
AIVC 11077 
SF·98·28""4 

Thermal Comfort and Cold Air Distribution 

Vahab Hassani, Ph.D. 
Member ASHRAE 

Paul L. Miller, Ph.D., P.E. 
Life Member ASHRAE 

ABSTRACT 

Cold air distribution systems supply air at temperatures 
between 38°F and 5l°F. Cold air distribution systems are 
increasingly attractive when used in conjunction with ice stor­
age systems to shave peak load by shifting the demand to off­
peak hours. They also require less operating and capital costs 
because they use smaller fans, ducts, piping, and pumps. 
However, an imponant issue in design and application of cold 
air systems is the effect on occupant comfort. 

There are several techniques and methodologies that 
practitioners use for evaluation of conventional air distribu­
tion systems. Among these is the Air Diffusion Performance 
Index (ADP/). It is widely used in the U.S. and is referenced 
in the 1993 ASHRAE Handbook-Fundamentals. However, 
this technique is based on empirical correlations obtained 
from tests conducted with conventional systems and it cannot 
be guaranteed that they will be equally applicable to cold air 
systems. This study was undenaken, therefore, to extend the 
existing techniques (especially the Air Diffusion Performance 
Index) to applications where cold air distribution systems are 
utilized. 

This work presents a critical review of the evolution of the 
ADPJ technique and offers several recommendations for 
developing a firm foundation for future room air distribution . 
research. For this work, no new comfort tests were conducted. 
However, the experimental data of the research conducted by 
Nevins and Miller were employed for extending the existing 
ADPJ methodology to cold air systems. The tests conducted by 
Nevins and Miller covered a wide range of discharge flow rates 
and temperature differences for different types of diffusers. A 
large number of those test conditions could be categorized as 
cold air conditions. 

As a first step in extending the existing ADPJ to cold air 
systems, the local velocities in the occupied zone are corre-

lated to the total momentum of the inlet air jet. These corre­
lations can be used for directly relating the ADPJ to the supply 
air momentum. 

An approach for determining the ADPI of cold air systems 
is introduced. Jn this approach, a one-step procedure is 
adopted where the ADP/ is directly linked to the momentum 
number of the supply air. A set of curves correlating the ADP/ 
to the momentum number of the room/diffuser combination 
under different loads are presented. 

INTRODUCTION 

Cold air distribution systems supply air at temperatures 
between 38°F and 51 °F (3 °C- 11°C), with emphasis on 
systems supplying air at 44°F (7°C). Cold air distribution 
systems are increasingly attractive when used in conjunction 
with ice storage systems to shave peak load by shifting the 
demand to off-peak hours. In this technology, ice makers are 
used to make and store ice during o:lf-peak hours (at night) and 
use it during the day as the cooling source that can easily 
produce air at 44°F. Cold air distribution systems require less 
operating and capital costs because they use smaller fans, 
ducts, piping, and pumps. 

As with any new technology, there remain some issues 
that are of concern to engineers and need to be addressed. One 
such issue in cold air distribution systems is the issue of 
comfort and adequate room air motion. The existing 
ASHRAE Handbook and ASHRAE standards offer a wealth 
of information about conventional air distribution systems and 
related human comfort issues and design parameters. 
However, the diffusion of air at lower temperatures requires a 
different emphasis on design parameters from that used in 
conventional systems. The object of heating, ventilating, and 
air-conditioning systems is to "create the proper combination 
of temperature, humidity, and air motion in the occupied zone 
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of the conditioned roo~from .floor to. 6 ft above floor 
level-to satisfy the comfon requirements of the .occupants" 
(Neyins and Miller 1972). 'I]lermal comfort is not directly 
me:Uurable but/instead, is a perception that is evaluated by 
each. individual on a subliminal level. Comfort is the subjec­
tive physiological and psychological reaction of each individ­
ual to environmental parameters. This perception is triggered 
by a.S many as 15 differen~measurable environmental param­
eters as identified by Nevins (1968), the most significant of 
those being air temperature, air speed, air humidity, and ther­
mal radiation. Acceptability of the combined effect of these 
parameters is influenced by the personal factors of activity 
level and amount of clothing. Thermal comfort is defined in 
ASHRAE Standard 55 <ASHRAE 1992) as ••the condition of 
mind that expresses satisfaction with the thermal environ­
ment." The standard specifies those conditions that 80% or 
more of the occupants will find thermally acceptable. Discus­
sion' of each parameter c~ be found in the ASHRAE Hand-
book-Fundamentais. ' 

developed the early ASHVE "effective temperature" concept. 
Their. work was conducted in te~t ropms with estimated yel~­
jties of about 15 to .25 fpIJ). Following these.studies! hl'elson 
and; Stewart (1938) were the,first tq develop a somfon. crite­
rion with application to air diffusion performanc~"'Howe~pr, 

·.their. work was dismissed by later researchers because it was 
based on limited observations and did not cover a wide and 

. diverse group of subjects. 

Boughten et al. (1938) explored the reaction of ten male 
subjects, ranging froznil8 to 30 years old, to different combi­

. nations of temperature and velocity. In this work, effect of the 
. dratts on skin temperature and feeling of warmth was 
teported.'Houghten et al. (1938) data were reported in terms of 
fixed ambient 'i:emperatures. That is, the' testing environment 

& ,i . 

stayed at 70° f while cooler drafts were blown at the ·subject 
either on the ri~ck or ankles. Results are given for the effeets 
of air velocity ranges of 10 to 90 fpm and air temperatures' of 
65°F through 70°F. The measured results.were skin tempera-

Over the past, fifty years, researchers have introduced ture differen.ce~ due to the drafts and the percentage ofsubjects 
various thermal indices to evaluate the state of the thermal indicating a pe,r,ception of comfort. Theirresu!~.in the original 
comfort of the occupants. Some of these indiees evaluate the . form are sho~n in Figure 1. '!;ioughten's data and comfort 
effect of environment variables such as activity level, clo- . ·curves have been widely acp.eptCd and.extensively used as the 
value, air temperature, air velocity' mean radiant temperature, primary basis for assessment of humap comfort, i.n .. enclosed 
and air humidity on human comfort, as stated in ASH RAE spaces as .it relat~d to tempera:ture and velocity. Such a limited 
Fundamentals (ASHRAE 1993). Others, such as the Air survey sample is a good begii:ining to the important study of 
Diffusion Performance Index (ADPI); evaluate the perfer- , human comfort in encloseq spaces, but i,t is pardly definiti~e. 
mance of air diffusion systems based only on local tempera- In the discussion following aoughten's paper, J.J. Aeberly 
ture and velocity J ,, . observed that "the paper does not e~tablish a definite re~ation-

This ·work is focused on the ADPI technique and its appli- ship between drafts and man's response to them and is far from 
· cation to cold air distribution systems. However, during a the results which we hope ultimately to obtain:.~;·De~pite these 
background investigation of early studies related to room-air , warnings, subsequent researchers have adopted and ge~eral-
.distribution, ADPI, and human comfort, several concerns over ized Houghten's .comfort data without furtberextc.nsiol) of jts 

·the validity ofth~"histori~ basis of th~ rese~ch were·id.e~ti- results or verification of its accuracy. · . :~' ·· '· · 
fied. As a result, it was decided appropnate to include a cnt1cal .. : ~'l: 
review of the existing literature related to comfort; effective .· ~ 
draft temperature, and ADPL-In this review, we 0 point out 100 
concerns that we have over the existing ADPI criterion and its 
development to its current state. Severa} relevant recommen­
dations are presented for futur~ ~o.rk. Following the. review of 
.the e.xisting comfort design parameters, ~specially Air Diffu­
sion·Performance Index (AD}>I), ~is work presents, based_ on 
the available limited infonnation, an: updated ADPI method-

. ology for the design: of ~r distribution sys_tems for. use with 
ccold air· systems., - :·; ~ ~ ·; -; 1, ) 

1H I j! ·1· 

:; BACKGROUND. REVIEW AND CONCERNS OVER 
' THE EXISTINGcCOPJIFORT CRITERIA;. , . ... 
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This ·back.ground review is f ociiseo .on the historical and 
tetfmidhl"devd'iopmeni of ADl>I criterion and is ndt intended 
to-present air over\liew1 of i'lte existing comfort criteriif lother -

'thail' ADPI: 'R~aders' are encouragetf 'to- refet to Fountain 
(1991) for a comprehensive review of other comfort criteria. 
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65 .. 66 ' . 67 , 68 - -
. • • Air temperature (draft; 0 F) 
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3.5° Drop in skin temperature giving 90".4 comfort. This line 
- - - - ... · and greater drops. imeipreted as uncomfortable drafts. 

. Interest in and research activities on thermal comfort date back 
~ , ~ .. ~ ... --, r• ·- . ·. - '·, 

; , , ' I '' 

fig":re 1 c;o"':.(on graph genera,ted .. PY l!olf.i~ten et 'al . 
~19~[$),.,; c ~r··, , .... : . ' .. . - ~· .. . · ., , ~ to the early 1920s. Houghten and Yaglou in 1923 and 1924 ' 1:l " 
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Rydberg ·and Norback (1949) presented a relationship, 
givei:i. by Equation 1, 'between the local air velocity and 
temperature drop to account for theilocal comfort conditions. 
In thisequation;"'the effective draft temperature, 0, indicates 
tfie differenc~1between the "draft," at velocity v, air tempera­
ture, and'thetemperatu.re of still air that would give the same 
cooling effe~t on the human body. ,-. 

a = tlT - 0.07v (1) 
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In this~orrelation, the effect of:humi~ity was ignored lllld 
the coeffie<ient 0.07 was obtaineg from tests conducted_,by 
Norback (:194~) ill which subjects were placed in ahorizon,\al 
jet of hot air and the velocity anp the excc;ss temperature ~fthe 
jet wer~ ,regulateq so that the jet, a~cording' ~o th~ subjects, 
cau$e.d the , s~e temperature feeling ~ the zero velocity 

, s'\llTounq~ngs. In tfieir work, leading to 'Equation l, Rydberg 2 ' !i 

, ~d ~orqack liifl-~t~ th~ applic~tion oftlleir ~quations to tr:e 
0 
It(", , 

1 1 
, .. 

. Jets (jets that are not disturbed by surroundmg walls and m 0 40 80 120 160 2oo 240 2so 320 
,. :which ,no gµide v~es are employed). They also assumed that v (ft/min) ' - · f 

the ratio between 'the excess temperature and velocity was r· 
2 

R la . . b ,., . '.:' .·'' 
.. ' : · . . . c igure · e twnship etween local arr velociry and 

constant m an parts of the free Jet. This assumption was ques- · · "· · .· · . · ;·< ''··· · 
tl·oned by Notta." ae h ~ ed th d d th ... : · " -temperature drop required for feelmg of equal 

c , w o rev.ew e paper an note at m · - · · - ,_, . · 
: ~o~-isothennal jets, the temj)erature has been shown by other wan:n._th. .... 

expetiments to equalize more 'rapidly than the velocity." It was temperature is the dry-bulb temperature in the center of the test 
hiW 1t~coinmendation that this 'assumption should be used roornat30in.fromthefloor)andclaimed thatthedraftapplied 

· advisedly:'Nottage added-in his review that "effettive temper- ··-to the body was entirely independent of this room control 
afure a5' used in this country involves comfort sensations · tetnperafo.re. Their assumption that the ratio between the 

'which are not simple heat tlansfer phenomena and. which ~xcess ' temperature and the velocity is constant implied that 
sholild not be oversimplified to a general linear equation with- equivalent conditions of draft would be obtained with room 
out great caution." • ' and jettemperatures of either68°f and 75°F or:75°F and 82°F, 

c .1· HUmph.reys, in his review of Rydberg and Norback's respectively.,This issue was also raised by ijumphreys in h~s 
work, stated that "the proposed method of predicting draft is review of their paper. Rydberg and N orbaclc ( 1949) responded 
open to question,. however~ and any attempt to make practical to this . question by stating that their ·experiments were 
application of the equations given for· this purpose;sho.µld be conducted over.room ("control;') .t~mperatures ranging from 

.mad~with. extrem.e..ca\ltion." He also referred to the limita- 64 °F to 72?F. and no changes fo, tP~ draft value were.noticed. 
lions, s'tated above, that authors applied t~th~-;quations and However,..they ·stated, ..':'if room air temp~i:ature is changed 
emphasi:ied that "such liniitations wquld preclude the use of considerably from -these. value~;'. the conditions ~W of c.w~e 
~ . ·- • al " tlie proposed method in the actual de;Sigt} of air conditioning ter. ; :. c. .,. ' ; · , : < ·.:· .;·: 

n I .. '-. t .. , • 
systerps. . • '· . : ~ Following· Rydbetg:' 'and 'Norback, Koes'tel andi:..Tuve 

- Ther~ were"some other important issues ~at the work (19S5)-attempted1to'determine optimumicomfort conditions 
<;onducted by Rydberg and Norback (l949)·failed to address, wilh minimurii""drafts in occupied"spaees for:high-volume air 
s.µch as the impact of clothi{ig on the ~!feet of draft. Figure 2 '; dfstrib'!iion systerlfs with edlphasis~lon "heating with low 
shov.:,s ~~ relations~ip between air-.velocity, and temperature - supply temperature differences ifl. small· :rt>oms. f!Iney kept 
drop_ required for {.eelings of equal warmth. This graph was their room 'coi'ltrohemperatute at•73~P and assumed still air 
pr~ented by Rydberg and NorbaGk and .. sho"ws the results of (zero control velocity) for control point during all their:tests. 
several researchers tha.t ~ere u~erl .t:or ·esli!!lating the coeffi- 1.Jley ,!!mpl~yed Hou~hten 's comfort data (Figure 1) and 
cient 0.07 ofEquati1;>n l·."'{his graph suows tharthe slope of the Rydbetg and Norback's local effecti~e diaft · teniper~ture 
three c~es by No~back, ~Weiss, ~d Hougt:iten and Yaglou, concept for evalua~~ the percentagi tolerability' bf theiJ:·"test 
with subjects.stripped.tcwlle .waisc;-_ao,b21~w.ltil§ the slope of data.;-$_trAub (1955) r~s_oll].plended a.mqdific~liQn tf}.Koestel 
the line with subjects .~~~~g normal Clothing gives a coeffi- and 1;J;'ur,~s approach. ~y, sug$~S!ing !l. ~,9ntrq1 ~ve}9~J~X, ~f 30 
cient ofa.?out 0:03. USe 6f this coefficient would give different '-' fpqi ins~ead of.still .air; .'!S.ft1:1'!1~-~9n , ~~~d .~n th~slec~~en­
"effec_tive . ai~ temperatures" than tho~e obtained by using , dation, the expr_essio~ jor-~e effectiv~_praft teO!PJr~ture was 
Equau~~ !:,with a slope of0.07. . . ,, .J: reduced:.t9: . . ~ 1-. :." -~· . i:, 

R.~db~rg 3;°d ~orback (1?49) mtr~~c::ed the concept of :1 . . _._ :•.. .11 'i :: . . " r. " - ",. ,, 1., ;; • -. .• 

room control' or reference' temperature (the room control -.: "., .a.. '.~, ,· ~ .. 51JJ -Tc):- 9-·g1J "'.:30). i • r.. ., / 2) 
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The recommended control velocity of 30 fpm was based 
9n the valuable opinion and observation of an experienced 
person rather thiih experimental oh!lervati'oris: However, it is 
more reasonable· to use.;ah average velocity for the control 
point because kei pihg a control velodcy' of 30 fpm over the 
length of an experiment:is a rather difficult task;-and this quan­
tity should be cfo~ely mi:>nit~red and measured ouring a test 
rather than kept constant. Ii should be' noted here that the orig­
inal data 'of Houghten, on which the comfort ·conditions are 
b~ed, did not addiess either the control temperature or the 
control velocity. Howe'vc;r, Straub's suggestion was accepted, 
~d future research~rs ~uch as Reinmann et at. (1959) 
~mj>Ioyed his recofiimendation of using a control point veloc~ 
.j ty_.~(30 fpm. ~einmanil et al. (1959) studied comfort issues 
r~iat¢ to,ipre(r~m au- distributioR systems for sum.mer cool­
ing. Their control point was assumed to be at 76°F and 30 fpm. 
They extrapolated Houghten's comfort data for use in their 
study and introduced Boughten 's comfort graph, shown in 
Figure 3, which is based on temperature differe,nces rather 
than fixed temperatures (this comfort graph will oe referred to 
as "the modified comfort graph of Houghten"). 

The use of different definitions and values for control 
conditions by researchers has made later studies incompatible 
with each other and with Houghten's original data. Control 
conditions are used .as a basis from which departiµ-es in 
temperature and velocity are considered and obtained from 
Houghten's modified comfort graphs. The basic idea behind 
this approach is that differences in temperature and inc.reases 
in velocity tbat result from the room-air distribution are 
responsible for the discomfort felt in enclosed spaces. Yet it 
seems obvious that the absolute temperature of a ropm also 
plays an important role. Undoubtedly, the difference in 
temperature felt on a person's skin h3$ an important impact OJ? 
that person's comfort but not without reference tq the room's 
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absolute temperature. An effective temperature difference, 0, 
of 2 in a 70°F room is considered.to have an identical comfort 
level as thatin an 80°F room, though it is likely .that comfort 
ratings would be different.-,Control conditions also serve as the 
190% acceptable envirom:nent for a test, since no change from 
the control temperature im.d velocity results~ by definition, in 
no discomfort. When Houghten's comfort data are applied to 
studies in which control conditions are different from those 
under which the data were taken, the concept of a specific 
100% acceptable control environment fails. In fact, any condi­
tion can be 100% acceptable, according to current usage of 
GOinforl <lala, if the room temperature and velocities do not 
change from the control: Only when identical control condi­
tions are used can comfort data be accurately applied and stud­
ies be reliably compared. ". 

The validity of using Houghten's comfort data in terms of 
a temperature diff6tence is questionable due to the lack of a 
"control" condition during his tests. When Houghten's data 
were converted, the initial temperature was used in place of a 
control temperature to determine the temperature differences. 
The initial temperature of 'a , test environment is likely to be 
different from the control temperature of that environment 
because one is steady state and the other is not. Small changes 
in control temperature and /or:control velocity ~igbt signifi­
cantly change the ADPI values for various tests, and since no 
testing standards exist, all conttol conditions are equally valid 
(or invalid). 

In later years, a comprehensive study of the performance 
of several air distribution systems-was carried out by Nevins 
a.id Miller ( 1972). In thei~ tests, Nevins and Miller did not· use 
humans as comfo11 test subjects and measured local velocity 
and temperature a.t more than. 200 locations inside the,test 
room. Using the modified comfort graph of Houg~ien 'and 
effective draft tempenture given by Equation 2, they estab­
lished a comfort criterion to represent the conditions ~i which 
80% of the occupants would be: co~fortable. !1111heir critepon, 
Houghten's 80% comfort line .was used .to represent the outer 
bound to the sense of co~ling .. Houghten's 100% comfort iine 
trepresented· by; Equation 2 as 0 1c: +2)'\Vas' extrapolated to 
represent the boundary between a sense of cooling and sense 
of warmth, and the maximum allowable draft velocity in the 
occupied zone was set at 70 fpm. Based on this criterion; ,they 
introduced a procedure for evaluating the performance of air 
~iffusion systems. In this procedure, temperatures·and veloc­
ities are measured at a given number of points uniformly 
distributed throughout"° ·the occupied -space. Using these 
measurements/ the effective draft temperature (using Equa­
tion 2) is calculated for each poirii. The number of points that 
satisfied the comfort criteria (-3 < 0 < +2, and v < 70 fpm) is 
expressed iri terms of the percentage of the. total number of 
points measured. This number is defined as the Air Diffusion 

·Performance Index (ADPI): ·This index ~ is a single~number 
rating opm air diffusion system; which can be use<Hor the 
selection· and design of diffuser5 and systems: The 'procedure 
and criterion developed by Nevins and Miller have been 

• . . F ~ :; ' :, ·: 
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widely accepted by the HV AC industry, and ASHRAE recom­
mends them as a basis for evaluating the performance of air 
distribution systems:in relation to occupant comfort. 

·- Several ·important concerns that were identified during 
this baclCgrouiid investigation can be listed as follows: 

.:: -. I' ; 
1. The survey sample of original comf on tests conducted by 

Houg~t~n et ai. (1938) was a very good start; however;'it 
w~-~hed and hard·~ definitive. " 

2. The concept of "control" conditions was not historically 

3. 

~ {, 

1 n well defined and seems to ignore the impact of absolute 
temperature on- comfort. The c9nversion .. ·from absolute 
temperatures to temperature differences uprooted the, 
conception of the 100% acceptable condition upon which, 
Houghten's comfort data were based, enabled each 
researcher to choose his or her own temperature reference 

. . point, and re<f¥ced human comfort in enclosed spaces to a 
~nction of _!.emperature differences ~ther than absolute 

. temperatures._ 

The accuracy and applicability of the relationship between 
air velocity and temperature drop required for feeling of 
equal wannth is not well established. The coefficient 0.07 
of Equation 2, introduced by Rydberg and Norback, was 

· ' ' based on the experiments of Norback and did not take into 
account the effect of clothing on comfon. As stated earlier, 
and as shown in Figure 2, the relationship between air 
velocity and temperature drop can vary from 0.03 to 0.07 
depending on the clothing worn by the subjects. ·; , 

RECOMMENDATIONS FOR IMPROVING THE 
''.FOUNDATION" OF ADPI TECHNIQUE 

Based on the concerns presented above, several recom­
, mendations are made toward developing a firmer foundation 
for-the ADPI and for future room:.:arr distribution and human 
~dmfdi:t: studies:· ' :· 

t,: J( -C'\;1 i .. - :;;:: :."" ~ . 

Ri!-Evalu'atic>n" or· lncorpbration 
of More Extensive Comfort Data 

;1~~i ~'9 ~·t rn . .. ~ 

: ~ ', ·. 
~-; 

1,To reduce:the uncerui.inty and in.crease th~ applicabiiity of 
. , the ADP! criterion, th.e comfort database of AD_PI ·~hould ~ 
: expanc;lep to iQcprporate the latest information on . human 
comfort. During rece~t ye~s, experimenis 'un~er ·~o'ntrolled 
conditions haye been carried out by researchers such as 
Berglund and Fobelets (1~87), Fanger et al. (19'.88), Ra_qles et 
al. (1983), Tanabe and .Kimura (1989), and. ~ Fangei:. et al. 

•• . . ! • ,. . 

( 1968). (For a COJJ1prehensiv.e list and description of ;;tudies, 
refer to Fountain 1991,) In these studies, many test subjects 
were exposed to ; d.ifferent. combi~ations of ~~viroii'mental 

. . . . . . ~ .-,: . . 
variables that could influence their percep.tion .. of _thermal 

· comfort. 1Kirkpaµick and Knappmiller (l996) c~~d out a 
,,, CoIIlP'\ltational st~dy to detefID.tine the ADPI of cold air: jets 
· ~· .-U:iside .an;enclosure. Unfortunately, the. resultS obquned from 

these tests have not yet been iIJcOrp()rated iffio.~e criteria used 
1 for ey~luation ot;,,air.:diffusion system~, sucry. as ADPI.

1
, 

' ~":' _~ : ~ 1 •: 'i ~:1y•.: ~d ] !' ry: ~. 
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The expansion of the ADP! database should include 
research results with both positive and negative temperature 
differences 'cwith re~~~~ to t,h~ c9,11trol temperature) to verify 
and extend Houghten 's fin.dings. JO!!. exieJ'lsion should also 
include test results witti a larger nQ!ll~er of subjecls including 
men, women, apd ~.ople from djverse etqnic background. A 
largeh .~d more d\~~rse 'sample size' than that utilized by 
Houghten \VOUld ,provide a more cqmprehensive human 
response to iocal velQ{:itY.·ana temperature 'changes. -

Based on more r.~ce~( c9mfon data gathered froril y~~us 
sources and based on -~i'larger· sample of people, a "new effec­
tive draft temperatll!'e" equati~B can~ determined that wo~\~ 
more accurately account for the effects of room-air velocicy 

• . I ~~ , .. IJ 

and temperature on skin · temperature Wtd comfort levels. 
Furthermore, a set of standard test conditions can be aevef.. 
oped to 'equilibrate different studies. and to take the place:'of 

. ' ' · )• .. 
random "control conditions" currently used in room-air distri-.. r 
bution studies . 

Use of Standard Testing Conditions 
to Achieve. Comfort 

: 'r ' r 

A standard set.ofroom-air distribution control conditions, 
including operating temperatures, velocities, thermal loads, 
and test procedures should be established to eliminate inaccu­
racies, individual interpretations, and arbitrariness in comfort 
tests. In 1955, H.E. Straub commented that "in the final anal­
ysis, the purpose'of any study on air distribution is to predict 
possibie comfort 'reactions." Many studies since the 1930s 
have investigated the distribution of temperature and velocity 
in occupied spaces; yet the contribution of these studies to the 
understanding of human comfort in enclosed spaces has been 
limited by "universality" problems: differing ideas about 
draft5,' ' extrapolation of comfort data, and assumption of 
control conditions. Current tests are not conducted in a way 
that · makes their results easily 'applicable or comparable to 
other nonidentical tests',' making individual interpretation a 
necessity. This, in tum,.has led to a number of inaccuracies, as 
de.scribed in the previous section. 

! ~t the root of the search for a standard set of testing condi­
tions is the question of what temperatures and velocities result 
in:a 100% acceptable conditio11.,As described previously, the 
different control conditions use4 in differ~nt tests are 'de facto 
the. 100% acceptable referef!Ce condition for that specific test. 
Each of the control conditions.~sed by various researchers is 
rather arbitrary and the~ are often . differeQt among various 
runs. of the same study;-but ·their use makes comparison of 
different tests difficult if ttot imp~ssible. __ Siich capriciousriess 
and lack of .universality will continue unless~standard,.control 
conditions are agreed upon. . ' 

It is, therefore, suggested ,here that"an a~~iage condition 
be determined that is found to be acceptable to the most 
people. Any tesls 'Of room-air distribution·:related ·. to human 
comfon could accuraiely µs,e $e coµifort daia for comparison 
if their control conditions (average 'temperature and average 
velocity}are the same·.as those ·de_fined,t6 be the standar!l. F,or 

!' ·.1 · ~ ' 

5 



example, if standard conditions were defined to be an effective 
temperature of70°F, suitable test control conditions couTd be 
70°F and 0 fpm, 72°F and 30 fpm, etc;;(using the currently 
accepted, but questionable, relationship between:the velocity 
and temperature drop of Figure 2, I °F is equivalentto 15 fpm). 

T I ~:·· r '.: .. ' .. '~ 

Room-Air Distributiqn Characteristics 

Analysis of the ternl)eratute and ;velocity measurements 
used iri this study revealed that room-air distribution, as it 
relates to human comfort; may be best characterized by two 
factors: · First, average room conditions (temperature and 
vefocity), and second, distribution of effective temperatures 
(calculated from temperatures and velocities at different 
pbints within the enclosed space). The average temperature 
and average velocity would.give ii:.n indication of the room's 
average energy level. The distribution of effective tempera­
tures would show the comfort rating of each measured point 
within; the room, as well ·as; the number of points considered 
"comfortable" (similar to ADPI). Therefore, the recommen­
dations for improving the ADPI technique can be listed as 
follows: 

I. Comfort showd· be comprehensively described by absolute 
temperatures. (in other words, comfort data are applicable 
only to t~~ts with similar control conditions). 

2. Standard test conditions (effective temperature control 
conditions) should be identified that will allow accurate 
application.of comfort data to future studi~s. 

3: Retesting and incorporation of existing comfort data to 
ADPI's database are necessary. 

4. "Standard" effective temperature control conditions should 
be defined during retesting of comfort data. 

ADPI AND COLD AIR-DISTRIBUTION SYSTEMS 

In this study, we did not conduct any experimental inves­
tig~ti~m of the comfort level of occupants under cold air distri­
butia.~ .syste~s. Howevcr,r, ~o. extend the applicability of the 
existing ADPI methodology to cold air distribution systems, 
this §tudy··takes·advantage of the experimental temperature 
and velocity data of the research conducted by Nevins and 
Miller (1972) .. Their comprehensive research covered the 
operation of.a .wide range of air distribution systems under 
various discharge conditions; The systems tested by Ne'V'ins 
---~ .... ~11--~--'--~-~L~-L -~..l- ____ 11 ~11-- -~----'------ ....._ __ _ 
w1u 1v.iu1c;1 111i.;1uuc;u 111~11 1>1uc;-,wcu1 guuc;:., 1,.;u i.;u1i:l.l i.;uuc;-Ly !JC' 

ceiling diffusers, sill grilles, ceiling ~lot diffusers, and light 
troffer diffusers. Their test results and interpretation of the 
data as it relates to human.comfort were published in ASH RAE 
Journal and ASH RAE Transactions. In the most recent publi­
cation, Miller (1991) presented a methodology for selecting 
diffusers for use in cold air systems. His methodology was 
based·mainly on the existing--A.DPI procedure except that it 
differed from that used for conventional systems in the recom­
mended procedu~ to ensure that riiixlng too~ pl~ce outside the 
otcupied· ibne of the room. He filsC> provided a ·new presenta­
tion of the existing ADP! data in terms "df cfduft2 and load. 
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Miller conclud.ed that "the exi;tjng diffus~~ will ('Yith prop~r 
attention to their limitations) perfonn verx. y/ell witli .cold air." 

The tests c0,nducted by Nevins and Mmer.cov.ered a wide 
range of cfrn/ft2 and discharge temperature differences for all 
the diffusers tested, as shown in· Fi~e 4. This figure shows 
that many tests i,yere cond,µ~.ted at low flow rates and at ~gh 

. temperature differences (greater than 25°F) in w,~icl\ case 
·'those tests can be categorized as cold air dlstributfon cases. 
Since this set of data contains many points representative of 
~old air distribution, the comfort.criterion developed here will 
be equally applicable ·to cold air distribution systems. 
However, it should be emphasized that during the tests 
conducted by Nevins and Miller.there could have been situa­
tions where the diffusers were operated outside their design 
conditions, which would intentionally create unsatisfactory 
ADPI results. 

In our analysis of rooin air motion; we realized that the 
momentum number of the room (J = supply air momentum/ 
volume of the room) played ari'important role in overall room 
air motion, and it was also recognized that the existing ADPI 
and comfort data were never correlated to the momentum 
number. Hence, in this work, we focused our attenti6~ on 
correlating the existing ADPI and comfort data to the momen­
tum number of the room. First, the relationship between the 
room mean velocity and the total. momentum of the air jet 
entering the room was investigated because ADPI is baserl on 
the room mean velocity and local temperature difference. 
Following this investigation, an approach for determining the 
ADPI of cold air systems was explored, the results of which 
are presented here. In this approach, a one-step procedure was 
adopted where the ADPI was directly correlated to the 
momentum number of the room. 

Relationship Between Room Mean Velocity 
and Total Momentum , 

One of the importanrfactors that influences the percep­
tion of thermal comfort is the velocity in the occupied space. 
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It is; therefore, 1mportant to ·relate ·room mean velocity to the 
~elocity of the incoming air or to its total momentum. Miller 
and Nevins (1972) attempted to correlate the room average 
velocity to me Ql1tlet velocity for different diffusers. However, 
due to large scatter in the data, they were not successful in 
demonstrating that such correlation existed. Jackman (1973), 
on the other hand, was able to show a relationship between the 
room mean velocity and the total momentum of air entering 
the room. He provided a correlation of the type 

v = aM' (3) 

where the constants a and b depend on -the diffuser type. 
In the present work, the experimental data of Miller and 

Nevins were used to extend the work of Jackman to a wider 
range of diffusers and operating conditions. Figure 5 shows 
the: mell[I rQOm velocity plotted against the inlet momentum 
for different diffusers tested by Miller and Nevins. This figure 
also shows the best fit to all the data. In almost all cases studied 
here, some scatter in the data can be observed. In general, the 
spread in ihe data can be attributed to the wide range of 
discharge temperatures under which the tests were conducted. 

·However, considering the variety of the diffusers tested, the 
spread shown in Figure 5 may be acceptable for correlating the 
Iriean ~elocity.to the total mom:eiltum for all diffusers with a 
strtgle e:i{pression. This correlation is shown in Figure 5 and is . . . . . ' . . . 

.,. ' ' ., .... • - -2 
· M = 23.7+62.9 · v-6.34v (4) .. .. 

where the correlation coefficient is ·0.85 for the above fit. 
•Similar correlations for individual diffusers have been 
obtained but are not presented here. Through correlations 
similar to that given by Equation 4, the effect of the inlet air 
on tl:ie overall room air motion can be estimated. In addition, 

' 140 • . ' • - .... ,, . 

120 

c '!: ''h i • 
Et00 . '= . 

:· .?5 
0 

.;!l!S 80 
~ 

I C:" 
(Q 

~"60 
E 
0 
0 
a:: 40 

20 

.. ~ 

• data for all diffuse(S 

-- Best F"rt M = 23. 7 + 62.9 v • 6.34 v2 , . 

•• 
·• -:·1,, 

• • 
\. 

'· 

''i 

o -l--...,........-..,--.---.,---.--,---,----1 

o.oo 0.25 o.50 o.75 · 1.00 ·<1:2s 1.si:f' · 1.75 2.00 

Total Momentum, lbf 

. Figure S Room mean velocity vs. total momentum for all 
,,:· :>~~·.: ; : • .diffusers, .; . :• ,. 

s. ! 
SF-98-2&4 

\' f ' 

. ADPI calculations that are, based on the average room Jtir 
velocity and local temperatl1re diff,erence can be related to the 
momentum of the in~et ajr~ • 

I .. , ,. i 

ADPI vs. Momentum Number 

In this approach, for a given diffuserand room load in an 
enclosed space, the test room~s ADPI-value w~ correlated to 
the momentull) number. EacQ type of diffuser: demonstrated a 
different behavior, as :shown in Figures 6 through 11, though 

,_, the general trend was. a bell-shaped curve with maximums 
between 0.03 x 10-3 and 0.12 x 1Q~3 lbf/ft3 .. Figures .6 through 
11 show that ADPI is a strong function of the momentuµi 
number, whereas the cooling load has a secondary effecblll 
general, the ADP~ is reduced as the momentum number or:_the 
cooling load is increas~d. 

The behavior of ADPI vs. momentum number for linear 
slot diffusers is presented in Figure 6, which shows that at a 
momentum number equal to 0.0 3 x- 1 o-3 lbf/ft3 all the curves 
(for different cooling loads) reach a maximum ADP.I= 95. 
This behavior demonstrates that, regardless of the cooling 
.load capacity, an ADPI of greater than 90 will be achievable . , . 3 
as lo~g as the mom~!ltum nwnber is kept arouqd,.P.03 x IO" 
lbf/ft . However, this low value of momentum number indi­
cates that the inlet momentum of the air jet is equally low. In 

· the case of cold air systems, special attention should be paid 
to ·the behavior of cold air jets with low inlet momentum 
because it might'cau'se early separation of the cold air jet. To 
.avoid early separation, the throw of the jet and its separati01.1 
point should be calculated and compared to the procedure 
outlined by Kirkpatrick and Hassani. 

Circular cone type ceilinf diffusers show a peak at 
momentum number 0.06 x 10- lbf/ft3. The peak for higher 
cooling loads occurs at ADPI of about 85. As shown in Figure 
7, the data for this diffuser behave rather nicely with respect 
to the load and momentum number: 

Sill grilles with vanes at· 22.5 and 45_ degrees showed 
"minimal dependance on cooling load. Figure 8 shows ·tliat the 
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peak for aU cooling loads occurs at 0.06 x 10·3 lbf/ft3 and all 
data are very well represented by a single curve. However, the 
data for sill grilles with straight vanes behave totally differ­
ently, as shown in Figure 9; It is inter~sting tci note that, 
<i:Ontrary to previous cases, the peak for each cooling load for 
this type of diffuser shows a strong dependence on the 
moinentum:nurriber of the· test room. For each cooling load, 
the maximum ADPI is obtained over the range 0.03 x 10"3 Jbf/ 
ft3 < J < 0.1 x I0"

3 
lbf/ft

3
. . ·• '. : ' .. 

For high side-wall gtjlles, load' dependence is strong for 
J < 0.25 x 10·31bf/ft3·(see Figure IO). Formomenruin numbers 
higher· thari 0.25 x 10~3 ·lbf/ft3, the curves converge' into a 
single curve , indicating no cooling load effect. The maximum 
ADPI for each load is obtained at momentum numbers less 
than 0.12 x 10·3 lbfJft3 and higher than 0.1 x 10·3· Jbf/ft3. · 

' f .,: :- -I 

For light tro~ers, the lo~d dependance is more .obvious. 
As shown in Figure 11 , the maximum ADPI for all cases is 
o~tained at a mome~tum number o,f a~out 0.1 x 1 o·~ Jbf/ft3: As 
me momentum. ~umber i~creases , curv~s.representing differ-
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ent cooling loads diverge, indicating a strong dependance on 
cooling load. _,, . - ··· · - · -

Using the approach presentedJ_here, the existing ADPI 
data can be used to predic.t ·flie 'perfonnan.ce .of cold air 
systems. Special attention should be paid to the. separation of 
cold air jets from the ceiling, The approach prese~ted here 
does not employ any separation criterion to identify 'if a cold 
air jet has separated from the ceiling or not.-;nie above 
approach should be used in conjunction with the separation 
criteijo.i(presented elsewhere (see Kirkpatrick and Hassani 

' 19~4).. , . ' 
f ,, . , 

CONCLUSIONS 

1. Following a background search of the early studies related 
to rooin-air distribution for. ·human comfort, several 
concerns were identified o;ver pie validi.ty,.of the technical 
basis of the research. Those concerns can be categorized as: 

a. limited database and survey sample of original com­
fort tests, 

' . ! b. lack of well-defined concept of "control conditions" 
~and the impact of absolute temperatures instead of 
_temperature differences on comfort, and 

c. lack of accurate and w~l-documented relationship 
between air velocicy ~d temperature 'ttrop required 
for feelings of equal warmth. 

2. Based on these concerns, the following recommendations 
were presented toward developing a firm foundation for 
future stug.ies of room-air distribution for human comfort. 

a The existing database of ADPI should be expanded 
by incorporating all the reliable comfort test data 
from various resources. This expansion will help 
to broaden and verify Houghten's comfort graphs to 
include positive 'and negative temperature differ-

.... .r ·! ·. p ences. -1.l .t\ ' ,1 • 

'· '\·. 

b. Although a set of standard test conditions such as 
ISO 7730 exists for human comfort, no such stan­
dard set exists for relating room air distribution to 
human thermal comfort. A standard set of room-air 

,; distribution ~ontrol eoiiciiti~ns-,·inciuding operating 
< ·' 

temperature~, velbcities, thennal loads, and test pro-
cedures, sh0tlld be agreed upon and used for future 
testing, ' 

3. Follc?wing the background search, an attempt was made to 
extend the existing ADPI methodology to cold air distribu­
tion systems. In this work, no comfort tests were conducted 

. because of limited resources. However, the experimental 
'." cfata of th~ research conducted by Nevins and Miller were 
' u.sed.. Theit test conditions covered a wide range of 
: · discharge flow rates and temperature differences fo~ several 

different .. diffuSer ry.pis. A ·large n'um&er of those tests 
conditions could be categotjzed as cold air conditions. 

4. As a first step to extend the existing ADPI to cold air 
• "J:".,systems,-the local velocities in the occupied space were 

correlated to the total momentum of the inlet air. These 

SF-98-28-4 

correlations can be used for directly relating the ADPI to the 
inlet air momentum number . 

. •.·! ,' , 

" 
NOMENCLATURE : 

a,b = c:onsta.nts ·~fEquation 3 

J = momentum. number of the room ( = total inlet air jet 
momentum/volume of the room), lbf/ft3 

.. 

M = momentum of the jet entering the room, lbf 

T = local te~perature, °F . 
v = local velocity, fpm 

v = room mean velocity based on occupied zone, fpm 

9 = local draft temperature 

REFERENCES 'J:i 

ASHRAE. 1992. ANSUA.SHRAE Standard 55-199~~ ,Ther­
mal environmental conditions for human occupancy. 
Atlanta: American Society of Heating, Refrigerating 
and Air-Conditioning Engineers, Inc. 

ASHRAE. 1993. 1993 ASHRAE cHandbook-Fundamen­
tals, ;chap. 31. Atlanta: American Society of Heating, 

,, Refrigerating and Air-Conditioning Engineers; Inc. 
Berglund, L , and ·A. Fobelets. 1987. Subjective· human 

response to low-level air currents and asymmetric radia­
tion. ASH RAE Transactions 93 (1 ): 497-523. . ,., . :: 

Fanger; P.O., A. Melikov, H. Hanzawa, and :J.Ring.-1988. 
Air turbulence and sensation of draught. Energy and 
Buildings 12: 21-39. ,,; ',• . '. 

Fanger, P.O., R.G. Nevins, and P.E. McNall. 1~68 . Predicted 
and measured ·heat losses and thermal camion condi-

t '• ·. • I . ' ,. . :1 .' . • • . • , ~ 

lions for human beings. Thermal Problems in Biotech-
nology, Winter Annual Meeting of ASME~ Dec. 

Fountain, M.E. 1991.Laboratory 'studies of the effect. of air 
movement on thermal comfon: A comparison ~d dis­
cussion of method's. ASHRAE Transactions 91 (1): 863-
873: . I 

Houghten, F.; and C.Yaglou. 1924. Cooling effect' on'hurrian 
' ; 'beings by various air velocities1

: ASHVE Transactions 
30: 193-212. 

Houghten, F.,.c. Gutberlet, and·E. Witkowski. 1938. Draft 
, ~ : .' temperatmes and velocities in relation .to skin tempera­

.. _·'Jiire_ fee_li~g: _of warmth. ASHVE Transactions 44: 289-
308. 

Jackman, P.J. 1973. Air movement in rooms with ceiling­
mounted diffusers. The Heating & Ventilating Research 
Association Laboratory Repon No. 81. 

Kirkpatrick, A., and V. Hassani. 1994. Cold air distribution 
guide. EPRI Technical Report# TR-101480. Electric 
Power Research Institute. 

Kirkpatrick,. A., and K.D. Knappmiller. 1996. The ADPI of 
' cold . air.jets .in an. enclosure. ASHRAE. Transactions 

102 (l); 
Koestel, A., and G.L. Tuve. 1955o Performance and evalua­

tion of room air distribution syst~ms. ,It.SH RAE Transac-
tions 61: 533. , · ·!' ;. · ', · 

9 



Miller, P.L. l991. Diffuser delection for cold air distribution. 
ASHRAE Journal, Sept., p. 32. 

Miller, P.L., and R.G. Nevins. 1972. An analysis of the per­
fonnance of room air distribution systems, Part I. 
ASHRAE Transactions 78: 191. 

Nelson, D.W., and D.J. Stewart. 1938. Air distribution from 
sidewall outlets. ASHVE Transactions 44: 77. 

Nevins, R.G. 1968. The micro-environment, creating com­
fort in man's surroundings.Transactions, Kansas Acad­
emy of Science 71 (4): 451. 

Nevins, R.G., and P.L. Miller. 1972. Analysis, evaluation 
and comparison of room air distribution performance­
A summary, Part Il. ASHRAE Transactions 78: 235. 

Norback. P. 1946. Experimental investigation of draught 
problems on discharge of ventilation air. Tidskrift for Vii 
nne-Ventilations-och Sanitetsteknik, Vol. 17, p. 95. 

10 

Reinmann, J.J., A. Koestel, and G.L. Tuve. 1959. Evaluation 
of three room air distribution systems for summer cool­
ing. ASHRAE Transactions 65: 717. 

Robles, F., S. Konz, and B. Jones. 1983. Ceiling fans as 
extenders of the summer comfort envelope. ASHRAE 
Transactions 89 (1): 245-263. 

Rydberg, J., and P. Norback. 1949. Air distribution and 
draft. ASHVE Transactions 55: 225-240. 

Starub, H.E. 1955. Discussion of reference one. ASHAE 
Transactions 61: 548. 

Tanabe, S., and K. Kimura. 1989. Importance of air move­
ment for thermal comfort under tot and humid condi­
tions. Proceedings of the Second ASHRAE Far East 
Conference on Air Conditioning in Hot Climates, Kuala 
Lumpur, Malaysia. 

SF·98-2M 


