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ISOTHERMAL AIRFLOW CHARACTERISTICS
IN A VENTILATED ROOM WITH
A SLOT INLET OPENING

Y. Jin, Ph.D.

ABSTRACT

The efffect of inlet configuration on room air movement
was investigated in a full-scale model in a comprehensive
experiment. Room flow patterns were identified by zones
and boundaries on an airflow rate plan. Velocities in the
occupied zone were correlated well with the inlet param-
eters as long as airflow stayed in the full rotary flow zone
or the plan. Regression equations, obtained through
dimensional analysis and from the measurements at 41 inlet
conditions, showed that the mean and turbulent fluctuations
of flow velocity were nearly proportional ta the incoming
air speed at the slot inlet and to the opening height raised
to the 0.6 power.: Good correlations were also found
between the velocity in the accupwd region and the inlet jet
momentum number. ;

INTRODUCTION

Air movement in the occupied zone is,an important
factor that directly affects the comfort and well-being of
buman occupants. Air movement is a complicated process
that is a combined result of dynamic, thermal, and geomet-
ric influences. Understanding on this issue is still limited
because each investigation can examine only a few influen-
ces and introduces certain assumptions and simplifications.

Mathematical and physical modeling are the two
common methods of analysis of internal airflow charac-
teristics. Most of the experimental studies have been
performed in small-scale physical models to predict reality
in full scale (Nielsen et al. 1978; Gosman et al. 1980;
Timmons et al. 1980; Timmons 1984; Zhang et al. 1990),
However, there are certain difficuities involved in physical
model simulation. It seems to inevitably distort the simili-
tude of dimeasionless 7 terms between model and proto-
type for a general flow situation; therefore, a discrepancy
may be mtroduced due to this technique. Increasing the
flow velocity due to decreasing physical dimensions may
significantly change the turbulent structure of the airflow,
such as the spectral density distribution of the turbulent
kinetic energy. Furthermore, some flow phenomena are
very difficult or impossible to reproduce in reduced-size
models. Therefore, except for the financial advantage, a
test in the 1:1 scale remains essential to exactly reproduce
the three-dimensional room flow (Moog 1981).
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Among various msthemancal models, the k-¢ fully
turbulent model appears promising with the advent of
modern computers, The common k-¢ model suffers from
the condition of requiring fully turbulent flow. Never-
theless, most ventilation airflows encountered in residential
and office buildings are not fully turbulent and break the
basic. assumption of the k-z model. Recently, the fully
turbulent k-¢ model was modified by using empirically
derived expressions and constants to account for the ‘‘low
Reynolds number’* effect (Lam and Bremherst 1981; Patel
et al. 1985; Chen et al. 1990; Hoff et al. 1990). However,
computations in the numerical simulation are very expen-
sive. Some predicted results compared poorly with ex-
perimental measurements. '

In this study, an attempt was made to expenmtally
determine airflow patterns and velocity distribution in a
full-scale room with a continuous slotted inlet opening.
Ventilation flow rates up to 60 air changes per hour (ach)
were examined. Although such high flow rates are much
above 15 ach—the highest rate for an occupied office
building—they may provide information for other types of
structures, such as those for industrial, agricultural, and
other purposes. For example, Spitler et al. (1991) used up
to 100 ach in a study of night purging strategy for a
modeled office building.

HYPOTHESIS AND DIMENSIONAL ANALYSIS

Gosman et al. (1980) reported that the maximum
velocity in the reverse flow is esseatially determined by the
area of the supply opening and not by its shape, and the
result obtained from three-dimensional flow was only 10%
to 30% lower than that from two-dimensional ones. To
simplify the research, a slot opening immediately under-
neath the smooth ceiling (Figure 1) was used instead of
square or rectangular inlets. With slot length extending to
the full width of the room, the interior air movement was
assumed to be two-dimensional. The flow was also isother-
mal and steady state. Room airflow characteristics are
primarily influenced by the performance of the air supply
opening (ASHRAE 1985). The inlet Reynolds number and
the inlet jet momentum number are commonly used indices
to determine the air speed in the occupied zone (Timmons
et al. 1980; Timmons 1984; Ogilvie and Barber 1989;
Spitler et al. 1991). In this study, it was postulated that
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room auﬂow patg;pg qndjm velocmes in t.lie déaipfsd
zone canbe shown o an. urflowg(me plas in t‘.ing?m
coordinates with the incoming jet air, gpeed at the mléﬁ Uy
as the x axis andthe jnlet opening height, d; as tﬁey axis
(Figure2). Any point on this plan gep(esen(q a ven tilation
rate thteugh the inlet for a ynit n wldiﬁ OF an’ infét
Reynolds number. .Based op the ,’p qw rate, p{l?ed':‘:&[e
following hypotheses were postulawd
1. Axrﬂommtea,expmsed on an mﬂow ra;e pian can be
divitled into three mﬁgqordmg to dlftemp  airflow
. characteristics in the-floor,region. In,zode A Air rHt:c\_'v
«in.the occupied zone remains. stagnant, or mean air
~“velocity within the area is less than ( 0.1 p&h} (2,0 fpm)
In zone C, the full rotary flow pattern is formgd The

direction of air movemeat in the floor region s

consistent wnhtze mtg;mg ,g;t‘lmg !fnéo the room
perimeter. Within zone“B, whitH i5™an -

., Zone, between 2 zones, A and C the rotary ﬂows are not

o formed but the. mun air velocity Ve ﬂie"bdcupled
... zone is grpatér” ar f:.t'hls (QD’I‘plﬂj‘ % :

2. The poundariesdividing ‘the” thrds foines” {i'e/; the

., Stagnant, mt’erme*alm and ' full rotary HoW Zoties) dre
ne:t[xer stmght nor Engperi:c‘!l& lities? A straighit bon-
dnry line would mdm;iie it thére 7§ a limear Felation-
ship between inlet air ve‘loc:ty SHd Tnlet Héight’ Bhte,

' only one of th t‘hem is nn dent variable in“the

or. Keynolds aiiibér? & -hyperbolic
m?d\:rhne u:ld.l I.Bpt the inlet air speeti drid the
inlet height have,a uni waaght inifl§énce bif Foom

LAl ohamtensucs 6nl'y the prodiict of thE two fiétors
Js the. dqtarmnmt re@rdl}ms of the“fmnﬁit‘nﬂé“of
mh . CU T | e . R (i by
[p mne € of the m?ﬁov&”&w plén “tHle ‘aitflow
dArecuon at the loor of the rotary floW is npﬁb!ita to
that at tﬁe cellmg, whei"e"‘the‘(%ll jet is"¢créated, i.e.,
the reverse ﬁp\v of N:elsen etal. (19‘?8) and’ Gésmian
qt al (1‘980) The mean ana"me rooff—'ihban-sfﬁm

ey
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(RMS) valuédosf -the - vdloc:ty ite-thie reviezse flow. are

') the most interesting.parameters in thig study and are
referred to as dependent variables. The independent
variables at¥ ¥, and 4. Other Hypothgses about severse
flow velocity in the full rotary flow zone follow.

3. U, and d do ot have equal influence on the reverse
flow velocity. In ofher Words, the velocity cannot be
expressed solely by the ventilation flow rate through
the inlet orithe Réynoids numbét basédron Ugand-d..

4. The thean v&l6city: and the RMS$nvalue ofsthe flow at

- - "HHe ‘flddr, normaliséd ¥y theinlet.valooity, areinon-

“ Yifiearly proportioaal 1o the inlst-height:te; oam weidth
' -jatio. Nevertielbss; - these. dimensionless-temiis~deshot
---- “-¢hidhge with inlet Reywolds number. & . )

A general equation describing air velocity in the
reverse flow for a uiiit room widthis
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where

floor mean air velocity{U, ., and the RMS value
U s> Tespectively, m/s;
inlet air velocity, m/s; -
inlet slot height, m;
room length (in direction of mlmﬂﬂow), m;
room height, m; e
horizontal coordinate, m;
vertical coordinate, m;
air density, kg/m’;

-

~a b SNCLR " ——

h-T I
- = mhh.é:g

air pressure, Pa.

To simplify, air pressure insidg the room js asWtO be
the same everywhere. If an average velocity value is used,

the local velocity at each x and y position does not appenr
in the expression. Fhen Equation 1 becomes

-iH U, Ug.d LyH, p..u) *91 & (2)
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- Hbwever, aichange in d resylts.in.changes i in Rq and
d/L simultaneously, which causes difficylty in e;pen;mnml
désign. I16dais-a constant, the characteristie leng;h scale, d
it Reynoids.mumber may besreplaced:by-L, i.e.,, Re; =
(onL)f,u, and the socresponding dimensionless, equation
is
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'I'he results obtamed by Equat:ons 3 and 4 are’ the same.
For the present study, both L and H are constant.

Equations 3 and 4 may be further simplified as the function

of two variables,
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where timay-stand for U,,,, and U, ., respectively.

EXPERBIMENTAL APPARATUS -

... .The experiment was conducted in an empty prototype

model ( (Fzgure 1) to simulate a room that is 4.8'm (15.7 ft)
long, 318-m+(12.5 ft) wide, and 3 m (9.8 ft) high. An
adjustable slot inlet and 0.1-m (4-in.) slot outlet extended
the full -width of .the room.(3.8 m [12.5.ft]): Air was
exhausted evenly across the exit plane through the slot

air viscosity, kg/(m's); and =~ i

:»+ 7 in.) and the last at 0.62 m (2 ft) above the floor. A total of

@

.outlet and then via a contraction section, which linked the
Putlet slot and the suction fans. Room ventilation rates up
to 60 ach were achieved by adjusting a vent on the fan

~ box, the speed of the fan, or a combination of the above.
: Velocity was measured by hot-wire anemometry. Four

- y7=hot-wire probes were mounted on a testing rig, each

separated by 0.04 m-(1.57 in.). The testing rig moved the

~-~—probes in both horizontal and vertical directions so that the
"""~ probes cotild reach any test point in the centerline section.

In the floo¥ region, measurements were taken every 0.2
— room widths (0.96 m [3.2 ft]) horizontally and every 0.04
= m (1.6 in.) vertically, with the first point at 0.02 m (0.8

80 points were measured for each inlet setting.
A separate hot-wire probe was mounted in the center
‘of the inlet slot 'to'@étérmine the'incoming jet air speed.
The probe was positioned exactly at the plane of the
0 ; therefore, a discharge coefficient was not needed
in the calculmon.? ‘All data wére samigled-by a high-speed;
amlop fo-dlgfta‘ldata logger controlléd by a:host computer.:
Flow v1sua]:zahon was’realized by &jecting smoké.through
the mlet slot. A propane-heated smoke generatdr burning
m!neml “oil producéd Whité smoke. ‘Air temperafure ‘was
red by a! calibfated thermocouple at the inlet and
lmmcﬁia!ely besidé’ 'ﬂfefbrobes od the testing rig at-thé
floor. & i+
; Hot-wu'e probe calibration was achieved by two
devlm—_n rotatmg dévice and a wind tuntel—for the
cahbmu “épeed ranges frém 071 to 1.0 m/s (20 to. 200
"? and from 190 to 15 m/s (200 to 2,950 fpm), réspec-
tively. aﬁy effect due to témiperdture difference between
calibration and measurement was corrected. Details;about
hol-u?u'e éahbrdtfon are gwen in Jin1991)... o
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Topb 1 flow mformahon. the sainj pling fréquen-
cy of the mw _ﬁobe mufel:tbe ‘at 1&dist t\hcﬁst;ugh as
the highest frequency in the flow, &cébfdmg to the Nyquist
sqm]:ghng tbiomm C[.ilgh 1985} meﬁle. ling time
myst be long @uoqgh to Eq,;_'a slqi)le mean “velBdity / from a
turbyleuq flow. On the ot.l:er hnnd samplmg frequency and
,sampling. time_ shoqlcf be’ as ow as. poss:b]e ftom the

¥ v:e}qumt of computer 1 memory and compuhng titne.

D Be, mpl;q; grequency was choseﬂ as"iOO Hz after
detgrmining there was lltﬁé loss of ixlformatlon
campared fo.-1 690 Hz (Tm 1997y At ttns frequency,
Figyre.3 shows the mean and RMS of the Véldkity, and
mtbu,lgncg,;ntanmw changmg with the length of sampling
time up to 150 seconds. “When ‘the ‘s:rmplmg ‘time was
longer than 30 seconds, the variation of mean vefocity was
 within,0.05 m/s:(10 fpm),. RMS within 0 02 ni/s (4 fpm),
‘and mrhuleucq Jintengity, within 3%. “Thése ‘experimental

L#FrOrs are, within the requirements of this si{ld Meéan and
RMS yalues optained. from these 3,000 dm*?mo H times
30 5) were used to evaluate the veloclty characteristics for
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a measuring posmon since: the steady-state air velocity was
close to a normal or Gaussian dlstnbunon tion (Jin"199 1)

EXPERIMENTAL MEI'HOD :

To :de.ppfy 1he t.hm mneson a posm}ntad alrﬂow m.q 7o

plan, 14 levels of uﬂe{ veloq:ty‘apd 10 levels of lplet heuht‘ :

were selected as the inlet configurations (Table 1). Each
combination of the levels is a possible point in the plan.
More-points were.arganged: for lower ventilation rates- to
get detailed information about certain areas,; Sixty ach was
considgred-the maximum veuhlmpn rate; lﬁerpfore A

hyperbolic line Ugd: = 0,24 m®}(s'm). (155 f*/min:R) on .

was located betweenthe two peints. Then, the same
procedure was repeated at another inlet helght
The boundary dividing zones B and C, i.e., between

themtm'medlmmmand therotaungmrﬂowzone, were
determined by flow visualization. Smoke was injected for
each inlet configufation, -and internal flow patterns were
observed. The boundary was located between those points
just before and then after the full rotary flow pattern: was
formed. ;
To formulate the relationship between floor velocity
and inlet configurations in zone C, velocity at the floor was
measured-for combinations of inlet levels that fell into zone
C; these leveis.are marked with an asterisk (*) in Table 1.
Because the—relationships were only distinct in zone C,
these measuremeats were not conducted until the three
zones had been identified. Figure 4 shows the 35 com-
binations of Uy and d between the- lower boundary of
rotary flow iiid the upper limit flow rate. Replication was

conducted at six points with the same ventilation rates of
15 and 40 ach- to test theeﬂ'ects of experimental error and
Qowrnts, 5 IENE RS
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Four types of airflow patterns visualized in a prototype slot-ventilated enclosure. (a) ijpe I—the flow patterns

=~ wbefore the incoming jet reached-the sidewall, (b) Type 2-the ﬂgﬂv ﬁhnerm' after“the jet'reached the sidewall
but before the,floor. (c) Type 3—the flow patterns aﬁér“i'he _;e: readmi the ﬂoor rd) T)w 4Ja-rhé ﬁd! m:dry

flow formed.

RESULTS " .
For a certain slot height, the distance that the incoting

jet traveled along. the ceiling, ‘sidewall, and floorwas

dependeat on ‘the air velocity at the inlet. Airflow patterns

in the full-scale room can be shown as the following four

types (Figure 5). Each of these patterns.was the steady-

state result.of inlet-height-and “inlet velomty and was
maintaifhed for at least’15 minutes.

“Type One When incoming jet air speed was very low,
the jet did mot contain sufficient emergy to reach the
ssdewall (Flgum Sa) The solid line with the arrow repre-
sents the inicoming jéi hir. 'ﬂfe Gdrved arfows Yepresent'the
:mmequ.e surfounding aif entrained by the jet. The dotted
line outlines boundaries of thé spreading " reglon of the
smoke. In the floor region, the mean air velocity was less
than 0.1 m/s (20 fpm).

Type Two With a higher incoming air velocity, the
Jjet air reached the sidewall and flowed along the wall -
teward the-floor (Figiire 5b). ‘The spréading. region
smoke increased and included a part of the qccupied zone -

o

near the comer. The mean velocity at the floor region was

greater than 0.1 m/s (20 fpm).

-~ Type Three If-the inket VBIGCI!;W even lugher the... .

jet air then reachedCthe floor and traveled along the floor
(Figure_5¢c)._The entrainment of room air became more

significant. The spreading smoke region included most of

the ToOm urew. “Withtime, the-smmil-space. between the
floor and the wall with the inlet was eventually filled up
with smoke-by-convection.and diffusion.........

et L {4 i 1
w o dmn sl 2 ' ri o 'i-.:.

TV -qur A further inorease of . inlet velocity
resultédt in’the formation’ of full rotaryflow: (Figure' 5d).
Any furtliér increase in‘the ‘inlet velocity will ndt-change
the flow ﬁhttems but will'increase thevelocity in the:rotary
ﬂﬁ\# ‘Figuré 6" shiows a t?plcal “distributiontof: velbcity
along roomi surfaces when' full rotary’flow patterns have '
been reached. #

‘The auﬂow’*as obseiVed according td'the levels I:sted
in Table“1. T&”s:mphfy, type ohe-of-the: flow patterns was
definkd 3 as a‘Stagnarit flow region 4t the*flodr (zone:). and'
type four ‘wis dEfided as'fall Yotary'flow (zone::C). Any-
pattern$ betwéert types orie ‘aifid four-were referred’to as the'
intermediate flow pattéms (zone B). The reSults-are shown
on ‘an ditflowdate plag (Figure 7). auiv oo wp

"Thézoné boundaties:were determined by:the nonlineat
leastsgaires’ methiod' (SAS 1988). The expression of the
boundary dividing the three zones is

dU @)

nCl

.of the’ _wmmgm@_sio_%igL%q@% the room width, it can be

expressed :in terms of vept:latlon ﬂow rate’ (ach) fc}r the
umt length of the room:

e -‘-‘

R
or Up ' F
T .,8_2_,.- Gy _......._.,..(_8)
a;‘- - ; V : - ) :I‘ " 1' ;lt‘l =

w_'here i

Q  -.=._volume flow rate through the_inlet, m’/s;. "
V .« = :volume of the room,; m?; V. =.L (4.8 m [15.7
B W1 m[3.28ft]) - HG m[9.8 ftD);
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1. For each ofthe-80 positions, the. velonhy was nor- ' £ e :
malized by the inlet velocity and then averaged over | o o s et 1
41 inlet settings, i.e., 35 inlet conditions plus six - Li=amm (87 1
Imphca{es (Flgure 4), to get an overnlL view of the «

“flow image at_the floor. T'he dustn‘ﬁrutlon of mean -
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velnctty and RMS value is sﬁown in Flgures 8a and
8b, mpechvaly e

lgm'c 8!: The normalized proﬁw of RMS Value’ar Jive
"' horizonsal pa’uimm afcmg rhd ﬂoor averaged
over 41 inlet conditiony.



TABLE 2
Stsﬂsﬂcs and Emplgici’l‘ Constants for Zone Boundaries

Zone Standard - 77| Texponentn 7| cConstant'e, ‘Constant C,

Boundaries Error | + Std. Err, + Std. Err: Cam=Cy/(WH)

Between | E T EB- 2 " 0.04589.

Aand B 0.0037 «0.99 4.65+0.08 +0.00149 0.0032

Betwesn 3 i -;_ o gl 4 Tap . s500 \1-_:. 0.1383

Band C 0.01Y o 0.89 2.50+0.51 +0.0223 0.0095

2. For each of the inlet settings and replicates, the mean . Where
and RMS values measured at 80 ﬂnm positions were
averaged to give a single mean and a single RMS‘ ~ Reg = (pUpL)/p, and

value to represent, the velocity. characteristics in the”’
entire occupied zone. With the injet velocity as Mhid.x
coordinate and u:lat  height as the yivoordinate; Figures
9a and 9b, respectively, show the distribution of mean
and RMS values as the z'coerdinate in-zone C...

Experimental data processed by the second method
were used to develop ‘relationships. suggested. by.: the
dimensional analysis. The dimensionless terms Re; and d/L
in Equation 6 are actually the scaled Uy and d since L, g,
and p were assurhéd to be constants. For isothermal
airflow at about 20°C, the’values of y of 1.815 x 10~5
kg/(m's) (132 % 10-4 Ib/ftmin), p of 1.15 kg/m’
(0.072 Ib/ft%), and L6F 4.8 m (15.7 ft) were used in the
calculation of f_ Re, and d/L. Then the normalized floor
velocity terms - m zone C were. aegmssad

;_-_-_-MU"';"";.--ra(Rer)b( F, =
e o U[r;l!::-‘v_\i(ﬁ Ijh( )c o i (10)

f— r . - e o ——————

Mean velochy (m/s)

F!gumPa\

1\ 3

%

- e

Measured mean, velocities at the floor for dif- .
feren,{ combinations, of inlet velogity and inlet
height in rl;e Jull rotary flow zone.

a, b, and ¢ = empirical constants listed in Table 3
along-with'the statistics.

% r.._...l.-'

As aproducf tu@l_l“ence;yn ifitensity, I, could be obtained
by dmdm_gﬁgvx_tm,m_by Equation 9:
] a1 o a(Re; J"( Y.
w3 U”".ﬁ"-( B
Consta.ntsa,b andcaremTable3 -
By rearranging Equations 9 and 10, the dimensionless
velocmes became funcuons of Red and d/L:

e

an

i 7ol

12) -

_{frm:
0

where Red = (pUad)fa, a.nd the constants a, b and ¢ are
the samé-as-those in Equations 9 and 10, respecti ely

d -
= a(Re ) i (-)“"’3 (13)

For convenience, U, ., U, and .l were also cor-
relatedtoanndq'dlrectly - o

A A . m—— e e

ngpr_g 9% Measurad RMS vafuq: of velocuy if'the ﬂoor
fordgﬂ"erem combinations of inlet w:?ocuy and
inlet height in the full rotary  flow 2 zane
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The constants’ and the statiSfies are listed in Table 3.
Figures 10a and 10b show the'vatiations of Uz, and-Us,.,
.in zong C described by Equiitions 14-and 15, respectively.
_+; - The inlet jet moméntum as an index to determine rpom
flow gharacteristics has’ been iused by many researchers
-(Gosmaq et al. 1980; Ogilvie and Barber'1989;.Spitler.et
.al. 1991). The dimensionléss jet moméntum number (J).is
defined-as' J ="{QUp)/(gV)* Whére Q~and Uy are the
ventilation flow ate and in¢sfifing jet aix'speed through the
inlet, respectively; 2is the acteferation-of grayity; and V
__is the interior spacé voldmie. The flbor veldcitics then were
regressed to the jet Eﬁoﬁtﬁhmm?ﬁhﬁiber‘wlhn infet,

SR S0 vel peoms:
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-~Figure 10a_The response surface of meap velocity at the
— ___© =cfloor as afunction of Tilét Velocity and-inlet
T height-in-the full rotary flow zone.

L 0 TR 2z

o -

o

Upe =ad? ; wioizz., (19)

and are shown in Figure 11, where ] = (dIUy)/(gLWH) =
(dUp?)/(gLH), since the slot length, /, equals the room
width, W, for.this study; o and § are in Table's.
\"~The: experimental data and the prediction” fromthe
above regression -gquations were com ared. ' Datd “Were
Fandomly.;: apound the ﬁéii‘if:ﬁépfﬁﬁdf’ The
sresiduals wers. not sigpificant by a test of thé lack of‘fit,
*indicating-am appropriate sglection of the model. -~
*/% . The analysis of variance _l}sig;élv,thé fﬁf{?\wi\ procediire
(SAS1988): shawed that,none; of the replicate effects was
- signifieant at-the 5% Jevel..However, the U, , and"¥, .
at the floor were significantly, diferent at the 5 % IeVel for
" 15 ach.and at'the, 1% level for. 40 ach for difféfent tom-
*-binations -of :inlet velocities @q‘g@'sﬁ?ﬁg?&s. More
) % : AV IC emeTe sy urg
2L DATL, G

9 ot e (8400

B S N 1 7

B e i AR v aageaie.,
Figure 10b The response, ud"g;e of the RMS Valiie-of
.. = velocity at the floor as a function of injer

.~ velocity and Tnlet ight inthe full-rotary-flow
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DISCUSSION

i

The t};pc one ﬂow phttern obsérved was similag-to
those where mlets aré mounted in or near the ceiling, i.e.,
a high s:dgwgh ouilet and the air is-discharged horizontally
as genemhzed 5{, ASHRAE (1985). Velocity:was stagnant,
or nonmlly lm t]:mn 0.1 m/s (20 ‘fpm),~in ‘the:occupied
zope. At thg top "of the room, “air wad' entrained- hy:the
pnmsryjet ssream commg ffom/thié diffuser: The:area and
strength of ¢ entmnmant ‘were functions ofiimcoming jet
-speed and inlet slot’ héffht. Thé combinations-of the two
inlet pammefers ﬁu t'result’fn stagnant‘flow patterns i the
. occupled région werb 1dentrﬁed by the- &pper boundaxy of
the stagnant zone A (Fi‘gnre’ '?)“' e
. . The inte . iate' 20rié was narrows Swhich .mcludm the
ﬂow patterns of typés fwo and three. Thesé-patterns, may
_be encountered in resi ,deﬂf'al and office ventilation, espe-
cially Wheri"th&'incoming air temperature. is lower than the
room air temperature. Th& total mixture area of dit scharged
air and entrained air was extended into the- -occupied zone
.due to the increased throw of the jet. These types-of flow
patterns should be avoided because the maximum velocity
‘as well as the maximum temperature vanauop oct:umng in
anid around the drop region result uﬁ large effective draft
temperature (ASHRAE 1985), Thefill rotary flow pattern
in zone C may-he useful for” purposes whm-e large ven-

-

tilation rates are required, such as for night purging and
industrial and agricultural ventilation.

Referring to the airflow rate plan (Figure 7), the boun- __
daries at small inlet heights are much more sensitive to
" changes of" mlet*he:ght;- and a higher inlet velocity is
needed to reach full rotary flow. At moderate to large inlet
heights, the boundaries are nearly:independent of the inlet
height and full rotary flow may be achieved at less than 2

“mfs (400 fpm) of inlet velogity. This is consistent with the .
theory of momentum transfer since the flow jef momentum ~
at the inlet for the two examples is about the same. It is
‘also implied that both inlet height and inlet velécity are
mg_ommtlm determining the flow patterns at small inlet
heights, and only inlet veloc:trm the determinant_of flow
pattnm-when the inlet height is greater th than 40 mm (1. 6
in.). .

Hoﬁ'éf&",“ the‘rezremon—lmemhow a.greatet_@ytauon
~from.the. measiited points at high inlet velocities and small
 inlet heights due to lack of informafion “at™those inlet
" “settings. This results-in-the two_lines_crgssing each other
ang: a poor fit of data for inlet velocities greater than 4 m/s’
(800 fpm). Althongh the aifflow ratéiplan was established
ftom the data in this partlcniar ventilation system and room
dimensions, the prmc:ple is applicable to other types of
ventilation systems and building geometries.

The normalized and" ‘averdged time-mean velocity and
RMS':value at five hogizontal posmons along the floor
:(Figiwes.8a and 8b) show; the. overail view of the veldcity
-distribution. The mean air Speed profiles at three middle
positions-approximated a wall jet distribution. Th¥' maxi-
mume-velocity accurred at the lo;,‘anon of 0. 3L from the
wall opposite the inlet. Vertically, ‘the. Speed ificreased to a
‘imaximum ataboyt Q.1 m (4 jn. ) aboye the floof-ind then
decreased, resembling 3 wall jet. A similar distribution was
“bbserved at the next two pasitions (0,5 L and 0.7 'Ly down
the flow,:but, the magnitude at each corrwpondmg point
*-was smaller: due to the loss of_kmeuc energy 4§ the flow
went .om. At the Gﬂrilsﬁnor”g.he )ntatsecuon of walt and
floor, flow was restricted by the walls ‘and’ the’ vekodity
- direction of.the main stream was deflected. This caused
less regular mean and RMS profiles of velocity gompared
to those at the middle region. Although the magnitudes of
the velocijty p::gﬁles are’ dlffetent between the average over
41 inlet settings Qndh__

ufaxlmum floor veIchty was about 16‘35 and 30% of the

inlet vélocity for a typical-inlet setting (Figure 6) and for
thoayeraged*seftwg(}’lgm )) respectwely The differen-

%

- TABLE 4 % c =
Statlstics and Empirical Constants for Unean 80d U, Related to Jot ‘Momentum Number J
T T

Daqondaint. y E'q“tlon T " Standard , |- A% - Intercept Exponent
Vanablas " Number " v Error ) [ l'.' $Std: Ber _{l B .. # * Std. Err. _
547 b . o \ asiet 5 ] -

UM 17 071 .96 15 02 +1 38 . _.52 +.02

Uns 18 .018 97 4.392+.394 .54 +.02




ces in the shape betweer the two figures Weré negligible.
This part of the work l;bnﬁmed und furthered the obser-
vations of Baturin (1972), who oly | exantined the velocity
distribution to a limited distance frot the inlet and xlong
a wall, and those by’ Nielsen et &l. dm; who only
measured the internal velocity at a Tew inlet configurations
in a small model. Thocompleteset“bfvalues forthe41.
inlet combinations can be fourid in Jin (1991); o
“ Measured and averaged 1 and Rl')(s valu@"ihat
represent the velocity characteristics in the" entlre flour
region show a similar trend' as affectéd by mco‘ “jet
speed and inlet slot height in zon&C { ‘9b).

The la¥gest values occurred at high inlet Geloclty, with'the

maximum & Uy = 10 m/d (2,000 fpm) and d #' 6502 m
(0:8 in.). The-smallest vilues were nssocmtedwlihboth
low inlet spaeds*tdﬁ dﬂet heights. '

Dimensioriless ‘&iiations 9'4dd' 12 regressed frﬁm the
experimental * dafd''suggest 'tﬂit"normallud floor “thidan
velocity is alfiost’ mdependgﬁt ‘ke}‘}lolds number
eithet using L or d 48 the ieﬂﬁi & 'ﬂs:';rmptotgc% %
confidence interval for of the equanons vyns.
(~0.026, +0.084). henfoﬁa 160" airflot Was stable or
fully rotary, tﬂaﬂowpauehsas%has‘dm normalized
mean velocity Were deeﬁend&ht of 'Re, “or Red. ‘Which
agreed Wwell witl the observation by’ Timmohs ‘et al, (1980)
and Timhmons (1984). However,” thb tﬁmeﬁslonless terms
were also proportional to the inlet height ; rmsed toa P"'I"“
of-0.58 for Equatidn 9 md‘O 55*for Equaxlon 12, for a
comstant L. This' part of the' result’ was not idéntified’ by
them. An empirical expon&nt of 0.58 or 055 for (d/L) is

very close to and-tousistént with the pfedmdﬂ result of a-

0.50 power by Nielsen et al. (rg?sy’aha Gosmm et al.
(1980)-for ‘the maximbmny’ v’aleé:ty iti reverse flow. R
The maximum’ vélocity, U, heg’ ‘plade wall’ fét at

distance  ‘frorv the' supply ope’nmg may’ e Bxbi'essgd as
(Nlel%h 1989 ASHRAE 1935) e Svtee: MR

S SR - T W) e

Vit o - (...“d... b )O.S S T flg) .

Ol 2.3 0.5 a8 oMd'Xy 1., g et
where i nh mGaniiGRh BRI am. O
' ne N P omawsin . Al oper OIR Y
d = effectwe slot heiglit; A

anil X

Uy = supply air velocity) * = 5= ol ot
Xy ="additional distanceto Ehe ﬁm;ﬁ?&! of the ot

md BT o 9NN o LB

= empmcaf consfant.

- CRATIRT Ll

KP 4 b

Nielsen (1989) expressed the maximum 'veiocity in the

reverse flow, U, , which is located close to the floor at a

distance of (2/3) L from the supply opening, in a form

similar to Equation 19,
U
UU

with an additional constant K = 0.7 (Nielsen 1989)..
Comparing Equations 19 and 20, the U,,, = K, U}, i.e.,

= K, KM(__)” (20)

Lo

the i um reven;e flow veloclty, ls D 7 nmes the
Qaciipum veloclty of a wall_ ]ﬁ% ynder th?_m,lmg extendmg
dewall (x’= L). For_the present study, X7 0,and
mEquuqon or 12 may be assimed to be
umuopts Equation 9 or._,,lz of the mean
veloc:ty forl e entire floor region haq‘_tlpi same form as
Equauon 20, for, tho maximum velocity m;thetﬂoor level
buf’” wuh di chmt cqpstanls Sum;ar ;eeﬁh:s %ngdrawu
tbr an RMS value l;‘l 'qunt:ons‘lo Md~11i§ w‘higb,{has
not begn orted be:

Eﬁmﬁons 14 thmugh 16 gave tha mmonsh:ps of
Upnoanr Upmer 0d 7 directly in terms of U, and 4. Without
blcdlffmmeas, anfl Umb&“ he;a:d to be. prgpor-
5 (Uodo 6') W\\;Amfﬁ g;gqughl the inlet is
mqmmqedataconwﬂsve, audUmeqgase
wlthﬁecmi%m tova:y\mhd *, very close
to the predlclej value of d"' 05 by Nielsen et al (1978) and
Gosman et al. (1980).

Derived or regressed turbulence fntedﬁﬁy seems’”
unaffected by inlet configurations, since values of the
exponents{vmverysmll Thgsdﬂnbes’e&: frgmf" re,;s(
9a and‘Sb, i Which the mean ahdl RIS data ‘ifié
dedtealeld” eofﬁispt?ndmgly Turbuléée infedsity is a mt?fj"
ofRMs wmwekﬁuyjj‘iﬁmfmﬁ :th‘%‘l’ﬁﬁ\fély constant

U, and Y, Eorrelated weil with J 4 weée nealy”
propnruontﬂo'tlia sqfiiare root of J Thé¥e re auonshlps noi
cm.ly agreed with the result of Spitler et al. (19913 ~-~-;d'-
air velocity but also provided further informationrégarding
the flow turbulence, where bulk air v oq:ty was defined as
the dverage ‘belomtf measuréd ac 8 “points distributed
thrdiighot the ' roonit (Spitfér et al “1991): "As Emher
reported by “Spitler 8¢ al., “there ' 15 &" “igear relatwnsh;p
betiwetn the convettive heat transfér Soefficient () s and the-
mrmnveloctty,thehmthebccu :e& ?mmcmbe,

obtained'by i = ¢; + chB where ¢ apd ¢, are empmcai
consthiiis and B, i Tibted i Table'4: "

By : nnalysw ofvmmc,ﬁ ?Iie‘ﬁ “cfl'U in the oc-
cuplélf zone Were sngnﬂ'imtl different for ‘the ﬁiﬂe )
venHﬁ{&du ratés due “to thé" 1fferent “combinations  of
incoming jét s_paed "ind iniét slot height. This amkysts
further indicates that the ventilation rité” or 'Re; cannot .
solély mpu%ent the “floor velo:::ty, siﬂi:e thé same value

causes differént flow chinctonsues y i
S ¢ [T (LT LR | o SOTISOAS L. b

Maserl 7

CONCLUSIONS
1. Airflow patterns in the floor region of a slot-ventilated
room were divided into three zones on an airflow rate
plan—the stagnant zone, the intermediate zone, and the '
fully rotary flow zone.

The boundaries dividing the three zones or types of
flow patterns are expressed by the relation of (inlet
width) (inlet velocity)® = constant, where n is greater
than 1.



3. The velocity in the occupied zone correlates with the
inlet parameters very successfully as Tong as Eerrvoow
mrﬂowpdmms stay it thié fully rotary zone o6

oor
“*velécity atinot be expiédsed solely by ¢ é feﬁ‘hlanou
hﬁo’tﬁibugh the iflet or the inlet Reynols humbor bt

- ¢aii"bel‘expressed ‘by 'the jet Homentim’ p’umber 'Iie
nondﬁneﬂswnaﬁﬁd dimensional floor. vel city" lenus
9 UF,,,}UO.’U /Uy, U,,,:,,,.amw m-.al Tionlinear-
"Y1y propottional lhe inlét velocity as  weil s, ﬂw u:.let
" eifht, ‘altiobgh ' Uy /U ahd U,/ Up ‘st Very
" weakly correlated with Re; or Re;. F .’- :
Y Uy 40U, correlated well \irith.}'md "“almos;
propom&ﬂhllto il R S
4. ‘Analysis of variahck fhdicated' mmnesamemi.

,n.

rates, duBf&’J the differént %mbmﬁnons of i et vqlo-;

“ity" and “intét' slotmh‘elght fed m s:

dlfﬁimat reverse ﬂow veloclt,f
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