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Abstract: A circular jet has broad and important applications in practical engineering. Most research in this area has focused on
a free jet, a wall jet or a vertical jet in a bounded domain. In this study, the mean velocities of circular offset jets were studied for
four jet exit Froude numbers (£7), three offset heights (S) (S/d=1, 2, 3) and three submergence ratios (4#/S) (surface jet, mixed jet,
and submerged jet) in a bounded basin. Based on the results, we propose a velocity decay formula for a circular jet. The lateral
velocity spread was more consistent with Gaussian and Cauchy—Lorentz distributions than the vertical velocity. Moreover, Fr had
little effect on the decay of the mean velocity for a circular jet when Re>1x10*. The lateral and vertical spreads showed a quadratic
relationship with the streamwise distance for different values of Fr at X/d<10. The positions of maximum mean velocity decay
were independent of Fr and S/d when X/d<10. The spread rate was more uniform in the lateral direction than that in the vertical
direction in a certain region for different S/d and h#/S. Therefore, the decay, spread, and maximum velocity position of the mean

velocity for a circular offset jet can remain stable under different values of Fr, offset height, and submergence ratio.
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1 Introduction

Jets can be classified into free, wall, and offset
jets. A free jet is formed when the exit of the dis-
charge jet is sufficiently far away from a boundary. A
wall jet is formed when the exit is close to a boundary,
and an offset jet is formed when a jet discharges into
an ambient medium above the surface of a boundary.
An offset jet has characteristic features that are simi-
lar to those of free jets close to the nozzle exit, and
similar to those of wall jets beyond the reattachment
point. Therefore, an offset jet has the characteristics
of both free and wall jets and is more complex than
free or wall jets alone.
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Because offset jets can be used in many fields,
many studies of their flow and concentration fields
have been carried out in the context of practical en-
gineering applications. For example, Zare and Bad-
dour (2007) argued that a 3D submerged jet is similar
to a central jet, and analyzed vortex characteristics in
the vertical and horizontal directions. Nyantekyi-
Kwakye et al. (2015) studied the backflow region of
the 3D turbulent flow characteristics of an offset
rectangular jet exit. They found that the decay rate of
the maximum streamwise mean velocity increased
with the offset height ratio, but was different from the
spread of the velocity in the lateral and vertical di-
rections. Agelin-Chaab and Tachie (2011a) investi-
gated circular jet characteristics with different offset
heights and Froude number (F7) values. Their results
showed that the Fr number was independent of the
local streamwise maximum mean velocity (Uy,) decay,
especially when X/d<60, where X is the streamwise
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direction and d is the circular jet diameter. The decay
rate in the vertical direction was consistent with stable
wall jets and larger than that reported by Davis and
Winarto (1980). The decay rate in the lateral direction
was in agreement with that obtained by Davis and
Winarto (1980). Raiford and Khan (2009) performed
nine experiments under different Reynolds numbers
(Re) and submergence ratios, and determined the
velocity profiles and growth rates of velocity profiles
in the horizontal and vertical planes. Camino et al.
(2012) noted that the amount of energy dissipated
could be determined by jet diffusion in a confined
chamber with different expansion ratios and entry
locations. They obtained detailed velocity measure-
ments for an eccentric jet to assess the evolution of
velocity and turbulence characteristics for a central
symmetrical jet. Law and Herlina (2002) observed the
characteristics of a circular 3D turbulent wall jet using
a combined particle image velocimetry (PIV) and
planar laser induced fluorescence (PLIF) approach to
measure the velocity and concentration fields simul-
taneously. They showed that both the velocity and
concentration profiles were similar in the streamwise
and lateral directions when the distance was several
times the diameter of the jet exit. Tachie et al. (2004)
reported the effects of surface roughness on the mean
flow characteristics of a turbulent plane wall jet cre-
ated in an open channel. Their results showed that
surface roughness increased the skin friction coeffi-
cient and the inner layer thickness, but the jet
half-width was nearly independent of surface rough-
ness. Katakam and Rama (1998) carried out theoret-
ical and experimental research on a hydraulic jump in
suddenly enlarged stilling basins and determined that
the flow energy dissipation rate and the downstream
flow pattern were relatively stable. Mi and Zheng
(1989; 1990) reported an experimental study of a
rectangular nozzle jet with different aspect ratios.
They found that the turbulence intensity increased
with increasing aspect ratio when the ratio was less
than 8, but decreased slightly when the ratio exceeded
8. A numerical comparison between the mean flow
characteristics of offset jets issuing from circular and
square-shaped nozzles of equal area and mean exit
velocity revealed that the spread rate, flow entrain-
ment, and mixing rate of an offset jet issuing from a
circular nozzle were lower than those from a

square-shaped nozzle (Mohammadaliha et al., 2016).
Hager (1985), Ohtsu et al. (1999), and Ferreri and
Nasello (2002) studied a spatial hydraulic jump in a
stilling basin with sudden expansion and an abrupt
drop. Their research revealed that the near-floor ve-
locity decreased gradually with an increase in the
height of the drop-sill in the stilling basin. A new
energy dissipator was proposed, named the multi-
horizontal submerged jet (Chen et al., 2010a; 2010b).
The mean flow characteristics of a turbulent dual jet
consisting of a plane wall jet and a parallel offset jet
were studied by Kumar (2015). Huai and Li (2001)
and Guo (2014) carried out numerical simulations to
investigate vertical jets.

Previous studies have focused on either an un-
bounded jet, a wall jet, or a vertical jet in a bounded
domain. However, studies of a horizontal circular jet
with an offset have been relatively scarce. In this
paper, the mean velocities of a horizontal circular jet
with an offset height (S/d=1, 2, 3, where S is the offset
height) in a bounded basin (B/d=4.8, where B is the
width of the bounded basin) were measured for dif-
ferent Fr values and submergence ratios (4,/S, where
h is the tailwater depth). The mean velocities in the
mainstream, lateral, and vertical directions were
measured and compared with those obtained in pre-
vious research on rectangular jets. The behavior of the
mean velocity distribution was also analyzed for dif-
ferent values of Fr, S/d, and h/S.

2 Experimental configuration

A sketch of the experimental setup using the
Cartesian coordinate system is shown in Fig. 1, where
U; is the mean velocity at the jet exit. The experi-
mental apparatus comprised an upstream reservoir, a
jet section, a stilling basin, a tailwater section, and a
flow test section. The jet section was a circular tube
with a length of 1.3 m and diameter of 0.1 m. The
flow test section was a bounded basin 3.5 m long,
0.48 m wide, and 0.7 m deep, constructed from
transparent acrylic sheets to enable clear observation
of the flow. The origin of the coordinate system (X, Y,
and Z are streamwise, lateral, and vertical directions,
respectively) was selected at the centerline of the jet
exit. The measurement points for velocities were in
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Fig. 1 Sketch of the experimental circular jet with offset
(a) Side view; (b) Plan view. Gray dots denote the measuring points for X<1.6 m

the two planes of Y=0 and Z=0 at X=0-2.4 m, where,
when X=0-1.6 m, the interval was 0.1 m, and when
X=1.6-2.4 m, the interval was 0.2 m. The measure-
ment points were at Z=0, —0.015, —0.035, —0.05,
—0.075, and —0.1 m. When Z<—0.1 m, the interval was
0.05 m in the plane of ¥=0. The measurement points
were at Y=0 and Y=0.02-0.06 m at an interval of
0.01 m; when Y>0.06 m, the other points were at
¥Y=0.09, 0.12, 0.18, and 0.24 m in the plane of Z=0. In
other words, there were 10 measurement points in the
plane of Z=0, and 7 (S/d=1), 9 (S/d=2), and 11 (S/d=3)
in the plane of ¥Y=0 along the flow direction of each
section.

The water depths were measured using a steel
ruler with an accuracy of 1 mm. The velocity was
measured using an LGY-II velocity instrument (a
propeller flow meter) constructed at the Nanjing Hy-
draulic Research Institute, China. The propeller ra-
dius was 12 mm. The accuracy of the measured ve-
locity was 0.01 m/s with a measurement time of 5 s,
and the range of measurement velocity was 0—7 m/s.
During the experiments, three ratios of offset height
to jet exit diameter (S/d=1, 2, and 3), three sub-
mergence ratios of tailwater depth to offset height
(hyS), and four values of Fr (FriUo/(ga’)O'5 , where U,
is the mean cross-sectional velocity, and g is the

acceleration of gravity (g=9.81 m/s%); Fr=2.57, 3.46,
4.06, and 5.30) were tested. As the tailwater depth
increased, the flow pattern in the stilling basin
evolved from that of a surface jet to a mixed jet and
then to a submerged jet. The propagation of the jet
was affected by the tailwater and the sidewalls of the
stilling basin; thus, the jet in this experiment can be
considered an offset jet in a bounded basin. Detailed
test parameters are shown in Table 1.

Table 1 Test parameters

h/S
Test  S/d  Surface Mixed Submerged F7
jet jet jet

1-3 1 2.60 2.80 3.30 2.57
4-6 2 1.90 2.15 2.38 2.57
7-9 3 1.62 1.78 1.95 2.57
10-12 1 3.00 3.60 4.05 3.46
13-15 2 1.98 2.20 2.45 3.46
16-18 3 1.67 1.83 1.97 3.46
19-21 1 3.00 3.55 4.00 4.06
22-24 2 2.00 2.30 2.50 4.06
25-27 3 1.72 1.88 2.02 4.06
28-30 1 3.30 3.90 4.10 5.30
31-33 2 2.05 2.30 2.55 5.30
33-36 3 1.83 1.93 2.10 5.30
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3 Results and discussion

The Fr value, S/d, and hy/S of the circular jet
were varied in the experiments (Table 1). The flow
pattern in the basin and the distribution of the mean
velocity in the three directions (X, Y, and Z) will be
discussed. In addition, the influence of the geometric
and hydraulic parameters on the mean velocity of the
jet will be discussed and compared to the results of
previous research on rectangular jets.

3.1 Initial conditions

Because the shape of the jet exit has a significant
influence on the flow characteristics, it is necessary to
verify the velocity distribution of the jet exit with the
1/7th power law for pipe velocity distribution. In the
diameter range of the jet exit, the plane radial mean
velocity was nondimensionalized using the maximum
velocity of the cross section. In this experiment, Re
was 2.5x10°-5.0x10°. Thus, the jet exhibited fully
developed turbulent pipe flow.

With Fr=4.06 and S/d=2, the velocity distribu-
tion at X/d=0.5 was compared with the results ob-
tained by Agelin-Chaab and Tachie (2011a), and the
velocity of the jet section was compared with the
1/7th power law (Fig. 2). The velocity at the exit jet
could not be measured due to the limited measure-
ment space, so the initial test section was located at
X/d=0.5.

Fig. 2 shows that the error between the average
velocity calculated by the pipe flow calculation for-
mula and the theoretical value was 0.9%. The average
velocity of the jet exit can be obtained from the pipe
flow calculation formula:

. J.O’O U 2nrdr

VR O]
where V' is the average velocity of jet exit, U, is the
local streamwise mean velocity, 7 is the radical length,
ro=d/2, and A4 is the area of the circular jet exit.

The experimental value of Uj/U, obtained for
Fr=4.06 and S/d=2 was 1.17, which is consistent with
the value of 1.22 obtained by the 1/7th power law
approximation for fully developed turbulent pipe flow.
Therefore, the measuring instrument and method for
this experiment are reasonable and acceptable.
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Fig. 2 Profiles of streamwise velocity at X/d=0.5

3.2 Mean velocity
3.2.1 Streamwise velocity decay

The decay law of the maximum mean velocity
Uy, for the main flow in the basin was of primary
interest in this study. The streamwise profile of U, is
shown in Fig. 3. The relationship between U,/U; and
X/d for a circular jet is as follows (where erf is the
error function or Gauss error function):

o 2o
(2] (-]}

When 0<X/d<24, the fitted curve is described by
Eq. (2). The error fitting is not satisfactory. When 0<
X/d<10, the fitted curve is described by Eq. (3), op-
timized by Eq. (2). The error fitting is within 10%.

3.2.2 Velocity distribution in lateral and vertical
directions

The location of the maximum flow velocity Uy,
and its decay are important aspects of the mainstream
flow velocity. The normal distribution model of a
Gaussian distribution for a free jet can be used as

follows:
U z Y
: =exp{——] : )
Um Z1/2

where Z,, is the vertical half-width.
Law and Herlina (2002) indicated that the ve-
locity distribution for a wall jet was independent of Re
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in the mainstream direction. They showed that the
velocity profiles in the lateral and vertical directions
are suitable for Cauchy—Lorentz distribution:

R )

U, 2
1+[0.96SZ]

172

811

profiles have a slight tendency to be smaller than a
Gaussian distribution for free jet velocity profiles
near the centerline, and larger away from the center
line when Y/Y;,<0.5, as found by Raiford and Khan

(2009) when X/d=24.
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Fig. 3 Profile of maximum mean velocity
(a) Eq. (2); (b) Eq. (3)

The velocity distributions in the lateral (U,/Up—
Y/Y1, where Yy, is the lateral half-width) and the
vertical (U,/Un—Z/Z,;) directions for a circular jet
with Fr=4.06 and S/d=2 are shown in Fig. 4. The
distribution of dimensionless U,/U,, is between the
Gaussian distribution and Cauchy—Lorentz’s function
(Cauchy-L). In addition, the decay of the lateral ve-
locity (U/Uy=1) is at Y/Y1/,<0.5 when X/d<5, but the
decay of the vertical velocity (U,/Uy,) at Z/Z,,<—0.4
agreed well with the Gaussian distribution and
Cauchy—Lorentz’s function. The horizontal velocity
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Fig. 4 Velocity distributions in the lateral (a) and the
vertical (b) directions

The basin wall had no obvious effect on the lat-
eral velocity spread, although there was an effect on
the vertical direction to the bottom of the basin. This
was mainly because the cross velocity direction of a
circular jet is uniform and the surrounding conditions
have little inhibitive effect on the velocity spread.
After a certain distance (X/d>8), the vertical velocity
profiles did not agree well with the Gaussian or
Cauchy-Lorentz distribution. The flow turbulence
was severe in the basin because of the stress caused by
the jet and the surrounding flow, the gravity of the jet,
and the mutual mixing between the flow in the basin
and the backflow. Beyond the point where jets begin
to interact with boundaries, the profiles no longer
behave as a Gaussian distribution for a free jet in the
vertical direction (Raiford and Khan, 2009). There-
fore, the velocity spread of the circular offset jet in the
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vertical direction was different from that of the free
jet and the wall jet.

3.3 Influencing factors

Based on experiments, the main factors influ-
encing the maximum flow velocity decay in the
streamwise direction of circular and rectangular jets
are Fr, offset height S, and the degree of submergence
hy/S.

3.3.1 Dependence on the approach Froude number Fr

The position and distribution of U, for the cir-
cular and rectangular jets are shown in Fig. 5, when
Re=2.5x10"-5x10" (in this study, C stands for the
circular jet, and R for the rectangular jet). The effect
of Fr on the decay law for the maximum velocity of
the circular jet (S/d=2, mixed jet) was small. This
conclusion is consistent with the results obtained by
Mi and Zheng (1990) when Re=1.5x10"-6.5x10".
The flow characteristics were observed to be nearly
independent of the Reynolds number (Agelin-Chaab
and Tachie, 2011b) when Re=1x10" and 2x10*, but
not when Re=0.5x10". Regardless of the type of jet
exit, the dispersion of Uy, decay for the circular and
the rectangular jets was less than 5% in the main-
stream direction. For different Fr, the decay law of
U, in the mainstream direction was almost the same.
When the flow pattern evolved from that of a surface
jet to a mixed jet, and then to a submerged jet with
S/d=2, the distribution of Uy, was also independent of
Fr when Re>1x10* (Fig. 5¢). Thus, in the case of
identical geometric parameters such as jet shape and
offset height, the lateral and vertical velocity distri-
butions were independent of Fr when Re>1x10*. This
can be partly explained by the more uniform velocity
distribution and higher jet momentum flux at a higher
Reynolds number.

The position of the maximum mean velocities Zy,
remained at the centerline of the jet exit when X/d<10
and was independent of Fr, but changed when 10<
X/d<15 (Figs. 5b and 5d). Due to the strong turbu-
lence intensity during the operation of the circular jet,
the fluctuations in the position of maximum velocity
increased as Fr increased. For the rectangular jet, the
position of maximum velocity gradually shifted from
the jet exit to the basin bottom. For example, with the
same value of S/d=2, the vertical distance from the
bottom to the position of U, for a circular jet was
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Fig. 5 Distribution (a) & (c¢) and position (b) & (d) of
maximum mean velocity for a circular jet and a rectan-
gular jet with different Fr values: (a) circular jet (S/d=2,
mixed jet, Fr=2.57-5.30) and rectangular jet (b/by=0.5,
Fr=0.41-2.60); (b) circular jet (S/d=3, mixed jet, Fr=2.57—
5.30) and rectangular jet (b/by=6, Fr=2.70); (c) & (d) cir-
cular jet (S/d=3) (b is the width for rectangular jet, and b,
is the height for rectangular jet)
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much larger than that for a rectangular jet as Fr
changed. The mainstream of the rectangular jet was
not stable and descended sharply after the jet exit.
However, the mainstream of the circular jet remained
unchanged and continued for a certain distance at a
constant height.

The effect of Fr on the velocity spread in the
lateral and vertical directions is shown in Fig. 6. For
Fr=2.57-5.30, the spread in the lateral direction
changed slightly (Figs. 6a and 6¢), and the spread rate
increased monotonically with X/d (Figs. 6b and 6d).
This phenomenon was caused mainly by the strong
mixing of the mainstream flow and the surrounding
water at the end of the basin.

When the flow condition was a mixed jet with
X/d=2 and X/d<10, the fitting curves of the lateral and
the vertical spreads could be expressed as follows:

Y ’ X
22 0042(_] —0.013222 40472,  (6)
Zl/2 X

2
=—0.0047(;J +0.0161§—O.479. @)

Therefore, the lateral and vertical spreads
showed a quadratic relationship with the streamwise
distance for a circular jet with an offset height.
However, for the rectangular jet, beyond the region
X/bo>5, the jet spread linearly with the streamwise
distance for the 4/by=2 (h is offset height for rectan-
gular jet) offset jet (Nyantekyi-Kwakye et al., 2015).

3.3.2 Offset height

The velocity distribution and position of U, for
different offset heights (S/d=1, 2, and 3) are shown in
Fig. 7. For different S/d, the decay rates of Uy, in the
streamwise direction for a circular jet and a rectan-
gular jet (Nyantekyi-Kwakye et al., 2015) are shown
in Fig. 7a.

The decay rate of the maximum velocity in-
creased with increasing offset height, but not obvi-
ously for the circular jet. The dispersion of U,,/U; for
the circular jet was 5%. The same conclusion can be
drawn from Fig. 7c, where the flow pattern is of a
mixed-jet type with Fr=2.57, 4.06, and 5.30. How-
ever, the dispersion of Uy/U; for a rectangular jet
(Nyantekyi-Kwakye et al., 2015) becomes large from
X/d=5 to X/d=30. Near the jet exit, the decay rate of

the streamwise velocity for the circular jet was clearly
smaller than the streamwise velocity for the rectan-
gular jet when X/d<8. When the offset height was low
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Fig. 6 Effect of Fr on the spread in the lateral (a) & (¢) and
vertical (b) & (d) directions: (a) & (b) circular jet (S/d=2,
mixed jet); (¢) & (d) circular jet (S/d=3)
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(h/by=2), the jet core moved down quickly, but not
when the offset height increased to 4#/by=4. The decay
rate of the streamwise velocity with the circular jet
was larger than that of the streamwise velocity with
the rectangular jet when X/d>10. The main reason is
that the cross-sectional velocity distribution in a cir-
cular jet is more uniform than the cross-sectional
velocity distribution in a rectangular jet. The sup-
pression effect of the surrounding flow on the jet flow
is small when the jet is circular. After a certain dis-
tance, the inertia of a circular jet becomes weak and
the circular jet flow mixes with the surrounding flow.
However, a rectangular jet exit appears as a “duck
mouth” that is unstable in the gravity direction. When
the offset height is smaller, the lift of the surrounding
flow is weaker, and the flow core moves quickly to
the bottom of the basin. When the offset height in-
creases, a cushion effect is caused by the surrounding
flow, and the surrounding flow can avoid contacting
the bottom of the basin directly. Clearly, the offset
height S/d had little effect on the decay rate of the
maximum velocity for the circular jet, but a large
effect on that for the rectangular jet.

The effects of different values of S/d on the po-
sition of maximum velocity for a rectangular jet
(Nyantekyi-Kwakye et al., 2015) and a circular jet are

shown in Fig. 7b. For a circular jet with S/d =1, 2, and
3, the position of maximum velocity remained near
the centerline of the exit jet when X/d<10, but the
position changed considerably when X/d>10. This
conclusion is consistent with the results obtained by
Raiford and Khan (2009) when S/d=2, 3, and 4. This
phenomenon is caused mainly by the strong mixing of
the mainstream flow and the surrounding water at the
end of the basin. A similar result is shown in Fig. 7d,
where the flow pattern is of a mixed-jet type with
Fr=2.57, 4.06, and 5.30. For a rectangular jet with
h/by=0, 2, and 4 (Nyantekyi-Kwakye et al., 2015),
when X/d<10, the position of maximum velocity
gradually shifts to the bottom of the basin under the
action of gravity, but the change of position is inde-
pendent of A/by. When X/d>10, the position of max-
imum velocity rises at #/by=2 and descends at h/by=4.

The spread of the mean velocity with the rec-
tangular and circular jets for different values of S/d is
shown in Fig. 8. The spread rate in the lateral direc-
tion was more uniform than that in the vertical direc-
tion for a certain region. The current experiments
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(b/by=6); (b) circular jet (Fr=3.46, mixed jet) and rectan-
gular jet (b/by=6); (c) & (d) circular jet (mixed jet)
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reveal that Yy, increases with increasing S/d for the
circular jet. The relationship between Yi, and the
offset height when S/d=3 is consistent with the values
reported by Raiford and Khan (2009) for S/d=1, 2, and
3 when X/d<20. The spread rate in the lateral direction
is smaller than that of a rectangular jet with a similar
offset height (Nyantekyi-Kwakye et al., 2015).

Figs. 8a and 8c show that S/d had a different
effect on the spread rate of the mean velocity for the
circular and the rectangular jets. In the lateral direc-
tion, for the circular jet, the offset height (S/d=1, 2,
and 3) had little effect on the spread rate of the mean
velocity. For the rectangular jet, the spread rate was
estimated to be 0.116, 0.114, and 0.096 with 4/by=0, 2,
and 4, respectively. Therefore, the spread rate was
uniform in a certain region. This observation is partly
explained by the spread rate in the lateral direction
being minimally affected by the backflow.

Figs. 8b and 8d show the results where the flow
pattern was of a mixed-jet type with Fr=2.57, 3.46,
4.06, and 5.30 in the vertical direction, and the direc-
tions of deviation of the centerline for the rectangular
jet and the circular jet at half-width were opposite. For
the circular jet, in the case of S/d=2, the vertical
spread was larger than the cases of S/d=1 and 3. The
effect of intense backflow suppressed the vertical
spread of the jet with S/d=1 and 3. The offset height
had little effect on the spread rate in the vertical di-
rection when X/d<8. When X/d>8, the spread rate in
the vertical direction increased with streamwise dis-
tance, but the rate was independent of S/d. This ob-
servation can partly be attributed to the bottom of the
basin and the backflow suppressing the spread of the
offset jet when X/d>8. For the rectangular jet, the jet
spread linearly with the streamwise distance for the
h/by=2 offset jet (Nyantekyi-Kwakye et al., 2015).
This trend is consistent with those reported by Agelin-
Chaab and Tachie (2011b). The spread of the 4/b;=2
offset jet was suppressed with streamwise distance
because of the occurrence of intense backflow
(Nyantekyi-Kwakye et al., 2015).

3.3.3 Submergence ratio

Experiments showed that the tailwater depth /4,
had a large effect on the flow pattern. For a sub-
mergence ratio (/,/S) between 1.62 and 4.10, the flow
pattern evolved from that of a surface jet to a mixed
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jet, and then to a submerged jet. The distribution of
the dimensionless half-width (Y;,/d, Z,/d) of the
circular jet is shown in Fig. 9. The submergence ratio
had little effect on the spread in the lateral direction,
but a substantial effect on the spread in the vertical
direction. Figs. 9a and 9c show that the submergence
ratio (4,/S) had little effect on the spread of the lateral
velocity of the circular jet when Fr=2.57, 3.46, 4.06,
and 5.30 at X/d<10. The distribution in the spread of
the lateral velocity agrees well with the result of a no
baffle sill (h/S=0) reported by Agelin-Chaab and
Tachie (2011a). The same conclusion can be drawn
from Fig. 9c, in which the flow pattern is of a
mixed-jet type with Fr=2.57, 3.46, and 5.30 for S/d=2.
Therefore, the //S ratio for the circular jet had little
effect on the spread in lateral velocity.

For different values of 4/S, the trends in the
vertical velocity for a circular jet were similar to those
in the lateral direction when X/d<10. Under the con-
dition of A/S=0—4.10 for circular jets, the position of
the vertical half-width is shown in Fig. 9b. The dis-
persion in the vertical velocity caused by A/S was
about 10% when 0<X/d<10, but reached up to 30%
when X/d>10.

The same result is shown in Fig. 9d with Fr=2.57,
3.46, and 5.30 for S/d=2. The difference between
Figs. 9b and 9d is that the trend in the variation of
vertical velocity is opposite because the values were
chosen at the top and bottom, respectively, of the
mainstream.

4 Conclusions

In this paper, the velocity distribution of circular
offset jets was studied in terms of the decay and
spread of the mean velocity in the mainstream, lateral,
and vertical directions with four values of Fr, three
offset heights S/d, and three submergence ratios /,/S.
The main conclusions are as follows:

1. A formula for the velocity decay of a circular
jet was proposed when X/d<10 and when X/d=10-24.
The lateral velocity spread was more consistent with
the Gaussian and Cauchy—Lorentz distributions than
with the vertical velocity.

2. The value of Fr had little effect on the decay
of the mean velocity for a circular jet when Re>1x10".
The position of the maximum mean velocities was
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near the jet centerline when X/d<10 and far from the
jet centerline when X/d>10, and was independent of
Fr. The lateral and vertical spreads showed a quad-
ratic relationship with the streamwise distance for a
circular jet with an offset height.

3. For a circular jet with S/d=1, 2, and 3, the
decay rate of the maximum velocity showed no ob-
vious increase with increasing offset height, and the
position of maximum velocity remained near the jet
centerline when X/d<10, but changed considerably
when X/d>10. In addition, the spread rate in the lateral
direction was more uniform than that in the vertical
direction for a certain region.

4. For different submergence ratios (//S), the
spread rate in the lateral direction was more uniform
than that in the vertical direction when X/d<10.

Therefore, the decay, spread, and position of the
mean velocity for a circular offset jet can remain
stable under different Fr, S/d, and h/S values.
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