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Abstract-An experimental study is presented for the discharging of opposing heated line jets at an angle 
to a confined crossflow. Parametric variations characterizing the mixing processes such as the velocity and 
temperature trajectories, and the circulation length, are correlated in terms of the momentum flux ratio, 
the incident angle, and the downstream distance. Measurements show that the turbulence level is high 
within the region where the mean velocity gradient is steep, and the vertical temperature profiles can be 
expressed in self-similar forms. Better thermal mixing can be achieved at higher momentum flux ratio and 

incident angle. 

INTRODUCTION 

The phenomenon of jets discharged normally or at an 
angle to a crossflow occurs in various applications. 
These include the effluent dispersion operation in the 
industrial processes where streams are mixed for 
dilution, heat exchange or chemical reaction. For the 
design considerations in the dilution zone of a gas 
turbine combustor, the efficient mixing of the diluent 
air with the high-temperature combustion gases leav- 
ing the primary zone is desired to provide a rapid 
quenching for any ongoing chemical reaction and a 
more uniform temperature pattern at the turbine inlet 
[ 11. Further, if efficient mixing in the dilution zone can 
be achieved at a shorter distance, then the size and 
cost of the combustion chamber can be significantly 
reduced. 

Extensive research has been done on the mixing 
processes of a single heated jet injected into a cold 
crossflow [2-51 and of multiple cool jets injected into 
a heated crossflow [6-lo]. These studies provided 
detailed correlations for predicting the temperature 
distributions and relevant parametric variations 
downstream of the jets injected normally from one 
side into the cold or hot crossflow. Recently, Chen 
and Hwang [ 1 l] investigated the mixing of heated jets 
injected normally from two sides into a cold crossflow, 
in which detailed velocity measurements were made. 

Most of the previous work is focused on jets dis- 
charged normally into a horizontal crossflow. 
However, in certain situations, especially in gas tur- 
bine combustors, the diluent air does not enter the 

t Current address : Institute of Environmental Engin- 
eering, National Sun Yat-Sen University, Kaohsiung, 
Taiwan, R.O.C. 

combustion chamber perpendicularly through the 
liner holes, but at an angle with respect to the liner wall 
of around 60-75” [l, 121. However, to the authors’ 
knowledge, no experimental data are available that 
could be used for predicting dual-side configurations 
taking into account the incident angle. 

This paper presents an experimental investigation 
into the effect of the jet incident angle on the mixing of 
opposing heated line jets with a horizontal crossflow in 
a rectangular channel. The objective of this study is 
to quantify the parametric variations characterizing 
the mixing of opposing heated line jets with the 
crossflow. Moreover, the indispensable data base of 
the mean velocity, turbulence, and temperature for 
the numerical simulation and turbulence modeling 
are provided. Detailed velocity and temperature 
measurements were made by LDV (laser-Doppler 
velocimetry) and thermocouple probes. Flow visual- 
ization by dye injection was also performed. Correla- 
tions of mixing characteristics such as the jet velocity 
and temperature trajectories, the jet half-width, 
the circulation depth, and the reattachment point 
in terms of the momentum flux ratio, the down- 
stream distance, and the incident angle, are presented 
and discussed. 

TEST APPARATUS AND PROCEDURES 

The main parts of the test facility consisted of one 
rectangular channel, two identical ducts with heating 
coils and nozzles for the heated line jets, three air 
blowers (one for ambient air crossflow, two for heated 
air jets), and one power control panel, as shown in 
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NOMENCLATURE 

channel width [mm] 
jet nozzle width (Fig. 3) [mm1 
channel height (Fig. 3) [mm] 
momentum flux ratio, pj Vf/pm UL 

mean temperature [“Cl 
mean jet temperature at the nozzle 
opening [“Cl 
mainstream or crossflow inlet 
temperature PC] 
mainstream or crossflow inlet velocity 
[in m s-l] 
mean horizontal velocity [m SK’] 
velocity difference ratio defined in 
equation (1) 
root-mean-square component of 
horizontal turbulent velocity [m s-‘1 
mean jet velocity at the nozzle opening 
[m SK’] 

X horizontal coordinate 
XR reattachment point or length of 

circulation zone (Fig. 3) 
Y vertical coordinate 
Y, velocity zero-crossing point or jet 

circulation depth (Fig. 3) 
YT jet thermal penetration depth (Fig. 3) 
Y” jet velocity penetration depth (Fig. 3) 
Z spanwise direction. 

Greek symbols 
CI jet incident angle relative to the 

horizontal direction 
0 temperature difference ratio defined in 

equation (2) 

PC0 density of mainstream or crossflow at 
inlet 

mean jet turbulent velocity at the Pj jet density at nozzle opening 
nozzle opening [m s-‘1 ci percentage root-mean-square 
plus or minus jet half-width (Fig. 3) deviation. 

0.6 

Control panel 

I--- 240 4 

Blower 
Straightener 
Particle generator 
Heating coil 
Test section 
Nozzle 

I- 2650 -1 

Fig. 1, Schematic of test apparatus (dimensions in mm). 
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1 Laser 
2 LDV optics 
3 Test section 
4 Photomultiplier 
5 Optical table x Y = 
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8 Shifter 

l@l w-[--j @ 

, 

Fig. 2. Sketch of optical system and test apparatus. 

Fig. 1. To eliminate the heat losses, the test section 
and channel walls were covered by 2-cm-thick fine 
fiberglassL@sulating material. As shown in Fig. 1, the 
nozzle was wedge-shaped, 360 mm long from the duct 
connection and 75 mm in diameter, and expanded to 
a nozzle opening 240 mm in width. To ensure a two- 
dimensional flow field at the nozzle exit, the nozzle 
port was made of a rectangular slot 240 mm in length, 
5 mm in width, and 50 mm in depth, that is, the aspect 
ratio of the nozzle opening is 48 (= 240/5), and the 
issuing flow is parallel to the opening wall of the 
nozzle. Both nozzles were in-line and flush-mounted 
on the top and bottom walls of the channel ; and the 
incident angle CI is the jet incident angle relative to the 
horizontal direction. 

The arrangement of the LDV optics and test appar- 
atus, as shown in Fig. 2, is basically similar to that 
described in Chen and Hwang [l l] and Chen and 
Chang [12]. Consequently, only brief summaries are 
given below. Measurements of the mean velocity and 
turbulence components in the horizontal direction 
were made with a one-component LDV system opera- 
ting in a forward-scattering, dual-beam mode. The 
LDV optics include a Spectra-Physics 3W argon-ion 
laser (green light), a Dantec 55X-series one-color 
optical assembly (with a 40-MHz Bragg cell), a fre- 
quency counter, a frequency shifter, and an RCA pho- 
tomultiplier. The laser and the optical components 
were mounted on an optical table, which was equipped 
with X-, Y-, Z-traversing mechanisms. The movement 
of the table in each direction was controlled by an 
ac motor, which was interfaced to a 16-bit personal 
computer for data acquisition, storage and reduction. 
A 600-mm focus length achromat formed the probe 
volume with a waist diameter of approximately 0.1 
mm. The light scattered from atomized particles of a 
glycerol-water mixture with a nominal 1.0 pm di- 
ameter was collected by the photomultiplier and sub- 
sequently downmixed by the frequency shifter. Cali- 
bration of the LDV system was performed by 
comparing the output signal recorded from a station- 

ary scatter with that obtained directly from the differ- 
ential signal of the optical-electronic shifter. These 
calibrations were typically in agreement to within 5 
Hz, corresponding to a velocity of about 10 pm s-l. 
A minimum of 1000 frequency samples were recorded 
for each measurement from which the mean velocity 
and turbulent component were calculated by the 
ensemble average. The nearest distance of the LDV 
probe volume was about 1.5 mm from the channel 
wall. 

Average temperatures of the flow were measured 
by Omega Type-T thermocouple wires 2 mm in diam- 
eter, of which 12 were mounted equally spaced on a 
rake. The rake was made of a 120-mm-high aluminum 
plate with a wing cross-section of 72-mm chord length 
and 14-mm thickness, and was placed against the top 
and bottom walls in the channel. All thermocouple 
wires were connected to a YEW 3088 data logger with 
automatic ambient compensation. Calibration of the 
thermocouple wires in a well-mixed ice bed and boiling 
water showed a maximum error of about +0.3”C. 

Flow visualization was done by injecting the smoke 
of the burning incense into the flow. The injector was 
placed against the top and bottom wall inside the 
channel at a location about 400 mm upstream of the 
test section. A 500-W slide projector was used as a 
light source. Light was shone into the flow from the 
channel exit. A piece of black paper was placed in 
front of the light source to form a light sheet. Snap- 
shots were taken with Konica TMAX400 films at 0. l- 
s exposure time for most cases. 

All measurements of the velocity and temperature 
of the flow were made on the central plane (2 = 0) of 
the channel in the spanwise direction. The origin 0 is 
placed at the bottom and in the central plane of the 
nozzle opening. The coordinate system and relevant 
parameters characterizing the mixing processes of 
thermal and velocity fields are depicted in Fig. 3(a)- 
(c). In Fig. 3(b), the ‘minus’ sign (such as W;,,) 
denotes the quantity near the jet side ; while the ‘plus’ 
sign (such as IQ) denotes that away from the jet 
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(a) Coordinate system 

e,, = ie max + eiin)‘2 

(Center line) - - - - - - - - - . 

I 
Y = H/2 

Velocity 

(b) Thermal field (c) Velocity field 

Fig. 3. Coordinate system and relevant parameters characterizing the vertical temperature and velocity 
profiles. 

side. The experimental conditions for the velocity and U-U, 
temperature measurements covered the following 

0= - 
u (1) 

max -ucc 
ranges : 

T-T 
2<X/D<15 Q=--” 

T-T, (2) 

2.9 < v,jU, < 12.1 where 0 and T are the average velocity and tem- 

1.123 < q/T, < 1.127 perature at the measured location, and u”,,,,, is the 

0.887 < pj/p, < 0.89 
maximum velocity for a given cross section. 

7.5 < J Q 130 
RESULTS AND DISCUSSION 

60” < c( Q 90”. 
Velocity field 

The inlet conditions of the crossflow were measured 
at the upstream location where X/D = - 30. The typi- 
cal inlet turbulence level for the crossflow was about 
0.7%, and was about 6.5 mm thick (or 
6.5 x 2/120 = 11%) for the wall boundary layer when 
J = 100. The typical turbulence level at the nozzle 
opening was about 3%. It was found that the vari- 
ations in the velocity and temperature profiles from 
their mean values at the channel inlet or nozzle open- 
ing were within 3.1% . 

In the data reduction, only the independent vari- 
ables of the momentum flux ratio J, the downstream 
distance X/D, and the incident angle M are considered. 
The velocity and temperature data are normalized as 
the difference ratios relative to their associated inlet 
conditions according to 

Typical mean vertical velocity profiles for various 
cross sections are shown in Figs. 4 and 5 for J = 100, 
a = 60”, and J = 100, CI = 75”, respectively. Figs 4 and 
5 show that the velocity profile for each cross section 
is almost symmetric (within the experimental uncer- 
tainties) about the channel mid-height where 
Y/H = 0.5, and, thus, only the lower halves of the 
velocity profiles are examined. 

Figures 4 and 5 also show that the velocity differ- 
ence ratio i? [defined in equation (l)] is negative near 
the wall-side shear layer; that is, the horizontal vel- 
ocity of the mixing air is smaller than U, and exhibits 
a circulation zone near the downstream region of the 
jet opening. Accordingly, the velocity profile for every 
cross section has a zero-crossing point, Y,, at which 
l? changes from a negative to a positive value. For at 
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Table 1. Correlation equations for Opposing he jets 

1 .372J” ““(x/D)“.“‘(sin n)” 4R (r = f 18.55% 
1 -emC+ 
C+ = 0.0043J0273(X~D)o~“Z(sin a)” u3 u = * 19.16% 

Y ” /D = 1.907J”.‘67(X/D)o.427 (sin a)2.42 

12 

8 

2 

0 3 6 9 12 15 

X/D 

Fig. 6. Correlations of jet velocity trajectory at CI = 60”. 

a given cross section, the location Y, is the so-called 
jet circulation depth, while the location Y, where 
0 = o,,,‘,,, is the so-called ,jet velocity trajectory. Fig- 
ures 4 and 5 show that u” drops quickly above Y,/H 
to a value slightly above zero, and Y, and Y, both 
increase with increasing downstream distance and 
incident angle. 

From these velocity measurements, various depen- 
dent parameters characterizing the mixing of oppos- 
ing line jets with the crossflow can be derived and 
correlated in terms of the independent flow and geo- 
metric variables. These include the jet velocity tra- 
jectory (or velocity penetration depth), and the length 
and depth of the circulation zone. After combining 
the data of the present work with those of Chen and 
Hwang [ 1 I], the correlation equations derived by the 
least-squares method for Y,,/D, YJD, and X,/D in 
terms of J, X/D, and CI are summarized in Table 1. 
Typical correlation curves are shown in Figs. 6 and 7 
for the jet velocity trajectory Y,/D at different incident 
angles. Figures 6 and 7 shows that the jet velocity 
trajectory appears as a parabolic line (Y, oc p“0.427). X, 
is the reattachment point that determines the length of 
the circulation zone. Table 1 shows that the circulation 
length increases with increasing momentum flux ratio 
and incident angle. 

Typical horizontal turbulent velocity profiles are 
shown in Figs. 8 and 9 for J = 100, CI = 60”, and 
J = 100, CI = 75”, respectively. Figures 8 and 9 show 

cm = 1.570Jmo “‘(X/D)” “‘(sin c()~‘~‘~ CT = *22.51% 
0.723J0 “‘(X/D)” “73(sin E)” *‘* 
0.600J”~2”9(X/D)“~‘9(sin E)~.*~’ 
12.23J0Zzs(sincc)’ EJ 
1.907J”-‘67(X/D)0.427(sin c1)2,42 
1 .005J”-‘83(X/D)o.477(sin M)‘,‘+‘~ 

CJ = *23.12% 
CT = *24.51% 
(r = + 1.76% 
g = k 8.47% 
(T = & 16.39% 

*J= 100 
??J=80 
AJ=60 
??J=40 
0J=20 

0 3 6 9 12 15 

X/D 
Fig. 7. Correlations of jet velocity trajectory at CI = 75”. 

that the turbulent velocity is high between Y, and Y, 
(see Figs. 4 and 5), where the mean velocity gradient is 
steep. However, the maximum turbulence component 
&,, at each streamwise station X/D occurs at a 
location closer to the wall than the velocity trajectory 
Y,. In general, the turbulence component is smaller 
in the channel mid-height, where the mean velocity 
gradient is not steep. It appears that the horizontal 
turbulent velocity increases slightly with increasing 
downstream distance. 

When compared with the data of single heated line 
jets discharged normally into a cold crossflow (a = 90” 
in Chen and Hwang [l l]), it is found that the hori- 
zontal velocity and turbulence level is higher for the 
opposing jets than for the one-sided jet under con- 
ditions which are otherwise the same. This is due to 
the fact that at CI = 90” a local high pressure would 
result near the impingement point for the opposing 
line jets. Thus, the opposing jets will result in a higher 
turbulence level and better thermal mixing than the 
one-sided jet. 

TernperatureJield 
Typical vertical temperature profiles for various 

cross sections are shown in Figs. 10 and 11 for 
J = 100, CI = 60”, and J = 100, CI = 75”, respectively. 
Figures 10 and 11 also show that the temperature 
distribution at each cross section is almost symmetric 
(within the experimental uncertainty) about the chan- 
nel mid-height where Y/H = 0.5 and 0 = 0&,, and, 
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Table 2. Values of C,, C,, and Ca in equation (3) 

Opposing line jets 
Single row jets 
One-sided line jets 
Opposing line jets 

Present work 
Holdeman and Walker [9] 
Chen and Hwang [l l] 
Chen and Hwang [l l] 

thus, only the lower halves of the temperature profiles 
are discussed. 

Figures 10 and 11 show that the temperature of the 
mixing air for each cross section increases from the 
wall with increasing height, to a maximum value f3,,,, 
and decreases thereafter. The location YT, where 
0 = O,,,, is the so-called thermalpenetration depth or 
temperature trajectory for a given cross section. As is 
shown later Y, increases with increasing downstream 
distance X/D, momentum flux ratio J, and incident 
angle c(. 

Previous work by Holdeman and Walker [9] and 
Chen and ?IIwang [l I] for jets discharged normally 
into the crossflow have shown the existence of local 
self-similar forms for the vertical temperature profiles. 
After combining the data of this work and Chen and 
Hwang [l 11, and taking the incident angle into 
account, the following self-similar forms for the ver- 
tical temperature profiles can be found : 

*exp[-C,(y’~~ZY~~2~*(sin~)c~. (3) 

In equation (3), the constants C,, C,, and C, are deter- 
mined from the data fitting, and are summarized in 
Table 2 for the present work and others. Equation (3) 
with the present findings shown in the first line of 
Table 2 is also expressed by the solid lines in Figs. lO_ 
12 for different incident angles. Figures lo-12 show 
that the correlations fit the data fairly well. In this 
work, the root-mean-square deviation between the 
prediction by equation (3) and all data is within 
1 I .4%. Figures 9 and 12 also show that the turbulence 
intensity is strong within the region of the jet half- 
width W$,. 

From these temperature measurements, various 
dependent parameters characterizing the thermal mix- 
ing of opposing line jets with a crossflow can also be 
derived and correlated in terms of the independent 
flow and geometric variables. These include the jet 
temperature trajectory (or thermal penetration depth) 
Y,, the plus- and minus-minimum temperature 0&,,, 
and the jet half-width W$, . The resulting correlation 
equations are summarized in Table 1. Typical cor- 
relation curves are shown in Figs. 13 and 14 for the 
jet temperature trajectories. Figures 13 and 14 show 
that the jet temperature trajectory also appears as a 
parabolic line (Y, cc Xo.393), and increases with 

1.067 0.54 0.45 60-90” 
1 In 2 0 90” 
0.573 0.215 0 90” 
0.448 1.0 0 90” 

increasing J and CI. Thus, better thermal mixing can 
be achieved at higher jet incident angle and momen- 
tum flux ratio. The last column in Table 1 represents 
the root-mean-square deviation r~ of the correlation 
from the data, and ranges from 1.76 to 24.5%. 
, 

Flow visualization 
Typical flow visualization results are shown in Fig. 

15(a) and (b) for J= 100, cc = 60”, and J= 100, 
a = 75”, respectively. These photographs show that 
the velocity field is essentially symmetric about the 
channel mid-height. The jet velocity trajectory 
increases with increasing X/D to a maximum value, 
and decreases thereafter. Both the jet circulation depth 
and the circulation length increase with increasing 
incident angle. The LDV measurements show that 
the reattachment point for the case of Fig. 15(b) is 
X,/D N 31.9. All of the qualitative information 
depicted by the visualization results is in accordance 
with the measurements described previously. 

CONCLUSIONS 

An experimental investigation is presented for the 
mixing of opposing heated line jets with a cold 
crossflow in a rectangular channel. Measurements of 
the mean velocity, turbulence component, and mean 
temperature of the flow together with flow vis- 
ualizations were made in the ranges 7.5 < J ,< 130, 
60” < CI < 90”; and 2<X/D<15 at a fixed 
H/D = 24. Correlation equations for various depen- 
dent parameters characterizing the mixing processes 
are given in terms of the momentum flux ratio, the 
downstream distance, and the incident angle. 

LDV measurements show that the mixing of the 
opposing line jets with the crossflow would result in 
the circulation zones in the wall shear layers down- 
stream of the jet openings. The turbulence level is high 
within the region of the jet half-width where the mean 
velocity gradient is steep, but the maximum value for 
each cross section occurs at a location closer to the 
channel wall than the jet velocity trajectory does. The 
jet velocity trajectory, and the depth and the length 
(or reattachment point) of the circulation zone, all 
increase with increasing momentum flux ratio, inci- 
dent angle, and/or downstream distance. 

Temperature measurements show that the vertical 
temperature profiles can be expressed in local self- 
similar forms. The jet thermal trajectory, the plus- and 
minus-minimum temperatures, and the jet half-widths 
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Y.,./D = 1.372J0~257(X/D)0~3g3(sin CZ)~.~’ 
10 - 0 J = 130 

* J= 100 

A J=60 
0 J=30 

0 3 6 9 12 15 

X/D 
Fig. 13. Correlations ofjet temperature trajectory at c( = 60”. 
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all increase with increasing momentum flux ratio, inci- 
dent angle, and downstream distance. 

When compared to the case of the one-sided jet, 
opposing jets will result in higher turbulence levels and 
better thermal mixing effects, that is, a more uniform 
temperature profile can be achieved in a shorter dis- 
tance downstream of the jet openings by the mixing 
of opposing jets. This is important, for example, in 
the design of the dilution zone length in a gas turbine 
combustor, in which a more uniform temperature pat- 
tern is favored for the subsequent turbine inlet, and, 
thus, the size and cost of the combustion chamber can 
be reduced. 
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Fig. 14. Correlations ofjet temperature trajectory at LX = 75”. 
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Fig. 15. Flow visualization results at: (a) J = 100, c( = 60” : (b) J = 100, c( = 75” 
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