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Abstract: This investigation examines experimentally the behavior of swirled jets produced by axial flow fans blowing into a
crossflow at low velocity ratios. The main difference with non-swirl cases is an asymmetry of the dominant kidney vortex and a slight
distortion of the jet trace downstream of the injection hole. The effect of jet rotation at relatively low swirl numbers and similar velocity
ratios is also investigated by a validated computational analysis tool. The numerical results are analyzed by means of various
post-processing procedures, aiming to clarify, quantify and analyze the impact of swirl on the characteristics and the flow domain of a
jet in crossflow. In general, swirl introduces an asymmetry in all examined quantities and prevents the penetration of the jet into the
crossflow, causing the jet to remain closer to the wall surface. The rotation of the injected fluid results in an imparity of the two parts of
the Counter Rotating Vortex Pair (CVP) which is no longer symmetric to the axial centerline plane. High swirl numbers result in the
destruction of the CVP and the dominant kidney shape vortex is transformed into a comma shape vortex, rotating close to the wall.

Key words: Jet in crossflow, swirl, CFD (computational fluid dynamics).

Nomenclature

X, ¥,z
the wall direction, respectively

d jet diameter

R jet radius = d/2

V velocity

G momentum flux

r velocity ratio

y+ non-dimensional wall distance

S swirl number
Greek

6 tangential direction

Q angular velocity

0} streamwise vorticity

P density
Subscripts

J jet

cf crossflow

m average value

0 maximum value
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1. Introduction

Jets In CrossFlow (JICF) are used in a variety of
engineering applications. Depending on the jet to
cross-stream blowing ratio the resulting flow field can
be found in the mixing and dispersion of emitted gases
from chimneystacks, in fuel injectors, in Vertical/Short
Take-off and Landing aircrafts (V/STOL) as well as in
cooling of turbine blades. The main parameter used to
describe a jet in crossflow is the velocity ratio, r, which
is simplified for incompressible flows as follows:

r= (pv_l)l/zu’ r=gt W
PefVxcf V,cf

The practical importance of JICF led to an extensive
amount of experimental investigations, where a
detailed review can be found in Ref. [1]. In the
beginning of JICF research, particular emphasis was
given on the structure of transverse jets focusing on the
jet trajectory and spreading as well as on the mean
velocity field downstream of the jet for various velocity
ratios. Authors of Refs. [2-4] concluded that the jet



Swirl Jets in Crossflow at Low Velocity Ratios 257

penetrates further into the crossflow as the velocity
ratio increases, while the bending-over of the jet takes
place more gradually at higher velocity ratio values. On
the other hand, when the momentum of the jet is lower
than the momentum of the crossflow (» < 1) abrupt jet
inflection is unavoidable and the trajectory of the jet
remains closer to the wall surface. Turbulence
characteristics of a normal round jet in crossflow
reported by Andreopoulos and Rodi [5], Sherif and
Pletcher [6] and Kim et al. [7] who observed a great
dependence of turbulent kinetic energy with the
velocity ratio while more recent studies ([8-13])
established that the resulting flow field is quite
complex and characterized by a spectrum of vortical
structures including the dominant kidney vortex, also
known as Counter rotating Vortex Pair (CVP), the
horseshoe vortex, the wake vortex and the shear layer
vortices. Moreover, a lot of experimental studies
investigated the film cooling of turbine blades using a
normal jet injected in freestream flow [14-17]. The
main conclusion is that higher thermal protection is
achieved at lower momentum or velocity ratios. Lower
momentum of the jet results in lower energy of the
CVP, which is unable to lift-off from the blade surface
and remains closer to the wall creating a protective film
layer. New et al. [18] investigated the structure of an
elliptic JICF and reported a strong dependence on the
aspect ratio of the nozzle exit, while Jovanovic et al.
[19] focused on the influence of shaped holes and
imperfect geometry. Hu [20], observed increased
values of film cooling effectiveness at higher blowing
angles, while Brauckmann et al. [21] and Aga et al. [22]
have demonstrated improvements on the thermal
protection, using cooling holes with expanded exits
(compound angle) aiming at reducing the momentum
of the jet as well as aligning the film cooling traces on
the blade.

The effect of many geometrical and numerical
parameters on the structure of straight round JICF is
well documented in the literature. However, the

number of investigations focused on Swirl Jets in

Crossflow (SJICF) is limited in the open literature and
the majority of them are experimental. Kavsaoglou and
Schetz [23] investigated low swirl numbers at velocity
ratios between r = 2.2 ~ 8 and observed an asymmetry
on the surface pressure distribution with increasing
swirl number and a reduced penetration distance into
the crossflow. Liscinsky et al. [24], at » = 8.5, reported
that swirl jets prevent the development of the CVP and
induce a distortion of the jet trace. Similar conclusions,
obtained from experiments in water-tunnels, were
reported by Niederhaus et al. [25] and Yingjaroen et al.
[26]. The swirl number in these investigations was
varied from 0.08 to 0.17 and 0.5 to 0.8, respectively.
Niederhaus et al. [25] observed an asymmetry of the
CVP with the degree of asymmetry been increased with
the swirl number, while Yingjaroen et al. [26] reported
a bias of the jet trace at » = 3.8. Yoshizako et al. [27], at
r = 4 and high swirl numbers found an acceleration of
the crossflow at the side of the injection hole where the
velocity of the jet is in the same direction with the
crossflow. Kraus and Culter [28] and Culter and
Doerner [29]
discharged into a crossflow. Both investigations

investigated supersonic swirl jets
concluded that swirl slightly reduces the penetration of
the jet while the former work reported also a lateral
displacement downstream of the injection hole.
Regarding heat transfer rates, Bunyajitradulya and
Sathapornnanon [30] presented some preliminarily
findings on the temperature distribution of a SJICF, at a
constant swirl number of 0.52. However, conclusions
for film cooling applications are not possible due to the
high velocity ratio, r = 4.

The velocity ratio considered in the above discussed
investigations varies between 2.2 and 8.5, far away
from the typical values used in the cooling of turbine
blades (7~1). The main objective of the present
investigation is to enhance the current knowledge on
swirl jets in crossflow and study their behavior at
velocity ratios typically used for film cooling
applications. First, the effect of velocity ratio on swirl
jets, produced by axial flow fans in crossflow, is
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investigated experimentally indicating the similarities
with non-swirled situations. In addition, the impact of
swirl on the average flow field is analyzed using a
computational tool wvalidated with the results of
authors. The
post-processed in order to clarify and qualify the

previous numerical results are
impact of swirl on the interaction between the jet and
the crossflow.

Parts of this work are published by 9th European
Conference on Turbomachinery, Istanbul, Turkey,

March 21-25, 2011.
2. Experimental Setup and Procedure

In general, there are three principal methods for
generating swirl flow in pipes or nozzles. Kavsaoglou
and Schetz [23] used tangential entry slots in their jet
pipe in order to produce fluid flow in the tangential
direction, while Liscinsky et al. [24] generated variable
swirl numbers by adjusting the position of guide vanes
(stator blades at different angles) installed just
upstream of the nozzle exit. The use of direct rotation
of a pipe is another successfully technique of swirl
production used in the flow visualization experiments
of Yingjaroen et al. [26]. However, this study produces
swirl by axial flow fans blowing into a crossflow
similar to Niederhaus et al. [25] who used a four-bladed
paddle mounted on the shaft of a stepper motor used for
the rotation of the paddle. The drawback of this method
is the unique swirl number produced by the fan
impeller.

The experiments were carried out in the closed-loop
wind tunnel of Aristotle University of Thessaloniki,
Greece. The test section consists of a rectangular flow
path of 600 x 600 mm® cross-section and 1200 mm
length. Swirl flow and periodicity were investigated by
a cascade of three fan configurations embedded into the
test surface 7D downstream of the leading edge of the
plate where the fans were mounted in order to allow
reattachment and laminar approaching boundary layer
profile, validated by oil and dye flow visualization. The
exit of the fans is located directly down of the plate.

The cascade pitch was three fan diameters. Three jets
were thereby produced by twin stage axial flow fans
where their performance is described in more details in
Terzis et al. [31]. The Reynolds number of the
crossflow based on jet diameter was varied between 3
x 10* and 5 x 10*. Typical mainstream turbulence
intensity values are in the order of 1.5%.

At the top of the test section of the wind tunnel, a
simple traversing probe access technique, similar to the
circle-in-circle system presented by Aga et al. [22] is
used to perform the pneumatic probe measurements.
The main advantage of this traversing wall mechanism
is the ease in manufacturing and the absolute flexibility
in spatial access. The movement of the probe is
achieved using small size and high performance
stepping motor controllers in order to achieve increased
accuracy regarding the probe movement. A calibrated
5-hole probe with a cobra-style head was used for the
measurements presented in this study. The probe tip
diameter is 2.65 mm and the internal diameter of each
hole is 0.254 mm. The measurements were performed
at four different planes upstream and downstream of the
cross section of the fans and perpendicular to the
primary free stream velocity as shown in Fig. 1 (x/d =
—-0.5, 0.5, 1.5, 3). Each normal plane consisted of 86
wall lateral and 46 wall normal nodes, composing a
mesh of 3956 measurement points. Owing to the size of
the probe tip, the closest to the wall point of
measurement was approximately Smm (z/d = 6.5%).
Pressure signals were acquired using a self-contained
16-channel high performance pressure acquisition
module. The pressure scanner has the capability to

Fig. 1 Schematic of the test section.
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sample, at rates up to 100 measurements per second,
while the sensor zero drift error is eliminated, resulting

in a system accuracy of up to + 0.05% after rezeroing.

3. Computational Analysis Tool and Physical
Implementation

Accurate predictions of JICF have been difficult to
obtain due to the complexity of the flow. Subsequently,
various numerical models have been used in the past
and their applicability in JICF flow applications can be
found in the studies of Amer et al. [32], Sarkar and Bose
[33]. Reynolds-averaged equations models (RANS),
used by Chochua et al. [34] and Pathak et al. [35], were
found to predict well the trajectory and the jet exit
velocity profile while under-predicting the spreading of
the jet and the mixing with the crossflow. Other authors
used Large-Eddy-Simulation (LES) (Yuan et al. [36],
Schluter and Schonfeld [37]) and observed good
agreement with experiments while Muppidi and
Mahesh [38] and Muldoon and Acharya [39] used
Direct Numerical Simulation (DNS) tools to obtain the
coherent structures at the jet wake. In general,
two-equation turbulent models found to over-predict
the penetration distance and under predict the spreading
of the jet. The drawbacks of RANS models on unsteady
flow fields have been discussed by Acharya et al. [40];
however, two equation models are extensively
employed as an industrial design tool for film cooling
flows due to the high computational cost of LES and
DNS. Several standard turbulence models were applied
to perform the non-swirl and swirl jet in crossflow
RANS simulations, but only the Shear Stress Transport
(SST), k-0 model provided acceptable results. In
addition, many authors reported the good behavior of
k-, in adverse pressure gradients and separating flows.
The solution of the
Navier-Stokes equations in their incompressible form is

non-conservative  steady
achieved using a coupled implicit steady solver
(FLUENT 6.3). For the purposes of this study, a hybrid
mesh was used, consisting of an O-type, structured
mesh around the jet exit and an unstructured mesh in the

rest of the control volume. The mesh contained
approximately 0.5 M cells, the majority of them located
directly downstream of the injection hole. In addition,
the trial and error method used to thicken the mesh
along the jet trajectory while typical cell sizes near the
wall were selected in order to give values of y +< 5. All
computations were performed with the same numerical
grid while the convergence criterion is that the residual
of each calculated parameter is less than 107

The principal computational domain is shown in Fig.
2; z = 0 plane, represents the wall surface while the
origin of the coordinate system was located at the
center point of jet exit and placed 7D downstream of
the inlet plane. The total length of the control volume is
20 D while a rectangle cross section was used with side
dimension of 7D. The round jet exit does not extend
downward (z < 0) of the control volume provided a
top-hat velocity profile at the injection hole. This
configuration corresponds to an experiment where an
axial swirl generator is placed directly at the jet exit.
Periodic boundaries were imposed on the side walls in
order to investigate possible interactions between two
adjacent holes at high swirl numbers while the exit of
the computational domain was treated as pressure
outlet. Swirl number is defined as the ratio of axial flux
of angular momentum divided by the axial flux of axial
momentum times the equivalent jet radius. According
to the coordinate system used in this study, the
following simplified expression can be obtained for the

definition of swirl number:

R,
_ Go _ 1], °pVzVyR?dR
G,R R [*°;VZRdR

@

Fig. 2 Sketch of the computational domain.
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Comparison between the experimental results and
the various options in the vortex design has revealed
that the solid vortex design was the most appropriate
choice for the representation of the swirl jet. The solid
vortex design describes more appropriately the
experimental setups of previous authors as well as the
test rig of this study where the jets are generated by low
solidity fans. Therefore, a forced vortex principal was
selected, where jet fluid rotates as a solid body without
shear stresses. This motion can be realized by placing
the jet on a turntable rotational speed, €. This result in
a constant axial velocity profile and a continuous
increasing tangential velocity from 0 (R = 0) to V5, max
(R=R,):

V,i(R) =V, / Vy;(R) = QR 3)

The assumption of a solid body rotation plug flow
results in a deduction of Eq. (2). Substitution of the
above equations in Eq. (2) and integration, results in a
simplified formula for the swirl number which can be
written as

_QR, 1
- 2 Vz,j

S (4)

This means that S is equal to the half magnitude of
the tangential velocity at the vortex tip (average swirl
velocity) divided by the axial (normal to the jet exit)
velocity component. However, it should be noted that
in real swirling flows the tangential velocity
distribution is intermediate between forced vortex and

free vortex flow (Rankine vortex).

4. Numerical Model Validation

Previous experimental works focused on SJICF are
not suitable for validation purposes due to their
restriction to flow visualization, surface contours and
some supersonic cases. Therefore, the validation of the
computational tool is limited to straight jets, S = 0 and
the results of Niederhaus et al. [25] who presented the
effect of swirl on the jet trajectory. The jet trajectory
can be defined by various ways, however, in this study
the streamline from the center of the jet exit is
considered. Estimation of jet trajectories has been

suggested by many analytical models [2, 41-42];
however, the velocity ratio multiplied by the jet
diameter is a quite acceptable length scale used to
allow comparisons of JICF at different Reynolds
numbers. Fig. 3a indicates the trajectory of the jet for
the case without swirl scaled by, rd. Good agreement
between the predicted CFD trajectory and the
experimental data is observed over the entire range of
velocity ratios. Note also the abrupt inflection of the jet
at the low velocity ratios used in this study as well as
the general trend of increasing penetration depth with
increasing ». Fig. 3a contains also results of more
complex numerical tools (LES-DNS), indicating that
the jet trajectory obtained from the average flow fields
of unsteady computations is not far from RANS. The
validation of jet trajectory in swirl cases (S > 0) was
based on the experimental investigation of Niederhaus
et al. [25], who used planar laser-induced fluorescence
in a water tunnel, to measure the mean concentration
field downstream of the jet. Fig. 3b indicates that the
numerical model predicts also quite well the inflection
of the jet at swirl inlet conditions.

In addition, Fig. 4 indicates reasonably good
agreement in the longitudinal mean velocity profiles at
various downstream positions (x/d = —0.5, 0, 2 and 4),
compared to the experimental data of Andreopoulos
and Rodi [5], for » = 0.5. A deceleration of the
crossflow is observed due to the impact with the jet (x/d
= —0.5), however, over the injection hole the
freestream fluid causes an inflection and acceleration
to the jet so that the velocity of the inflected jet is
slightly higher than the crossflow velocity, V.. In
general, the use of an isotropic eddy-viscosity model in
a highly anisotropic and unsteady region of a
jet-crossflow interaction introduces lack of similarities
between the experimental data and the results of the
numerical model very close to the wall. However, as a
general conclusion, it can be stated that RANS
approach provides acceptable predictions on the mean
flow quantities and is still an appropriate methodology,
considering also the low CPU costs.
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Fig. 3 Comparison of scaled jet trajectories using (a) straight jets in crossflow: m/r =2, o/r =4 [2], A/r=3.9, A/r=7.7 [3], e/r
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5. Experimental Results—Isosurface

Fig. 5 illustrates the effect of the velocity ratio on the
penetration and the flow domain of a swirl jet (fan) into
a transversal moving stream (crossflow). In these series
of experiments, the velocity of the crossflow was
varied, with constant jet axial (normal to the crossflow)
velocity, in order to achieve the required velocity ratios
of 0.75, 1.00 and 1.25. The results show that the flow
field at the jet exit is highly affected by the momentum
of the crossflow. Although a reasonable amount of
rotation (swirl) was induced in the jet by the rotor of the
fans, Fig. 5 indicates good agreement with the general
trend obtained by straight jets in crossflow in the open
literature. The jet penetrates further into the crossflow
as the velocity ratio increases, however, a large
asymmetry of the flow domain can be observed due to
the induction of swirl. An imparity between the two

[
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parts of the counter rotating vortex pair can be
observed, due to the rotation of the jet. This difference

is more visible at r

1 where the right part of the
kidney vortex is apparently bigger than the left part. In

addition, at » = 1.25 a diversion of the jet trace is
observed in agreement with the lateral displacement as
observed by Kraus and Culter [28] and Yingjaroen et al.

[26].
6. Influence of Swirl on the Flow Domain
6.1 Jet Trajectory

The trajectory of a jet in crossflow is a primary
characteristic of interest and as discussed earlier many
analytical models have been suggested for its
estimation. The main objective of this section is to
study the effect of swirl number, S, on the jet trajectory.

This section scales the trajectory only with the jet diameter,
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Fig. 5 Total pressure charts.

d, in order to allow comparisons for the penetration
distance of the jet into the crossflow at different
velocity ratios. Note again that jet trajectory is defined
as the center streamline at the jet exit. Fig. 6 indicates
deeper penetration of the jet as the velocity ratio
1.3. In addition, a
noticeable effect of swirl is observed in all studied

increases from » = 0.8 to r =

cases. At these velocity ratios, even if a small amount
of swirl is added (S = 0.1), the penetration depth is
slightly decreased relative to the non-swirl condition.

6.2 Surface Pressure Distribution

Fig.7 illustrates the static pressure distribution at the
wall (z/d = 0) for » = 1, at various swirl numbers. For
S = 0, the distribution of static pressure is symmetrical
along the streamwise centerline, however, this
distribution is distorted with increasing swirl. In
particular, the magnitude of static pressure is
attenuated on one side (y/d < 0) and enhanced on the
other side (y/d > 0). The degree of asymmetry is
increased with increasing swirl number in agreement
with the preliminarily experimental findings of
Kavsaoglou and Schetz [23]. According to the
aerodynamics of Magnus effect, suction side can be
referred to the lateral side of the jet where the tangential
velocity is in the same direction with the crossflow
while pressure side the opposite. The asymmetry of the
static pressure distribution is due to the increased
lateral shear between the jet fluid and the crossflow on
the suction side and a corresponding reduction in the
shear on the opposite side. As a result, at the suction
side (y < 0) the fluid is accelerated and results in
negative pressure gradients while increased values of

static pressure appear on the pressure side (y > 0).

(a) Swirl jet trace, r=0.75 (b) Swirl jet

D
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6.3 Flow Streamlines

Fig. 8 indicates flow streamlines at x/d = 2.5 and
perpendicular to the crossflow direction. For S = 0, the
streamlines are symmetrical indicating that the CVP is
developed similarly on both lateral sides of the jet. In
addition, the penetration of the jet is obviously lower at
r = 0.8 than at » = 1.3. At higher swirl numbers (S =
0.2), the rotation results in an asymmetry of the CVP
where the left part of the kidney vortex becomes
smaller (with increased strength) while its companion
vortex of the CVP is attenuated in strength due to the
increased size. Further increase of swirl (S = 0.4)
destroys and prevents the development of the CVP
where the dominant kidney shape vortex is transformed
into a comma shape vortex. Moreover, Fig. 8 provides
information on how the jet approaches the wall with
increasing swirl. Comparing the streamline patterns for
S'=0and S=0.2, areduced height of the left vortex of
the CVP is observed while the mutual vortex remains
approximately at the same vertical distance. Obviously,
the overall penetration depth is reduced with increasing
swirl. This is in agreement with the preliminarily
findings of some experimental works at higher velocity
ratios [23-25].

6.4 Vorticity

Fig. 9 illustrates the streamwise vorticity component
(w,) at two different swirl numbers (S = 0.2 and 0.4)
when the axial momentum of the jet equals the
momentum of the crossflow (» = 1). The vorticity
contours are normalized by the maximum values
appeared in the planes while the vorticity spots are

located close to the wall in the region of wake vortices.
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Fig. 8 Flow streamlines at x/d = 2.5 and r = 0.8 ~ 1.3 for various swirl numbers.

In all cases, the vorticity maximum point inside the
CVP is observed closer to the centerplane. This is
generated by the upward moving shear layer entrained
into the interior of the jet. Fig. 9 shows that swirl
velocity induced in the jet prevents the penetration of
the jet fluid into the crossflow. Although at X/D = 2.5

downstream of the jet, the location of the CVP for the
three cases appears approximately at the same height,
further downstream in the streamwise direction (X/D =
7.5) the jet without swirl gains more height during the
evolution of the phenomenon while in the cases with
swirl the jet remains closer to the wall.
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Fig.9 Vorticity contours at X/D =2.5 and 7.5 for S=0, 0.2 and 0.4 (r = 1).

The rotation of jet introduces also an asymmetry of
the flow domain with the degree of asymmetry
increasing with the swirl number. The asymmetry of
the CVP is more evident at smaller distances
downstream of the jet (X/D = 2.5). As the rotation of
the jet increases the left vortex of the CVP is enhanced
while the companion vortex of the CVP is attenuated.
Therefore, the region of high vorticity values of the left
vortex of the CVP becomes substantially broader. It is
evident that the rotation of the jet prevents also the
development of the kidney vortex, which is the main
characteristic of this phenomenon.

In addition, due to the rotation of the jet, the injected
fluid obtains a positive vorticity in the y-direction and
subsequently not only bends in the direction of the
crossflow but also diverts in the direction of the
rotation, in order to maintain its angular momentum.
The left part of the vortex is shifted in the centerline of
the plane (y/d = 0), indicating a small bias of the jet
trace The bias of the jet trace is more evident at a
certain distance downstream of the cross section of the
jet (that is X/D = 17.5, Fig. 9).

7. Conclusions

This investigation presents the results of an
experimental and numerical approach of a swirling
transverse jet entering into a crossflow, at low

momentum ratios (» = 0.75 ~ 1.3). The main objective
of this work was to examine the flow domain and the
characteristics of a swirled jet in crossflow (JICF) at
incompressible conditions.

In agreement with straight (non-swirled, S = 0) jets
in crossflow, the experimental data indicated that
swirled jets penetrate further into the crossflow with
increasing velocity ratio » while better interaction
between adjacent jets is achieved at the lowest velocity
ratio (» = 0.75) resulting in a broader protective film
layer.

The effect of swirl velocity at a given momentum
ratio was investigated using a computational analysis
tool validated with the
investigations focused on straight and swirled jets in

results of previous
crossflow. The effect of swirl was found to be fairly
complex and roughly independent on the range of
velocity ratios used in this study. The induction of swirl
results in a general asymmetry all of the quantities
examined, while the degree of asymmetry is increased
as the swirl number increases. The findings of this
investigation can be summarized as follows:

* An asymmetry of the wall static pressure
distribution was found when swirl was induced at the
inlet conditions of the jet exit. The degree of
asymmetry increases with increasing swirl number;

¢ Swirl velocity reduces the penetration distance
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compared with the case without swirl while the
reduction of the height is highly dependent on the
proportion of added swirl and the velocity ratio. In
particular, the higher value of swirl number and
velocity ratio, the higher reduction of penetration
height. This can be attributed to the attenuation (or
destruction) of the CVP which is unable to lift-off the
jet from the surface;

» Swirl velocity attenuates the effect of velocity
ratio on the penetration depth;

* When the added swirl exceeds a critical swirl
number, the trajectory of the jet approaches the wall
shortly downstream of the injection hole. The critical
swirl number was about S = 0.2 fromr =0.8tor =1
and S = 0.3 for the highest velocity ratio (r = 1.3);

* The rotation of the injected fluid results in an
imparity of the two parts of the CVP which is no longer
symmetrical to axial centerline. The size of the vortex
part whose tangential velocity is in the same direction
with the crossflow is reduced compared with its contra
rotating pair while the center of the vortex rotation
approaches the wall;

e High swirl numbers, S = 0.4, result in a
destruction of the CVVP and the dominant kidney shape
vortex is transformed into a comma shape vortex,
rotating very close to the wall;

* Jet rotation results also in a bias of the jet trace
similar to the aerodynamics of Magnus effect.
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