
levels of clothing and metabolic activity conditions were 
chosen and termed "ppd-1" and "ppd-2," as indicated in.Table 
1. The ppd-1 condition is a typical condition for light industrial 
work,rsuch as seated assembly or computer work in which the 
person is sitting and wearing a shirt and pants. The second 
condition, ppd-2, is also a common industrial condition. It 
corresponds to heavier industrial work requiring standing and 
a higher degree of physical activ,it)r, such as machining and 
large-scale assembly. It also assumes that one is working in 
conditions that require an additional gown wom over the shirt 
and pants. One met is the rate of energy producti�n per unlt 
area of a seated persori''at rest. 111i'relative humidity was 

: '•. �� ·.L ,!' assumed to be constant at 50%. The mean radiant temperature 
was assumed to be the same �s the average occupied zone 
temperature. 

TABLE 1 ,, 
Clothing and Activify Level for Thermal Comfort Model 

Condition; 1 Clothing'"(clo). 1 ;_" Activity Level(met) 

ppd-1 . 
•u 0.8 1.2 

- .. . . , 
ppd-2, . 1.3 ;: I. I J 2.0 

PREVIOUS WORK 
Timmons (1984) tested small- and intermediate-sized 

r9om models and a full-scale pi;t>totype with isothermal flow 
conditions. He found that above a threshold Reynolds number, 
the dimensionless velocities a�d flow patterns are indepen
dent of Reynolds number. The critical ReynoJds number was 
dependent on th�;�om siz�· •. ��sso��\ and �ie��q (1991) .• u.se.� 
a 1:3 sc�e.)Wrodel.�o �r�di9t1 �el?city_ qi'slr}b?pon�and �!fnjial 
· o�fort m a slot ventil(\ted' �P,ace. For two-dllllensional flow, ... . . . lf � ' . : ;  tll':i!fl • ' 
-!}ley..found that th�pritical Rey9olds number W.!lS .. �sq. ��an 
.• Fat (J 993) used i11eas,�e).llents i:nade On � 1 :5 scale' mqgel to 
predict HVAC system performance in a protOtyp�;Tne exper
··�.e13ts we� isotpermal and s. ��.sfie,.<!.flow r(\t� �a:irur. cnange 
.coefficient similariry. -The· ,c;nti'cai lt�y.nola number was 
'��-�med �p-�e.�pp�ox.im�t�l>��?•.3Qo b��;�� a SJabili� �al
ys1�pt.flo;�Jn -� · .�MPel .re:p9�ed ?i �f��.1P1� (1979):)�hey 
repqrt a general _agr_eer.pent be�ee9 �e aii-(1�� patterns of �e 
model and p Q�Otype. ·:· � 11 .:'1 .. 

' ·,· . ... I 

. :4iang eta1. : ·_(J 993) teste(�oth''a. fu-odel rui-d -� p_rotofype 
with nonfo therm4 flo�'.· Bas'el 1o�" th� .. work of Timmons 
(I 981�. �h�� �t· �:i���dj�e J>If 4J.�tl,9�. tt;�f_ �li��1 ·.�e .. �fesh-

;,old �«?Y·e.��d-� n�.�ber.,.tf?.? fl?-� ,w,o.� Id ?e. �n�f p. ena
.
ent of fue 

Reynofds number. Zhang et al. found that t'he model predicted 
the mean velocity and temperature of the prototype to within 

; ") .- ' ·_ •. •:'·{ :_ ' 
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11%1�nd 15%, rdpectively. Irwi� and Besant ( .994) investi�· t"·1 .. • 
gated contaminant re�oval by two ventilano'n systems' in a· 
1 :2.5 scale model piggery barn. Similar to the model industrial 
processes used for thi report Irwin and Besarit:'iised;model 
pigs to generate heat and contaminants. The Reynolds number 
for the room was not considered a sensitive parameter. The 
lowest jet Reynolds number tP¥Y ;us�d.was appro,ximately 400. 

Heiselberg (1996) reported �easurements of local venti
lation effectiveness with a high supply 1ciP-d high exhaust. 
Numerical models have also been used for the determination 
of thermal comfort and yentilatioq efficiency; see, for exam
ple; Chen•et.al.{1992) and Yaghoubi et al. (1995). However, 
many.of.·these studies are for typical office spaces, :ll,Ot inw,is, 
trial.·spaces .. with large p1,'ocesses. i. .. :1 

·: ., : : ft!.' 
Dl;SCRIPTIO�.OF EXPE�l.MENT 

The expetiments were performed at ia university m an 
instrumented test room. The dimensions-.of the.test rooni are 
15 ft x 25 ft, with a ceiling height of 9 ft�4.6 m�i7. 6  m x 2.7 
m). With a geometric scale ci>f 1/4, the test cell corr,esponds to 
a full-size industrial environment with floor dimensions. of 60 
ft x 100 ft and1a ceiling height of 36 ft (18.2 m x 30.4,m.x 11 
m). The test ro9m's occupied :rone, i.e., that space occupied by 
workers, is the spi!lce 2.5 ft (0.76 m) above the floor and 6 in. 
(0.15 m) from each }Nall. 1 ;' 

Ten ventilation configurations, two industtjl!l process, 
configurations, and five airflow rate/heat load combinations 
w�re tested. The geometries .w�!e chosen to provide a simple 
benchmark comparison of -widely used configurations. As 
shown in Figures l, 2, and 3, there were four main ventilation 
configurations. 

I.' • ;J;. 
Single Wall (SW): two wall grilles located'1on a single 
wall 

. 
_ _ . . :-1-. 

· • ' • · , c 
• Opposite }Vj!Jl �O�): four wall grilles qp opposing 

'Yalls .T • Column �rqp (CD): two �olun;ms i� the space, each 

• 
. with two �iffysers 

· 
, 

Round (R): two circular diffusers located in .the ceiling 

These four arrangements have different diffuser throw 
lengths. The single wall configuration requires a throw length 
of the entire room .. while the o�posite wall configuration 
requires a throw of ,half the room length, and the column drop 
and round configurations require a throw of only a quarter of 
.the room length. . ' .. ; ' • • ' ... �, •, I� -., Ea.«� of tl)es<f: confi�atioJJS�,.wt1fi the ex�eppon of.the 
found, cicWng diffu�ers, �wf ��r:ee :�e,ighf �angements. 
. : . /. I. , '=";·1··· . •  ,J: , ' · · . ,J. 
. • • ·,, High ... �uJ?plyfliig�1 e�

-��-
Sf}HH) . . . 

". .Low suppl.y�gh e�al}ftJP:P . 
• . �,':� .supply/fo.w exhilttsr\t..:L) . 

·i : , ... _). -, ,, ,; 

(-Th� tlitee'he�gttdil'rangements are illustratectin Fig\rres l, 
2, and 3. The circular ceiling diffuser configuration waS'·Wsed 
only with a high supply/high exhaust. The supply and exhaust 
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(a) 

(b) 

(c)' 

.1 

' .  
Figure 1 Single wall configuration, (a) Single wa/J 

. 'Lgrille, high-high; (b) single walf,.grill�; l.o.w' 
high; ( c) single W(lll gril!e, low;low. 

� ,.J • -. ; .:::i -'" ' ·, • ) 
heights f�f �e smaU-scal�, experin;ient ar�.,tabulated in T�l;>le 
2, along w�� the corrt:�pqnding [µll-sj;;we y�i;,, -·-: ,. . <-

The indiistrial · processe� were modeled· with 2' it �ubes 
constructed from sheet metal, as shown in'Fi�e',fth�·��be 
size corresponds to 8 ft>{ 8 ft .x 8 ft (2A fii"X 2'.4 tn'X 2.4 m) 
full-scale· processe:s. 'The. processes· were modeled hot' iis 
speCific industriai1pr�cess:e.�-but' as-�Men� 'proce��es thr�ugh 
{,;, iicn,room aj,r w�� cir�u1�teC1' and �hlch ;el���e�.h�at1an'd 

I'' ,. �' "' ,, .. .,.J , • � ;J� r.;· 
contaril�pants.> ',fhe!lie�� source j11: t,h_e.c,u1;>1e �as aµjt!temiµ tj�-
tric 'hi;at�r )\".ith a constant ve-11.wity ;fan . . ·The ·heaters h�d a 
maximum power output of 1500 W. The power output was 

4 

(a) 

(b) 

(c) 

' j '  

,_, Fj,gijre 2 Oppo,site, wall con.figuratton."( a), Opposite wall 
;-grille, high-high; (b) opposite;wall grille, low-

' ; _, ,, high; ( c) -qpposit� m_aUgrille, low�low; �· 

· coilt:r�heci l::iy variabl�; voltagi.supplies .:nd w�s checked by ' i0itilt���·b'· voi t�g��n? <?u��r.i.t rri1ea's.m;em�
en!s.;' '.. · · . " .  , , , 

, i� ;As shown .in Figure 4, each cube.had an open slot 1.5 in. 
high, by l ft wide lQcated :on· the bottom of the back side of the 

, lHlPe to serve as an :ai.r inlet" Eii.ch cub�, iµso had an open· .slot, 
ot'.tbe s.�e dimen�\Qnll; on eit;ber·side and 2 in. from the1op 

'. ... tg se_rve as air ap.cJ_cpn�inatiol;l/Q\ltle.ts,·Tbe contamination 
sourc(1 was, <;Q1 g�. I.he C021w.a& inJJ;od!Jced int.P the heated 
A�Jw u�ing a .P�xforatt:A p\�g pq;ng .ball sq, that it was well 

.prix�qw.ith the-hea�e4.f!.g,w ,i!l�ideJp�!cµpe . . , . ,._,,,1 . , 

Dependirig'.bn whlc.11 Ventilation' configuratio'irwiis us�d, 
one of two industrial process configurations was used: line or 

CH-99-6-2 (RP-81 1) 



Figure 3 Column drop and wall configuration. 

TABLE 2 
Supply and Exhaust Heights for Small and Full Scale 

Supply Exhaust 

Low High Low 
ft(m) ft (m) ft(m) 

Small Scale 2.5 (0.76) 7.5 (2.3) 2.5 (0.76) 
Full Scale 10.0 (3.0) 30(9.1) 10.0 (3.0) 

Figure 4 Model industrial process. 

High 
ft (m) 

9.0 (2.7) 
36 (11) 

l<esisi::once 
Heeter 

centroids, as shown in Fig1.1re'5. For the single wall and'oppo
site wall ventilation configurations, a line· configuration was 
used. Tht"1ine 'Configuration had all four processes along the 
east-west centerline of the room, one process being located at 

'"the centef!ot-each ... q\larter ofthi line. For t1ie column ciroii'ind 
round veot.U�tl6n configuraticSn , a centroid config�·rifioJi' was 
used. The centroid ,configuration had .omi prncess located at 

�,the r center of each quarter of. the room. These arrangements 
�ensmed that thersupply air would be directed into the areas 
acl.jcrcent to the prooosses'\vhere tlfeoccupants would-be wo'rk
ingJfhe test-celHmeasurementsrwel:'e'made in two planes: llie 
diffuser' plane ;ahd-ia oerttei:'·plane peqj�ndicular to'the diffuser 
plane! 'Tliese 'planes 'werei'clfoserl ca�ey' 'Would be·the occu
pied planes. The Irieasur&entplariesiforboth the ce'ntroidand 

. �ine p�9"ces� FOnfiguratimAA �'<. s_h,owp,; ip Figure;�, � G 
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(a) I 

D D 

-=---- � ----c- -f- -=--- C223 · ·----=- --

n D 
l 

(b) 

D D D· ·D 

Figure 5 Process configurations. (a) Centroids; (b) line. 

All of the test room airspeed, temperature, and C02 
concentrations were measured by a movable test stand to 
which all instrumentation was attached. This test stand was 
hung from a small platform that could be remotely moved to 
anywhere within the test cell. As shown in Figure 6, measure
ments were taken at 12 in. (0.30 m) horizontal intervals along 
the vertical diffuser plane. The instrumentation on the 
movable test stand included four constant-temperature omni
directional anemometers, nine thermocouples, and one air 
sampling tap. The anemometers were positioned at small
scale heights of 6 in., 14 in., 22 in., and 30 in. (15 cm, 36 cm, 
56rcm, and 76 cm). Also at each (jf these four heights, a type
T thenn'ocouple was located for air temperature measure
ments. The other'' live\ thermocouples · (also - type-T) were 
lo��ted at small-�cale heights of 3:_?5 ft� S .o. ft, 6.�1 ft, ? .5 ft, 
add 8.75 ft ( ·.14 n1, J .52 m, 1.91 m, 2.29 m, 2.67 m). Fmally, 
a concentratio1\1air'sample tap v.i�s·positioi:led at� height of 15 
in. (0.38 m), eguiva),�nt to the 60 ip. (1.5 m) hej$ ht of the full-�·,J '-· . • • A � - ..., ,_, • , .. 
scale breathing zone. 

, . .... : ''l ., '· .. 1'L ·• ·• • ' 
.. The ;HVJ\.C system shown in Figure 7 consisted of an air

. p�qle� ,9nit1 ,two h�aters,,amI a. sy�tem of �uctl!q Th.<t system 
�":fas d�si�� �P su,Rp}y air�Qm the 9utdoors and exhaust.only 

. to 'the outd�or .• with n'cimtemal recirculation'.' The air inlet and 
e�aust were located bn opposlt't"s�tlesbf the hiboratory .build
iil'g" to tnirlirnize cotitiiniiiiafi'on of the intake 'ftO� 'by 1the 

. exhaust.strewn. 'fhe wall-gtiile'll Md inner dimensiofiS; of� .5 in . 
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� 12" - .0.305 M 

120" 
1-1--•l.....,�---4-+-"'-+-+-<f---t--*---+-�+-�1>-·l�r-,_ � _,_ ,__ ----- 10 5" 

- 3.05 M 
2.67 M 
2.29 M 
1.91 'r-i 
1.52 M 
1.14 M 

90" 
" ,,- 75" ,.......,__� � 60" 

.;\ - �--1>-1-�--<r--t-"""- -°"-;l---<>-!·.....+-+--t-....,..,.-<1-__ ,._-!o'--'!<-- I/ - 4 5" 
!-ot---<!--+--t--'l•-t-+-+--1--+-+-+--+--+-tr-t-1t-t--<t��.,_,� -"' r 3 o. /� 22" �-----··-!>-- _,,_ � 15" 

...! H)..!..l)��<p----.'�·�· I"'·•'-<!·"- •��- •--<11''-<t>-o-<i> !: !.. r .. ,11!i-� •• 1 .,L •• •� . • • :... • • t 14
'' 

- 0.762 M 
- 0.559 M 

- 0.381 M 

- 4>---<b·-4>·.....P..-lll-� - 11>-<:l>-<ll-<! ....... --<ll·-+- L�b-· I>-<�- - -·I>- _, � - 6,, 0.356 M 
- 0.152 M 

; I 
• Concentratjon .I . . '.ij,, 

If' Concentr0- tion 

. .. 

... 
� 

® Ait Speed and Temperature 
I 

"I' 
Figure 6 Data acq__uisition grid. 

I '  Outside 
u 

. 

.. 
'1• 

. 

. 1-r,::::::::============::::::===:::::===============::;:::::;-i ·1' , .. :· 

. ,, 
; .. , Lo.boro. tory 

. , 

HVAC 

lr"ltoke 

Figure 7 HVAC system. 

x 7 .5 in., and the round ceiling diffusers were of 12 in. diameter. 
. - ,,.,, ..... , The return grilles were cwo 12 in. diameter ducts attached to an 

exhaust fan box in one of the laboratory windows. 
The airflow rates into the test room were measured using 

orifice plates and pressure taps connected to a pressure trans
ducer. All airflow rates were cal}brated using a, 17-point veloc
ity profile integratiOn. l'be supply air temperature • was 
measw·ed using type-T thermo ouples placed U?Stream of 
eac diffuser. The ai inlet was al o equipped .with a concen
tration sample tap. The exh1,1us! was equipped with a type-T 
thermoco�.p,le .and a co�centration sample tap. The tempera
ture o� each wall, m luding ceiling and floor, was me�SUffd by 
a type-T thermocouple located at the center of each wall. The 
C02. concen�atipns w_ere me;ifiure� us.i\Jg,, a nondisp��sive 
infrared detector (NDIR) C02 �aj�zer., . ,.\, 
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As' a miims of dete�iriin� e;;p'erim�nfuJ accuracy and 
control, the same test was run three times �n three eparate 
occasion ''.·Tlufre$tcaseexam.ined wa ari'.opposite wa1Is enti
lation configuration with low �J�t and fligh exh ust using a 
srilall-scale flowra'telhe'at load fombin�ti01rof l .01c'fmlft2'anCi 
20.4 ·Btu /h.'ft2. The deviations were between 4o/J �d 6%. ' 

I; The expetitnental ·method' used 'f�r the te�ts inv�lvea 
atlb�ing fdr'lhe aevelopinent of'steady-state conditions, �pon 
arrival at. which data could. be �alq:n. A test would begin in the 
morning b.y turning on tb� ;;ii: .handler: an.ct heaters to their ,. .. ) • •• ..... • .... •• J.;: .. � · ' � •• 
,p_roper -��t.tings. St!!_aqy the.nnal cqndition�would tben e�olve 
throughoµt,t,h:e,pex� four to fil'.'e hours. In the early afternoon, 
the CO� su·ppl-Y:w.

o�LO be ,turned on. After an ?,iff•_ st���y 
contanfmant. condil1ons_ wo\Jld be present. Upon reac�mg 
steady thermal and coritarninant conditions,.·data acquisitlun 
would begi..n. I>uring 'the data acquisitio,il; 3.11 test parameters, ' ; . .. -



such as supply temperature and flow rate, would be monitored 
for constancy. For example, the supply air temperature was not · 
allowed to vary more than about 1 °F. A lack of constancy in , 
any of these parameters would lead to the dismissal of data and 
the need to run the test again. 

A number of environmental test parameters were recorded 
before and after each test. These parameters included room 
conditions (wall, room center, supply, and exhaust tempera-= 
tures and exhaust, background, and room center C02 concen- · 
trations) and ambient conditions (atmospheric pressure, 
outdoor, wet-bulb temperatures). Also among the ambient 
conditions was the measurement of outdoor background C02 
concentration. As this concentration remained nearly constant, 
it was used as a check of the C02 analyzer's calibration. 

The period over which test cell measurements were done 
lasted from one to two hours depending on the ventilation 
configuration. The experimental measurements of occupied 
zone temperature and velocity in the plane of the diffuser were 
averaged to determine an average occupied zone temperature 
and velocity for a given flow rate and load. 

The measured supply·temperatures for the 40 experi
ments were not all the same. Since the ISO model uses an 
energy balance approachi· the actual value of the occupied 
zone temperature will influence the heat transfer from the 
occupant and, thus, the PPD. In order to do a uniform compar
ison of the various supply and return configurations, the same 
supply temperature is required. This was accomplished by 
normalizing the occupied zone average temperature for a 
constant supply temperature of 60°F. This corresponds to a 
55°F supply temperature with a 5°F duct heat gain. The 
normalization was accomplished using the measured temper
ature effectiveness for each experiment. 

EXPERIMENTAL RESULTS 
Forty experiments involving nine to ten ventilation 

arrangements, each with three supply airflow rates and two 
process heat loads, were performed. The four supply airflow 
rates and heat load combinations are shown in Table 3. These 
four combinations were chosen on the basis of providing 
,representative row;n-sl!pply ���p�ratur.� differ�pces fr�m 8°F 
tft-1.��F (4°9, to9"C) . ... ;·. -�- _' . . :i 

The .Ar�him��s numl>!lfJ of the tests,��p;e fro� AP.PfOX
im�tely _i, � 10·3 to. 8Q_ x, 1 P:i:l •a relatively, .n g_ativ�ly0�u.<?rYfU1t 
.�pw J�. IT!e. -:qi� �se� ReynoJ�n n�bers r,wige_ . �� 
8,10.9 to;�t,000, i+b . �the qriticw Reya:iolds nu�bersp���r
,enced in �e literature r�view .. The l��gtl;t. sc!ll� m the Mo "J ,r I""'#, _.tf1 li t .,-1 I•,, , • I I.., , 
,1ic��!11�des)��dJ���nolds ��m�e!s .��,1�� .. �i.if!.j&.�r h¥J9Wµ,h� 
,..,... :i;)!:•.il ;"r TABLE3:''"'" · . . i_,fl· .·, •···· 
·'·Full-Scale' Flow Rate and Heat Load 'Combinations 

'•' Jt'f' t.'i• ,,�i· . o,,• .. 11··· j' !: i ... .: '.H11il� :,:,r .. l'...1. 

diameter. The average temperature in the diffuser plane is used 
- to calculate the representative room-diffuser outlet tempera
ture difference term in the Archimedes number. 

The temperature and velocity profiles in the diffuser plane 
for six r�presentative cases at a full-scale flow rate of 2 cfm/ 
ft2 (10 Us m2) and heat load of 40 Btu/h·ft2 (130 W/m2) are 
shown in Figures 8 through 13 .  The figures are labeled with 
the small-scale flow rates and heat loads, which are one-half 
of the full-scale values. With the single wall high-high config
uration; with one diffuser in the measurement plane, the 
supply jet descends into the space and enters the occupied 
zone near the center of the room. With the opposite wall 
configuration, there' are two diffusers in the measurement 
plane, reducing the outlet velocity. The diffuser jets do not 
penetrate as deeply into the occupied zone, reducing the 
airspeeq:ijll4 t11�perature differences compared to a single jet. 

The column drop configuration has four diffusers in the 
measurement plane, further reducing the outlet velocity and 
the jet penetration into the occupied zone. The low-high 
configurations are more thermally- stratified than the high
high configurations since the cold supply jet is introduced at 
a lower level. With the low-high configurations, the supply jet 
is located in the occupied zone, resulting in much larger occu
pied zone velocities and lower zone temperatures. 

Temperature Distribution in Scale Enclosure 

SlngleWell /High-High I Line I 1.0cfm/sf I 20.4Btu/hrsf I Test#3 
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Temperature Distribution in Scale Enclosure 

Opposite Walls I High-High I Line I 1.0 efrnlsl' I 20.4 BtU/hr sf I Test #23 

10 15 20 
ll0r1zoma1Poslllon(lt) £1 

S£J••• 
Delta T (deg F): -16.0 -14.0 -12.0 -10.0 -e.o -6.0 -4.0 -2.0 o.o 

2.5 
€. 2.0 
� 1.5 

1.0 
0.5 

1 1' l .  

Occupied Zone Aft Speed Distribution 
in Scale. Enclosure 

Opposite Walls I High-High I Line I 1.0 elm/sf I 20.4 BtU/hr sf I Test #23 

HorlzonlalPoutlon(t\) 

·---
Air Speed (!pm)! o.o 6.o 12.0 1e.o 24.0 30.o 36.o 42.0 4e.o 

Figure 9 Temperature. and velocity for opposite wall 
high-high configuration. 
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Temperature Distribution in Scale Enclosure 

Single Wall I Low�High I Line I 1.0 cfrnlsl I 20.4 Btu/hr sf I Test #6 • · , i , .  

r :i:: •4 

I� ': f 

1. 

5 10 15 20 
I • t \ 

•' . . n Im-• 
Delta T (deg F): -12.0 -10.0 -e.o ,.�.o · -4.0-: '2.0-; 0.9 ·2.0 · 4.0 

T-0mperature Distribution iri. Scale Enclosure 

Column Drop I High-High I Centroids I 1.0 elm/sf I 20.4 BILI/hr sf I Test #34 

10 15 20 
Hor1zonla1Po&nlon(tl) 

---· 
Delta T (deg F): -14.0 -12.0 -10.0 -e.o -6.o -4.0 -2.0 o.o 2.0 

Occupied Zone Air Speed Distribution 
in Scale Enclosure 

Column Drop I High-High I Centroids 11.0elrnlsf I 20.4BtU/hr sf I Test#34 

10 15 20 
HorizonlalPoeillon(H) 

Air Speed (!pm): 0.0 9.0 18.0 27.0 36.0 45.0 54.0 63.0 72.0 
',! 

Figure 10 Temperature and velocity for column drop high
high configuration. 
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Temperature Distribution in Scale Enclqs.ure 

Opposite Walls I Low-High I Line / 1 .0 cfm/s1 I 20.4 8tu/hrs1 I Test #18 

10 16 20 
Horizon!1I Poaftlon (M) 

Delta T (deg F): -13.0 -10.0 -7.0 -4.0 -1.0 2.0 5.0 8.0 1 1.0 

Occupied Zone Air Speed Distribution 

jn Scale Enclosure 

Opposite Walls I Low-High I Line I 1 .0 c1mlst I 20.4 Btu/hr sf I Test #18 

=- 2.0 .. � 1.5 -. :i: 1.0 

10 15 

·---
Air Speed (!pm): ·o.6 �q.o, JJ"o.o 90.0 120.0 150.0 1 eo.o 210.0 240.0 

Figure 12 Temperature and velocity for opposite wall 
.. ·:•{ow-high config uration. 

· .. ' �  
The ventilation and thermal comfort indices. ppd- 1 ,  ppd-

2, TE, and VE, are tabulated in Tables 4 through 7 for the ten 
diffuser configurations for each of the four flow rate and heat 
load c�mbinations. �-�o tabu�a�e4 �f. the diffuser plane 
normalized average temperature and' average airspeed for the 
occupied zone. The ventilation effeoti�eness is the average of 
the 24 ventilation effectiveness measurements taken at the 
breathing height in the diffuser plane. The 'temperature effec
tiveness is found from the area weighted average temperature 

. in. the occupied zone. , .. .. : .-f 
' .t"" • � � ·: ....... •\� .,.. •• � As th,e supply �ffl,.�w· rate . j3 :P1creased the ,·average 

airspeed ' increases . corr.�poil.d_iogly. The average occupied 
- -rone--a.ir-4>peed 1"alied f.r-0rh 25.:fpm to 290 fpm-(0. 12 -m/s to 

1 .47 mis), and the aver,<).g_� n�nmalized occupied zone temper
atures varied from 64°F to 80°F (18°C to 27°C). 

:'. 'Thf�rliti\tJs�··�at·�en��- �as -some inte�� ting,,and 
consistent trends that persist for all of the flow rate/heat load 
combinations. The largest ventilation effectiveness occurred 
with the low-high configuration with values a:b@ve 1.6, · ;  
followed b y  the high-high configuration with values i n  the 

CH-99-.6-2 (RP-�1 1 )  l ' . • � \ • • ' . • .  ") ," • •  

,-

2.5 
s 2.0 

t 1.5 1.0 

Ternperatt:.1r:e Distributign in Scale Enclosure 

Column D!op I Low-High I Cen1rolds I 1.0 cfm/st I 20.4 Btu/hr sf I Test #25 

Horlzontal �ltlon (ft) 

�--· 
Delta T (deg F): -e.� '., : -6.0 -4.0 -,2.0 v.0,.'0 2.0 4.0 6.0 8.0 

Occupied Zone Air Speed Distribution 
in SC?I.� Enclosure 

Column Drop I Low-High I Ce�tr�ids I 1 .0 cfm/sf I 20.4 Btu/hr sf I Tes1 #25 

ii.5 "--''--'___.__._ ......... _.__.__.__.__�.._,.__......_..__.___._._�----� 
15 2Q 

- · ·  
·--� Air Speed (!pm): 0.0 30:0 80.0 90.0 120.0 150.0 180.0 210.0 240.0 

> 
Figure 13 Temperature and velocity for column drop low-

high configuration. · 

range from LO to 1 .2. Tile low-low confignration had values 
of about 1 .0. · 1 1  

The higher VE values for the low-high configuration are 
due to tw.o factor , The low supply delivers fresh air directly 
to the occupied zone. The high return causes the ventilation 
flow to be> in the ame diiiection as the .natural convection flow 
from the 9ubes so that the mixing of the contaminant with the I •  I·  . .  -. room air in the occupied zone is reduced. 

With the high-high configuration, the round diffuser bad 
the highest VE values, followed by the column drop opposite 
wall, and the single wall con.figurations. The round diffusers 
had the lowest occupied zone velocities, o the process flow 
from the cubes was not. as well mixe� wi� the supply air, and 
thus, the contamination could migrate upward ou . f-the occu-
pied zone to the high retu� .diffu ers. : · · 

For·alf of-the configurations, the column- drop' liad higher 
VE values relative to the opposite wall, and the opposite wall 
corifigurati9ii, hac!- high�- .�.Y , ue(�M!}he single wall. For 
example, with the 2-40 high-high configuration, the column 
drop VE was l . 15, the opposite wall wa l . 1 0, and the ingle 

·" wall hOO. This in"d.icat'es that as the J\ilmber of supply diffusers 
increases, the ventilation effectiveness increases. This result is 
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TABLE 4 
Results for Test Configurations of 1 .0 cfrMt2 and 20.4 BtuJh.ft2 

T voz 
Diffuser 'fypc Inlet Exhaust oF_{o_1:)' fpm (mis) l,'PD-1 PPD-2 

. Round ,. High High 67'(19) 25_ (0.13) 13  26 
Colurri:n Drop High High 72'(22) 35 (0.18) 5 39 

-Opposite Walls High High 77 (25) 42 (0.21) 13 58 

J 

Single Wall High 
Column Drop Low 

Opposite Walls · Low 
Single Wall Low 

Column Drop Low 
Opposite Walls Low 

Single Wall Low 

, ,  

High . 
-- . 

High. 
-

High 
�Iigh 
Low 
Low 

· Low 

78 (2.!i) 30 (0.15) 18  63 
66 (19) 55 (0.28) 40 18 

. 

' 74: (23) 64 (0.32) 5 ; 44 
69 (20) 86 (0.44) 2 1  25 

. 64 (18) 55 (0.28) 63 ; 13 
75 (24) ' 58 (0.29) 6 48 

. 

74 (23) 71' (0.36) 44 57 

. . .  

H TABLE 5 � t ! '  
Results for Test Cortfiguratioris of 2.0 cfm/ft2 and 20.4 Btulh·tt2 

' ' ·  Toz v,,z · '• 
Diffuser Type Inlet Exhaust OF (OC) fpm (mis) PPD-1 PPD-2 

Round High '·1 High 65 (18) 38 (0. 19) 32 17 
Column Drop ' High ' High 7 1  (22) 4,�,(().22) 7 35 

Opposite Walls High High 76 (24) l 46 (0.23) 9 54 
Single Wall Jiigh High 73 (23) 78 (0.39) 6 38 

Colun'ln Drop I l!.ow High ' .
. 
73 (23) 120 (0.61) 9 36 

Opposite Walls• · I Low High 72 (22) 140 (0.71) 1 1  34 
r "  Single Wall · Low I High, 68 (20) . ,  . 170 (0.86) I 41 19 

C_o}�Jt1n. Qr.op Lo�:; . .  Low 66 (19) 110 (0.56)1' . 60 l .. 
15 

Opposite Walls Low · Low 68 (20)' 140 (0.71) . ., 42 .'' 1 8  
Single Wall Low Low 76 (24) 180 (0.91) 5 38 

TABLE & J" 

Result& for TestCorifiguratibns of 2.0' cfrMt2 and '40.B Btulh:ft2 
; . j �.,) :.1} : 

DUTus�r Type 

Rouhd ·:i · 

If Column D�op 
Opposite Walls 
,, Single Wail · . 

. ·-

f 

> �- ! ! 

.Inlet : 
'i" High ' ... } 0High 

-��·-� ,,. High 
�\ . .. " High 
•) ·� 

: �� · :  � : � iT oz 
Exhaust ' OF (OC) ' 

1 High''"· _ 16 (24) 
Hi h · - g ,}� (25) 
High 1 1  • •  78 (26) 
!Ugh' · : · 82 (28) 

: ' 

�) ; � voz 
PPD-2 ' f pin (irlls) -· wn-1 

; 
?.O co:�) ,8 ._5} - I ' .  

50i(0,75) ; . 7 ,,, 52 J; 

p6 (0.28') J 16 63 ; 
: ·: 96 (0.49) ''.'� 35 i · 76 

.... .. 

TE VE 
1 . 14 1 .20 
1.09 1.06 
1 . 1 1  --1 . 14 
1.12 1.09 
1.47 1 .62 
1 .43 2.18 
1 .56 1.18 
1.12 1 .17 
1 .35 1 .31  
0.96 0.93 

TE VE 
1.28 1 . 19  
1.09 ' 1 . 1 8  
0.99 J�) 1.02 
0.95 0.96 
1.49 . .1.9 1 
1.64 1.65 
0.98 1.01 

I•  1 .02 . l 1.05 
. 

1.06 0.99 -

0.93 0.99 

. 

, ,  

TE � - • '  
0.84 1 .20 " 
1 .15 1 .15 

' .!' · 1.09 1 . 10  
-

.. 

1 .0Q ti - l .OQ. 
· Column Drop Lo� }£' h .. g 6? (21) 1.20. (Q.36) ... 30,. IL 24 . · . • J . • - .. � (' t. L72 HM· : 

. JC Op[)bsite' waii - . . ' . . I Low High . 73 (23) l,50 (036), . d.9 - . •• "1 37 ' 1.69 1.84 ; 

Single Wall Low High . 77 (25) '. · 1 60 (0.81) .. 6' l '- '5� , !! 1 :25 
r, 

t .33 .. 
: .• I 

1.;, 'u;i!'" ' : .� Low · . .  , .. 
Column Drop 80 (27) 120 (0.�1) 18 9.$ 1.08 1.13 

.__ ... -
, , 

OppositeWalls '. L'' ·,::-Low' 'Low 7 �_.(22) 140 (O} JJ,(. ' \J?�,� · ·�1. · ,., , � :  1 LOS,: .. 1 · ; Lo2 · !t I 
'· 

Single Wall _ Lo� t L9� . .  7&.{26) 170 (0.86)' 8 )" . ! •SJ .· ! � '.J 0.95 ' �. ·{i.91 
., 

If - 1 ) 
CH-99-6-2 (RP-81 1 )  



TABLE 7 
Results for Test Configurations of 3.0 cfm/ft2 and 40.8 BtuJh.ft2 

. -
Diffuser Type Inlet Exhaust 

- Round High High . .  
Column Drop High High 

Opposite Walls High High . . 

Toz 
OF: i�P - - - -
?i,_(22) 
77 (25) 

....__,. 

. 
voz 

fpm(m/s) 

65 (0.36) 
67 (0.34) 
' -

-

PPD-1 PPD-2 TE VE 
7 36 0.82 1.21 -
9 55 1.14 1 .17 

cl:98 - ' 1.04 - -
- Column Drop Low High . 72 �22)_ 17_? (0.�_9) 13 33 1.61 1.83 

Opposite Walls Low High 72 (22)' 22Q (J;ll ) 15  32 1.54 1 .68 
Single Wall Low High 77 (2J;J . 290 (1.47) 5 50 1.01 1.00 

Column Drop Low Low - 7 1  (22) 
Opposite Walls Low Low 71 (22) 

Single Wall - Low Low .. 78 (26) 

reasonable, since with an increased number of diffusers, fresh 
air is delivered to more locations in the occupied zone. 

In general, for a given configuration, the ventilation effi
ciency increased when the heat load was increased and/or the 
flow rate decreased. This occurred because the increased heat 
load created a_ more intense -convection plume above each 

170 (0.86) 24 27 1.14 1.04 
200 (1.02) 19 30 1.14 1.02 

250 (1 .27) 7 56 1.00 0.97 

required. If the occupied zone temperature is too low and/or 
the airspeed too high, the ppd-1 conditions are not acceptable. 
Likt'.�ise, if the occupied zone temperature is too high and/or 
the airspeed too low, the ppd-1 conditions are not acceptable. 

: ,., J ' 
SUMMARY AND CONCLUSIONS 

industrial process. These intensified plumes were able to The evaluation of the ventilation �ffectiveness and ther-
transport contaminant upward and to th� exhaust with les.s. mal' comfort for various industrial ventilation schemes has 
mixing. With increased supply flow rate, there was increased been carried out by scale model experimentation. Forty exper-
mixing of the supply flow with the process flow, resulting in iments involving ten yentilation arrangements, each with three 
higher contaminant concentrations in the occupied zone. supPiy airflow rates and two possible industrial pr«;>�eSft heat 

The temperature effectiveness varies from 1 .72 for the loads, were performed. Measurements of airspeed, tempera-
low-high configurations to O.<;)� for the low-low configura- : · ture, and contaminant concentration allowed the thermal 
tions, with most values around 1 .05. Even though they indi- ': •. comfon and contaminant ;removal t� be qu�tified using the 
cate the perfopnance of different aspects of the. convective ISO comfort standard 7730 and the ve�tilation effectiveness 
processes -in the_:test ropm, the· temperature effectiveness indices, respectively. Archimedes num�� scaling �as used to 
values track_ very closely to. the. ventilation- 'effectiveness - convert the sriiall-scale measurements to full-scale conditions. 
values. . . The -largest-ventilation effectiveness occurred with the 

The therinal comfort results are dependent on the flow ·. 1ow-high configuration, with values above 1 .6, followed by 
rate/load combination. The results .�e complemeQ.11UY i,il the <"jl}W hi&B;-tPgh-.oonjigu�jitj�ni,)Yilh values in the range from 1 .0 
sense that a configuration acceptab e fc5� a ppd-1 condition is , _!o) .2. !he low-J_ow configuration had values of about 1 .0. 
not acceptable for a ppd-2 condition and vice versa. Mo�t of -Increasing the number of diffusers in the occupied zone 
the configurations produced acceptable ��:>Ylts for !)l� ppd- 1 · ,  il;)creased·tbe venti!atiq_� C?�ctiyene s. For a given configura
condit�Q.ti and unacceptable conditidns for the pp<J-�c0�di:-=- .. fun; the ventilation eft:Ic1ency -generaQy. increased when the 
tion. For examele, in tbe_ 1 -70 �ests, iVl of the diffuser config- · - . '. heat load was increased and/or- the flow rate decreased. With 
urations are a�ceptable 'for ·a ppd-1 con�!!on �i� .. the 1 :.�- )�<}reased a.ctivity and'clothing levels tbe only diffuserconfig
excepti<:>n of the column drop l<?w-low, column drop.low-high, � urations _tl;ia�_perform� acceptably were. those that delivered 
and the single wall low�low. However, at the ppd-2 co:ri�iP.on · � supply aiL,directly to_, the occupied z0ne. Most :of the diffu er 
onlY._the' cQJymn drop low-low andccolumn ·dr.op 1ow��1'gh . onfigurati:Qfis· prodticed acceptabl� results for the ppd- 1 
configurations are acceptable: With 1.rw�.i!Sed�acti.vtl}/ 'and . . '.condition-and unacceptable condition fot ti)e· ppa-2· condi-- • - • .. 4 .  • • •· , I . I I ""'• 
clothing level'S, �e only diffuser configurations _ f!ia���-·-�!!.:__ • 1• • • - · 
performe.d acceptab�y ·were those that de.l[Vered supp\y air . . - ' -· ' . 
directly to the occupied zene. , , . - - - �CKNO�lEDGM,ENTS _ 

Th�e re�ults _0.re. Ieasonable since-'.-tbe . i:so_:- thei:mal --� .-· This ·work was� _Produced under ASHRAE Research 
comfortmodel predi�ts th.� t_t� m�!l.taln fu.l.!.rJtlal cum fort a5 the. 'Froject 8 1 1 ,  under the direction of Tc; 5_.8. The project moni
clothing �-i activity ,level is �creased, an increase in the �toring �ubcommittee, chaired by-Gerhard Kllutson, provided 
airspeed-and/or a de-crease"iiil:he occupied zone temperature i's - - --��uable guidance. 
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