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Some Confinement Effects of
Jets in Ventilated Rooms

Mats Sandberg, Dr.Tech

ABSTRACT

In the first part of this paper, the physical conservation
laws valid for flows in rooms are introduced and the determi-
nants for jet flows in rooms are identified. Experimental stud-
ies of both three- and two-dimensional jets in rooms are
presented. Although the traditional wall jet theory, based on
the expansion of a jet in an infinite ambient, often is useful in
room airflow, these studies show that there may be confine-
ment phenomena that have strong influence on jet develop-
ment. There are losses in kinematic momentum of the jet due
to surface friction and recirculation effects (exchange of
momentum between the jet and the moving ambient). For a
two-dimensional jet, the velocity decay and jet spreading rate,
ie., the thickness of the jet in an enclosure, are larger than for
traditional wall jets, and the decay rate of the velocity became
0.43, which is less than the theoretical value 0.5.

A new testing procedure for supply devices, which consid-
ers the effect of the enclosing room surfaces, is proposed.

INTRODUCTION

In test procedures currently in use for supply devices, the
tests are done in rooms that usually are larger than the room
where the supply devices finally are installed. Therefore, it is
of practical interest to study the difference between properties
of jets under the ideal test conditions of a laboratory and the
properties of jets issuing from the same supply device that is
located in a room in a building. The first part of this paper
discusses the basic physical conservation laws valid for flow
in rooms. The determinants for jet flows in rooms are identi-
fied. Then experimental results showing the properties of real
jets in rooms are presented and discussed.

SOME BASIC CONCEPTS AND
CONSERVATION LAWS

Some basic concepts are introduced in this section (a thor-
ough discussion of these subjects can be found in, e.g.,
Etheridge and Sandberg [1996])).

Consider a room with varied locations of supply and
extract terminals. The net flow rate is conserved, i.e., the flow
rate obtained by integrating the mean velocity over the room’s
cross-sectional area, A,,,,, . in Figure 1 is equal to
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When neglecting friction at room surfaces, the x-compo-
nent of the momentum equation takes the following form
when integrated over A, ,,,,, (buoyancy forces appear only in
the y-component):
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Figure 1 Two alternative locations of supply and extract
air terminals.
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This expression, which includes the ‘pressure, is some-
times called the flow force. As will be shown later, in small

rooms there are strong pressure gradients that cannot be’
neglected. In classical jet theory, where the jetis expandingin"t:l,
an infinite medium, one assumes that there are no pressure .
gradients. Furthermore, the total kinematic momentum flux is -

the sum of the momentum flux of the mean velocity field My
and the momentum ﬂux M 1y due lo the turbulcnt fluctuations
U " 5
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jet

When neglecting friction against room - surfaces, the "

momentum equation in the x-direction for a jetis -

I P+ Mz,"'MU’)dA = Not constant T @)
A
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For the whole room flow, the flow force (Equation 2)-is .

conserved, but this is not true for the jet flow because, due to
entrainment of air into the jet, there is a transfer of momentum
that changes the momentum of the jet during its course.

In the model of jet flow used in ventilation applications

one uses the following relanon for representing the velocity

decay: - —_— P

U, ("“‘o) ) - )
» e
/ A A

U0y .-
where U(0) is a characteristic velocity representing the initial
(kinematic) momentum flux and » is an exponent (n = -1 for
an ideal axisymmetric jet and - 1/2 for an ideal plane jet). The
Reynolds number appears because, due to the low Reynolds
numbers that usually occur in ventilation, there may be some

Reynolds number dependence. The quantity /,, is the thermal .
length. The thermal length considers the relative strength of

the momenturrflux expressed as the specific momentum flux,
m, and buoyancy, expressed in terms:of the specific buoyancy
flux. B. The thermal length is also given below in terms of the
densiometric Archimedes number.

Two-dimensional jet Three-dimensional jet

! _L_Ar(O)Z/SI _m3/4_./Ar(0) (6)
m = g2/3 ./Z: m = pi/2 ﬁ

The thermal length is the distance from the supply to
where the buoyancy becomes important. For an isothermal jet,
it is infinite. In a room, one must add a number of factors to
(Equation 5) that may influcnce the development of the jet.

Equation 7 only lists factors related purely to the room
geometry and conditions at the supply. There are other factors

_ofi importance, ‘such as the occurrence of obstacles and loca-

tion of sources and sinks of heat. Despite the influence of these
additional factors, it may be that we can still use Equation 5 as
a rhodel for jet flow in an enclosure but now with a modified

~exponent n and another distance x, to the virtual origin and

constant of proportionality.

For mixing ventilation, the relative size of the terminals is
not generally an important parameter because it does not vary
greatly. Similarly, the relative sizes of terminal and room
dimensions are usually small, typically on the order of 0.04.
The position of terminals is important. One reason for this with

" supply terminals is that the proximity to a surface leads to the
- - ~formation of a wall jet and a subsequent loss of momentum

due to friction. The distance from the supply to the location of

the point of attachment to the surface is a function of £ and

JA,
; o

. The ratio L/H determines if the room is “short” or

£ 5

s

“long " In a long room, the jet separates from the ceiling when

WJx_fI is sufficiently large. The distance to where the jet sepa-

rates from the Ceiling is dependent on the locations of the
supply and extract devices. For terminals located on opposite
sides, the distance to where it will separate will be prolonged.
A separation from the ceiling may also occur when the jet
approaches the opposing wall. An adversc pressurc gradient
acts over a region of the ceiling (see Figure 4) and will even-
tually give rise to 4 separation.

Supply of air colder than.the room air can give rise to 2
separation: The determinant is /,,/L. If it is less than one, the
jet may separate from the ceiling before it reaches the opposite
wall. As a tentative parameter for whether or not the flow in
aroom will be affected by the buoyancy of the jet, it has been

' suggested (Sandberg and Blomqvist 1994) that the ratio

between the thermal lengthand the length of the perimeter (P)

" of the Toom; 1,/P, be used. When this ratio is much less than

1, then one can expect the flow in the room to be affected by
the buoyancy of the jet.

3
&

Three-Dimensional Jet Following
the Perimeter of the Room

Figure 2 (from Sandberg et al. [1991]) shows the veloci-
ties recorded at various stations along the perimeter of aroom.
A behavior typical for short rooms appears. When the
airstream arrives at the opposite wall, the thickness of the jet
increases and the jet is retarded and is deflected downward
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along the: wall. Thejet flow is first accelerated, by the-higher
-pressure at the corner, and a maximum velocny is attamc:d at
the wall. After this point, the flow decelerates again. At the
lower. comner, the-procedure is repeated again and the maxi-
mum velocity is attained, some distance from the wall. ..
There are two important observations from Flgure 2.
The decayof the velocity'tinder the ceiling follows the rela-
tion x:9:2, which differs from the theoretical relationship x™'.
Farther. downstream, the dccay of the velocity is affected by
the presence of the opposing wall 'I'hls is, because, when the
jet. approaches the wall, the pressure increases (see Flgure
4),. At the distance x\/A(O) =30, the jet starts to separate from
the ceiling. ;. .-, . !

Two-Dimensional Wall Jet i 0 i

All experiments reported below were carried out in slot
ventilated rooms with a slot spanning the whole width of the
room (w=W)and the terminal mounted flush to the ceiling (¥,
= h/2). The characteristic dimension of this terminal is equal
to its height h, i:t., VA, = h. Tests were carried out with the
room configurations shown in Figare 3.

Configuratioif a: Both ends open

" Configuration b: One end open MG e,

Conﬁourauon c Standard room conf guration

‘Theresults presented are part of 2 doctoral thesis (Karmu-
pananh 1996a) T ’
N 2 3
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Fzgure3 Room conﬁguranons In conﬁguranon (c) Lwas
TS "Varled as”L = 2H, 4 °H/3, ‘'H,"and 2- H/3,
respectively.

i

EXAMPLE OF PRESSURE DISTRIBUTION
ALONG THE PERIMETER

Figure 4 shows an example of the static pressure along the

- perimeter of a room (Configuration c) with length L =H. At -

" the begmmn the pressure'decreases However, when the Jet

- approaches the corner, the, pressure increases and ihe jei is

. exposed to an adverse pressure gradient. s &
§

' EXAMPLE OF LOSSES OF MOMENTUM "' -
Figure : 5 shows the results (Kanmlpanah and Sandberg

1994a, 1994b) of tests conducted in a full size room (Config-

uration c). The momentum loss due to friction has been calcu-
lated theoretically, and the kinematic momentum fluxes have
. been obtained by integration of the recorded velocity field.
At first the momentum loss is due to friction only, but
. beyond the distance x/h > 150, the loss is greater t than that due

p—
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\'" Figure 4 Static pressure distribution along the perimeter

of a room.

to fncuon only. This flux may be somewhal underestimated;
however, the tendency is ‘¢lear. This effect can be attributed to
transfer of momentum between the jet and_‘the moving ambi-
ent. The ratio Y between the kinematic momentum flux of the

mean velocuy ﬂeld arrd the total kmemanc ﬂux is about 93%.

N1t Lges

By can-ymg out numencal sxmulanons, Nielsen et al.
(1996) have predicted the momentum flux M, in a two-dimen-
sional jet. The behavior is similar to our ﬁndings. At the begin-
ning the losses are fairly weak because the ambient air is
flowing in the same direction as the jet, but further down-
stream the ambient air is flowing in the’ opposite direction,
thereby giving rise to larger losses (Nielsen 1997).

The above result shows that the jet begins to interact with

__room air movements when x/h > 150 corresponding to x/L =

0 25. It is of interest to compare these findings with those of
(Gnmlthn (1970), which states that the expansion of the jet is

*_notconstrained by the roomi until A;,,/ W x H amiourits to about
"25%. - N he s
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“Figure 5 Change of kinematic momentuminajet: L=6m,
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where y,,, is the distance to where the mean velocity has
decreased to half its value.

The growth of y,, is linear and therefore one can write
Equation 8 as (compare to Equation11)

hjel =2x yle

.

o o dJ’r/z Xg X\
: i hj‘,=2‘3<‘hx 7 (h h) #

®

For the conditions shown in Figure 5, the spreading rate
.and the distance to the virtual origin are known in Configura-
uon c (L =2H) from thé data'in Table 1, and one obtams

A T .

h.
oL ~=:,,o.1764(5.3z» %) F

e - (10)

Using the Grimitlin condition, i.e. o hj,/ H = 0.25, one

cein L I

Qlatalns x/h = 420 which corresppnds to x/L 0 7
SPREADING RATE AND VELOCITY DECAY

NECTS STV 1A 1

The (ollowang relanons were, used fqr curve fits of the
spreading rate of the j jet ‘and the decay of the centerline veloc-

- The résuls obtained are shown in Table 1 (from’ Karimi-
panah 3996b) “and ‘are”- compared: to *those obtained *by
Schneider:and Goldstein (1994) for an unconfined wall jet.

"* From Tablé"l one cannét retrieve the thedtetical expo-
nent n= 1/2 for the velotity décay. T
ST 7 SEa ORI, i

CONOLUSIONS AND RECQMMENDATIONS;
I ¢ summary‘ the behavior of an isothermal jetissuéd at the

_'cerlmgvin a'room can’be described as a'jet that undergoes a
‘number of deflections at the Eorners it meéts during iti¢ourse

frbm the’ suppiy point'td-thé floor. Whén approaching the
“comner, it is retarded and pressure is built up.’After edch deflec-
tion, the jet “restarts” again. The difference betwéen: the
behavior of a free jet and the behavior of a Jet in a ventilated

g5 408 b “F
room is due to the following. W DAl

"+ Friction agamst room surfacés.

. Loss of mc}mentunlr by trarrsfer of | momentum frolrr the jet
0 the movmgambrem. ; :
*  Buildup of .an adverse pressure grad;ent when, the jet is

approachmg an opposmg side (room comer),} _—

e Loss of momentum when deflected at room corners.

t i 2 [0 ¢ Ol . . .
; y - 37, At first, when the jet leaves the supply device, the loss in
5o SePiing R momentum is due to friction, but after some distance, the loss

an Y172 A'(" + x_")) becomes much greater than that by friction only. We interpret
e h h ; an this additional loss as a loss due to exchange of momentum
, 3 g ,( ) x xo)z" with the moving ambient. For a jet issued from a slot in a slot
h h ventilated room, the loss of momentum due to, exchange of
momentum begins to dominate at a distance of about 150 slot
%hefre Al and A, are constams heights downstream.
R e e M G g o g w o —
57 4 ve B Vi meres TABLE 1 L
gl noap CETT U3 i The Calculated Constants of Equation 11
LEEFPEN] ¢7 SR ) =1 dy A —
_ @Yy/2 0
Model 15 &dx_ E TFrorny 4, |, ST l'}s!'m
=TT —_— =
Unconfined plane wall jet from
Schneider & Goldstein.(1994):. _._ .
LDV | I0.077 —8;’1“2 ”,:902@7 g ‘0—608 3.4
Hot film " 0.082 —9.4 0.0421 0.560 7 |+ 14000 »
Pitot tube ", 0.074 olin11069 7 1 0:0342 0.563 7.~
Present fixed room length, L=2H, varying configu- ,{,L “‘ )-xl,_ " ‘ o “rr:’ : ; "
rations: S | 5 :
= LD ORE 2EE8 w rreaty s wpie .51 i
(a) L=2H 0.0795 10.0082 10,0664 14 10.527 Le ofs o o
T ) L=2H 0.0802 5106151 ;- [ 15000841 ;- |- 0.506 . f | 7200
(c) L=2H 0.0882 . ;|pi5.3745 |, -0.1553 . [. 0432
Present‘conﬁgnfadon © varying room icngth:-— st ar L SERR LA RSO Tk PR LT
) o J L. df'n ey & S04
(c) L=2H 0.0882  ofi - B 15§3 0432 ol iz e
() B=4H/3 ALAT e 0.0888 T 57358 il 01354 - 04851 7 . prie 72005
3 hY Iy sortery o 259 agresny e e
(©) L=2H73 0.0880 618971, 00302 ] 0483 T
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The effect of {‘closing in” the Jet ina: venudated robm is as
follows 3 St

»  The jet becomes thicker, i.e., the spreadmv rate increases.

e The decay of the velocny docs not follow a sxmple power
law relation ‘with a constaiit cocfﬁcmnt along the whole
distance from the supply.

*  When recorded velocity data are fitted to the classical jet
model, consisting of a simple power law relation with one
exponent, then the effect is
— change in both the location of the virtual origin and

exponent. In no case does the exponent become equal
to the theoretical value -1/2 valid for a two-dimen-
sional jet.

The main difference occurs between a free jet and a jet
located in an enclosure. For a jet located in an enclosure, a
change in room size does not drastically change the parameters
in the classical jet model.

More than 90% of the momentum flux is transported by
the mean velocity field.

For improving the precision in the prediction of the maxi-
mum velocity in the occupied zone based on properties of
supply devices, the following steps are suggested:

1. A practical engineering theory should be developed, where
jets in rooms are regarded as jets that undergo a number of
deflections at the room corners and “restart” at each comer.

2. When testing jets one should, in addition to the determina-
tion of the length through the supply device, somehow also
include the “enclosure effects” in the tests. This can, to
some extent, be done at a low cost by building a mockup of
a room, including the surfaces the jet strikes during its
course from the supply device to the floor. The maximum
velocity on the floor should be measured.

For nonisothermal jets it is suggested that the concept of
thermal length be used to characterize the effect of buoyancy.
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NOMENCLATURE
dA = area differential (m?)
Cross-sectonai area of jet (mz)

= cross-sectional area of roeom ( fmz\

Ldppom T MAURSTOLLUULAL daivad VI 1 UVALL il 'J
Ar(0) = Archimedes numberatthe inlet(Ar(0)= ——; )
A, = area of extract air terminal (m?) v
A = area of supply air terminal (m?)

B = specific buoyancy flux (B = Q(0)g’) [m*/s’]

g = acceleration of gravity (m/s?)

g = reduced gravity, g’ = gAT/T (m/s?)

H = height of room (m)

h = height of supply device (m)

g L =, length of room (m) . »7; :
La = thermal length (m) v
M 2 kinematic fomenturd ﬂux ) V-
”M(O) = jetexit momentum (N) " -
oom. = ,zspemﬁc momentum flux, mFLM/p (m4/ss))
n .= :exponent : © e
P = length of room perimeter (m) Ak
P = pressure (kg)
Q(0) = inlet flow rate (m’s)
Re = Reynolds number
s = coordinate along the perimeter of the room m (m)
T = temperature (K)
v = mean value of axial velocity (m/s)
U: = centerline velocity (m/s)
U = fluctuating part of axial velocity (m/s)
W = width of room (m)
w = width of supply device (m)
X = coordinate in axial direction (m)
Xg = distance to virtual origin (m)
Y1z = half-thickness of wall jet (m)
Y = fraction of the kinematic momentum flux due to the
mean velocity field
AT = temperature difference (K)
p = density (kg/m3)
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