International Journal of Heat and Fluid Flow 30 (2009) 1106-1113

International Journal of Heat and Fluid Flow

journal homepage: www.elsevier.com/locate/ijhff

Contents lists available at ScienceDirect

Study on the radial jet velocity distribution of two closely spaced opposed jets

Zhi-Gang Sun, Wei-Feng Li, Hai-Feng Liu *

Key Laboratory of Coal Gasification of Ministry of Education, East China University of Science and Technology, Shanghai 200237, PR China

ARTICLE INFO

Article history:

Received 31 March 2009

Received in revised form 15 September
2009

Accepted 15 September 2009

Keywords:

Two opposed jets
Small nozzle separation
Radial jet

Turbulence

ABSTRACT

The experimental and theoretical researches on the radial jet of two opposed jets have been carried out in
this paper. The radial velocities of opposed jets with various exit velocities, nozzle diameters and nozzle
separations were measured experimentally by a hot-wire anemometer (HWA). The results show that, the
normalized radial velocities are self-similar across various radial sections at r > 1.5D and the radial
velocity profiles can be described by a Gaussian distribution function. The half-width increases linearly
with increasing radial distance at r > 1.5D, and spreading rates of radial jet are about 0.121. The normal-
ized radial velocity at impingement plane increases firstly, and then decreases with the increasing nor-
malized radial distance. The normalized radial velocity is independent on nozzle diameter, nozzle
separation and exit velocity. The maximum radial velocity at impingement plane is proportional to the
exit velocity, and it is inversely proportional to the 0.551th power of the normalized nozzle separation.
The position of the maximum radial velocity increases with the nozzle separation at L/D < 1, and keeps

Hot-wire anemometer invariant at L/D > 1.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Due to rapid and high-effective mixing performance, opposed
jets have been studied experimentally (Stan and Johnson, 2001;
Lindstedt et al.,, 2005) and theoretically (Champion and lippy,
1993; Bray et al., 1992) over many years. It has also been widely
used in a number of industrial applications including coal gasifica-
tion (Wang et al., 2007), mixing (Santos et al., 2005), absorption
(Berman et al., 2000), liquid-liquid extraction (Dehkordi, 2002),
drying (Hosseinalipour and Mujumda, 1995), etc. The radial jets
of opposed jets are of importance in many applications such as
ventilating ducts, internal combustion engine valves, and tur-
bine-blade cooling techniques (Witze and Dwyer, 1976; Hunt
and Ingham, 1992), etc.

A number of authors have studied various aspects of the radial
jet from two closely spaced parallel circular discs. The earliest the-
oretical treatment of the radial jet appears to have been done by
Rumer (1949), who performed a mixing-length analysis analogous
two Tollmein’s plane-jet solution. Schwarz (1963), Rajaratnam
(1976) and Hunt and Ingham (1998) have theoretically studied
the laminar and turbulent radial jets. Heskestad (1966) used a
hot-wire anemometer to measure both the mean velocity and tur-
bulence quantities, including lateral distributions of the normal
and Reynolds stresses, and the intermittency factor of the radial
jet with a fixed exit velocity and nozzle separation. Witze and
Dwyer (1976) have investigated the mean velocity and turbulence
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intensity distributions in turbulent radial jets. In their investiga-
tion, the radial jets were classified as “constrained radial jets”
and “impinged radial jets”. They researched the lateral profile data,
the half-width, the virtual origin, the centre-line mean velocity and
turbulence data. Tanaka and Tanaka (1976) studied the mean
velocity and turbulence together with pressure distributions in
the radial jets flows by changing diameter and width of nozzles
and exit velocity. They used three types of nozzles to find the ef-
fects of the nozzle shape on the radial jet flow, however the nor-
malized nozzle separations were very small. Patel (1979)
researched the normalized mean velocity profiles, the growth
and the variation of centre-line velocities of the radial free jet
which produced by two very small spaces identical and opposing
impinging jets. The turbulent radial jet has also been studied by
Wood and Chen (1985), who described results of a numerical
investigation. They made comparisons between three different tur-
bulence models and the experimental results of Heskestad (1966).
Rubel (1985) has examined the applicability of various k-¢ turbu-
lence models to the radial jet by comparing the spreading rate of
the radial jet predicted by the models with those determined from
experiment. But all above studies are concentrated in the radial jet
with very small nozzle separations.

However, as the normalized nozzle separations become larger,
the researches on the radial jet produced by opposed jets are still
very limited. Several radial velocities were researched in the stag-
nation region of L/D =0.2-2. Champion and Lippy (1991, 1993)
studied two closely spaced opposed jets on the basis of a Reynolds
stress theory. In their work, the mean axial and radial velocity, the
intensities have been researched. Korusoy and Whitelaw (2001)
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Notations
b1z the half-width, mm
the nozzle diameter, mm
L the nozzle separation, mm
Re the exit Reynolds number
Up the exit air velocity, m/s
Uy the axial velocity, m/s
Uy the radial velocity, m/s
Urm the radial velocity at impingement plane, m/s

Urms the root mean square velocities, m/s

Ur max the maximum radial velocity at impingement plane, m/s

Uprrms the root mean square velocities at impingement plane,
m/s

T'm the distance from the maximum radial velocity to the
stagnation point, mm

Tw wall shear stress, Pa

v kinematical viscosity, m?/s

studied the pressure distributions, the axial and radial velocity dis-
tributions, and the mean strain rate of opposed jets with small sep-
arations by static pressure probe, HWA and LDV. The radial
velocity was directly proportional to the bulk velocity in the
impingement region. The radial position of the peak and the ampli-
tude in radial velocity increased as the separation was reduced.
Kostiuk et al. (1993) studied the velocity distribution of opposed
jets using LDV. The mean flow was found to be self-similar for all
the conditions tested, and produced a region of plane straining
which was homogeneous in the vicinity of the stagnation. How-
ever, the above studies are concentrated in the impingement
region.

From above studies, we know that the researches on the radial
jets are mainly “constrained radial jets” with very small normalized
nozzle separations (L/D < 0.13) and “impinged radial jets” with large
nozzle separations (L/D > 16). When the nozzle separation is very
small, the radial jets are just like the “constrained radial jets” and
the nozzle shape has great influence on the flow structure. Our pre-
vious study (Li et al., 2008) has found that the stagnation point offset
was unstable at the middle nozzle separation (2 < L/D < 12). In this
region, it is extremely difficult to make the stagnation plane stay sta-
bly at the middle of the two nozzles, therefore the radial jet produced
by the opposed jet is also unstable. So in this paper, we perform the-
oretical analysis and experimental studies on the radial jets pro-
duced by two closely spaced turbulent opposed jets at 0.17 <L/
D < 2. Our objectives are to: (a) research the radial velocity charac-
teristic of the radial jet and (b) identify the effects of the nozzle sep-
aration, nozzle diameter and exit air velocity on the radial jet by
experimental measurements.

The remainder of this paper is organized as follows: the exper-
iment setup is introduced in the following Section 2. The theoret-
ical analysis of the radial jet is deduced in Section 3. Results and
discussion are presented in Section 4. The paper ends with the con-
clusion in Section 5.

2. Experimental apparatus and procedure

Fig. 1 shows the apparatus to produce opposed jets in our
experiment. The air coming from roots blower (1) were controlled

by two valves (2) and the flow rates were measured by two flow-
meters (3), respectively. Then the air entered two coaxial and op-
posed nozzles (5) having the same configuration as plotted in
Fig. 2. When two fluid elements which have same velocity and re-
versed flow direction impinge, the stagnation point and the radial
flow are formed, as shown in Fig. 3. In Fig. 3, r denotes the radial
distance from the stagnation point, u, is the radial velocity of the
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Fig. 2. Cross section of the nozzle.
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Fig. 3. Schematic map of the radial jet.

Fig. 1. The flow chart of the experiment.
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Table 1

The measurement cases.
D (mm) L (mm) Re
10 5,10, 15, 20 8200-32,800
20 5, 10, 15, 20, 30, 40 16,400-65,600
30 5, 10, 15, 20, 30, 45, 60 12,300-98,400

radial jet alone r direction, u,., is the radial velocity of the radial jet
at x=0 plane, and u,max is the maximum radial velocity at x=0
plane. L is the nozzle separation and ry, is the distance from the po-
sition with maximum radial velocity to the stagnation point. It can
be seen that the radial jet is a radially outward plane flux of fluid
which develops along the direction r.

In this paper, the radial velocity of the radial jet was measured
by the DANTEC hot-wire anemometer, which is similar to Heskes-
tad (1966), Tanaka and Tanaka (1976), Witze and Dwyer (1976)
and Korusoy and Whitelaw (2001). The hot-wire can not provide
correct measurements of the radial velocities close to the axis
where the mean velocities were low and the fluctuation levels fi-
nite, But the hot-wire can be used to measure the radial velocities
of the radial jet, because the axial velocities are very small in the
impingement region and the radial jet region. The radial velocities
measurements with the laser-Doppler anemometer agreed with
the hot-wire in Korusoy and Whitelaw (2001). The probe has a sin-
gle wire. The sampling frequency of the system was 20 kHz, and
the sampling time was 10 s. In order to control the measured point
precisely, the HWA probe was mounted on a traverse system
which can adjust the coordinate up to 0.1 mm. Based on the results
of Kawall et al. (1983), the maximum hot-wire measurement error
was evaluated to be less than 5% and is attributed to the high tur-
bulent intensities in the separated shear layer and near wake. The
reproducibility of the measurements of mean radial velocity at the
stagnation plane was determined by repeating a point measure-
ment ten times, which yielded a standard deviation of 3%.

In this paper, the radial velocity of the radial jet produced by the
closely spaced opposed jet was experimentally studied at various
nozzle separations, nozzle diameters and exit air velocities. The de-
tailed measurement cases are listed in Table 1. The jet Reynolds
number at the nozzle exit is defined as:

Re = DoP 1)
U

where D is the nozzle diameter, ug is the bulk velocity of the jet at
the nozzle exit, p and p are the density and the dynamic viscosity of
air under normal conditions. It can be seen that the flow is in turbu-
lence state from Table 1.

3. The velocity characteristic

We consider the cylindrical coordinate shown in Fig. 3 with
coordinates x, r and with associated velocity components uy and
u,. The velocity field is both axisymmetric about the axis of the
two nozzles and symmetric about the x = 0 plane i.e. the impinge-
ment plane.

The equations of motion for the radial turbulence jet involving
sufficiently high turbulence Reynolds numbers such that the
molecular transport may be neglected are (White, 2004)

1 dpwu; Pty

_ou, __ouy

Urgp Tl gy = Tp x Vo 2)
ort,  Oorty
o Tox O G)

The boundary conditions satisfied the velocity field are

d
uy=0; U = Up; 8—7::0; at x =0,

u=0; atx=oc

Multiply Eq. (2) by r, and integrate it, and the integrated lower
and upper limit is x and oo, then we obtain

%/ rudx — ruyu, — rulu’ =0. (4)

8x

The velocity distribution and turbulent shear stress distribu-
tions are self-similar for radial jet, so the radial velocity and the
wall shear stress are expressed as:

ur/ur.m :f(ﬂ)7 (5)
o= - D g, 6)

where 5 =x/b, and u,,, b are the velocity scale and length scale,
respectively, which are only associated with the variable r.
The mean axial velocity is 0 at x = 0. Integrate Continuity Equa-
tion, and uy can be derived as:
d
f d

burm (" ey . "
ux:—T/Ofn— /fn+urmd gy

Substitution Egs. (5)-(7) into Eq. (4), and obtain the equation
RENCOLERNL Y o
b dr Urm dr b dr dn /o
r dum daf r Urm dg
U dr @/O fdn = / fdn + bu2

If the flow is self-similar, the Eq. (8) which is associated with f
and g is independent on r. Such that normalized groups:

dur m

(7)

-0. (8)

r db roduy, T U,
bdr’ u,n, dr ° buZ, ®)

are 0 or const. Then, u,, and b are dependent on the power of r
from Eq. (9),

U =Mr™;,  b=Nr. (10)

It indicates that the radial velocity of the radial jet at impinge-
ment plane changes exponentially with the radial distance r, and
the jet width is proportional to r.

4. Experimental results
4.1. The velocity distribution at the nozzle exit

The measured normalized axial mean velocity and root mean
square velocity (u:ms) profiles at the exit of a single nozzle are
shown in Fig. 4. It is seen that the nozzles in this experiment have
top-hat exit velocity profiles and mean velocity profiles are flat for
about 80% of the nozzle diameter D and the thickness of the bound-
ary layer is about 0.1D. The normalized rms velocities are about 5%
except the region within 0.1D close to the nozzle wall.

4.2. The lateral profile and the half-width

Fig. 5 shows the distributions of velocities u,/u,, and turbu-
lence u.ms/u, across the sections at /D =0.75 to 10, respectively.
It can be found that the radial velocities are flat at r/D =0.75 and
1.0, and the region which has equal velocity decrease with the
increasing radial distance. The radial velocities are self-similar
across the sections at r/D > 1.5.

The turbulence intensities increase firstly, and then decrease
with the increasing lateral distance. The values along the centre-
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Fig. 4. Distributions of normalized axial mean and rms velocities at the exit of the free jet.

radial distance. The differences in turbulence intensities at r/
D > 4 are small, and turbulence intensities reach the maximum
of 0.6-0.7 about at x/by; = 1.6.

The radial velocity distributions at various sections at r/D > 1.5,
D =10, 20, 30 mm, up = 23.6 m/s and various nozzle separations are
shown in Fig. 6, in which the results are compared with the self-
similar velocity profile given by Egs. (11) and (12). The measured
values are clearly self-similar across various sections at r/D > 1.5
for all experimental cases, just as the free jet. The velocity distribu-
tion characterizes as Gaussian distribution which is maximum at
the impingement plane and decreases with the increasing lateral
distance. The radial velocity is expressed as:

2
U _ expd —k x (L) . k=069, for ~~ <15  (11)
Urm b1/2 b1/2
where by, is the half-width i.e. the vertical distance of the position
with u, = 0.5u,, to the impingement plane, and k is the empirical
constant, which is the same as the free jet. The uncertainty in the
calculation by Eq. (11) is 3.5%. The absolute error increases with
the increasing x.

The results are also in good agreement with the following equa-
tion proposed by Tanaka and Tanaka (1976):
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Fig. 5. The lateral distributions of velocities and turbulences (D =20 mm, L = 0.5D,
Up=23.6 m/s).

line at x/by; =0 indicate that self-preservation of the turbulence
intensities is not achieved since u;,s/u, at stagnation plane is not
constant. The turbulence intensities increase with the increasing

u 0.881x X
L1 —tanh2< , for = <15. (12)
rm b1/2 bl/z
1.0 & o D=10mm, L=0.500
> D=20mm, L=1.0D
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Fig. 6. The radial velocity distribution across various sections at r/D > 1.5.
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The uncertainty in the calculation by Eq. (12) is 2.9%. But both
equations underpredict the experimental values at x/b;; > 1.5.

Fig. 7 shows the normalized half-widths at various exit veloci-
ties, nozzle diameters and normalized nozzle separations. The
half-widths are invariable at up=5.75-23.0m/s as shown in
Fig. 7a, and the normalized half-widths change slightly with the
increasing nozzle diameters from D=10mm to D=30mm, as
shown in Fig. 7b. Fig. 7c shows that the half-widths increase slowly
with the increasing normalized nozzle separations which are same
as the constrained radial jet mentioned in Witze and Dwyer
(1976).

A more certain indicator of self-similar is the linearity of the jet
half-width. From Fig. 7, we can find that the half-widths are invari-
able, even the half-widths decrease with the increasing r/D from
0.75 to 1.5. The half-widths increase linearly with the increasing
radial distance at r/D > 1.5. This indicates that the radial jet is

0.9
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Fig. 7. Radial jet half-widths at various ug, D and L/D.

self-similar at r/D > 1.5 for all experimental cases, which is same
as the conclusion from velocity profile data.
The half-width values can be fit as:

b]/z r
T70.1215, forr/D > 1.5. (13)

This is in agreement with Eq. (10). The uncertainty in the calcu-
lation by Eq. (13) is 8.2%. This shows that the virtual origin locates
at the stagnation point and the spreading rate is 0.121. And the
spreading rate is independent of exit velocities, nozzle separations
and nozzle diameters within current experimental cases. The
spreading rate in Tanaka and Tanaka (1976) is about 0.967 and it
is independent of nozzle separation and nozzle diameter at
D =60-120 mm and L/D < 0.1. Meanwhile the spreading rates are
in the region of 0.106-0.16 for constrained radial jet of 0.001 <L/
D < 0.12 in Witze and Dwyer (1976). The difference may be caused
by the difference in the nozzle configuration and the nozzle
separation.

4.3. The radial velocity and turbulence at impingement plane

The normalized radial velocities along radial jet at stagnation
plane at various nozzle separations are shown in Fig. 8. In Fig. 8a,
the velocity is normalized by exit air velocity ug and the radial dis-
tance is normalized by nozzle diameter D. It can be seen that the
maximum radial velocity (u,max) at impingement plane decreases
with the increasing nozzle separations. The radial velocity in-
creases at r < rn, and decreases at r > r,,, with the increasing radial
distance. The radial velocity decreases at the radial distance with
the increasing nozzle separations for opposed jets with equal exit
velocities.
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Fig. 8. The normalize radial velocity at impingement plane (D =30 mm,
Up=23.6 m/s).
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In Fig. 8b, the velocity is normalized by u; max and the radial dis-
tance is normalized by nozzle diameter. It can be seen that, r,,, de-
creases with the decreasing nozzle separations. The normalized
radial velocity (u,/u, max) decreases with the decreasing nozzle sep-
arations (L/D) at the same radial distance for r > ry,.

The radial velocities normalized by u,m.x at different exit air
velocity and L =0.5D, D = 20 mm, 30 mm are shown in Fig. 9. The
radial velocity distributions are the same as each other at different
exit air velocity. The radial velocities at impingement plane (u; )
are proportional to the exit velocity and the maximum radial
velocity position (ry,) is independent to exit velocity. From Section
4.2, we know that the lateral velocity distributions and the half-
widths are almost the same at various exit velocity. Tamir (1994)
has found that the axial velocity was proportion to uy and pressure
was proportion to u3. So the flow and pressure structures are
invariable at different exit velocity. It can explain why ry, is inde-
pendent to exit velocity.

The normalized radial velocities at various nozzle separations,
D=10, 20, 30 mm and up=23.6 m/s are shown in Fig. 10. The
velocity is normalized by u; max and the radial distance is normal-
ized by ry,. It can be seen that, the nozzle separation and the nozzle
diameter have no influence on the normalized radial velocities. The
normalized radial velocities are self-similar and only correlated
with the normalized radial distance. For two opposed jets, the axial
flow translates to radial flow after the flow impinges to each other.
At the radial position ry, the radial velocity is mainly influenced by
three factors. Firstly, the fluid at r < r; will flow through the posi-
tion ry to the outer before the fluid changes direction completely.
Secondly, the flow area shrinks due to the fluid axial flow inertia
at the initial stage of changing direction. Thirdly, the radial jet
boundary layer becomes thick due to the entrainment of the jet
as the radial jet develops; meanwhile the flow area and the flow
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Fig. 9. The normalize radial velocity at various exit air velocities (L = 0.5D).
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Fig. 10. The normalized radial velocity at impingement plane (uo = 23.6 m/s).

rate become large, which make the flow velocity decrease. The
interaction of the above factors makes the radial jet velocity pres-
ent a maximum when the flow area reaches the minimum at r = r,.
So the radial velocity first increases with the increasing radial dis-
tance at r < ry,, and it decreases with the increasing radial distance
at r>rm.

The half-widths in the region of 0.75 <r/D < 1.25 change
slightly which indicates that the flow area change slightly too,
and in this region the axial flow have changed to radial flow com-
pletely, so the radial velocity at 0.75 < r/D < 1.25 is close to the
maximum radial velocity u,max, as shown in Fig. 8. According to
the results of lateral velocity profiles, half-widths and the radial
jet velocities at impingement plane, it can be concluded that, the
radial jets are completely self-similar for r/D > 1.5. That is, the flow
could be considered a fully developed radial jet and the profiles be-
come self-similar for r/D > 1.5. And L/D and Re have no obvious
influence on the distance where the profiles become self-similar
for all cases in Table 1.

The normalized radial velocities at r<0.8r,, are shown in
Fig. 11. It can be seen that the normalized radial velocities increase
linearly with the increasing normalized radial distance before they
reach maximum at various nozzle diameters and nozzle separa-
tions. The radial velocity is close to the maximum radial velocity
at r = 0.78ry,. The experimental results in this paper can be fit as:

u“&: 1.261;, for r < 0.78rp. (14)
1.2
1.0 __ 0 D=10mm o B
08k * D=20mm o X2
5 L D=30mm g O

35 0.6 F — Eq.(14) X

\?_ I -

= 041 %
02 . A
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rr

m

Fig. 11. The normalized radial velocity at impingement plane for r<ry
(up =23.6 m/s).
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The uncertainty in the calculation by Eq. (14) is 6.2%.

The normalized radial experimental velocity values at r > 1.25r,
compared with the literature data from Heskestad (1966), Tanaka
and Tanaka (1976), Witze and Dwyer (1976) and the fitting results
by Eq. (15) are shown in Fig. 12. The literature experimental condi-
tions are L = 3.66 mm, D = 152 mm for Heskestad (1966), L = 6 mm,
D=90mm for Tanaka and Tanaka (1976) and L=1.33 mm,
D =15.9 mm for Witze and Dwyer (1976) with constrained radial
jets; L=133 mm, D =3 mm for Witze and Dwyer (1976) with im-
pinged radial jets. The normalized velocities decrease with the
increasing normalized radial distance. The results can be fit as:

Upom F\ 133
2 =1.26 (—) , forr>1.25r, (15)
ur,max 'm

The uncertainty in the calculation by Eq. (15) is 4.3%. It can be
seen that the normalized velocities are inversely proportional to
the 1.33th power of the normalized radial distance when u,p,
and r, are choose to be as the velocity scale and length scale. This
is in agreement with theoretical derivation of Eq. (10). In Fig. 12,
r=0 is the virtual origin of the radial jet for all literature data. It
can be seen that the current decay rate in this paper is greater than
the constrained radial jet, and the current decay rate is lower than
impinged radial jet when the radial distance is large enough.

Fig. 13 shows the relative turbulence intensities of the radial jet
at impingement plane and the comparisons with the literature
data from Witze and Dwyer (1976) and the free jet turbulence
intensities data from Kwon and Seo (2005), Papanicolaou and List
(1988). It can be seen that the data behave in nearly self-similar
fashion when radial distance is small. The normalized turbulence
intensities firstly decrease with the increasing radial distance,
and they will reach minimum about 0.02 at about /D = 0.6. Then
the normalized turbulence intensities increase rapidly with the
increasing radial distance until they reach the maximum at about
1/D = 5. The normalized turbulence intensities will take constant
values at r/D > 5. The normalized turbulence intensities increase
slightly with the increasing normalized nozzle separations.

It also can be seen that the normalized turbulence intensities in
this paper are larger than those produced by the constrained radial
jet which take constant values about 0.3 at r/D > 5, and they are
smaller than those produced by the impinged radial jet which take
constant values about 0.6 at r/D > 25 (Witze and Dwyer, 1976). The
normalized turbulence intensities produced by radial jet are also
larger than that of free jet. Papanicolaou and List (1988) reported
that the axial turbulent intensities of the free jet became constant
0.25 after about 50 diameters downstream, and Kwon and Seo
(2005) reported that the axial turbulent intensities became con-
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Fig. 12. The normalized radial velocity at impingement plane for r>rpy
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Fig. 13. The relative turbulence intensities at impingement plane.

stant of 0.22 after about 40 diameters downstream. This means
the radial jet develops faster than the free jet.

4.4. The maximum radial velocity

The ry, at various nozzle diameters are shown in Fig. 14 when
nozzle diameter is chosen to be length scale. From Fig. 14, it can
be seen that, ry, increases with the nozzle separation at L/D <1,
and r, keeps invariant at L/D > 1. This may be due to that, the pres-
sure gradient in the impinging region is very large when the nozzle
separation is small, which makes the exit air velocity asymmetric
and forms double-peak structure just as mentioned in Korusoy
and Whitelaw (2001). At small nozzle separations, the static pres-
sure close to the nozzle is very high, which makes the fluid change
direction as soon as they flow out from the nozzle. The static pres-
sure close to the nozzle decreases with the increasing nozzle sepa-
rations, and the fluid changing direction process becomes slower, so
'm increases. The exit air velocity becomes flatness and the double-
peak structure almost disappears at L/D > 1 (Korusoy and White-
law, 2001), which indicates that the impinging region keeps invari-
ant with the increasing nozzle separation at L/D > 1. So the nozzle
separation has little influence on the fluid translation in impinge-
ment region, and r,, will keep invariant at L/D > 1.

From Fig. 14, it can be seen that, the difference of r,,/D is slightly
at different nozzle diameters. The nozzle diameter and exit air
velocity have little influence on r,/D. ry, increases almost linearly
with the increasing nozzle diameters. It perhaps because that the
nozzle diameter has no influence on the flow structure at the same
normalize nozzle separations.

The normalized maximum radial velocities at various nozzle
diameters and exit air velocities are shown in Fig. 15. It can be
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Fig. 14. The position of maximum radial velocity vs. normalized nozzle separation.
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Fig. 15. The maximum radial velocity vs. normalized nozzle separation.

found that the normalized maximum radial velocities decrease
with the increasing nozzle separations. The nozzle diameter and
the exit air velocity have no influence on the normalized maximum
radial velocities. The results can be fit as:

Urm L -0.551
: =1.05<—> , for0.17 <L/D<2. (16)
Up D

The uncertainty in the calculation by Eq. (16) is 8.2%. It can be
found that the maximum radial jet velocity at impingement plane
is proportional to exit velocity, and it is inversely proportional to
the 0.551th power of the normalized nozzle separation.

5. Conclusions

The radial velocities of the closely spaced opposed jets across
various exit velocities, nozzle diameters and nozzle separations
were studied experimentally by HWA and analyzed theoretically
on the basis of N-S equation. The main conclusions can be summa-
rized as follows:

The radial velocity distributions of the closely spaced opposed
jets are self-similar across various sections, and they can be char-
acterized as Gaussian distribution. The half-width is independent
of exit velocity and nozzle diameters at r> 1.5D, and it increases
slightly with the increasing normalized nozzle separations. The
half-width increases linearly with the increasing radial distance,
and its spreading rate is about 0.121 in this paper.

The normalized radial velocities are self-similar and only
dependent on the normalized radial distance when u;max and ry
are chosen to be the velocity scale and length scale, respectively.
The normalized radial jet velocity is proportional to the normalized
radial distance at r < 0.78r, but is inversely proportional to the
1.33th power of the normalized radial distance after at
r>1.25r,. The normalized turbulence intensities are about 0.4 at
r/[D>5 and L/D < 1.0.

The maximum radial jet velocity at impingement plane is pro-
portional to exit velocity, and it is inversely proportional to the
0.551th power of the normalized nozzle separation. The position
of the maximum radial jet velocity increases with the nozzle diam-
eter; and it increases with the nozzle separation at L/D < 1, then it
keeps invariant at L/D > 1.
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