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ABSTRACT

The subject of this paper is the experimental determina-
tion of the flow characteristics of three-dimensional wall jets.
The jets were produced from a diffuser with a rectangular
outlet. The diffuser outlet size and flow rate were varied to
produce both low and high outlet aspect ratios and Reynolds
numbers. Velocity profile measurements were made to deter-
mine the centerline velocity decay and the extent of the lateral
and vertical spread of the jet. Using a simple jet model, the
velocity decay coefficients, virtual origins, and spread angles
were deduced and compared with previously published results
for smaller laboratory-scale jets.

INTRODUCTION

The subject of this paper is the behavior of three-dimen-
sional wall jets produced by a room air diffuser with a rectan-
gular outlet. Wall or ceiling jets are commonly used for
diffusing the momentum of the supply air from the diffuser to
prevent drafts in the occupied zone of an enclosed space. The
diffusion of the jet is characterized by the centerline velocity
decay coefficient and the lateral and vertical half-widths. In
this paper, measurements are made of the maximum centerline
velocity profiles for two outlet heights and two volume flow
rates at each height. The lateral and vertical jet half-widths are
also measured for the two flow rates at each outlet height.
These measurements are made with outlet aspect ratios and
Reynolds numbers similar to those used by Sforza and Herbst
(1970) in wall jet measurements with smaller laboratory-scale
outlets. The study in this paper makes use of a ceiling diffuser
with a rectangular outlet sized for use in HVAC applications.
Beyond a comparison of the general nature of the velocity
decay and jet spread measured in this study and the Sforza and
Herbst study, a simple jet model is used to obtain jet flow char-

acteristics from the data. These characteristics are the center-
line velocity decay coefficient, K, the virtual origin of the jet
in reference to the diffuser outlet, xp, and the spread angles of
the jets laterally (parallel to the ceiling) and vertically (perpen-
dicular to the ceiling), B7 and By.

JET DIFFUSION CHARACTERISTICS

A wall jet produced by a diffuser with arectanguiar outlet
of finite aspect ratio AR is a three-dimensional jet. The jet
velocity in the x-direction can vary in the axial or centerline
(x), the vertical (y), and the lateral (z) directions, at least in
some region downstream of the outlet. It is common to refer
to three axial regions for this type of jet. Closest to the outlet
is the potential core, or Zone 1, of the jet, where the velocity
remains equal to the outlet velocity. The next region is the
characteristic decay region, or Zone 2, starting where the
velocity begins to decay from its initial value. Here the veloc-
ity decay depends on the outlet geometry and is often repre-
sented as a plane wall jet decay where the lateral width is large
compared with the height of the opening. The outermost
region is termed the axial or radial decay region, or Zone 3,
where the velocity decay is similar to that of a radial jet
(ASHRAE 1993; Engel and Kirkpatrick 1993).

Some variables characterizing a wall jet are presented in
Figure 1, which are used to obtain an expression for the jet
centerline velocity in Zone 3. The centerline distance x is
measured from the diffuser outlet. The y-axis is perpendicular
to the ceiling and the z-axis is oriented laterally, as shown in
the figure. The maximum centerline velocity u,y, is measured
at ym, and one-half this maximum velocity, 1/2up;, is
measured at the half-width yj,/,. The virtual origin is the point
on the x axis from which the jet appears to originate, when the
line connecting the half-widths is extended back to the axis.
The virtual origin is a distance xp from the diffuser outlet. The
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Tigurel Schematic of a wall jet with velocities and
distances.

angle By is measured between the line connecting the half-
widths and the x axis. Although not shown in Figure 1, the jet
also spreads laterally, or in the z direction, and the half maxi-
mum velocity 1/2u,y, is measured at the lateral half-width z,,/
2 on either side of the x axis.

Analysis indicates that in Zone 2 the centerline velocity
Um 1s proportional to x™', and in Zone 3, uy is proportional

to x’1 (ASHRAE 1993). In Zone 3, a nondimensional expres- -
sion for the maximum centerline velocity u;, at a given value

of xis~ -
172
u, A h B, ¢ BV oiffe
;: > Kx+x e . (l)
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whérq K is the velocity decay coefficient equal to the product
of the nondimensional jet velocity and distance from the
outlet, uy, is the effective outlet velocity, and A, is the effec-
tive outlet area, defined from the Bejrll;oul.li equation and the
continuity equation (Koestel 1957) as g

The quanuty Absr is Lhe stanc pressure drop measuréd
across the diffuser-outlet, p.is the densnty of the air at the out.let,
and Q is the voiume fiow,rate of the air. The effectiy vc uuum
velocity ‘and area, u, and Ap_ in the velocity decay equation
(Equauon 1) afe basedoii the static pressure drop. Equation 2
does not account for losses 3 at the outlet; thus, it is an approx-
imation that shghtly overesumates the actual average outlet
veloclty and overesumates the actual outlet area. ln Equamn
1, negative values of xp are in front. of or downsn'eam of t.he
diffuser:~Another useful . charactensua par%meter 1s }hq jet
outlet momentumn flow, My, equal to pAsty, .
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PREVIOUS THREE-DIMENSIONAL WALL JET
EXPERIMENTS

... Early studies of wall jets are giverin Koestel et al- €1950);
Tuve (1953), and Koestel (1957). A review study that gathers

e and compares various three-dimensional wall jet experimental

_findings is that of Launder and Rodi (1981, 1983). Sforza and
Herbst (1970) used a very small outlet area of 6 x 10 S m (O 1
in. ) with the wall jet spreading against a very smooth
pohshed aluminum surface.

The outlets for other studies of three-dxmcnsmnal wall
_jets have shapes other than rectangles or aspect ratios much
different from those used for the present study. Quantmes
pertinent to a comparison of some different expenmems.
including the experiments of this study, are listed in Table 1.

"The outlet area reported in this case is geometric outlet area A.

The Reynolds number is the outlet Reynolds number based on
the outlet height (Re = huy/v). Newman et al. (1972)
conducted measurements on three-dimensional air and water
jets issuing from circular outlets that were tangent to a flat

-surface.-Rajaratnam and Pani (1974) measured the develop-

ment of three-dimensional wall jets from orifices with square,
circular, triangular, and elliptical shapes. For the water jets
they used, they explored in detail the similarity of both the
vertical and transverse velocity profiles, finding that these

__ profiles were, in fact, reasonably similar for axial distances
_.greater than about 10 times the nozzle height. They found that
“thie centerline velocity decay at some distance from the nozzle

varied as 1/x, as radial velocity decay theory predicts.
Padmanabham and Gowda (1991) used orifices of various
circle segment shapes to produce air wall jets.

DESCRIPTION OF EXPERIMENT

The test room is located in a university laboratory. The
roont lengthiis 7.64 m (25 ft, 1 in.), its width is 4.83 m (15 ft,
10 in.), and its height is 2.74 m (9 ft). The equipment outside
the test room includes a data acquisition/control unit and a
microcomputer equipped with an A/D card and data acquisi-
tion software. :

Measurements are conducted with a rectangular outlet
area diffuser using isothermal air. The outlet width w.is 29.6
cm.(11.7 in.), and measurements are made at two outlet
heights &, 0.63 cm (0.25 in. ) and 2.26 cm (0.89 in.). The two
outlet areas A are 0.0019 m? (2.9 in.?) and 0.0067 m* (10.4
in.?), which are factors of 29 and 104 larger than the Sforza and
Herbst outlet: A schematic-of the diffuser appears. in Figure 2.
The outlet'is formed by three sides of the diffuser and a slant-
ing bottom plate; as shown in the. figure. Having the' plate
hingedat the back allows for adjustment of the diffuser outlet
height h. The diffuser enclosure is 28.8 cm (11.3 in.) high,
measured from the plate hinge (at ceiling level) to the top of
the diffuser box. 'Ihe length of the diffuser, from the back to
the outlet, is 30,1 cm (11 9in.). The diffuser interior width is
29.6 em (11.71 in. ) The static prcssure tap is located midway
along the dnffu§er length 2.9 cm (1.1 in.) above thetop edge
of the rectangular outlet. The ceiling level is flush with'the top
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TABLE 1

Parameters of Prévious and Present Wall Jet Measurements

' : e Sforza,- FNewmanetal, Rajaratnam, Pani | Padmanabham,
(ST i ) = o . i T
it ibie Herbst1970| “1972 . | .. 19m Gowda 1991 | Fresent Study
Bluid.x: 2 | Air Air, water  |Water . Air Air
Outflet'Shapes " Ll Rectangles |Circle Circle, Rectangle, Segments of,  [Rectangles
Wiy E " w la Square, Triangle, Ellipse | Circles
Outlet Height or Diameter, h (in.) 0.1 |airo12s  [0.375-0.62 0.175-0752  [0.25
e - [0.071 Water 0.079 0.89
i I 0.05 i -
LR T _ . : =
Qutlet Length (in.) _ § 1.0 e 0.25 - 0.607 0752 - i |17
™ i wie | - 11414 G segment dia.
1T/ - Ut 2 - 20 o %
Outlet Aspect Ratio (length/height) 10 7 |Airl, Closeto 1 forall shapes [1.0-43  ““|46.6
o B i ‘ 20" " |water1 i i «x(13.1
' s 40 i ° o ) i PrAr
) (m/s) " ‘ 63 " |Air77 74-79° |80 i |46-23 .
i _<]. o [ ! Water 1.4 e |= o
Reynolds Number .- $370.. = |Air16400  |59500 - 102000 ,|95400 3000 - 13000
: - |s780. Water 2800,,, | e
< - T, ‘ ¥ 4090 ’ R
Momentum Flow (N)-* 21025 v |Air0.048  [393-851 0.35-1.86 0Mo-13 7
o . 0 Water 0.0062 ' i) el
Certerline Distance to Outlet Height Ratio, x/h |5 - 300 5-190 1-85 3-120 13-720 ©

Figure 2 D:ﬁuser cros,s secnon

“edge of the-outlét’ A 6-mch-d1ameter ducn bnngs air from an
air handlér into'the diffuser;A diffusion screen placed-hori-
zontally inside the diffuser produces a uniform outlet;velocity
(=01 m/s fora nommal velocxty of 5 m/s).in:the lateral direc-

uon\ 1@‘.;} 54 S it W g J(L" ) J;i; .t"". A

.@t schemauc showmg the dtffuscr in ﬂzne ceilmg thé-air
handler, and, the d duct is shown in Flgure 3 The ﬁgure shows
the positions of the duct thermocouple and velocxty probe for

: r;h:: calculanon of flow rate, the Ze]ocny probein thé room, and
the pressure taps m th; dxffuser and the rootﬁ aJBhg w1th the
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instruments into which the signals from these devices are
directed. The maximum centerline velocity up, along the
length of the room and the lateral and vertical half-widths 2,/
2 and ym/, are measured for the jets at eight centerline posi-
tions downstream of the di ff)user There are centerline velocity
data accompanymg both the {ateral and the vertical hdlf-width
data, since the half-tmdth measuréments in each case require
knowledge of the magnitude’of the velocity up,:-The jet center-
line velocity u;, and velocities u along vertical and transverse
lines from the centerline are measured with a constant-temper-
ature omnidirectional thermnal: anemometer. The omnidirec-
tional probe is sensitive to the transverse turbulent velocity
components as well as the streamline components; however,
the streamline components are assumed to be the dominant
velocxty components. The anemometer is placed on a stand
with wheels. The voltages from this instrument are fed to the
A/D cardin the computer for averaging. The flow rate Q of the
airis ad)usted rnanually at the“air-handler outlet. The flow rate
is determined from an anemomeéterinsertéd into the supply air
d’uct ‘ant corrected for thé-airstréam temperature. ... -

“Thee static pressure differerice Apgy. across the dtffuser
outlet.is measured by a pressure transducer. One pressure 1ap
is placed. flush. with; the diffuser, wall, and the other tap is
located in the room nextto a wall. Thej jetorprobe temperature
Tpis obtzuned by a type-‘I' thermocouple placed about 1.5 cm
o the s:de of the veloc:ty probe in the room. The average room
temperature "y comes from the average of ‘four type-T ther-
‘mdcouples’placed on thé surfaces ‘of the fourroom wallsiat
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! Figure 3 Schematic of air handler, dilct, diffuser, test foom, and instrumentation.

their midpoints. The effective outlet velocity u, is calculated
from the measyred static pressure drop across the diffuser
‘outlet and the calculated air density.

The velocity readings are averages of 1 000 samples of
‘the instantaneous velocity taken at a 20-Hz rate. Both the aver-
age velocity and the standard deviation 6 from the average are
displayed after a 50-second measurement interval. Moving
‘averages of the static pressure difference and the flow rate are
.obtained so that the final average displayed is the.average of
the readings taken during the velocity-averaging process. The
temperature readings are single instantaneous readings.

.. Inorder to find the lateral and vertical positions where the
maximum velocity upy, is measured at each x position, velocity
profiles are first obtained laterally and vertically at several x
positions. These positions vary very little with flow rate. In the
lateral direction, the maximum veloc:ty upm is found to'occur
on the centerline of the room, coinciding with a line bisecting

TABLE 2 'ﬂ;..y,.p_ 25 3

the rectangular, outlet To obtain the lateral or the yertical half-
width measurerents, three 50-second measurement periods
are run at each pogition x. The first measurement is made to
obtain uyy,. Before the second and third measurements are

, taken, the probe is positioned so that the velocity reading is

approximately 1/2uy,. Two 50-second measurements are then
.taken at locations where the measured velocities are greater
.than, and less than, 12upm, respecnvely A linear interpola-
tion using these two velocities gives the velocity 1/2u,, and
the half-width. In this process, for each outlet helght and flow
rate used data are obtained separately for centerline velocities
- and lateral hglf-wxdths and for cent_erlmerveloqmes and verti-
. cal half-w1dt.hs A ad ¢ gt

‘.- Parameters for the experiments are shown in Table 2.
“'Outlét heighit, aspect ratio, flow rate, effective outlet velocity
and area, and outlet Reynolds number are shown for both the

B L‘\

i Experiment Parameters.. - 5
Expenmems 2 AR = o - Yo A’i l;;e
(in.) (cm) (cfm) " (m/5) (my/s) (m®)

— ——— = e ——
Centerliné 0.25 0.63 46.6 30 0014 936 | 000152 | 3000
Lateral : 90 0.042 231 .| 000186 | 7400
08 | 226 13.1 50 0.024 456 | 000520 | 5200
150 | oo 113 | 000629 | 13000
Centerline L 025 0.63 46.6 30 0.014 932 | 000154 | 3000
emeal S 90 0.042 223 |.000188 | 7200
gl 0.89 226 13.1 50 0.024 459 | 000517 | 5300
'150° 0.071 114 0.00624 | "13000
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30chn/ (AR=46.6, Re=3000)
+  90chn (AR=46.6, Ro=7400)
4 S&H (AR=40, Re=4200)
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Figure 4 High aspect ratio nondimensional centerline
velocity comparison.’

centerline-lateral and centerline-vertical sets of measure-
ments.

. JET CENTERLINE VELOCITY RESULTS

* Figure 4 plots the nondimensional vélocity up/ug vs. the

“ centerline coordinate x/h for the high aspect ratio 0.25-inch

outlet and the high aspect ratio Sforza and Herbst data. The
Sforza and Herbst data were published in terms of x/h, so the
data in this paper are plotted in 2 similar fashion: For the
diffuser used in these experiments, the effective area Ay'is

- essentially equal to the geometric area A = hw (w is the width

-

“of the diffuser outlet): Thus, the diffuser height 4 is an accept-
‘able sirrogaté for the characteristic length A,'?

In their
study; Sforza and Herbst took the four points farthest from the
outlet and fit a line through them with a 1/x type decay. Figure
5 plots upm/ug vs, x/h for the low aspect ratip 0.89-inch outlet
measurements, and the Sforza and Herbst low aspect ratio

~measurements. Overall, there is remarkable agreement in the

Zone 3 velocities for the two studies, beginning at about x/h of
200 for the high aspect ratio data and at about 40 for the low

aspectratio data. Only the lower Reynolds numberdata of the -
““present study’s ibW aspect ratio do not ¢oincide very weli with

*  Sode (N-DLReRN0) -,
= . 150chs (ARSI Re=13000)
& SAN(AR~10, Rembi0)

. al
RESSSE - e

TR =
F\xgyreS "Low__aspect ratio nondtmenswnal cem‘erlme
= yelocity- comparison. :
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the other low aspect ratio data. In Zone 2 the agreement is not
as good between the various data sets.

JET HALF-WIDTH RESULTS

Figures 6 and 7 are plots of the nondimensional lateral
nalf-widths 2/, / h vs. x/h fron}vthe two studies. The higher
_:;aspect ratio lateral half-widths from this study compare well
with the Sforza and Herbst half-widths, at least in that both

R half-w1dths remain somewhat constant until x/4 reaches

around 200. Then the half-widths from both studies increase
more noticeably. For the lower aspect ratio, the lateral half-
widths of this-study do not exhibit as strong a neck-down

- effect as seen in the Sforza and Herbst half-widths close to the

outlet. Beginning 4t™x/h = 50, the Sforza and Herbst data
dlsplay a curvature very similar to that of the data of this study
that extend past x/k = 100.

‘The nondimensional vertical half-widths yy;/,/ h are plot-
ted vs. x/h in Figures 8 and 9 for both studies. The higher

.. aspect ratio vertical half-widths from this study not only

display good similarity with one another but also with the
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Sforza and Herbst half-widths. For the lower aspect ratio
measurements, there is also very good slmllanty shown
between the high Reynolds number vertical half-w:dths and
Sforza and Herbst half-widths. The Iow Reynolds number

s

e
3

half-widths of Figure 9 at least fall along a similarly sloped
curve to that of the other data, even levelmc a blt wuh the other
data at larger centerline distances..

The influence of the room dimensions on. the jet is small
for the present study, since the largest. x distance is 4.6 m,
which is 0.9 m less than 1.5times the square root of the cross-
sectional area of the room (ASHRAE 1993). A comparison of
Figures 6 and 7 with Figures 8 and 9 shows the opposing
manner in which the-jets spread in the two-transverse direc-
tions. W'hlle the lateral spread rate becomes more pronounced
with centerline distance from the outlet, the vertical spread
rate becomes less pronounced with centetline distance.

JET DECAY CHARACTERISTICS

The measured lateral and vertical jet velocity spread and
centerline velocity decay are now quanuﬁed by calculating the
spread angles B and By, the velocity decay coefficients K, and
the virtual origins xp. By inspection of Figures 4 and 5, the two
half-width points measured closest to the diffuser are omitted
for each data set, since they are in the Zone 2 region. Lines of
the form zp/5 / h=a + b (x/h) or ypmt, / h=c + d (x/h) are fit
to the remaining data of Figures 6 through 9.~When this is
done, the slopes of the equations equal the tangent.of the
spread angle B/ or By. The slopes and angles for both the‘lateral
and vertical spread are given in Table 3. The jet spread. is
greater in the lateral than in the vertical direction. Table 3 also
lists the values for the slopes of the spread as obtamed from
averages of several previous, three-dimensional Jet experi-
ments (Launder and Rodi 1983). There is remarkable agree-
ment between the average slopes of the present data and the
values of Launder and Rodi: 0.22 and 0.26, respecuvcly, for
the lateral slopes (a 15% difference) and 0.043 and 0.048,
respectively, for the vertical slopes (a 10% difference). -

- Figure 10 plots the nondimensional quantities ¥/ (Ao
vs. ug/um for the centerline-lateral measurements. The veloc-
ity decay constants and virtual origins are found from Bqua—

tion 1, solved for x/ (Ap)"%:

)lf2

L LI AT

13 @ ) [

TABLE 3
Slopes and Spread Angles for Lines Connecting Half-Width Data

B o O . e (m isl "Hals‘f';:zim r‘(dE;)\ o ik (dBeE)w . I{;a"lﬁ?v?;&dsm
Ceiterline 0.25 0014 0.14 7.9 026 - ||
Lateral 0042 v | 024 ey 2

—— 089 0024 | - 019 i )
= 5 = - 0071z~ |- 031 ~ 13-
Centerline - 0014 - | —0048 |- - .- 28 0.048
Yertical i . o 0.042 - 0,049 S N .28 -
- 089~ = -0.024- | ~—0.035-- - ~20
: - 0071 |---0.041 - ~ 24
6 SF-98-28-3
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«Linear equations of the form y = a + bx are fit to the data
of Figure 10, where the slope is K and the y-intercept is -xp /
(Ap)""*. The intercept value (-xp / (Ao)'") is solved for xp,
using the effective outlet areas of Table 2. The results for K
and xp are shown in Table 4. Included in the table are resuits
of the identical analysis as-described ‘above, done on the
cemerlme-vemcal measurements. The negative sign of the xp
_ values mdlcates that iﬁ'e virtual origins lie downstream of the
dlffuser outlet. The calculated uncertainties for the decay
_coefficients, 8K, and virtual origins, Exp, are listed as well.
" The larger uncertainty at h = 0.89.i in., @ = 50 cfm, occurs
because the.fixed pressure tra.nsducer uncertainty 1s a con51d-

CONCLUSIONS ..

The jet dlffusxon charactensncs of the present study are
very similar to thosé of the Sforza and ‘Herbst study. The
velocity varies as 1/x'2 for Zone 2 and as 1/x for Zone 3. For
this paper, the average Zone 3 velocity decay coefficient K and
virtual origin location xp are 6.7 apd —0.32 m for one set of
measurements and 6.6 and —-0.36 m for the other set of
measurements. The- virtual origins-lie-downstream of the
diffuser outlet. For the larger aspect ratio measurements, the
Zohe 2 to Zone 3 transition oceurs at x/h of about 200 in both
studies. For the smaller aspect ratio measurements, the tran-
sition occurs at x/h of about 60 for this study and 40 for the
Sforza and Herbst study. The lateral and vertical spread of the
jets with centerline distance for this study is similar to the
spread for the Sforza and Herbst study The neck-down or
decreasing lateral half-width development, measured by
Sforza and Herbst at low x/h for the lower aspect ratio outlet,
is not observed in the data of this study. The vertical half-width
data for the higher aspect ratio outlet jets coincide very well for
both studies.

The measured lateral - spread is about five times greater
than the vertical spread. The average Zone 3 lateral half-width
slope is 0.22, and thie average vertical half-width slope is
0.043. This is confirmed by the average lateral and vertical
spread slope values of 0.26 and 0.048 reported by the review
article_of Launder and Rodi (1983) as averages of various
experimental study results. s,
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erably larger percentage of the pressure drop measured for this NOM.,ENCLATURE g e e
- case than it is for the other three cases. However, the actual 4., ., = geometric diffuser °‘m°t area (mz)
measured variation in the pressure readings forthe h=0.89in., Ao ., = effective. out.let area (mz) S i
0 =50 cfm is not nearly as large (standard deviation /: average, 3 (AR = outlet aspect ratio
value = 0.46%). o Reet e S e F;‘m Ly S One-way d.i‘f'_ft_lse‘r‘ogtle_l‘ height (in.)
TABLE4 . - PR
o ek Velocrty Data Decay C:oefﬁclents Virtual Ongms, and Uneenamty SeR—
s Eiecimeni (i}:n) ot A A AR W S R Aa:) R @ g:?;;
|Centerline - 0.25 46.6 [0.014 9.4 1 0.00152 | -3000 0.13 6.6 -0.37 3.6
g Caele ~0.042 | 2311000186 | 7400-| 096 | 64 | 037 2.9
T70.89 T 131 ~0.024 - 4.6~ 0.00520 (- 5200 0:10 - 74 -0.03 9.2~ ~
=i = : = 0071 | 113 [0.00629 |~13000 | -0.78" |- 6.3 -051 | 32
| Ceniterline 025 | 465 0014 | 93 |000154 | 3000 | 013 -| -71 | -0z 36
e ¥issticel 7 0042 | 223 000188 | 7200|091 | -58 | —060 | 29
~0.89 13.1° 0.024 4.6 0.00517 |- 5300 ~|- 0.10 ~|-—67 =0.31- - - 92
0.071 114 0.00624 | 13000 0.76 6.8 =0.32 32
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oK

Apst

Re

Iy

Uo
Um

*p

Ym

Ym/i2

Zm/2

Bi

velocity decay coefficient

uncertainty in velocity decay coefficient (%)

jet outlet momentum flow (N)

static pressure difference across diffuser outlet (Pa)
volumetric flow rate (m>/s)

diffuser outlet Reynolds number based on outlet
height

temperature at the velocity probe (°C)

average temperature in the test room (°C)

jet velocity in the x direction (m/s)

effective outlet velocity (m/s)

maximum centerline x-direction velocity ata given x
position (m/s)

fixed width of diffuser outlet (in.)

centerline coordinate, measured from the diffuser
outlet (m)

distance from the diffuser outlet to the virtual origin
of the jet (m)

uncertainty in distance from the diffuser outlet to the
virtual origin (%)

vertical coordinate measured from ceiling (m)
vertical distance from ceiling to position where i,y is
measured (m)

vertical distance from ceiling to position where u;,/
2 is measured (m)

lateral coordinate from centerline (m)

lateral distance from centerline to position where i,/
2 is measured (m)

jet spread angle between centerline and line
connecting 2p,/2 positions),

Jjet spread angle between centerline and line
connecting ym/2 positions (°)

p = density of the air at the outlet (kg/m°)

(o] = standard deviation of the velocity measurements (m/
s)
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