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Free- and Near-Free-Surface Swirling Turbulent Jets

M. S. Feyedelem* and T. Sarpkaya’
U.S. Naval Postgraduate School, Monterey, California 93943

The turbulent flowfield created by a round swirling jet issuing from a nozzle, beneath and parallel to a free surface,
in both the deep- and shallow-submergence modes has been studied for three swirl numbers (S = 0.265, 0.500, and
0.522) and fixed Froude and Reynolds numbers using a three-component laser Doppler velocimetry system. The
results have shown that a swirling jet is unique among all shear flows; stagnation occurs without vortex breakdown
at a critical swirl of S = 0.50; vortex breakdown occurs for S > 0.51 and leads to the intensification of turbulence
within or near the exit of the nozzle and to the nonmonotonic change of the turbulent kinetic energy with S;
turbulence shear stresses exhibit anisotropic behavior, especially in the plane bisecting the jet; and the degree of
anisotropy at the free surface depends on the degree of agitation of the free surface (swirl number, Froude number,
x/d, and Reynolds number). The need for a robust turbulence model that can deal with the alteration of turbulence

by distortion and rotation is emphasized.

Nomenclature

= normalized distance to virtual origin

= nozzle exit diameter

= Froude number, U,/+/gh

= axial flux of axial momentum

= axial flux of angular momentum

= gravitational acceleration

= depth of nozzle axis from free surface

= Reynolds number, U,d /v

= swirl number

= velocity

= maximum velocity u at a given x/d

= mean nozzle exit velocity

= axial, transverse (tangential), and vertical (radial)
velocity components, respectively

= rms of fluctuating axial, tangential, and radial
velocity components

= temporal mean of a Reynolds shear stress

= maximum tangential velocity at a given x/d

= axial coordinate, origin at nozzle exit

* =x/(x + ad)
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y = lateral coordinate
z = vertical coordinate, origin on x axis
z* =z/(x 4+ ad)
r = circulation of vortex
v = kinematic viscosity
p = density of fluid
Introduction

HE current impetus for research on both the free- and near-

free-surface swirling jets comes, in part, from the need to
monitor and/or reduce the remotely sensible signatures created on
the free surface by submerged and surface maritime traffic,!"? to
understand the mutual interaction between the structure of the un-
derlying turbulence and the free surface disturbances,’ to enhance
mixing in combustion chambers,* ® to increase the ratio of the heat
transfer to the required pumping power, to develop active shear-
layer control with swirl,® to precipitate the destruction of trailing
vortices,’~ and to contribute to flow physics and numerical simu-
lations. The unifying feature of these swirling flows (with or with-
out free-surface or wall-proximity effects) is that their behavior is
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determined more by streamline curvature, centrifugal acceleration,
and turbulent transport than by pressure effects. Also, they provide
ideal benchmark tests for turbulence closures. The numerical ex-
periments with free swirling jets have highlighted defects in nearly
all current closure models.%~!7 The predictions were somewhat im-
proved only when the optimum values of the modeling parameters
were extracted from the data simulated (one physics/one model sit-
uation). All model makers have expressed the strong need for more
experimental data for a better understanding of the effects of swirl
on turbulence models. This is particularly critical for swirling flows
interacting with a free surface.?

There are a number of studies closely related to the present
investigation.'®=2* They have been carried out with fully submerged
free or confined swirling jets. They have uniformly concluded that
the characteristics of swirling flows are highly complex for they
depend partly on the preexit history of the flow within the noz-
zle and partly on the postexit circumstances surrounding the jet. In
fact, there are no precise means to characterize the degree of swirl
imparted to a flow because of the strong influence of the nozzle
conditions. Among the numerous proposals, the one most widely
used is the swirl number S, defined by Chigier and Chervinsky'® as

§=_00 o
G,(d/2)
where d/2 is the equivalent nozzle radius; G, is given by
o0
Gy = / (puv + pu'vr*dr ?2)
0

and G, is given by
« 1
/ [u2 +u? - 5(1)2 40?4 w'z)]r dr 3)
0 -2 :

The terms Gy and G, are the invariants of a given jet. In the
present investigation, S was calculated as exactly as possible, for
the nozzle tested, through the use of Egs. (1-3). Furthermore, the
integral invariants of the jet were examined in all test sections to
assess the internal consistency of the measurements.

It is a widely recognized fact that the swirl number S is insuffi-
cient to uniquely describe the character of swirling flows.®~2* Thus,
the evolution of a robust turbulence model that would consistently
account for the effects of streamline curvature, centrifugal acceler-
ation, and free-surface proximity, without resorting to case-specific
modeling parameters, needs well-executed experiments with the
same nozzle in both the fully submerged and near-free-surface con-
ditions. As its primary objective, the present investigation deals first
with swirling turbulent liquid jets, discharging into a large medium
of water (to create an extensive and detailed reference database) and,
subsequently, with identical swirling jets running beneath and paral-
lel to a free surface. There are no previous studies of the interaction
of a swirling jet with a free surface.

G, =
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Fig.1 Axial-plus-tangential-entry swirl generator (dimensions in mil-
limeters).

Experimental Facility

The experiments were conducted in an existing recirculating free-
surface water tunnel (about 8 m*®). The open test section was 50 cm
wide, 50 cm deep, and about 6 m long. During the off-test periods, a
small pump continuously filtered the tunnel water through a micro-
filtration system to remove rust and other suspended fine particles,
down to about 10 wm, from the water.

An axial-plus-tangential-entry swirl generator (Fig. 1) with a con-
verging nozzle similar but not identical to that devised by Chigier
and Chervinsky'® was used. The axial and tangential flow into the
nozzle were controlled and measured independently and monitored
continuously with two calibrated rotameters.

A conical receiver (about one-third the size of the tunnel cross
section) was placed 3 m downstream from the nozzle to collect and
to recirculate the flow (as well as the scattering particles, as noted
later) through the pumps independently controlling the axial and
tangential flows. Thus, only the entrained fluid had to recirculate
along the remainder of the tunnel with a cross-sectional mean ve-
locity of about 0.35 mmy/s. The sides of the nozzle were free, and
the entrainment was not constrained as in the case of wall jets.

The mean velocities and turbulence intensities were measured
with a three-component laser Doppler anemometer (Dantec) and a
10-W coherent laser system, first configured for backward scatter-
ing and then for forward scattering. Bragg cells were used to shift
the frequency of one beam of each pair by 40 MHz to provide direc-
tional sensitivity and to prevent fringe bias. The crossing of the six
beams was achieved using a 50-pum pinhole and the built-in beam
steerers. The probe volume (approximately 50 um in diameter and
about 150 pm in length) was positioned at the required location by
use of an automated, computer-controlled x-y-z traversing mecha-
nism. The positioning of the probe volume was found to be 1 step
of the stepper motor, which has a resolution of 100 steps/mm. Very
small quantities of light-scattering particles (5 um round Polyamid
particles of specific gravity of 1.01) were introduced into the return
line from the conical receiver after being continuously stirred in a
large plastic container. No data were collected during the startup
period (at least 1 h) of the operation of the system during which
the count rate of bursts in coincidence mode reached at least 2 kHz,
with a validation rate of 96-100%. At least 10,000 samples for the
calculation of statistical moments and 10° samples for the spectra
were collected at each measurement location. The digital outputs
of the counterprocessors were fed into a data acquisition system.
The statistical parameters derived from these measurements are
subject to biases from several sources, particularly in regions of
high turbulence intensity, and there is not yet a generally accepted
proper correction procedure. In this work, the velocity bias, the
most significant of all the biases, was corrected using the approaches
described by Stevenson et al.”> and McLaughlin and Tiederman.?
The two approaches yielded nearly identical results for turbulence
intensities below about 20%.

The measurements for the three mean velocity and the six tur-
bulent stress-tensor components were made in a free swirling jet at
x/d =0.14[x =0.88 mm, the minimum x at which laser Doppler
velocimetry (LDV) measurements can be made], 1, 2, 3, 4, 5, 7,
10, 16, and 32. For the near-free-surface case, the nozzle axis was
placed at h = 3.5d from the undisturbed free surface, and the mea-
surements were made at x/d = 0.14, 0.5, 2, 4, 6, 8, 10, 12, 16, and
32. At each section, all velocity and turbulence quantities were
measured along the vertical z axis and along the lateral y axis.

In addition to the foregoing, a number of measurements were made
very near the free surface, along the lines parallel to the y axis at
x/d =10. Finally, detailed velocity and turbulence measurements
were made in both modes at four upstream sections near the noz-
zle (x/d =0.28, 0.42, 0.56, and 0.70), to complement those already
made at x/d =0.14, to define the initial conditions, including the
dissipation rate, as precisely as possible.

Every precaution was taken, and a conscientious effort was made
to obtain archival quality data for use in the validation of numerical
simulations. The uncertainties associated with the measurements
were evaluated using the procedures suggested by Moffat.?” The
possible sources of error are power fluctuations, mistracking of the
particles, temperature changes in the laboratory that affect the posi-
tioning of the traversing system, changes from the dam water to well
water, the reading of the flow meters, occasional minor tremors, etc.
The error in the velocity measurements is a function of the turbulence
intensity, which varies considerably across the jet section. Never-
theless, it suffices to note that all of the experimental conditions
could be repeated to a precision closer than +1%. On the average,
uncertainties in mean velocities are 2%, in axial normal stresses
of turbulence 3%, and in turbulent shear stresses +4%. To estab-
lish the repeatability of the procedures and data, each profile was
measured at least twice at different times in both the forward- and
backward-scattering modes (some, 12 months apart). The largest
difference between the corresponding profiles was smaller than 2%.

Presentation and Discussion of Results
General Comments

The velocities u, v, and w represent the axial (along x), tangential
(along ), and radial (along z) components. The bold symbols such
asu’ andu'w’ denote ./(u’2) and u’w’, respectively. The mean veloc-
ities and the rms values of the fluctuating quantities were normalized
by Uj (the cross-sectional mean velocity at the nozzle exit), Uy, (the
maximum axial velocity), or V,, (the maximum tangential velocity)
in a given distribution, along a given line, at a prescribed section to
bring out the special features of the velocity profiles.

The distances along the x axis are measured either from the nozzle
exit (x = 0) or from the virtual origin (x = —ad). AsinRef. 18, the
value of a was determined by extrapolating lines of 1/U,, against
x to the value of 1/U,, = 0. Then x and z were normalized by
x + ad, with a =3, so that x* =x/(x + ad) and z* =z/(x +ad).
Normally, a distinction has to be made between the actual jet axis
and the x axis. The wakes of single-screw ships and submarines
drift to the right or left depending on the direction of rotation of
the propeller because of the swirl-induced momentum. The mag-
nitude of the drift depends on the axial momentum of the flow.
In the present investigation, U, was 2.79 m/s [corresponding to a
Reynolds number of Re = U,d/v = 1.8 x 10* and a Froude num-
ber of F = U,/+/(gh) = 6] and the drift was negligible (about
0.044) within a distance of 50d and certainly much smaller than
the deflection of the jet axis toward the free surface (because of its
mutual interaction with its image). For the sake of consistency, all
velocity and turbulence plots were made relative to the x axis (the
ideal center of the jet) rather than the local center of the jet. Figure 2
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Fig. 2 Axial velocity u/U, vs x* for various swirl numbers S (deep
mode).
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shows u/ U, as a function of x* in terms of six S values. For the sub-
critical value of S = 0.265, the decay is mainly due to the centrifugal
expansion of the jet. For the critical value of S = 0.50, the rapid de-
crease to nearly zero and the subsequent increase to about 0.3U, of
the axial velocity shows that stagnation without vortex breakdown
is achievable (see plots of S = 0.50 and 0.51). For the supercritical
value of § = 0.522, the axial velocity reverses and vortex break-
down occurs.?®?° Farokhi et al.! noted that their swirling jet has
been brought to the point of breakdown at a swirl number of 0.48,
significantly lower than the commonly assumed value of 0.6 but in
near agreement with that found in the present investigation with a
considerably different swirl generator. It is on the basis of this figure
that three representative S values were chosen (S = 0.265, 0.500,
and 0.522; mild, critical, and strong swirl, respectively) for the de-
tailed measurement of the mean velocities and Reynolds stresses
at numerous sections. This led to an overwhelming number of data
points and plots. Here only a small fraction of the data could be
presented because of space limitations. All of the data, including
those at other 4/d values, will be available for computational fluid
dynamics simulations. Our modeling efforts will be the subject of a
separate paper.

Case of a Swirling Jet with S = 0.265

Figures 3 and 4 show the axial and swirl velocities u/U,, and
v/ U, as a function of z* for S = 0.265. One data set is for the fully
submerged free swirling jet (deep mode or DM), and the other for the
same jet whose axis is at a distance of 2 = 3.5d from the undisturbed,
clean, free surface (shallow mode or SM). These data were obtained
at x/d =0.14 (x = 0.88 mm) to establish the upstream conditions.
The excellent agreement between the two sets of data for bothu/ U,,
and v/ U,, shows that there are no free-surface effects on the mean
velocities at x/d = 0.14. However, this is not the case for the fluc-
tuations of the swirl component of the velocity, as will be seen later.

The evolution of u/ Uy, v/ U, u'/ Uy, v'/ Uy, andu'w’ / U2 for the
deep mode alone are shown in Figs. 5-9 at various axial stations.
Figure 5 shows that the contraction of the nozzle increases the maxi-
mum velocity at the axis, and the profile becomes more top hat like. >
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Fig. 3 Axial velocity u/U,, vs z* at x/d = 0.14 for S = 0.265 (deep and
shallow modes).
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Fig. 4 Tangential velocity v/U,, vs z* at x/d = 0.14 for S =0.265 (deep
and shallow modes).
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Fig. 5 Axial velocity u/Uy,, vs z* at four x/d values for S = 0.265 (deep
mode).
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Fig. 6 Tangential velocity v/Uy, vs z* at three x/d values for S = 0.265
(deep mode).
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Fig.7 RMS values of the axial velocity fluctuations u/Uj vs z* at three
x/d values for S = 0.265 (deep mode)..
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Fig. 9 Reynolds shear stress u’w’/U2 vs z* at four x/d for S = 0.265
(deep mode).
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Fig. 10 RMS values of the axial velocity fluctuations u’/Uy vs z* at
various x/d values for S = 0.265 (shallow mode).

It is also seen that at an axial distance of as small as two diame-
ters and beyond the axial velocity acquires a Gaussian profile, as
observed by others.!® The variation of v/U,, with z* in Fig. 6 is
such that the maximum swirl and core radius occur near the nozzle
exit. Subsequently, v decreases rapidly with increasing x /d, but the
decrease of the core radius beyond x /d = 2 is rather small. Figure 7
shows the normalized values of «’ in terms of z* only for three rep-
resentative values of x /d to minimize confusion. Atx/d = 0.14, v’
is smallest in the entire cross section with the exception of the two
peaks at the shear layers. At a distance of only two diameters down-
stream, &’ jumps to its highest values and begins to spread toward
the jet axis. It is also interesting to note that the maximum of u’ at
x/d =2 is larger than the maximum of #’ at x /d = 0.14. This shows
that the shear layers are still evolving and widening. As the down-
stream distance increases, u’ steadily decreases and becomes more
Gaussian as evidenced by the case for x /d = 10. Figure 8 shows that
the maximum of v/ (~0.4) at x /d = 2 is smaller than the maximum
of ¥/(=0.32) in the shear layer at x /d =0.14. The reason for this
is the rapid spreading of the shear layer and thus the decrease of v’
along the jet axis. At x/d =10, v’ drops to values even lower than
that which is encountered at x /d = 0.14. Finally, Fig. 9 shows the
largest Reynolds stress (u'w’, the z-ward flux density of the stream-
wise momentum, normalized by U, 3) at four x /d values. It increases
rapidly within a distance of 2d and then gradually decreases toward
its initial values at x/d = 0.14. As expected and evidenced by
Figs. 5-9, the absolute values of the velocities, rms values of the
velocity fluctuations, and the shear stresses, in the deep mode, are
nearly symmetrical with respect to the jet axis.

Figures 10-12 show, for the shallow mode, the representative
turbulence quantities at various axial distances. The vertical asym-
metry of the profiles with respect to the jet axis is due to the surface
proximity. In Figs. 10-12, the position of the free surface (not shown
for sake of simplicity) varies with x/d, e.g., it is at z* = 1.12 for
x/d = 0.14, at z* = 0.27 for x/d = 10, and at z* = 0.18 for
x/d = 16. A comparison of Figs. 7 (for the DM) and 10 (for the
SM) shows that u’/ U, at corresponding x /d values is nearly identi-
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Fig. 11 RMS values of the tangential velocity fluctuations v'/Uy vs z*
at various x/d values for S = 0.265 (shallow mode).
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Fig. 12 Reynolds shear stress u’w’/Uz vs z* at four x/d values for S =
0.265 (shallow mode).

cal and the effect of the free surface on u’/ U, is negligible, at least
for x/d smaller than 10. However, a comparison of Figs. 8 (DM)
and 11 (SM), plotted with identical horizontal scales, shows that
the effect of the free surface on v’/ U, is more complex. At smaller
values of x/d (at 0.14 and 2), v’/ U, is larger (0.4 and 0.32, re-
spectively) for the deep mode than for the shallow mode (x0.22
and 0.18). However, at x/d = 10, both modes yield nearly identical
v'/ U, values. These suggest that the lateral component of the veloc-
ity fluctuations is damped by the free surface, particularly at smaller
x/d. The interfacing of the opposite-signed vorticity (of the real and
image vortices) at the free surface (proximity effects) appears to be
the mechanism for the said damping.2-33!

The normalized values of u'w’ are presented in Fig. 12 for only
three representative x /d values to simplify the understanding of the
decay of the most important Reynolds stress. It shows that u'w’ ac-
quires its largest value near x/d =2, not at x/d =0.14, and then
decays rapidly within an additional four diameters downstream. At
x/d =16, u'w’ decreases by an order of magnitude. The other shear
stresses u'v’ and v'w’ are an order of magnitude smaller than u'w’ at
all x /d values.

Cases of Swirling Jets with S = 0.50 and 0.522

The discussion of results for S = 0.50 will be confined to x/d =
10and 16 and for S = 0.522 to x /d = 16. Figure 13 shows the axial
component of velocity in both the deep and shallow modes at x /d =
10. Clearly, it is not possible to discern any effects of the free surface
at that axial distance for S = 0.50. The other two components (not
shown here) are about an order of magnitude smaller than u.

Figure 14 ($=0.50 and x/d = 16) shows, more emphatically
than others, the effect of the free surface on the global characteris-
tics of the swirling jet. The u component is larger for the shallow
case because of the freedom of the free surface to move in an es-
sentially shear-free environment. Figure 15 shows, for the shallow
mode only, the axial, swirl, and radial components of the velocity
at x/d = 16. The maximum of the axial velocity has drifted about
Az*~0.05 toward the free surface for reasons noted earlier. The
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atx/d = 16 for S = 0.50 (shallow mode).

swirl and radial velocities decay rapidly relative to the axial ve-
locity. However, whereas the swirl component gradually increases
toward the free surface, the radial component practically vanishes.
The energy of this component is redistributed among the horizontal
components.?-3-30

The normalized rms values of the velocity fluctuations at x/d =
16 are shown in Fig. 16. It is seen that, whereas u’'/U, and v'/ U,
(open symbols) increase near the free surface, the radial or the sur-
face normal component w’/ U, decreases continuously. This is in
conformity with the previous observations and measurements.?3:3
Figure 17 shows the largest shear stress at x/d =16 for the shal-
low mode. The other stresses, not shown here, are less than 10% of
uw' /U ,‘f Figures 16, 17, and others for smaller stresses show that the
turbulence becomes increasingly anisotropic with increasing axial
distance, and the stress in planes passing through the jet axis, e.g.,
x—z plane, increases at the expense of the stresses both in planes
normal to the jet axis and in planes orthogonal to the x—z plane.

Turbulent Kinetic Energy

Figures 18 (x/d =10) and 19 (x/d = 16) show the normalized
values of turbulent kinetic energy (TKE) for various values of S.
TKE is maximum for S =0.265 and decreases with increasing
forboth x /d = 10 and 16. However, the decrease has two surprises.
First, in either case, TKE is smallest for S = 0.50, not for S =
0.522, as one might have otherwise expected. Second, TKE for
x/d = 10 becomes nearly identical for all values of S, both near the
free surface and far from the free surface. For x/d = 16, however,
TKE becomes nearly identical only for z* smaller than about —0.15
(deeper regions). Near the free surface, TKE for § = 0.265 and 0.522
acquires comparable values, but for § = 0.5, TKE remains relatively
smaller than the other two for all z* larger than about —0.15. The fact
that TKE merges near the free surface for x/d = 10 is because the
free surface effects are still relatively small at x /d = 10 for all values
of S encountered in this investigation. However, TKE for S =0.522
acquiring values intermediate to those for § = 0.265 and 0.50 is a
direct consequence of the creation and subsequent evolution of the
swirling jet. It has been noted in connection with the discussion of
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Fig. 19 TKE vs z* at x/d = 16 for for three swirl numbers (shallow
mode).

Fig. 2 that 1) for S = 0.265, the axial velocity decreases gradually
due to the centrifugal expansion of the jet; 2) for S =0.50 and 0.51,
the axial velocity decreases rapidly to nearly zero and then increases
to about 0.3U); and 3) for S larger than about 0.51, the axial velocity
begins to reverse near the nozzle exit and vortex breakdown occurs.
The turbulence produced from the bursting of the vortex intensifies
the turbulence within the jet and alters the velocity and turbulence
distributions strongly enough to cause the surprising changes noted
in TKE.

Conclusions

The turbulent flowfield created by a round swirling jet issuing
from a nozzle, beneath and parallel to a free surface, in both the deep-
and shallow-submergence modes, has been studied for three swirl
numbers, covering the range of weak, critical, and strong swirl (S =
0.265, 0.500, and 0.522) and fixed Froude and Reynolds numbers,
using a three-component LDV system. The results have shown that
swirl leads to the faster spreading and quicker mixing of the jet, and
the similarity of the velocity profiles is achieved at distances as close
as 4d from the nozzle for weak (S =0.265) and critical (S = 0.50)
swirl numbers. For strongly swirling jets (S = 0.522), the similarity
is not reached within 10 diameters downstream.

The measurements of the fluctuating components of turbulence
have shown that a deeply submerged free swirling jet can be con-
sidered to be close to local isotropic turbulence except at the nozzle
exit where the free shear layers are still very thin. The turbulence
shear stresses exhibit anisotropic behavior, the largest always being
in the plane passing through the jet axis. Stagnation occurs without
vortex breakdown at a critical swirl of S = 0.50. For swirl numbers
larger than about 0.51, vortex breakdown occurs in the jet core near
the nozzle exit. The shear layer growing along the outer periphery of
the jet interacts with the vortex bursting and modifies the turbulence
field and leads to the production of high turbulence fluctuations.

The free surface modifies all of the foregoing characteristics of the
swirling jet, particularly after a downstream distance of about 10d,
intensifies the anisotropy of the turbulence, and gives rise to com-
plex surface structures. The change of the turbulent kinetic energy
with § is not monotonic. It is maximum for S = 0.265, smallest for
S =0.50, and has an intermediate value for § = 0.522. This is due to
the occurrence of vortex breakdown and the resulting intensification
of turbulence within or near the exit of the nozzle.

The single swirling jet, with or without free-surface effects, em-
bodies all the essential physics, without unnecessary geometric com-
plexities, and provides ideal benchmark tests for turbulence closure
models particularly because its behavior is determined more by tur-
bulent transport than by pressure effects. The need for a robust
turbulence model that can deal with the alteration of turbulence by
distortion and rotation is of both scientific and practical interest and
cannot be emphasized strongly enough.
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