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ABSTRACT 

/!xpe'ilrv11U wnw tXJnduaM in a foll-~call tut room 
(1811y 2411y 8ft {5.5 by 7.311y 2.4 m})for both iSothmnal 
tMtl ltOIIisothmrull tXJI'IdilioiLf. /J4JM on t~ experi~Mfllal 
dt#a, tiW pape- discrusu (1) tM statlslicalfeature.J of air 
wlocily jlualllllioM iiiCluding probabiUty tkMity ftmctions 
lllld ~ S]HCtra.• (2) til. olnUWJtl airflow ptJttmu: and 
(3) tiN spatitll di.rtribuiioM of ~Man velocity, turbuknee 
illtetllity, kinmc eMrgy ofturlJIIk~t«, and nwan tempua
tww. Special tmelllion is paid to tiN effects of tlw diffuser 
air wrlodtia and im07Uil lwat loodr on tM flow cluuac
t.utia Gild to tM di/ierencu between tM diffuser jet 
ngion Gllld tiM occupiM region. 1M lktaiktl aperi~MIIIal 
data an also useful ft»' evaluating and improving niiiPID'
ical sintultuion l'ff(Nkls of room air motion. 

INTRODUCTION 

UaderstandiDg room air distribution is essential to the 
desip of ventilation systems and control of room thermal 
IU1d air quality conditions. Air velocities in. occupied zones 
of a room directly affect the thermal comfort of occupants. 
The movement of air within a room also affects the release 
rate of heat and coataminants from sources and determines 
how the beat and contaminants distribute, thus affecting the 
air quality available to the occupants. In addition, proper 
air distribution can reduce the ventilation rate necessary for 
removing air contami08Jits , and moisture, thus reducing 
building energy coosumption. Studyof,room air distribu
tion is important to many applications, mcludin.g commer
cial and residential rooms, clean room manufacturing, 
electronic and computer rooms, biomedical research, 
hospital disease control, md greenhouse and anima! 
agriculture (Christianson 1989). . 

Room air distribution is a complicated process. Resear-
chers have developed a limited understanding through 
experimental measurements and numerical modeling. 
Reaeucb efforts have coDCeDtrated on high ventilation rate 
coaditions (fully .turbuleat flow}, isothermal conditions (no 
intemal beai loads}, limited, if any, internal obstructions 
(no furniture and equipment), and simple room geometries 
to simplify the problem. Realistic rooni ventilation flow 

uu..lly baa multiflow features, iocludinr high and low 
turbulence, which increase the complexity of both physical 
and mathematical modelinr. Physical modeling is also 
complicated by the difficulty of air velocity measurements 
since low air velociti• ( < .SO fpm [0.25 mls)) are in
volved. 

Methods commonly used for in.vestigatinr room air 
distribution are full-scale measurements, similitude model 
study, IU1d numerical simulations. Measurement. in. full
scale rooms are essential to the understanding of room flow 
behavior, and the evaluations of indirect techniques such as 
similitude studies aod numerical models, and are currently 
the only assured method of evaluating room airflow. 
However, it is generally expensive and inconvenient to 
conduct full-~e experiments, and the results can only be 
applied to rooms that are identical (at' least very similar) to 
the prototype studied. 

Similitude study involves experiments iD a reduce:i
scale-model room and extrapolations of the resulta from 
this model room to its prototype. More important, simili
tude makes it possible to extrapolate experimental findings 
to a variety of rooms with similar geometry without the 
need for physical JDDdeling of every prototype. The 
application of similitude to room airflow is limited by our 
knowledge of proper scaling methods for extrapolating the 
data. Knowledge of the repODal cllai'Kteristics of the room 
airflow, i.ncludiq its turbuleat behavior' is necessary to the 
development of the scaling theory. 

Numerical simulatioa involves mathematically model
ing the room airflow aud numerically solving the model. 
While complicated, it is in. principle the most generalized 
method and thus is most convenient for predicting room 
airflows. However, advances in numerical modeling are 
limited by the lack of compatible, adequately detailed 
experimental data for model evaluation and by the lack of 
knowledae of room airftow characteristicS, especially the 
turbulent flow fea&ures. 

The objectives of this research were to improve the 
understandina of tbe mea and turbulent behavior of 
realistic room ventilatioa flows and provide experimental 
data for evaluating aad improvilla numerical simulation 
model• of room air motioa. 
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UTERA TURE REVIEW 

'Ibe following review is not nieant to be exhaustive but 
to give a clear picture of the current status of full-scale 
studies of room ventilation flows. 

Studies Conducted in the U.S. 

(1972) summarized information gained mainly by RUs&iaai 
researchers, which focused on industrial ventilation • 

More recendy, Melikov et al. (1988) and Sandbere 
(1989) measured air velocities and turbulence cbancteris
tics in full-scale rooms. These data, which focused on the 
occupied reJions, are valuable for understanding room flow 
behav~~!v~ially its.)fii~en~, feature, _.,. :. 

Tq,n~~~ ~~- 'l';"Mt~Cal .~i~ulation cod~ · · 
Straub and Chen (1.957) conducted more than 300 ~· ~h~q1 • ~ ~x 201 ?X ~ tiltemational pnergy .. 

heating md cooling tests with a number of different~ Agency· - ~~f) ,.. ~red v~loc1tiea, temperatures~ , llld ·· 
diffusers, diffuser locations, airflow rates, return, locatiOIJ!.tq turbul.~~ yel047~J~ 'in full~scale roo~. MM~' 
and rooQbh4;at loads. These data are valwWle and hav~ ID!Ii'llt w.e~CQnd.~ in several different labOratori~ ;tor ' 
resulted~rppirical equations for predicting ~e trajectory., t4~ same . Pre:spefi~ed room di~o · ·~ ~:~~~ 
and centerline velocitiea of diffuser air jets '~< ~~ fiprations,:;Jleat lo&d, !Jld di~r tn'S· ~~~ 
widely used (ASHR.AE 1989). 1:, ; . , 1 ' ·.; fro.mdiff~_Pabo~fieag~~ly_ aB..!YP'f:!I.R~h~o~ .~~~ -. 

Nevins and Miller (1972) ~ed room air move~· b\M.tl9fl0 vaq~-~~ ~~96 and ±Mc\J9~~~~~g~3'~~~Jf]JS. 
extaasively. They defined the ~r diffUsion per{onDalljjf'-,· Ul~ulen~~~~~«7j~t~y!l1.(:f 11- the ?F:i~ff9f •.. 
index (ADPl) to relate room ~n~stribution '9i~ .. Z<!~~ttl~ :..IR~ £~Ybm1)-0~The ~Wations =;:,: 
comfort. They showed that ADPl could be related!fMpOm a~~ to ·t~e ,. cMf(iy,~t!rft:~ -~hievin&}d_enti~,;~t-t 
air diffuser characteristics, room size, and COQP,.!:t&-l~.s: . , co»J!i~J?DB (e. I,_, :~ SVlNRP,~~ !».JP}.~ .. ~f te~~~ 

Hart and Int-Hout {1980) tested a perimeter linear air ture, steady flow, and diffuser velocity profi.lea).. . •• f - 1\ . ,:$ 

diffuser in a full-scale model office building and concluded British agricultural engineers conducted a series o 
that linear air diffusers can satisfy office buildins comfort full-scale studies (Carpenter et al. 1972; Randall 1975; 
needs without the need for a heat source on exterior Randall and Battams 1979; Boon 1978). A corrected 

window walls to prevent downward drafts from moving · Atcbimedea'll. umber, whl~~~~~ed the effect of diffuser 
from the window to the occupied zoqe. --,nd roo., dillltiiiBiQns -~~- · barge coefficient, was 

Fitmer (1981) conducted full-sc&le model experiments . defined to cbiiiCteiize ~e JJlii.iectory and room airflow 
for an air-conditioned room. Fitzner showed that the j pattern~. Critical value4 of the! ~ corrected Atchimedea 
airflow inside the room was mainly influenced by the form / number weft! establish~ help the deaign of room air 
and location of the air diffuser, tho air exchange rate, the 1 distribution. ; ; 
cooling rate (which affects-the thermal buoyancy effect), ; Canadian researchers {Barber et al. 1982) proposed a 
and the direction of introduced airflow with respect to jet momcn~ number t9 meuure the eaergy contained in 
gravity. The influence of air retuma usually could be 1 the diffuser jet relative Ito the rdom air volume. It waa 
neglected. He aJso compared three typea of diffuiers in~· cbiicluaia tli&tllle jef'"moliiCIIlwifilumber should be higher 
terms of gas concentration versus height and distance from than a minimum vaJuc to ensure sufficient mixing of the 
a gas source. · . . :: . ~"'-intOoiinl air~a.tith the roomr.aii':Jbefore the incoming air 

Timmons (1984) used smoke to o~serve the . flc:r~ '~. :fealc._ Jhc oceispi&I'Y.onei I~Wb aJso found that there was 
pattern in a prototype ~ding with c~-se(:tiooal dimen-~ · · ' · ~ biBb cbrreJation (R > 'r6:'8Sj between the floor velocity 
sions of 25.3 by 6. 7 ft (7. 72 by 2.0S m). The fluid motion and the jet momentum number (Ogilvie and Barber 1988). 
near th.e room exhaust ~ximateti!· ~~~ flow'· whil!'_ \ ~· :. . . These »r.j.~~ . and t;aaadian s~ea suggest that air 
most of the room airflow 'was higllty · ~UJeat when tM · •· · ~~i~"iY ~ i certain lever or in a ·cert.ain region of a room 
diffuser Reynolds num.ber (Udwtill) was smaller than may be predicted based on one or two diffuser airflow 
18,000. Airflow near the diffuser was not characterized in indices such as the corrected Archimedes number or the jet 
detail. momentum number. 

Zhang et al. (1992) ~duc~/ull-scale~ments ·.o" •. .. . , . 

for evaluating numericalr~la.lof:.roc:un,~.- . . EXPERIMd¢AL FACJl;l~ A~J'ROCEDURE 
Measurements included detailed Spatial distributions Of air · ~ . ~ ; ? · 
velocity, turbulent kinetietenergy ,, turbulence 1ntensitY, and To investigate thO varicius ~"is ~f room air distribu-
temperature. Profilea of mead. vel~citY and turbulent kinetic tioa, a room ventilation· simUI&tot waa developed with 
energy were also measureicb:t" the diffuser; thJse are useful several unique f~an ou~ roam with an HV AC 
for specifying boundary oonditi9ns in ~mpatible nu~rical (heating, v~tilating, andl ~nditioning) system to 
simulations. • · 

.. ~ ... f' ~· : . 

1 Annex 20 i.' an inaemational cooperative research group 
Studies Conducted Outside. the U.S. including room air motion: and ·6tiilding environment studiea 

. . . . c experts from 12 European and North American countries. 
Researchers in other .. partr'of- t~nrworid- have~-ale-. . 1The.-tulb~ . ..s.c:al'"'- wu..defined u the standard 

measured airflow patterns in· -ful}.scale-~·.:· · ::-~c..vi&Wn ofyelocity fluct~o~ by the Annex 20 researchers . 
. ' ., . 
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Results presented in this paper are from a full-scale 
experimental setup shown. in Fipre 1. The test room bas 
a continuous slot diffuser and a continuous slot exhaust; 
Measurements indicated that the flow inside the room was 
pntclically1 two-dimensional except vert close to the two 
ud walls (Zhang 1991). The internal he&t·-·load was 
simulated with the heating panels uniformly diltributed on 
the 1ldor surface. i: 

Velocities and temperatures were measured ~ •at 205 
lOcations (Figure 2) at the eentral section of the room: with 
a 1rot-wire 'anemOmeter and a thermocouple, respectively;<.:c 
Additi~ly, smoke '' genetitted by titanium tetrachloride 
was 1ts8cl Loto visualize the room airflow patterns. Test 
conditfoOS:are listed in Table 1. 
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T .. t ud Td 
lfpml r•Ft 

P1 500 75 

P2 350 75 

P3 150 75 

P4 350 75.4 

P5 350 73.9 

P6 350 73.6 
., . 

wd • 2 inches for ell the tilts; · 

T• 
(°FI 

7!5 .-.:1!5.k_ __ 
'· - 7.5-· ---

.. 
0 . .,.-;' 

.. - 0 '-

~::::· .. -~- _, --r·:· I 75 · 0 

90.3 
~- .:..:,1on: r.~)i?' ::·~· · .. 

83.8 ... ,; ~ ... ?c-.121.8 ; 9~' >::;,-~],..$ 

80.0 103.5 . 29.6 

a 
lachl 

r ... ; · · 
8193 . 0 27.9 

I 
. 5735 .' ·-~- ~ 0 19.5 

245J!;7-, 0 8.6 
... 
5735 0.0186 19.5 

'£ ._5735 0.0135 19.5 

5735 0.0085 19.5 

RESULTS AND DISCUSSION 
- -- ~--.. ::;-::=:~.:.6~-B)~-; the effect of the thermal 

Row Pattems ___::__ _ _ . __: _ __ ~aocr '?a to pult,the ~~ ai! toward the floor. This 
. :;_ - . ·- .!i __ _us ex~~~ jll'Coming air had a lower 

The COmmon flOW bebaViO~ amng the six test ~I temperature' than th; ~ air -J"he separation point of the 
(Fipres 3 throup 8) is that thb incoDiliii air attacb'ea'to-· -·diffuse~jet ·woula--~~-~ the balance between the 
the ceiling after entering the room because of _!be Q?aoda - - · Coaoda effect (or iqe~ ~ffebt) and the thermal buoyancy 
effect. The air then traveled along t.li'e ceiling for ~'certain efl'ecl: The7Coalii!i,ecr,~cb represents the inertial 
distance (called the attachment' length) until-it ~ . . .effeei~ .i8 ~t o~ ~~ yelocities within the jet. As 
frotn the ceiling or reached the·opposite wall. Air ' below ' · the air velocj~es within ~ejet. decay along the trajectory 
the jet was entrained by the jet .so that a reverse flow .''!"as::-'~: 9f.~~ Jet;:~ect:becomes smaller and smaller. 
formed below the jet. However, there were substantial ::: c ·~ j~. :~Qui~ -~- to ~"Trom the ceiling surface 
differences among the six tests, which resulted from ··~ · when.,tbe-,:~"~ffect is eq\$1 to the thermal buoyancy 
different diffuser air velocities and thermal ·buoyancy .. e.ffect,.~n. ~-n~ber represents the ratio 
effects caused by the internal beat loads. between the thermal buoyancy and inertial effects and is 

Effect or DitTmer Air Velocity At the highest therefore o.aturally used to characterize the room airflow 
diffuser air velocity (Figure 3), there .-wata !itrong p~ -~· ~:<5Hn~"' "' '· ~- ~- ~- :..."6-i -. 
recirculation eddy in the upper right comer and a secon~ It was also observed that flow in the nonisothermal 
dary recirculation eddy in the lower left comer. cases had stronger random behavior than in the isothermal 

The flow pattern in the medium diffuser air velocity cases. For the nonisotbermal cases, flow observed at the 
test (Figure 4) was very :similu...to...tbat from tho highml. sama.J~but at differeat times had more directional 
diffuser air velocity case, but the seoondary-tiMy ·anli~:_~viiri¢o0.-(FJjun;·7'"Vs~ 4). 
lower left comer was not clearly 9bservf>9 ,tu-diiS'.:mili'WiE--;;~ .-:- ·· .:~ .. · ~-.:_ __ ......:_:-
velocity case. This may be exjilaiiiei;l"'6f''tlier6d~tlcal--efli~eriat . •• -~ · ... 
inerti~ effect due to the _dec~ih-~d!~-#i .. . _ .. ~ ::' ~~. ::::_=_, ~--:.... ~- · 
velocity. The momentum m the ~erlle----flow was nqt • - -;--:;. - -ROom airt)ow..U.volva tyrbulence. The movement of 
enough to generate the strong SOOOil'diJ;y-ed4f:iiHho:;J4wer ::".: . .:.fluid.~ . . ~~ : · · •vTbuJ~ field bas a strong ta~~dom 
left comer. _1--;·-·-· __ ...,...-' .. - . --· 1~ su.w....~ ... . ifof1heairvelocitysignalswitbin 

At the lowest diffuser velocitY (F.IgUre:3J, tlii ijWefsc,~ - tlif"rOOiilll-a ~ .p-slep toward understandiag the 
flow below the diffuser jet occ~~-Q~.X .!JJ~~-- - flowtieil&ViOf. - _. · . 
portion of the flow field. ThiB~~th~·=-=..:...~":: F~~~.::As.sbown in Figures 9 and 
~unt of momen.tum in the di~'air Jet, '61hicli ~teet-·-~ .... J'6~ tbc·~eiocity ;rpitiliad stroQg random features. The air 
m much less entrained air. There appeared to be 'i7liige" ·• v'elociti:ee in tbejet repoas contained more high-freq~Y 
weak: recirculation flow in the lower portion of the flow fluctuatioaa and were mote turbulent compared to those 111 

field due to molecular vi.1JC9si~, but_ the flow .~ere was the occupied regioas. A bighcr.diffuser air velocity resulted 
essentially stagnant. · ~ . ., r:: · •. ~:.: '-'= , ·~ " 'm· JDoie barbuleai floW:. imae'\.OCCUpied regio111. For tho 

EfTect or Thermal Buoyancy For a lower internal same diffuser air velocity, ~ thermal buoyancy effect due 
heat load, tho diffuser air jet attached to the ceiling for a to the beat generated from the floor also coo~buted to the 
longer distance before it separated from the ceiling (Fig- generation of turbulence in the occupied regton. 
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Probability ne.ity ~i:·p;~.:.. -~-~-:.: ... : ~:~~: . . . ... - · '. ,. ..._ .••J ~Pi.J' ~ . -,e..- ·-
functioas are shown for test P3 '{Figw:e 11).' The random ·· :· •· · ' · 
fluctuation of air velocity u'T)I~ciief · p<>mt~ ronowed tbo :- -~· -iiiii· · 
no~ distribution in geue~fp.LbQ}h jsoth~ . ~-- : ·- . 
oonisothermal flows, although the r~ were no.;( to · :: ·:;;. :r: 
follow the normal distribution~ el~y.-~~fore, one . ...~· ... . 
can use measured mean velocity and standard ~viation ·tQ o-. 400 

determine the velocity range at -di~ ~··pomt':f9t-F~. - ·~ 
giveu cOnfidence level. This aareed with tli~- fieid -=--~u.. . - . . 

surement results of lborshauge . H982)..;.$uch :~ormation 1 ~· .. , . •o.o 
is useful for assessiz!g the thermal comfort: Uf'\'.eatilated ': •= -. 

buildings becaUSe one needs to know the percentage of tilDe .. :: . r• :·· 

when air velocities in the occupied regiou satisfy the giv~ 
criterion. <:l. .., .... . . • 

The histograms of veloeity fltic~tions' (F'iglri ll)'are .. . .,, ~:~·!·l .0 I 

slighdy right-skewed. This may be caused by the limitation 
of the hot-wire anemometer, which is unable to detect the 

20 

reverse flow. In other worda;-the··negati-ve--velocities (i..e...--···-- - - .... __ _ 

~a 59\~· ao 
Velocity, fpm 

air velocities in the , n~gative directiQn~are ~~-u-····~- ... · ·--· · .... ~ .. 
positive values by the .. hot-wirO:aneiiic)meter.:"'A:s' &.:res\llt,- · · :::: ,.._, ... -::-::;7.,,· , • • 

the histograms of velocity fl~'liis ,are;a-right=Silewed __ ·. ::~: :: _:::-. · "' :· · ---~ 
since the negative velo:cities .~o.I~ f9. ~righ~:~ .~ :-~~ - ~ . ... >.. ....... · ;-.-• . -..: ., . _ · _ J 

Energy S~ Qemitt · F~tion j·, 'the ·energy ·· ~ . . : . 
spectral density function E(f) · is"'de~ed-u - --~· · - · :::~ .20 • 

t t ', I~ • • • g ~ 

+• - · - · -"!'~~=- ... -; ·:~ ... ~.,.. _ _ , tt .... ~l- ---..,.M • .... J E(J)df a (~i>i ·- - :·.= .. - -(I}-: . ..... . . . ·. :::..-::: ... . 
0 •·: ~ ... : .. ::~. -~~·=:..;~-::-; : ·~ 1.90:- =. i ::-~ ·r 

·a. jet region: 

x/W = 0.125, 

y/H ,.. 0.0521. 

100 120 

b. occupied region: 

x/W = 0.375, 
y/H = 0.6771. 

where (u')2 is the variance ~~~~·~e to~-~;~ ~·f ~' .. .... . ~- . ' . 
the ·,velocity fluctuation. E(f) reP~fii the di~~~~2\l,~f · :·;·:_ ~-~:~, . ., 
the kinetic energy of turbulence fluctuatiou over ~ffo~~ .. : ~ " _0 :-t ,;.,,:. :: .. ~~~~~~~~~~:::::3_ 
frequency cpmponents. The higher-frequency components ,z 13 1

.. 
1

' 

correspond to smaller eddies and ~e lower to larger ve I oc I t.y' fpm 
eddies. _ .. :;__ ~ ~.· . r~ : .::.:-. :~ ; ~ t mt:~~··~ ~f-_ : :: t t ~ 

. Velocities in the jet region contained higher levels of 
kinetic energy of turbulence compared to those in the 

/· , .. ,. ~r~ . ~ . ·'i! , 
FiguTf 11 Histograms of sampk velocity signals in test 

P3: Ud = 150 fpm, 4Trd = 0°F. 



occupied ~gions, especially for the low-4iffuser-velocity 
cases (Fipres 12 and 13). The distribution also ex~ded 
to higher frequeu.cies for the jet reiions. The large Vblocity 
padients in the jet re8ions were mainly responsible for 
generatiQn of turbulence according to the turbulence theory 
(Hinze 1975). High·velocity padients also gene~ more . 
small eddies, which corresponded to the high·frequency 

fluctuations. ''-''"' . ., 
It was also noted that thermal buoyancy due to heat 

production from the floor inc~ the turbulence energy 
in the occupied region, but had little effect on the turbulent. 
kinetic energy in the jet region. Therefore, the contribution 
of thermal buoyancy to the turbulence production within 
the room is limited in the occupied report, which is close 
to the heat sources (floor surfaces in this ·case). . ' 

~ . 

-· 
Mean Velocity 

Spatial distributions of mean velocity are shown~ for 
test P6 (Figure 14), where all velocities are made dimen
sionless b9:dividirig the local air velocity by thct4i~ 
velocity. The trajectory-otthe diffuser air jet can be traced 
by following the location at which the maximum velocity 
occulTed in each measurement column (x/W). A cotiiioon 
featu~ 1filr all the tests was that the incomiag:iiir jet bent: 
toward the ceiling aftei 'eoteiing the room. It then traveled 
ajong. fhe ceiling fclr a certain <Jistaoce before separating 
from die ceiling,.again. This agrees with the flow patteiwr 
discus.4d earlier. 

In the region where the jet attached to the ceiling, the 
measured velocity profiles were similar to a "wall jet'l 
type of flo~. Conventional wall jet theories (Schlichting 
1979) may ·be tested · with the present data to evaluate 
wbether they adequately describe this region or whether 
mOdifications are necessary for acceptably acclltitaii'red~ 
ti'ons. , ! ~ : .~!~iHn, ... 

J The velocity 'profiles close to'the .fl6or ·(y/ir:J:12::7S) 
did not show similarity with: tbe .~jet typB~f~!tiet 
were more or less uoifo~ ·With a liiiber difMsert'ur 
velocity (i.e., a higher Re~ !t&:aNtJ£' c&silludieiJ;;lf hitiifir 
remaining ·momentum from'ithe •(li~ alrdjet1~wo'Wd be 
available to the reverse flC?,~p. Due to the surface effect, a 
wall jet type of flow woula!J8o be,p~uced .. in the regions 

c~~ tG-= the fklor, as .~~~ ~Y'!~a?,~~i~). 
This"ii' an ia:dpOrtanFdift'mnce ~~ . .1~ 
v~latiolj ~ fl~ (he., ~high and ~"!-~ect) . . 

. The ayerige vetpc."iY in if6 ciailijjiiifregiMl~ 
o:-wtth the-R.aaaj~, bw e~~~verage 
;Lvel~ (U~_uw dec:ieased: (Tab!~~):_P.Us again .q.di~ 
;~ the .. ~c;e ofllii' au batroo on the Keyaelds 
·-o·r.-- The decrease. QLthe ~~ionleS8 . everage 
~~loeity (U/U go may be elllP.lainedJ~y _the in~ degiee 
of. turbUleiii"iiiiiiiigWTien"lllti"Reynotdnaumber inoreased. 
r& • ,'>l w~ ol> ~'Wiiitlbltrif6.;fous eXll rimcutaJ reSutts ~~!l, UJ, _g~ ·' . -..-;o :t'r."> . , /: ")"J'I J ' . pe 

, in a 1/l~th~-SOale -modeb(Zhagg .e! 8):~ 19:9Q):"""t&st'·~
,__,c'i:ns-<e:S.~ nwu-l9"81tr s~toWesct:'that ~-~:Rey

nolds number was larger than a threshold, the distribution 
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a. jet region: 

0.063 
0.031 0.125 

0.250 O.SQ9 
' 0.375 

y 

Figure u -bislribiiiion Of!Miiiiwl/Oaty·ruruct)forOtat 
P6: Uc~• 350/pm, 4Trcl = 29.6°F. · 

~- - . / .· " ~ . 
the average velocity in the ~JR)ied . .reaibn dec::~:with 
the ~reaso of ~ .W.cefnal ,~ btiat load and, h,euce, tho 
Archimedes 1 -'~·· When the _internal . heat Iouf: . 
increased, turbldCDt mixing due; to thermal. buoyancy 

. , •• 3-J. • f~-' - -
increased, ~lfu#f"in ' a , higher' velocity decay in the 
diffuser air~jet and thus a lower mean air. velocity in the 

. J . 
occupied zone. · · · 

.. - ' -• . ...-. :--:-r- --·:--~ -- ·-· • r• -·--- - ... f - .,_ .. , 

'• .. ... , 
Turbulence Intensity "'"_.,.. .. • ~ 

~ ' . ... . n:. ~- ,~- .. .... 

The tUrbulence intensity is defined as the ratio between 
the s~ devjation ~u?. q__f. 'te~~~ fl~Jf~O~ an~ the 
mean;vel~ln' (U).J! l'q)~~-'¥. ~~. ~-~ turbdl~ce at 
a local,,pqJD.t. . - _ _ ,_ .. ~ 

The distribution~~~- o'f tlle ~ence intensity 
within the test room were not as apparenl as in the mean 
velocity distribution (Figure IS). In general, relatively high 
values were distributed in the.r:intermittent .regi9._~-~ ~e 

· ed'ge of tlut'diffusot air-jet sMr:at ·the centtal ntsion -p{ q:..e 
recirculation eddy.:-"' lT1' ) - · r ' :t.. ·•• ':: . I .• 

: ~ 
· ·! 

, .. ,. 

·~~. ·!l·c,;.' •• .. T·:·· ''a'1L. e· 2 .... : ~--- ·· · : • ~~·: 

T ·· •. o-ence :,.Ave..;;·veloC'itv: .. ,· .. · 
In f.he ocicu~.ifl R~on~on the-R-..vniiki~ ~- -·· 

u,.tpm R•ct U, fpm UIU,f.i 'I!Mk-· 
' ..... . } . 

_,:', ~liO ~~ . 2468 -,;,' 16.'2; .,. ' - ~~Q8 P3 ... ._:,ij{']':j l1 ' =549 •: ':~{() -~- o.o1""i .;..3~0 P2 

·~ i ' J 

500 8192 35.7 0.070 1?1 .. 

9 

a. jet region: 

~• 
0.063 0.250 0.500 ,) 

0.031 0.125 0.375 

b. entire flow field: 
J.l' 

. :: ~t .. 
"T.l!J'flfiijilJ. .1 Distribution qfturbulena,.fntensity (100 u' fU) 
1 '~~"'' ,,.; 1 ~· for test P6: Uc1 ':i!j .JSOfpm, ATrd - 29.6°F. -, . . ;. ,, 
: The-avenge turbulence intensity in the occupied ~on 

increased wi.lh the increase of" diffuser air veJocTty, ' as 
expected (Table 4). It also inc~~th the' in~rnal heat 
load because the thermal bUoyancy caused the di~r jet 
tadrop into the occupied repoo and alsa' contributed to till; 
production of turbulence within the occupi~ regiJ'ri:, 
:--r. J ~.· 1 n 

T"rbulent Kinetic ~ergy 
• '!':: 

.1. ' •· ~ ' --~) • T"'ll-/' '. • . . . • /; 

::. , The kinetic elleiJY of turbulenee (k) is de1ined as :_o.s 
-u'~. It is a more appropriate term to represen.t the imP<>r
taM ~{ !bf' turbulence effect on the rqom air motion than 
turbulence intensity. The kinetic energy ·of turbulen~ '\n the 
.4iffuser \iet- regi.oa ~was substantially larger than in th'e 
fiWs:~.,,,ion (f.i'PJ! 16), especially in the isothermal 
~·- -$~ tho ~tude of~~ulent ldnetic energy in .a 
~ rW99t4e~ ~-.._~ence generated within the 
regj.~~~-~rted:·~m ups~, one ;_.,rr;'2_ infer 

•w',) ~:Je} ' •' 0: - '. ;. ' . . ·· . . . TABlE'3 v •. ,._,_ 
--1! ·, ··~ ·_,:·.o~~ pt ·Avwage Velocity -;v~ . _!, 

.. , In ~th;·o_~.t ~ • ·tittt1.-~Archlmed .. Nomb.-L 
li • • . 

At1,;''F •.: .-. AIIJ· ' '· U, fp ... . o~.• tUIU,.,--;- TN;t 

. .,.. reaL ,t -:-.. .. ::~r · • ~ •.. 1-.;_. : 
. '47 .11 0.01 ~5 33.5 . _0.098 •. r-5 

!l~. ~- :··.. . . ';.: .. .. 
. • - GUV' ··.:l: -~-~--- Z1~: 

:~"i?_ ... ::,: 11 i ru.d .. " ;~,.~ -.~; . ... 1 <i.m;~ l. ·: .;,i . 



a. jet region.: 
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.· ~.:o.o63 · 0.250 
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b. elllin flow field: 
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Rprw 16 Distribution ofturbuknr kinetic energy (k/0.9) 
Ui·J for tut· P6: Ud = 350 fpm, 'l1Trd .-f. 
29.6°F. ,. · a - · ·,l 

~· -that the turbulence within the room wu mainly generated • 
in tho diffuser jet region due to .. 'OCe strong interaction\ 
between the incoming air and tho room air and between .ms
jet and the ceiling surface. The generated turbulence was-· 
then ~.to the other parts of th&- room. In thcf 

.. J • •. 
transport pt&ess9 the velocity fluctdlltions were also-' 
damped tiy viscous effects, resultmg in lower turbulent 
kinetic enetgf'm the-occupfecf'iegion. This phenomenon
qrees wt1lftlle turbUlence theory (Hinze 1975), since large"' 
mean velocity gra4ients were present in the jet region but 
not in the occupied region. ·, 

The nondimeDsiooalized turbulent~ -energy of. the '· 
occupied region "'as larger in the. case· oh t1ijhel' diffuser : 

.· . . ~ 
'I 

TABLE 4 ·:·.:. - 1.! 
• ·. 

. .. ~ •. :D. Average Turbulence Intent!~ : 
~--- .-· r~~--·-".m~•-o_c_w.~~- •_. .. ~~-~-~-~. ~~--~~~r~~1 ~--~~ 

;. i..i.r _ 1 f.mj-7i/; f:, T .. t ~ 
T frl' tr<11. (It •. .. . . ,· . - " .oF . . •• . .. ~ \" ~ '"Ja. r 

u fp ~ ... :. ; "m : d 

150 2458 0 0 

356 .. ll1S489-- 29:j· ~: ~ 26.1 - P&-~h S 

·, 3~~ ''· . ;5~~~:·. 4·1.:9.~ ·. , p ~b'1~t: · 2~,9 ·' ·~ l}~, 

. 350 5489 87.3 0.0188 33.9 P4 

• The occUpied ntQion ~ defined •• the 8JIIIC• trvm the floor to • e
foot·hiah .. ,.. .net 1 foot trvm •IICh •IH w ... which COIIHpOIId• 
to 0.26 < y/H < 1.0 .net 0.6 < x/W < 0.94, ,..pectl"-lv. 

\0 

··-·.!:""·--
vel~ty (T~le S). If the ~r air VJlocity ~creases 
~. a sufficiently hiah·v~ity Jrldi~t ~r. bo_))resent 
between the sofia surfaces of tho opposite wall-and the 
floor and the adjacent flow, resultina in signi~'\tur
bulence • ..Rroduction and thereby increas~a the turbulent 
kilietic?-eneriY in the occup~-reJi01i-siP,ificaiitly. -How
ever, inost ~istic ventilattma, tkiws havj low velocities 
( < SO~m)-Over ~e twpr surf~ so ~such ·additipnal 
turltul•ce ~rodw;tion rs negb~e ooinpared to the 
turbul~.~ PJf'd~on in-the jet region. - -

'l'lie;avfmlie-turbutenticinetic:-energy of 'tho occupied 
region::m :nonisotheral t1<1';W waE 8ffp~ximaJely 115% 
larger.:.~ in the is5i&'irmiF.flowi .€fable Sf.: This Was. 
aaain partly due to tbC contribution of thermal buoyancy to 
the turbulence production, especially within the occupvied 
region itself, and partly due to the drop of the diffuser jet 
$~'.~upii«J\repmm~·7; :•,· . .,; \.· "o\~uii-<.~ .. ,,_ '"\r•~, ·~·;i 

.''l o ~:, ::;, '-" ~~T L ,:-.\ -~ ;, cs:~. :::- ... ·.~ "'. '"_.!j', ·;.J\ 

Mean Temperature 
·> ·~•1-tKI ni.:J,'1 jrt < .l.la<;~"r'lBi 1:YJa:>J;1 !Jbm.., <I ~r;'f . " : ·;.:tY.:\; . 

· ; ·,~1diS~..A~fM .f-4'~4?1' ~e noni¥>:
thermal tests conducte«A·O!~ ~1!:.~~ ~X,i~!i~ 
mean velocity distribution (Figure 17). In other· words, the 
temperature was low~kum~of.!Jeat)~w. ·At:jl~J~fjr; 
traveled, it was heated by the adjaC:ent warmer air through 
turbulent:mi;ljng 1104Jqlft~.wi~ffusipq.,. ·.: rr·• i'-· r•1'::' . . 

In the.~~<?n·~ ~~r;te~1}rere 
much mo~~.~-~-. , f.;~~ .. ~J~ ;#if~qH~on. 
'Jjtis is.,~ ~;the ~ .. ~;fi9M!~ 'd~ff~!ent 
boundary ooaditions from the v~l951~-,fi~l,J~Jlr.npel'l\l}lreS 
QQi~~~ ~ei11(4)Sy:~iJ;:jpd floor were higher 
than .(~llhe:Jtl®r~~) QJ:J~~ (on other ~rfaces, 
Wllf"iPI;:~"'~ns)~~·te~ of t4e air 
au~CqMl:~~~ ~d'<IMJ~;the air ~e¥,x:ities 9n ~ese 
~- wont~ !JI~oA9,&be(·ai~:viscq~ •. A~~'cw-ally, 
tM,)noleev ·~-~ion Wal!. ~-~~-.the ~~ular 
dJeiDOuW. diffusjp~jj,g.ce ·!M:~tl nllii?.\Jer of ~~ ~r is 

·or} ,, 

. 
lfi ' U; ·:c •'R•.t :n1%Jrx ·-<rCArifil: , · k/10.5 u~; Teet 
..1.fpm .. ·, . ::J ,;,m.: ~~F · . .';onr !>"....£.:) ;;J ~· .... - < o: 

~:_,\$0 •·. ·nn: ·~~lt ?".,; lf.I(O: :- ~~ ,. >;.~~ : .)j ,,. 

"-~~~ .. . ,.Q. .0 rtn.· · ,0,0~009 P3 

--~o 5489'~' ,·~;·o· ... " oa.:· . t' l0'\00042 .:. n: p2 
. ~{") 2!; , -;. ;o~: :>o ~~- 'li t: 1~·'· 

500 8192 0 0 0.00044 P1 

390 5489 > 29·.8 U~lfS'<'· 0.®0&2 :::P6 
~~ .. ;.. · .,.,}Lj <7 U!Li . ,7-:::-o:. o ;J . ·; ii01.:J ~ v UJ.:JI.~t 

3_R2-. loR~9 1\l~-. ln:0.0135 . ,O..Q~IiJ§ts;;_ I ,:. f,'5 .... 

350 5489 87.3 0.0188 0.00092 P4 . 
The occUpied ntQion I• defined e• the •p..:e from the floor to • 6-

foot·hiah .. vet .net 1 foot from e~~eh •id• w.U. which comi•Pond• 
to 0.25 < y/H < 1.0 and 0.56 < x/W < 0.94, ,.•pectively, 

• 

• 

• 
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a. jet rt!glon: 

0.250 0500 

...... 
" "" · 

'( ::~- . :~-:: :; -l'· JJ~:~ur- ::'-'r:::.. .,,.: .• .. -;.r.: 
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Figlll't 17 
qob :o;: · ~·J 'JL: ·: ~n~.q L!· ;;!!· : cL- ~ 

Distribution of tsn~[~i qt; :.Ta)i..b.'I' cJP! 
fortQt P6: Ud = 350/pm, 4Trd = 29.6°F. 

~; .,t.J!f""':" ·:{ ·· ·~ "' ~ .: ~ .. ~ , , 

about 0. 7. The _Prandtl number represents the ratio between 
the momen~ ana:Uietliiil!ditflat1,.i rateifi~"tomoi&i'ular 
motion (Kjys ·amtera~ord l~So)t:·e~ ·:~:tr :,:·: ::::. rr;.ot3• 

:.:: . ~ . . :., ·:·:.· .. : .. rJ ·· u .· · L~ ~u· -d n~:;; · ~1..1 ~~1~. ~ Jr ) : . 

s.uMNIARv A~«J:ieoNct\JsroNs :_, ; .. . · · 

1. Turbulence oflfbom ventiltilunlftdws is DiiWily gener;;: 
• · · ~· 1l))W1lfe '(Uffuief 'air11jet; '!Th ·. ~leo kinetic 
. J! ''~'tn '·tfie _o&upf~ aqiodk js sii{dficantf)' smaller 
,,. -. 'iod iSl~~ttibU~ ~ ~er fm:l~ 'taafe! than in 

. t.be diffiiser~btfqidll·:- . .-.,:., :r•o;: · r.oi.nr,·. ·- ~ r ·. · ·' 
2.-'!' -Normal · aistributioli'~'- : be 'Useci'lto •ap~ ~ 

velocity tluctuationiHD' th'e · ~ '"V&itiliitioo-flaw~ ru .rl 
3. Air distributiOn in :f1!!8iistic ~efmlil:)(ettt'iJatibfl:tlGWs· 
: ·. is depeode:Dfe-on the'·1Re~lds inw~Sor. ~m~~ 
'! ' ~lda n'iiid&er (Rett)Sd.eolasel 1bb-di~onfl* 

averase velbcltj!:!{ii/U J ' liHd··-~~ IJW· turlndeut 
k:int!t.ic~~ and·ttittiuleaee iflte.iiity iJi ·the ~~ 
region. 

4. The internal beat load may have significant effects on 
the . distrib ti :. . . tM diff'ttl!lrr . . 

1011~~: _ uvP~rf11~~~ ':""1> ·-.•.;(1~- .au Jet to 
fall more qwckly after,.,en~g the ~m. uis causes 

=a highef- ·--spatial , ~--. mea1",-velocity=in tbe 
. occupied region for ~·nooisot!)ennal 918e8 CO~ 
to the isothermal case under the same diffuser ail 

.:·-;,_J'ocity. ~-Qlerriiidl)ooy~y iJSO coiitii&Utes to&: 
. .turbulence production.' withiD. . .the . ..moli:::iu.Lthc::reb.y 

.· increases tbt' ~¥lent_ kinetic ~ergy;.Jillld ~ce 
jt"''' ' irileii:Suy in Oie OC¢upleG regiOn.----· . -
; . . .- . ~ C ."' ~. · ~ :lC 
I -- .. -· __ ......... __ ,. -.-··-· • . . . -· 

_; -The -de~ll'!'i me¥uR'~~ 9f di~tributioDB o,f air 
vef~ity;: fi:iiS'iirent lcine(IC 'efieigy;' Uiitl'U:rbuJeli~ 'lliteo.sity 

~ ai~df.mJ~~1og_n~.OC41~umJmP.~~. 
! .;. ,. ~!")(. ;:·, : : t;' "('_ ~ . :; . . 
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NOMENCLATURE 

ach = air changes per hour 

E(j) 

I -· 

- Archimedes number, 4~fined as (JgwJ1j -
TJ!Ul -

= spectral density function of velocity tluctua-
tioDB, fpm2 (mls)2 · 

• frequency, Hz 
=- pvitatiooal acceleration rate, fpml (mls)2 

:.=- room ;height, ft (m) 
= turbutent kinetic energy, fpm2 (mls)2 
= length of the room (in Z direction), ft (m) 
- length of the diffuser slot (in Z direction), ft 

(m) 
{l( ') \::J..

1 
- ventilation rate, rt3/min (m3/s) 

Re: _,n.= ,. Reynolds number, defined as Udwi" 
1j = maximum temperature in room (e.g., on the 

heated surface), °F ( 0 C) 
= diffuser air temperature, °F (0 C) 
""' air te~ture at the exhaust, °F (°C)'' 
= T~ - Td,' ~op (oC) · - ~ . 

47flt ~: • :;:' 1j - Td, op (oC) . 
U:,r: •. · · "1j siag9ard deviatio~ of velocity z.::fiwl (mls) 
lfd = refemwe velocity,, _diffuser vetocity at the 

measure~t plane (z ·-=,. 0), fp_m (~s) , 

lf. . 
w-11_ . 

= width of the test room (~X directiojl), ft ~m) 
= width of the diffuser slot £in .Yjli,re:Jjoo), . ft 

(m) 1 ::-: ti~. · 
w, = slot width of the exhaust, ti (m) . _,_ 
x,y~z·;· ·:;_=. Eqlf1.ian c.utesian coordioa~, ft (m) 
Y;r~<:;;f ·;c """ , .Qjstaoce from the ceiling to the diffuser upper . 

edge, ft (m) · 
= distance from the ceiling to the upper edge of 

the exhaust, ft (m) 
a = the'tfiui.l diffusion coefficient, rtl/mio (m2fs) 

(J t;:: '"'"""~=~~~pysio!l.~eoefficient, lflL(!LJ.b. ". 
" · •-- - ·~ = ~matic vi~ity, ftllmin (m2

/s) . . 
= c4msity.ofdiffuser air, lbmlfil (kg/~~ ,, ... p 

;;=·· -·=~,.':;;' " :·:-.·.:--=·:~ · -- _, -=;:..,"$. 
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