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ABSTRACT

Experimenis were conducted in a full-scale test room
(18 by 24 by 82 [5.5 by 7.3 by 2.4 m]) for both isothermal
and nonisothermal conditions. Based on the experimental
data, this paper discusses (1) the statistical features of air
welocity fluctuations including probability density functions
and energy spectra; (2) the observed airflow patterns; and
(3) the spatial distributions of mean velocity, turbulence
intensity, kinetic energy of turbulence, and mean tempera-
ture. Special attention is paid to the effects of the diffuser
air velocities and internal heat loads on the flow charac-
teristics and to the differences between the diffuser jet
region and the occupied region. The detailed experimental
data are also useful for evaluating and improving numer-
ical simulation models of room air motion.

INTRODUCTION

Understanding room air distribution is essential to the
design of ventilation systems and control of room thermal
and 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 contaminants from sources and determines
how the heat 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 contaminants and moisture, thus reducing
building energy consumption. Study of room air distribu-
tion is important to many applications, including commer-
cial and residential rooms, clean room manufacturing,
electronic and computer rooms, biomedical research,
hospital disease control, and greenhouse and animal
agricuiture (Christianson 1989). _ _

Room air distribution is a complicated process. Resear-
chers bave developed a limited understanding through
experimental measurements and numerical modeling.
Research efforts have concentrated on high ventilation rate
conditions (fully turbulent flow), isothermal conditions (no
internal heat loads), limited, if any, internal obstructions
(no furniture and equipment), and simple room geometries

to simplify the problem. Realistic room ventilation flow
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usually has multiflow features, including high and low
turbulence, which increase the complexity of both physical
and mathematical modeling. Physical modeling is also
complicated by the difficulty of air velocity measurements
since low air velocities (< 50 fpm [0.25 m/s]) are in-
volved.

Methods commonly used for investigating room air
distribution are full-scale measurements, similitude model
study, and numerical simulations. Measurements in full-
scale rooms are essential to the understanding of room flow
behavior, and the evaluations of indirect techniques such as
similitude studies and numerical models, and are currently
the only assured method of evaluating room airflow.
However, it is generally expensive and inconvenient to
conduct full-scale 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 in a reduced-
scale-model room and extrapolations of the results 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 modeling 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 regional characteristics of the room
airflow, including its turbulent behavior, is necessary to the
development of the scaling theory.

Numerical simulation involves mathematically model-
ing the room airflow and 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
knowledge of room airflow characteristics, especially the
turbulent flow features.

The objectives of this research were to improve the
understanding of the mean and turbulemt behavior of
realistic room ventilation flows and provide experimental
data for evaluating and improving numerical simulation
models of room air motion,
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LITERATURE REVIEW

The following review is not meant to be exhaustive but
to give a clear picture of the current status of full-scale
studies of room veatilation flows.

Studies Conducted in the U.S. ol
Straub and Chen (1957) conducted more than 300,
heating and cooling tests with a number of different,
diffusers, diffuser locations, airflow rates, return, locano%
and room: heat loads. These data are valuable and have
resulted in-empirical equations for pmdxctmg the trajectory..
and centerline velocities of diffuser air jets thaf %gnll
widely used (ASHRAE 1989). .5 o

(1972) summarized information gained mainly by Russian
researchers, which focused on industrial veatilation.

More recently, Melikov et al. (1988) and Sandberg
(1989) measured air velocities and turbulence characteris-
tics in full-scale rooms. These data, which focused on the
occupied regions, are valuable for understanding room flow
hdmr&oq, _especially its fu:];ulance feature, & )
Tq,, gvaluate sewgnﬂ pumerical simulation codes,
researchers, in. Annex 20! “of the fnternational Energy
Agency- hgve mqnsumd velocities, temperatures, 2
turbulence: .veloqxjyjpcp}esz in full-scale rooms. Measure:"
ments were. conducted in several different labory.o n':f‘i:u-
the same pre-specified room djmgnm
figurations, heat load, and diffuser type Og
from dlﬁ'epapt laboratories gquenlly a e Wi “Pha- E‘-,

Nevins and Miller (1972) studied room air movommt bus some varied by +£40% and ;1:65& for. quange ve gﬁ
extensively. They defined the air diffusion performange, and turbulence, velocity: scale, respectiyely, ip the opc;p

index (ADPI) to relate room air,distribution to, hyman
comfort. They showed that ADPI could be related tg.room
air diffuser characteristics, room size, and cooling load, ..

Hart and Int-Hout (1980) tested a perimeter linear air
diffuser in a full-scale model office building and concluded
that linear air diffusers can satisfy office building comfort
needs without the need for a heat source on exterior
window walls to prevént downward drafts from moving
from the window to the occupied zone.

Fitzner (1981) conducted full-scale model e:xpm'mu _

for an air-conditioned room. Fitzner showed that the
airflow inside the room was mainly influenced by the form

zone, [Whittle -and phqcyh,lfﬁl The yariations “'*f)?,
sttributed to .the difficulties. in ;chlevmg 1dent1cﬁ dest,
copgitions (e.g., thermal, symmetry, plr‘m mge
ture, steady ﬂg;l, and diffuser velocltﬁmﬁleq i

British agricultural engineers conducted a series 01'"
full-scale studies (Carpenter et al. 1972; Randall 1975;
Randall and Battams 1979; Boon 1978). A corrected
" Archimedes numbor whii:h included the effect of diffuser
-gnd room and -discharge coefficient, was
defined to characterize the jet trdjectory and room airflow
patterns. Critical value¢ of the corrected Archimedes

'/ number were established.to help the design of room air

and location of the air diffuser, the air exchange rate, the | distribution.

cooling rate (which affects-the thermal buoyancy effect),
and the direction of introduced airflow with respect to

gravity. The influence of air returns usually could be |

neglected. He also compared three types of diffusers ia™™
lermsofguconcenmnonvamshmghnnddzmﬁom
a gas source.

Camdnnmmhm(ﬂarberual 1982) proposed a
jet momentum number tq measure the energy contained in
the diffuser jet relative to the room air volume. It was

" concluded that the jet momexntum nuimber should be higher

than a minimum value to ensure sufficient mixing of the
zoiincoming air-with the roomyairsbefore the incoming air

Timmons (1984) used smoke to observe the ﬂﬂw" ‘feschies the occupiéd oné: 10%/43 also found that there was

pmemmnpmtotypebuuldmgmthcrom-secnoml dimen-
sions of 25.3 by 6.7 ft (7.72 by 2.05 m). 'I'heﬂuldmotlon
near the room exhaust approximated potential flow, whil
most of the room airflow was highly turbulent when tlié
diffuser Reynolds number (U,w,/v) was smaller than
18,000. Airflow near the diffuser was not characterized in

detail.

Zhang et al. (1992) conducted full-scale  measurements

" & high correlation (R > 0.85) between the floor velocity

and the jet momentum number (Ogilvie and Barber 1988).

W wa, Jrese Bl jtish and Canadian studies suggest that air

veloc:tyuacormnlevdormaoertun region of a room
may be predicted based on one or two diffuser airflow
indices such as the corrected Archimedes number or the jet
momentum number.

for evaluating numerical..motéls ‘of room. air_mstion. Expmmelﬂ'm_ Fgcii,];rv A&Q‘_PROCEDURE

Messurements included detailed spatial distributions of air
velocity, turbulent kineticenergy, turbulence intensity, and

temperature. Profiles of mean velocity and turbulent kinetic
energy were also measured at the diffuser; these are useful
for specifying boundary condltlons in compatible numerical
simulations.

YW no

Studies Conducted Outside. tho u.s.

Researchers in other” partr‘of thw*wm‘id* hzve
measured airflow patterns in -full~seate-rooms—Baturin-:

SECUTRRI O U S N ER o) S REE fe Q‘

To mveaugm the various asgec!s of room air distribu-
tion, a room ventilation simuldtof was developed with
several unique features—an outer room with an HVAC

i (heating, vedulaung. a.nd aig-conditioning) system to

* lAnnex 20 is' an international cooperative research group

. including room air motion and building environment studies

g i oo et aT =

experts from 12 European and North American countries.

-glse--- 2The..turbulence_velocity. .scale. was_defined as the standard

-.deviation of velocit _y_{!uctulnom by the Annex 20 researchers.
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Results presented in this paper are from a full-scale
experimental setup shown in Figure 1. The test room has
a continuous slot diffuser and a continuous slot exhaust.

dimonnous and mﬂﬁmll‘lhom,,m M HVAC Measurements indicated that the flow inside the room was
sysiem “for the inner test room’ tb“ different sir  prictically’ two-dimensional except very close to the two
sugphes. an ‘air delivery system capabl'¢ ‘pm&ni”in” end walls (Zhang 1991). The internal héat.load was

sirflow tate 6f 3'i3 52 air chmgedpu hour (ach); a
unifort flobr ‘heating system of 48 _controllable panels @
simulate” ifitefnal heéat. loads; & ed dita
"’q“ﬁ‘mﬂ and| Pmbo-poduonmgsymm to allow autnitic
miéasuretnents “P'b{_belf'pomnomdhﬂﬁbm and a flow
visualization dfmem to"*record ¢ i’ooni ditflow patterns.
Additionally," computet softwiie Was devéloped for'data’
analjisés. Détails‘can b& ‘Thind in Wi et al. (1990) asid
thg(wdn e 2

simulated with the heating panels uniformly distnbul.ed on
the ‘ficor surface. - 8

Velocities and temperatures were measured at 205
locations (Figure 2) at the central section of the roomwith
a ‘hot-wire anemometer and a thermocouple, respectivelyxs
Add_mﬁ’ually, smoke “genetated by titanium tetrachloride
was tisBd to visualize the room alrflow patterns. Test
'condlﬁ"omm listed in Table 1.

o
N T o TR i g A o .', + ;'3-- !
R Lo ; ; ; 5 : :
AR --5- - % ~:.-- ':L:; N ek a'.;;;xw ; g i
- Lt PR 2
& oy T 2 1o S £ iy A
o s ]’z‘ﬁa e mi\ T Y: 5'\-1’-? %
LT [RER TR ¢ !
! \
Lt oA 210 T AT - S e
gtod cm‘,- &7 e Besrios il = - ¥; T
io ] | 5 & e 1
3.0 s
wen T s Ay a0 s el s T b 3 A a
] B | YRR £y _ G i L 3
0 RSV "" ra AL e I Y 4 s
..-,jr?ﬁ?_?ﬂ???k;;14{114!{(1(;1111!:/nl!rﬂn TITTTTT I TTT T IV T T I TP T T 7T T 77777777 g ¥
5t ek e G E TR T ‘+r‘
neot . 432 ' Contingous slot leﬁusrr 1& LContlnuous slot exhaust 7 PerFornted plate
1 B o - 2 Pnobe; traverse. urgt e 5 Exhaust plenum: - +8_.Flexible connector
3 , 3 Test. room L 9 Flmr ,settling screens .9 angplf‘u(gal Fan
p i SO U nmg e e o 3 ' ‘l" (€0 Y
- $HLY
z Hgnn 1 Expenméi’mf gefﬂp for rhe ﬁdI—.rcaIe room (k dgreaﬂotlf is m:o the page).
i H
Lo 1. s ! 5 R dlan: . 3 4
¢ v e s +f - A i i
n

¥ : Ea""le%émad 8 m
[] E 3
v { "j ;J f ? s Hs
o ";?é?? F L et e Lags
T 151 s Jis £ L5t
2 i Yol s
I - Vs ki .
saoane rwmat 7Sk | |n
o s h st Ak a
7 1 R -r’" | v ey =Eoeitidg;
y/H,
Figure 2 Probe locasions Jor velocity and temperature measurements (z direction is into the page)




— TABLEX: .. ;‘:;.: s kg

Test cmmv-._ BRLCIE ST
A br” E" .--:- L
e
| P b 3
[ e 3so 1 | =75 - 76 —4- o | ‘s736: 0 19.5
“ P3 150 % | % HTw=T oT] a8 0 8.6
[ s 350 75.4 903 | 1427 | e7a | s738 0.0188 19.5
PS5 350 73.9 RED oo _.,51'21‘.{1., " 479 | _s738 ‘| oo13s 19.5
P8 350 73.6 80.0 103.5 29.6 5735 0.0085 19.5
“wy = 2 inches for all the tosts; T ATy 5 swig

RESULTS AND DISCUSSICN e

Flow Patterns m— e

The common ﬂowbebamoramongthesntestum

- Ji..was expected because the-

_yancywntapu!r‘theilffﬁ.lpuurtowudthaﬂoor This
—incoming air had a lower

tempo:nmmlhantherodmm,'masepumonpomtofthe

('F:gmuSthmugh&)mthuthemcomgmmhdm—“dlffum‘mﬁmwmmﬂbﬂm between the

the ceiling after entering the room because of the Coanda
effect. The air then traveled along the ceiling for g certain
distance (called the attachment length) until. it sapanzed
from the ceiling or reached the opposite wall. Air below "

' effect, The Coandaéffect: Whi

Coanda effect (or inertial effect) and the thermal buoyancy
ch represents the inertial
effect; .is dependent on the air velocities within the jet. As
" the air velocities within the jet decay along the trajectory

the jet was entrained by the jet so that a reverse flow was—~ oFtho;e!—t-heCmda—effoct'hacomee smaller and smaller.

formed below the jet. However, there were substantial . .
differences among the six tests, which resulted from -
different diffuser air velocities and thermal buoyancy .
effects caused by the internal heat loads.

Effect of Diffuser Air Velocity At the highest

diffuser air velocity (Figure 3), there was-a trong primafy .=

recirculation eddy in the upper right comer and a secon-
dary recirculation eddy in the lower left comer.
The flow pattern in the medium diffuser air velocity

~-The jet wm.tld sm'; to sgpan.[e"me the ceiling surface
" when,the. Coanda effect is equal to the thermal buoyancy
effect. - The -Archmede& number represents the ratio
between the thermal buoyancy and inertial effects and is
therefore naturally used to characterize the room airflow
patternsosiing o - gt

It was also observed that flow in the nonisothermal
cases had stronger random behavior than in the isothermal
cases. For the nonisothermal cases, flow observed at the

test (Figure 4) was very:similac-to.that from the highest __same_location but at different times had more directional
diffuser air velocity case, but the secondary eddy at”the "“viﬂﬁom iF’ igure ‘Hfs.-&gm 4)

— g v

lower left corner was not clearly observed in- themadiw R T S . :
velocity case. This may be explained by" tﬁn_"redﬁcad‘“ m&w ﬂ;mmw

inertial effect due to the decrease..ih the:-diffuser-dir

g

=

bl oo Sl

velocity. The momentum in the reverse—flow was not A Murﬁuw-mﬂolm turbulence. The movement of

enoughtogenemtethesu’ongmudaryed@m-&hﬂom—hﬂmdi

left corner. e

ny *bulaptﬂquﬁeldhua strong random
feature, Staus..cal ana. -ig of the air velocity signals within

At the lowest diffuser velocity (F;gumS)_ the Teverse ThS room is & wstsp toward understanding the
flow below the diffuser jet occupied only a small upper -~ ~floW bilnwor

portion of the flow field. This
amount of momentum in the diffuser air j Jet, which resulted ™

inmuchlesacntminedair.Thmappuredtoboi’lﬁ?ﬂ‘ ;

weak recirculation flow in the lower portion of the flow
field due to molecular v:scomty, bul the ﬂow tham w
essentially stagnant,

Effect of Thermal Bmyanr.y For a lower mtanml
heat load, the diffuser air jet attached to the ceiling for a
longer distance before it separated from the ceiling (Fig-

Lo

"mﬂﬁsr--;

Fuﬂn'w of the Viocity —As.shown in Figures 9 and
.-10, the Velocity signals had strong random features. The air
velocities in the-jet regions contained more high-frequency
fluctuations and were more turbulent compared to those in
the occupied regions. A higher.diffuser air velocity resulted
Vin thore>turbulesi flow im éhéoccupied regions. For the
same diffuser air velocity, the thermal buoyancy effect d;
o the heat generated from the floor also contributed to
generation of turbulence in the occupied region-
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Valocily, i /min

12

¥ %ok <% B g
&npmqﬂmu H
i =
—*gda_--aen —— ocaupled region
: O = LTL o ST

Sampk w!oa!y signals in test P1: Uy = SOb
Jom, ATgy = O°F (jet region: x/'W = 0.125,

Figure 9

y/H = 0.0521; occupied region: x/W =

0.375, y/H = 0.8771). — _:-_—-.._.l..

Probability Density meﬁ‘en, Pmbnhllwy deusuy
ﬁmchonszreshownfortestPB(Flg'lm 11). The random
fluctuation of air veloc:ty at 2" fixed point- followed the "
normal distribution in general for both isothermal and
nonisothermal flows, aithough the latter were n to
follow the normal distribution more closely.- 'ﬁurefon one -
can use measured mean velocity and standard deviation- t0
determine the velocity range at tﬁe""m‘ium‘ﬁﬂ"pbtﬁt-fnf i e
given confidence level. This agreed with the field mea-
surement results of Thorshauge ¢1982).. Such information ; -

is useful for assessing the thermal comfort: in ventilated - i

buildings because one needs to know the percentage of time
when air velocities in the occupied regions satlsfy the gwen
criterion.

The histograms ofveloc:ly D (Flgure ll)ne" :

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

reverse flow. In other words;-the negative-velocities (i.e.,-....

air velocities in the negative direction)~<are Senséd “as
poslnvo values by the hot-wlre meniémeter 'As a.nasult a

-----

since the negative velocities arg_folded to tha.nght. e

Energy Spectral Density - Furiction |, The mgy
spectral density function, E(f), nfﬁeﬁned as

+oa

- -.-........-__-.,,_

f E(f)df = (u’)’

where (u')? is the variance represenung t.he total energy of
the velocity fluctuation. E(f) represents the dmnpuuon‘bf
the kinetic energy of turbulence fluctuations over ,d;ﬂ'nm:t
frequency components. The higher-frequency components
correspondtosmllereddlesandtholowertohrgw
eddies. iat NG YT
_Velocities in the jet region contained lngher levels of
kinetic energy of turbulence compared to those in the

*

wy APT mbmany)

TR S g 8 8 0 92 4% 48
= L I <. Samping time, 3
— ot region — occupied region

" Figure' 10 > Sample velocity Signals in test P3: Uy = 150
Jom, ATgy = O°F (jet region: x/'W = 0.125,
yH = 0.0521; occupied region: x/W =

~0:375;y/H = 0.6771).
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occupied regions, especially for the low-dxffuse:-veloc:ty
cases (Figures 12 and 13). The distribution also extended
to higher frequencies for the jet regions. The large velocity
gradients in the jet regions were mainly responsible for
generation of turbulence according to the turbulence theory
(Hinze 1975). High-velocity gradients also generated more
small eddies, which corresponded to the high-frequency
fluctuations. oly .

It was also noted that thermal buoyancy du.atohm
production from the floor increased 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 regiosn, whchuclooe
hotheheatsou:ces(ﬂoorm:fwesmlhume) :

Mean Velocity 2 "E_ i A

* v

Spatial distributions of mean velocity are shown- for
test P6 (Figure 14), where all velocities are made dimen-
sionless by 'dividing the local air velocity by the:diffuser-air
velocity. The trajectory of the diffuser air jet can be traced
by following the location at which the maximum velocity
occurmd in each measurement column (x/W). A common

feature Tor ail the tests was that the incoming dir jet bent:

toward the ceiling nﬁefLentermg the room. It then traveled
along, the ceiling for a certain distance before separating
from the ceiling again. This agrees with the flow pattems
discussed earlier. ;
In the region where the jet attached to the ceiling, the
measured velocity profiles were similar to a “‘wall jet’?
type of flow. Conveational wall jet theories (Schlichting
1979) may be tested with the present data to evaluate
whether they adequately describe this region or whether
modifications are necessary for wceptably accutite predic-
ﬂOII.B LML .,
,  The velocity profiles close to ‘the floor (y/H *32:.75)
did not show similarity with! the wall jet typ&‘bfmm
were more or less uniform. With a Higher diffises sir
velocity (i.e., a higher Re,) than thi casé Studied; « higher
remaining momentum from the diffusér airdjet'would be
available to the reverse flow. Due to the surface effect, a
wnlljettypeofﬂowwouldnlsobeptodmd in the regions
close ta the floor, as reported by Jin and Og:l :or('1990)
This™ 5 an infportant=difference be‘wan.:ﬁéi
verfilation rate flows (i.e., between high and low Red)
The aVerage vél‘oc"t'y in the octupied regivn-increased
-with the-Re, xpmlad but _the_dimensionless s average
. velocity (U/Up) decreased: (Table-2). This again u;ldlcat?s
 the ‘dependence of the “air distribution on the Reymolds
-number--The decrease of _the _dimensionless average
velocity (U/W;» may be explained by the increased degree
of nm_ent mixing When the ‘Reynoids-number increased.
This is, in.agregiment Wit th¥ prpgt?us experimental results
_in a 1/12thvsoale- model. (Zhang et af. 1990), Othiéf fesear-
“chers (e.g.; TiramaoHA-1984)" showedthat <when. the-Rey-
nolds number was larger than a threshold, the distribution

3
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of meiit' nrwlbc:ty-mthma vcntllal.ed room became
independént of the Reynolds numbes,, and-the threshold
value increased with the room scale, Howevur most
realistic room veatilation ﬂm have Reynolds numbers
wullbolow‘luthmdmld,lr‘!nthopmentsmdy There-
fore,, the . of room airfloWs o the Reynolds
number has-to be considered in-the.stiidg of tullmcmm
‘ventilation flows. : ...

‘ [ficréaging &aﬁuﬁﬂ-‘-&uoylmy -effect dwmd.—.&m
dlshﬁeethonr r jet traveléd-dlong the ceiling and also

the jet expand. faster. Wheulhelqt—f'éﬂ' |tWa
 tegion'with refatively high ltr-veloemu-umo the

..oecupied region. Aet
« . Theaverage velocity Rtbsoscggg o regwn W‘ﬁiﬁw
inthe nonisothermal case.than in
sthe diffiiser_gir’ dueetl rto tho oecupled :eg:on
(Table 3). HM% m?ei'_:om‘ﬁthermi]"‘ﬂt cases,
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P6: I;d"- 350 fpm, ATy = 29.6°F. -

thcnvmgevelomtymtheogcupmdmgmndecmsedmﬂ:
the increase of in ‘heat load and, hence, the
Archimedes pu When the internal heat load
increased, turbllent :yxmg due to thermal. bmymcy’
increased, mmltma in a higher velocity decay in the
dsfﬁmernrjetmdthuaalawumnmvelomtymlhe
occup:edmne

Turbulence Intenslty

Thenubulaucemmtyls deﬁnedas the ratio between
the standard deviation (4') of yelocity fluctuations and the
mean velocity (U).. It mpreamm dm &gzeq ot‘uubtﬂ&':‘coal
a local point.

The dlsmbuuon.-panems of :he mrbulm intensity
mthmlhetestroomwcmnotuappamtnsmthemn
velocity distribution (Flgure 15). In general, relatively high
values wére distributed in the'intermittent region..at the
edge of thé diffuser airjet and at the central regxonp{t]w

recu'culauon eddy: " @ = -ps b
Weyhria e o i
i TABI.EZ
Dopondma of Avum Valochv

ied Reg on" on the Rlvndl&l Htﬁ'nbu

o . in the Ocmpid‘llm hﬁ ﬂu “Archimedes Nnmhar. _

w2y o for test P6: Uy =, 350_@::: ATy = 29.6°F.
"

Thoavmgo turbulence intensity in the occupied I'?_FlD!l
mmudw:lhthomcmofdnffummveloc"’iy as
expected (Table 4). It also increased with the internal heat
load because the thermal buoyancy caused the diffuser jet
to-drop into the occupied region and also contributed to thé
production of turbulence within the occupied region.

5o J = n
Turbulont Kinetic Energy o ¢
L Ry

% 'I‘helunoncemtgyofturbulenu(k) 1sdeTinedasOS

u'?, It is a more appropriate term to represent the impor-
tanige of the turbulence effect on the room air motion than
turbulence intensity. The kinetic energy of turbulenée in the
diffuser \jet region was substantially larger than in the
acupied;region (Figure 16), especially in the isothermal
tests, Since the mgmmdoofturbulenthneucencrgy ina
quglgn‘dependaoprtbphubulm generated within the
region.and that trapsported from upstream, one may infer
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thatthemrblﬂmcemthmthcmomwgsmnlygenmted
in the diffuser jet region due to ‘fie strong interaction'
betwaenthemcommgurandtheroomurandbetweeuth;
jet and the ceiling surface. The generated turbulénce was-
then transported to the other parts of the' roomi. In the"
transport pfdcess, the velocity fluctiations were also-
damped by viscous effects, resultifig in lower turbulent
kinetic entgy" in the-occupied region. This phenomenon
agrees with the turbulence theory (Hinze 1975), since largé”
mean velocity gradients were present in the jet regmn hut
not in the occupied region.
The nondimensionalized turbulent hﬂaﬁc energy of. the
occupied region Was larger in the.case of-a higher diffuser’,

TABLES  »o - i

- Average Turbulence lmq;m
In the Occupied Re s :

1 P

velohty (Tabla 5). If the diﬂ'mer air veloclty increases
further, a sufficiently hlgh-veloclty gradient may bejmaam
betweeutheso[idmfaceaoftheopposntowall“mdthe
floor and the adjacent flow, resulting in significamt-tur-
bulence mproductmn and thereby increasing the turbulent
kinetic-energy in the oecup%-mgio& algm-ﬁcaﬂﬂy- How-
ever, most realistic ventilation flows have low velocities
(< 50:fpm)-over the floor surface so that such additional
turbulénce production is negligible compared to the
turbulence production in the jet region. — ~—
Iﬁhavoﬁge turbulent kinetic-energy of ‘the occupied

again pa.rﬁy due to the mmbuﬂon of thermal buoyancy to
the turbulence production, especially within the occupied
region itself, and partly due to the drop of the diffuser jet
ingo the: oecupli‘d\regmsr RIS (R TN T PO L PR AL
TR L 2 LT B W RN ) -.\BL
Mean Temperature
sartwed npiey o ;‘.]33:';5‘!“;31‘ youmue Bhan 567 7 0 uodi
i« The,distribution. of mean, Qr the noniso-
thermal tests conducted;ovas mainly. determingd by, the.
mean velocity distribution (Figure 17). In other words, the

teruperature was lower|upstream of theaflow. -As the-aip
traveled, it was heated by the adjaceat warmer air through
mlm‘m}ﬂg mﬂmmmm Laje 1 i :

In the. omed.mon, the room air; tegpmupxgg,were
much morg, unifarm !Elm :, mean_velogity distrjbution.
This is.mainly bocuusg.the temperature. figld had different
boundary conditions from the veloc:gg field, ._Z‘jmperag.lm
o the; surfaces of theiwalls, ceiling,-and floor were higher
than (onthe,flogrosurface) or:equaloto (on other surfaces,
assuming .adigbatig conditions).the temperature of the air
ajtached 40: the susfaces, wbile.the air velocities on these
sugfaces wore, zer0 dug 10 dbe; air: viscagity. Additigpally,
the:molecular heat.diffusion was fastegthan. the malecular
temeotum diffusionsince the Prandtl number of the air is

- Bl fir: l As! e

E s6rage fetic Endigy mebdeS
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. 350 5489 87.3 | 0.0186 33.9 P4 350 5489 67.3 | 0.0186 0.00092 P4

“The accupied region is defined as the space from the floor to @ &-
foot-high level and 1 foot from each side wall, which comesponds
t0 0.26 < y/H < 1.0 and 0.6 < /W < 0.94, respectively.

'Thn occupied region is defined as the space from the floor to a 6-
foot-high level and 1 foot from each side wall, which comresponds
to 0.256 < y/H < 1.0 and 0.568 < x/W < 0.94, respectivaly.
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about 0.7. The Prandtl number represents the ratio between
the momanmmaﬂthefﬁﬁldlfﬁm‘bnuhddﬁétomoleeular

miotion (Kifs aid Erawford 1980 2w 2 = mad
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1L Turbulence of'fbom vennhﬂddfﬁowa is mﬂly gener-

ated’ By’ the "diffusér’ ‘air'jet.” The turbulent’ kinetic

e ‘mﬁ;’r‘h thie occupied regiods is .ﬁ@ﬁhﬁ&m}y smaller

" 'dnd ls‘dmtﬁbhlei‘mkmer ftﬁquenc&' ﬂﬁﬁ'thnn in
the diffisert region.: 7 TS LD

2.7 Normal distribution &ait be ‘uséd’'to éppmﬂi‘mm the
velocity fluctuations-in’ thé rooi ventilation flow. n.d

3. Air distribution in reéalisti¢ iSothermal ventilation flows.

~ i dependent‘on the’Reyriolds number. Ificreasing the
'« Réynolds niiiiber (Ré,)“decredses the dimensionless
l\"&lge velocity (@/U,) and"ificresses the- turbulent
kinétic enefy and tivbuleace intessity in the cecupied
region.

4. The internal heat load may have significant effects on
the ropm air. dmmbuq%‘mg the dl@m air jet to
fall more quickly after the room. causes

=a higher -spatial - wmf— n -velocity =in the
occupied region fordwmmsothamdcasesoompuud
,to‘thamothmmnlusetmde[themg_ﬁimrm
* “Velocity. The therraal buoyaricy also contributés to the
turbulence production within the rmmmmu'ehy
- increases thpmbulmthneucmgynndmrbnlm
"™ in@nsiy in the Ooeupied régiow, " -
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The demlad mes{m.upmcms of dxpmbuuons of air
velocity, firbulent kingtic ¢ ; ‘dnd tfurbulence ihlaunty
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NOMENCLATURE

ach = gir changes per hour
Amh:medes number, deﬁned as fgw (T, —
Td)lUd
spectral density function of velocity ﬂuctm—
tions, fpm? (m/s)?
frequeacy, Hz
gravitational acceleration rate, fpm? (m/s)®
room height, ft (m)
turbulent kinetic energy, fpm? (m/s)?
length of the room (in Z direction), ft (m)
length of the diffuser slot (in Z direction), ft
(m)
ventilation rate, ft°/min (m>/s)

. Reynolds number, defined as Uw /v
maximum temperature in room (e.g., on the
heated surface), °F (°C)
diffuser air temperature, °F (°C)
air temperature at the exhaust, °F (°C)

= T,-1T, °F(°C)

w.® T =Ty °F(°O)

w,. =, standard deviation of velocity, jpxn (m/s)

reference velocxty, diffuser velocity at the

i measurement plane (z-= 0), fpm (m[s)

= 7 E
e v
O I T B

A 0 KW

W = width of the test room (m_,X dtrecnop), ft gm)

Wy = width of the diffuser slot (in le_llrﬁtlon}, f
gits (m) L D, B

w, = slot width of the exhaust, ft (m) .t,.l, )
x,5,2- = Eulerian Cartesian coordinates, ft (m)

Vg% o= distance from the ceiling to the diffuser upper.

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

the exhaust, ft (m)
= thefinal diffusion coefficient, ft2/min (m?/s)

o

B nesthermdl ¥xpapsion coefficient, lfR R (LK)
v: _.-= kinematic viscosity, ft2/min (m fs}

P = dmmty of dsﬁ‘user a:r. lbu:u'ﬁ’ (kgfm”)
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