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Abstract 

Laser Doppler Velocimetry (LDV) measurements were 
taken in a confinement, bounded by two parallel walls, into 
which issues a row of parallel jets. Two-component rneasure- 
ments were taken of two mean velocity components and 
three Reynolds stress components. As observed in isolated 
three dimensional wail bounded jets, the transverse dlfision 
of the jets is quite Iarge. The data indicate that this rapid mix- 
ing process is due to strong secondary flows, transport of 
large inlet intensities and Reynolds stress anisotropy effects. 

Nomenclature 
Symbols 

A, cross sectionai area of test section ( = 7.74 x m2) 

Aw1/4 Area of 1/4 jet cross section 
AR Nozzle aspect ratio ( = nozzle heightmozzle width) 
h Confinement height ( = 0.0195 m) 
L Distance between adjacent jet centerlines ( = 0.0762 m) 
N Number of samples taken 

Q Volume flow rate through facility ( = 6.31 x rn3/s) 
Q 1i4 Volume flow rate through 114 jet cross section 
Re Reynolds number based on h and Ub,,,k 

Re* Reynolds number based on h and U,, 
u, v, w Mean Cartesian velocity components 
Ubuk Bulk velocity in confinement (= Q/A, = 0.815 m/s) 

U,, Mean velocity at confinement centerline (z = 0.0 m) 
ut, v', w' Fluctuating Cartesian velocity components 
x, Y t  Cartesian coordinates as defined in Figure 1 

Subscripts 
cl Confinement centerline (z = 0.0 m) 
jcl Centerline of jet 3 6 = 0.2032 m, z = 0.0 m) 
mcl Midpoint between jets 2 & 3 (y = 0.1651 m, z = 0.0 m) 

Introduction 
Three dimensional bounded jets are important in a vari- 

ety of engineering applications including turbine blades, gas 
turbine combustors and microcircuit cooling, thrust vector- 
ing nozzles, airfoil boundary layer control and ventilation 
system exhaust. Mixing of bounded jets with adjacent jets or 
with their surroundings l ie.  transverse and boundary normal 
momentum and heat transfer), plays a crucial role in the 
effectiveness of the injected flow in these applications. A 
considerable body of research has been performed which 
studies different classes of bounded jets. These include: jets 

bounded by free surfaces and solid walls, pIanar and three- 
dimensional wall jets, jets bounded by one plane wall, two 
parallel plane walls and axisymmetric walls (pipe and dif- 
fuser geometries), and systems with multiple interacting jets 
of various configurations. 

The authors investigated the mixing characteristics of 
parallel, confiied turbulent jets. A large body of experimen- 
tal research has been performed on related flows, which sug- 
gests that some of the physical mechanisms present in such 
Parallel, Confined Jets (hereafter PCJ) mixing are important 
in rapid transverse mixing in other bounded jet flows. Spe- 
cifically, isolated three-dimensional wall bounded turbulent 
jets have been studied by numerous researchers. Measure- 
ments by Newman et d. [1972], and many others, on three- 
dimensional isolated wall bounded jet flows have shown that 
transverse jet growth rates in these flows are substantially 
larger than the growth rates normal to the wall. Physical 
mechanisms to which h s  anisotropic jet growth have been 
atthuted i n c l u k  increased turbulence transport (i.e. 
a(utvt)/8y =. a{u'w')/az, see coordinate convention in Fig- 
ure l), and secondary flows of the first and second kind 
(Launder and Rod [ 19831). Also, Davis and Winarlo [ 19801 
took velocity and Reynolds stress measurements in an iso- 
lated three-dimensional wall bounded jet and observed larger 
effective momentum diffusion transverse to the jet than nor- 
mal to the bounding wall. 

An isolated three-dimensional wall jet bounded on two 
sides by a confinement has been stuhed by Holdeman and 
Foss [1975]. Their mean flow measurements showed strong 
secondary motions (streamwise vorticity) and large jet 
spreading rates. 

Several nondimensional geometric scales can be 
adopted to characterize PCJ flows. The ratio of inlet nozzle 
hydraulic diameter to confhement height (DH/h) and to jet 
spacing (I3 A), as well as the nozzle aspect ratio (AFt) are 
relevant an2 serve to distinguish the geometries investigated 
by others (see Figures 1 and 2). The configuration investi- 
gated in this report is charactaized by closely confined, 
closely coupled and low aspect ratio jets (i.e. DHh, D,/L 
and AR all of order 1).  

PCJ configurations have been studied by Kmthapalli et 
al. [ 19811. They found that the spreading rates of a multiple 
rectangular jet configuration was not significantly affected 
by the presence of a partial confinement. However, the con- 
figuration considered in this report differs sigtuficantly from 
that of Krothapalli and his co-workers in that the aspect ratio 
of their rectangular jets was AR z 20 (vs. z 1 for the present 
geometry) and the normalized distance between their jets 
was DHL = 5 (vs. s 1 for the present geometry). Accord- 
ingly, the presence of a confinement in their experiments has 
sigruficantly less influence on parallel jet mixing than 
observed in this study. 

The purpose of the present PCJ measurement program 
was to take mean flow and Reynolds stress data of sufficient 
detail to improve the understanding of the physics in PCJ 
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flows, develop an appropriate turbulence model and verify 
conputational fluid dynamics (CFD) analysis. An adequately 
verified CFD tool will provide the ability to optimize the 
flow rates and jet size/position to maximize mixing rates. 
The present experimental program contributes to the avail- 
able measurements of bounded jet flows. The configuration 
investigated is characterized by the presence of multiple par- 
allel jets, bounding surfaces on two sides, low aspect ratio jet 
cross-sections and close proximity of adjacent jet centerlines 
(relative to jet diameters). The purposes of this paper are to 
present and interpret the experimental measurements taken 
in the PCJ C0nf"guration. 

Configuration and Measurement Program 
Figures 1 and 2 show sketches of the test section and 

optical configuration used for the measurement program. 
The coordinate convention utilized throughout is also pre- 
sented in Figure 1. Five plpes of diameter D = 0.0381 m and 
22 diameters long issue into a confinement. The confinement 
is 0.01905 m in height, 0.4064 m wide and 0.7620 rn long. 
The flat walls of the confinement give rise to very good opti- 
cal access. The axis of the third pipe is coincident with the 
centerline of the confinement. The pipe centerlines are 
spaced 0.0762 m apart. The end walls (y = 0.0 and 0.4064 m) 
were located 0.0508 m from the centerline of the outexmost 
jets. 

0.762 ................................. ... : o) :... ...... ............. ................... 
I :  

b) 

ODlWS m ......... 
M f f l  d - - id#5 Jd #4 k t x 3  m#2 .____.______________________________ ~ ....... 040Mm ......................................... ~ ....... ; : 

FRONT YlEW 
Figure 1. a) Top view, b) Front view sketches of Parallel 

Confined Jet test section 

0.4M m 

Figure 2. Sketch of probe orientation and 12 scan locations 

The dynamics of the parallel confined jet flow can be 
qualitatively characterized as  follows. As the water flowing 
through each of the five inlet pipes nears the inlet to the con- 
finement, it accelerates because the cross-sectional areas at 
the inlet to the confinement are smaller than the pipe cross 
sectional area (Figure 1). As the jets issue into the confine- 
ment, they decelerate due to a step increase in flow area, and 
begin to diffuse in the transverse (y) direction. Recirculation 
zones appear between each pair of jets. The jets mix out 
quite rapidly - the centerline axial velocity of jet 3, normal- 
ized by confinement bulk velocity, decreases from 2.7 to 1.6 
m/s within approximately 5 confinement heights down- 
stream from the inlet. As the jets mix out, the region of the 
flow well away from the endwalls becomes a fully devel- 
oped two-dimensional turbulent duct flow. 

A 40 hp variable speed centrifugal pump was used to 
control flow. The test section flow rate was measured to an 
accuracy o f f  1/2 % of reading using a turbine flow meter in 
the supply line to the test section. Flow rates through the five 
inlet pi es were controlled and measured to an accuracy of 
2.5~10-' m3/s using rotometers in the individual pipe inlet 
lines. The volume flow rate of water through the facility was 
6 . 3 1 ~ 1 0 ~ ~  m3/s. The flow split was controlled via valves 
downstream from the rotometers. This flow split was opti- 
mized through trial and error to yield near periodicity of the 
three middle jets as discussed below. Loop temperature was 
controlled using resistance heaters located on the pump suc- 
tion piping and chilled water through a heat exchanger as 
necessary. The loop temperature was held constant at 38 *C. 
The Reynolds number (Re) of the inlet pipe flows based on 
pipe bulk velocity and diameter was approximately 60000. 

The test section was designed using clear cast acrylic. 
To minimize distortion of the beams through the test section 
walls, the cast acrylic was milled to a 0.13 mm tolerance on 
thickness and polished to retain optical clarity. 

A four-beam backscatter laser Doppler fiber optic 
velocimetry system was used to take the velocity measure- 
ments. A 122 mm focal length lens was utilized with the 
probe, producing a measurement volume 0.32 mm long and 
0.06 mm wide in water. The fiberoptic probe was supported 
above the test section with a beam mounted to a milling 
machine which controlled traversing, with an estimated 
maximum positional error of f 0.25 mm. Neutrally buoyant 
latex seed particles (5 pm) were used for the LDV measure- 
ments. Water added to the loop was deaerated to minimize 
the presence of bubbles in the flow stream. In all cases the 
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Figure 4a. Energy spectrum of axial velocity taken at 
x = .OS08 m, y = 0.0 m, z = 0.0 m. 

Several transverse scam @ = UIU,~ vs. y) were taken 
along the centerline of the confinement (z = 0.0 m). These 
served to provide guidance to. adjust the flow rate through 
the outer jets to maximize the periodicity of the center three 
jets. Figure 4b shows the data from the x = 0.0508 m scan, 
and illustrates the near periodicity achieved. The flow rate 
splits through jets 1 - 5, were 19.7, 20.2, 20.2, 20.2 and 
19.7% respectively of the total test section flow rate of 
6 .31~10-~  rn3/s. The axial momentum defect whrch appears 
at the centerline of each jet in h s  plot wilI be discussed 
below. 

"." 
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Figure 4b. Measured axial mean velocity vs. y at 
x = .0508 m, z = 0.0 m. 

Figure 4c shows the nearly symmetrical scans of 6 vs. z 
along the centerline ofjet 3 6 = 0.2032 m) at x = 0.0508 m 
and x = 0,1016 m. Figures 4b and 4c serve to justify the use 
of the three symmetry planes exploited in the detailed mea- 
surement program pursued and in Navia-Stokes analysis 
(details of CFD computations appear in KW et al. [ 19951). 
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Figure 4c. Measured axial mean velocity vs. z forjet 3 at 
y = .2032 rn for x = ,0508 m(A) and .I016 m (m). 

As the jets mix, the confinement flow approaches that of 
a fully developed two-dimensionai turbulent duct flow 
(V, W 0, U = U(z)), since three-dimensional effects 
become negligible (aspect ratio of confinement = 21.3). A 
detailed scan was pedorrned in the z direction near the con- 
finement outlet, 34.67 confinement heights downstream 
from the inlet location (x = 0.6604 m, y = 0.2032 m). Fig- 
ures Sa and 5b show the measured axial velocity profile vs. z 
at this locatian. (Measured transverse velocity was no more 
than 0.007 Ucl). The open symbols in Figures S a c  com-  
spond to data obtained very close to the confinement wall (z- 
zwdl = 0.12,0.19pn)l. ~ n m a l i z e d  wall shear stress zw 
of Cf=  2t,/pU,, = 0.0065 collapses the axial velocity 
reasonably well to a logarithmic law-of-the-wall profile as 
seen in Figure 5a. (A spline f i t  through the first two data 
points yielded Cf = 0,0057). Laufer (1 950) investigated sev- 
eral nearly fully developed channel flows including two of 
veq similar Reynolds numbers to the PCJ configuration 
(Re = 24400, 24600 vs. 23400 for PCJ). Laufer reported 
wall stress values of C, = 0.0036 and 0.0038 for ttxese two 
channels, signrficantly lower than the values deduced for the 
PCJ configuration. Consideration of this difference and of 
the mean velocity and turbulence intensity data in Figures 5b 
and 5c suggest that the Reynolds normal and shear stresses 
in the PCJ confinement flow are signficantly higher than in 
Laufer's channels. This is consistent with results which indi- 
cate that the turbulence levels in the PCJ configuration are 
still decaying from their large near-inlet values at this near- 
outlet location. 

Figure 6 shows a plot of measured axial mean velocity 
in the inlet pipe to jet 3, 1.75 pipe diameters upstream of the 
confinement inlet (x = -0.0667m). The profile is seen to be 
nearly symmetric, and compares well with a 117 power law 
distribution. Some evidence of the approachng confinement 
area step change is discernible in slight symmetric inflec- 
tions near z = f 0.01m (Zm E f 0.5). 

1. The measurement volume length of 0.32 mm in water 
indicates that the probe volume partially intersects the wall 
for these two measurement locahons. Though the measured 
values of mean velocity appear reasonable, the normal 
stresses a ear to be unrealistically high (especially v'v' ). 
Accordingy, PP the uncertainty associated with these. two 
points was deemed significantly hgher than the uncertainty 
estimated below for all the other top scan data. 
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Figure 5. Measurements of axial velocity and normal 
stresses vs. z at x = 0.6604 m, y = 0.2032 m. a) Comparison 
of axiaI velocity with law-of-the-wall. b) Comparison of 
axial velocity with d a t a b e  to Laufer [ 19501. c) Compari- 
son of normal stresses u'u' (i = 1) and v'v' (i = 2) with 
data due to Laufer [ I  9501. 

t 
1 , 
I 

0 PCJ data 0.5 
tff power IBW profile 
Inlet boundary profile i , 

-0.010 0.000 0.010 

z (m) 

Figure 6. Comparison of measured axial mean velocity in 
the jet 3 inlet pipe at x = -0.0667m, with In power law pro- 

file. 

Detailed Scans 
Figures 7 and 8 present axial and transverse mean veloc- 

ity data at the first 10 scan locations. Figures 7a-J show front 
view contour plots of U and V, Figure 7k shows a plot of the 
x = 0.0381 m scan. Clearly, the data are quite smooth, and 
both mean velocity components were found to be repeatable 
to within 0.02 m/s. Several important features of the mean 
flow are obtained from the data in Figure 7. 

Flow issuing into the mrdimement from the inlet pipe 
encounters a variable height "forward step" contraction, the 
maximum height of which occurs at the pipeljet centerline. 
This gives rise to a large axial momentum defect at the jet 
centerlines. This defect is observed only very near the con- 
finement wall at x = 0.0051 (Figure 7a). The size of this 
defect region grows in z and y over the fust several scan 
locations. This is due in part to turbulence diffusion. Second- 
ary flows which develop near the inlet likely also play a role 
in this transport of low momentum fluid. The peak jet center- 
line velocity is seen to increase due to this blockage (see also 
Figure 8). The region of diminished axial velocity reaches 
the confinement centerline at x = 0,0270 m (Figure 7d). This 
may be considered the axial extent of the near potential flow 
care at the jet centerline. This centerline defect is observed 
all across the confinement from x = 0.0270 m to x 2 0.15 m 
(Figure 7j) where its influence is seen to wash out. 

As the parallel jets issue into the confinement, a large 
recirculation appears between adjacent jets, This recircula- 
tion zone is seen to be wider (Ay) and longer (Ax) near the 
confinement wall than at the confinement centerline (Figures 
7a-g). Specifically, at the confinement centerline, z 
0.063 m, compared to xreattaEh IO.069 m at the scan location 
closest to the wall (z/(h/2) = 0.859). Maximum magnitudes 
of reversed flow velocities are larger near the confinement 
wall than at the confinement centkine: IVlmax,recitc - = 
0.67 d s  vs. 0.5 1 d s .  

Downstream from the recirculation zones between the 
jets (x > 0.07 m) signlficant negative V velocities were rnea- 
surd across the jet due to jet spreading (streamline diver- 
gence). Near the confinement inlet (x = 0.0127, 0,0216, 
0.0270, 0.03&1), however, relatively large transverse veloci- 
ties near the wall are positive (towards jet centerline) and 
near the confinement centerline negative. The magnitudes of 
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these transverse velocities reach nearly 0.4 m/s, compared to 
the cross-section bulk velocity of 0.82 m/s. This suggests 
s i w c a n t  streamwise vorticity, arising from streamline 
divergence and secondary flows. Transverse vdocities even- 
tually diminish towards zero as the jets decay. 

In Figure 8, the axial jet decay along the confinement 
centerline is presented as a plot of normalized difference 
between measured axial velocity at the jet 3 centerline @jCl = 
0.2032 m) and at the symmetry plane between jets 2 and 3 emcl = 0.1651 m). (Two velocity difference values appear at 
several axial locations since repeated measurements were 
performed there.) The difference between U. and Umcl 
increases near the inlet as discussed above, reac%kg a maxi- 
mum of (Ujcl - Umcl)/Ujcl 3 1.25 at x = 0.027 m (xh = 1.4). 
The jets then mix out quite rapidly, falling to (Ujcl - Umcl)/ 
Ujcl E 0.3 at x = 0.152 m (x/h = 7.8). 

Also presented in Figure 8 is mass weighted average 
axial turbulence intensity, defined as: 

T - = L / / 4  (3) 

‘4x8 114 *xsl/4 
‘bulk 

plotted vs. x. This intensity is seen to increase rapidly near 
the inlet, reaching approximately 0.40 at x = 0.0508 m. The 
turbulence intensity then decays exponentially. At x = 
0.6604 m the average turbulence intensity is approximately 
0.08, and still apparently decaying (see Figure 5c and discus- 
sion). 

Figure 9 shows selected comparisons of measured axial 
and transverse turbulence intensities at three axial locations. 
The three selected scans are located: a) very near the con- 
finement inlet (x = 0.0051 m), b) approximately halfway 
along the axial extent of the recirculation zones (x =0.027 m) 
and c) approximately two confinement heights downstream 
of reattachment (x = 0.1016 m). Very near the confinement 
inlet, turbulence intensities are quite small except near the 
wall and at the interface between the incoming jet and the 
recirculation region between jets, where maximum local 
intensities, f i  u u /Wlocal, of approximately 25 % are 

observed. At x = 0.027 m, intensities grow quite large in the 
vicinity of the jet-recirculation zone interface. The location 
of peak intensity shifts towards the jet centerline as the con- 
finement wall is approached, consistent with the cross-sec- 
tional shape of the inlet (Figure 1). Turbulence levels at the 
confinement centerline remain small near the jet centerline, 
since flow at this location has primarily been subject to rela- 
tively small normal strains. 

Transverse intensities exhibit the same trends as axial 
intensities a t e s e  first two scan locations, though the mag- 
nitudes of u ’ u ’ a e  nomhdly 50 % hqhef. Downstream of 
reattachment, u’u’ and v’v’ &bit significantly daerent  
character. Specfically& the defect region between the jets 
v‘v‘ is larger than uluI.d diminishes monotonically 
toward the jet centerline. u‘u’ retains its upstream character 
of maximum magnitude near the location of maximum trans- 
verse shear (aUlay ). 

The Reynolds shear stress data, UT, are plotted in Fig- 
ure 10 at the same three representative axial locations. Qual- 
itatively, these shear stresses follow gradient diffusion 
trends, as comparison with Figure 7 affms. 

Conclusions 
Detailed LDV measurements were taken in a parallel 

confined jet configuration. Two components of mean veloc- 

ity and three Reynolds stresses were obtained. Several con- 
clusions were drawn from the measurements: 

Test section design and tuning the flow rates in the out- 
ermost jets gave rise to a nearly periodic flow that was 
exploited along with planes of symmetry in the measurement 
program. This also, of course, facilitates Navier-Stokes anal- 
ysis efforts. 

Detailed rewlution of the development of quantities 
obtained from the measurements provided insight into the 
complex mean flow and turbulence physics of this flow. 

Mean flow measurements characterized important fea- 
tures including rapid jet decay, large recirculation zones 
between jets, skong secondary motions and peak axial 
velocities away from the jet centerline. 

Turbulence intensities near the confinement inlet are 
quite h igh  due to abrupt geometry change and dump diffu- 
sion there. 

Si&icant anisotropies in the axial and transverse 
intensities appear near the midpoint between adjacent jets. 
This persists well downstream. The Reynolds shear stresses 
were observed to qualitatively follow gradient diffusion 
trends. 
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