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ABSTRACT

This paper numerically studies the steady Coanda effect for drag reduction and airwake manipulations on the Chalmers ship model (CSM)
using large eddy simulation with wall-adapting local-eddy viscosity model. Numerical methods are validated by experimental data acquired
from the baseline CSM. In creating the flow control model, the hanger base of the baseline CSM is modified with Coanda surfaces and injec-
tion slots along its roof edge and two side edges. Four representative cases are studied: a no-jet case and three cases with the same momentum
coefficient of the jet flow activated at different locations (roof, sides, and combined). The results show that the four cases have various per-
formances in drag reduction and vortex structures on the deck. They are also different in mean and turbulent quantities as well as POD
(proper orthogonal decomposition) modes in their airwake. It is found that the roof-jet has a stronger Coanda effect and is more vectored
toward the low-speed area (LSA) on the deck than the side-jets that detach earlier from the Coanda surface. The energization process is,
therefore, different where the roof-jet is more effective that directly brings high momentum to LSA and side-jets manipulate shear layers for
mixing enhancement. The cases with roof-jet achieve better mitigation of flow re-circulation and higher recovery of streamwise velocity with
lower turbulent fluctuation in the airwake. POD analysis suggests that the roof-jet can stabilize the wake.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0127560

I. INTRODUCTION

The studies of ship airwake began on the simple representative
models, such as backward-facing step (BFS) or bluff bodies.1 The flow
features demonstrated using a rectangular bluff body2 reveal the com-
plex vortex structures in the wake with a dominated U-shaped vortex.
Later, with extensive experimental efforts on the BFS,3 the features of
airwake are further understood, which includes shear layer separa-
tions, massive re-circulation region, and corner eddies (CE). Such flow
features are finally evident on the deck of a ship model (DDG81),4

confirming the qualitative similarities to those of BFS and rectangular
bluff body. The main characteristics of the ship airwake explained by
Shafer and Ghee4 include severe flow separations, flow reattachment,
and a horseshoe-shaped vortex with both ends contacting on the deck.

The ship airwake with complicated structures has a strong impact
on the takeoff/landing environment for helicopter operations, which
is, therefore, widely studied by many researchers.5–11 Moreover, in the
context of low emission, the reduction of fuel consumption for ship
propulsion also draws growing attention. It is believed that the afore-
mentioned two issues could be alleviated by a controlled ship airwake

with low unsteadiness, suppressed separation, and reduced size of a re-
circulation region on the deck. In this regard, various flow control
techniques are implemented and studied on ship models for airwake
manipulation.

Categorizing these flow control techniques by the necessity of an
external flow source, there are passive flow control (PFC) and active
flow control (AFC) methods. For PFCmethods, optimizing the hanger
shape is straightforward to affect the downstream airwake. Bardera
andMeseguer12 modified the hanger roof of simple frigate shape (SFS)
with different degrees of curvature. Experimental results indicated that
the length of the shear layer was reduced to a maximum of 42% by the
“C” shape model with the highest degree of curvature. Later, Bardera
et al.13 modified the hanger to a similar shape with the re-circulation
bubble for an aerodynamically optimized geometry. The angled and
elliptical hangers with roof and walls modified achieved the overall
best performance considering the mitigation of unsteadiness, reduc-
tion of low-speed area (LSA), and loss of interior volume. Certain
reduction of unsteadiness was achieved with even simpler adjustment.
Shafer and Ghee4 switched the surface material from solid to porous
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of deck and hanger base, resulting in a reduction of unsteadiness up to
4.1%. Apart from the optimization of the hanger shape, passive flow
control devices, such as vortex generators, lateral wedges, fences, and
various types of aft ramps, were also studied. LaSalle14 placed a
notched fence on the top and the side of the hanger to modify ship air-
wake structures for more expansive helicopter flight envelopes.
However, experimental and numerical results suggested that such a
particular fence structure enhances the shear layer and turbulent fluc-
tuation instead, which might bring marginal benefit for helicopter
operations. Various PFC techniques, including flap, ramp, and notch,
were studied on a ship model with high wind on deck (WOD)
angles.15 Substantial reductions of RMS (root mean square) forces and
moments on helicopters were achieved by side-flap and notch. Similar
studies were also conducted by Yongjie et al.16 who implemented
ramp and notch on hanger roof and remarkably reduced the RMS
rotor loading.

For active flow control methods, external flow sources were
required to produce high-energy jet flow. The steady blowing jet stud-
ied by Shafer and Ghee4 was found effective to mitigate the unsteadi-
ness in the landing region. With an injection velocity of 2.5% of the
free-stream, the unsteadiness was reduced by 6.6% in a headwind, and
such improvement was more significant with high WOD. In the study
by Gallas et al.9 on a simplified frigate ONERA (SFO) model, the
steady blowing jet was perpendicularly ejected through the slots along
the roof and sides of the hanger base. It was found that the re-
circulation zone (RZ) was suppressed due to the enhanced mixing
activities and entrainment by the jet. Other than the blowing jet, the
steady suction was also studied for ship airwake control. Bardera
et al.17 tested various suction configurations on the ship deck and con-
ducted parametric studies of suction power and suction holes. The
configuration with the highest flow rate and hole diameter could effec-
tively reduce the low-speed zone from 36% to 3%. The control author-
ities of injection and suction were compared by Mat�ıas-Garc�ıa et al.18

who found that the injection reduces the low-speed region twice as
much as the suction does.

The previous flow control studies of ship airwake mainly focus
on the mitigation of unsteadiness, suppression of low-speed area on
the deck, and improvement of helicopter operations. However, little
attention has been paid to the reduction of ship aerodynamic drag,
which is significant to achieve lower power consumption and emis-
sion. Moreover, the previous AFC study9 ejects the jet perpendicularly
to the hanger base with the jet flow parallel with the main-flow.
Comparatively, a vectored jet heading toward the low-speed area or
the re-circulation region could be more efficient for energization. The
Coanda effect19 is one possible approach to achieve such modification
of the jet. It has been widely used in active flow control,20–22 especially
for improving the aerodynamic performance of a ship,23 bluff bod-
ies,24–28 ground vehicles,29,30 and airfoils.31–34 Furthermore, although
the mixing process enhanced by the steady blowing jet9 benefits the
suppression of the re-circulation zone, it also increases the down-
stream turbulent intensity, which may deteriorate the environment for
helicopter operation. Therefore, an injection method that achieves
effective re-circulation mitigation, as well as reduced turbulent activi-
ties would be more desirable.

This paper applies the steady Coanda effect on the Chalmers ship
model (CSM) for drag reduction and airwake manipulations. The
numerical method of large eddy simulation (LES) is validated using

experimental data acquired on the baseline CSM without flow control.
The Coanda surfaces and injection slots are implemented along the
three edges of the hanger base, namely, the roof, left, and right sides.
Four cases are studied with the same jet momentum coefficients blown
from different slots: the no-jet case 1, case 2 with the jet blown from
the roof and sides slots, case 3 with the jet blown only from the roof
slot, and case 4 with the jet blown only from the sides slots. This is to
study the effects of jet locations on the base pressure recovery for drag
reduction and on airwake manipulations in terms of streamwise flow,
down-wash flow, and turbulent fluctuations. Although the steady
blowing jet has been studied previously on a ship model, it was not
combined with Coanda effects. The objective of this paper is to achieve
a more desired control effectiveness of the ship airwake and bring fur-
ther understanding of the control mechanism in the new context.

II. SHIP MODEL AND EXPERIMENTAL SETUP

The baseline Chalmers ship model (CSM) as shown in the top of
Fig. 1 used in the present study consists of a bow, hanger, base, deck,
and stern. The width to height ratio (W/h) of the hanger is 0.45 and is
similar to that of the simplified ship model [SFS2 (Ref. 12)]. The
details of model dimensions are shown in the middle and bottom of
Fig. 1. The width of the hanger is used as the characteristic length for
normalization.

The baseline CSM has a square-back shape of the base as shown
in Fig. 1. The flow control model shown in Fig. 2 is modified based on
the baseline CSM, which adds the injection slots near all edges (two
sides and roof) of the base and modifies the square-back to a quarter-
ellipse-shaped Coanda surface. The ellipse shape is kept the same

FIG. 1. The Chalmers ship model (top) and its dimensions in plan (middle) and
side (bottom) views.
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among sides and roof with a semi-major axis (a) of 20%h and a semi-
minor axis (b) of 15%h, where h is the hanger height. The modified
ship base, therefore, consists of three regions as shown in Fig. 2: the
roof Coanda surface (green), the sides Coanda surfaces (blue), and the
main base (orange). Modifying the square-back to ellipse shape causes
a volume loss of hanger by 0.4%.

The experimental study is conducted on the baseline CSM to
acquire the drag force and pressure distributions for numerical valida-
tions. The testing of the flow control model is not included in the pre-
sent paper. The experiments are conducted in the closed-circuit L2
wind tunnel facilities with a test section of 1.8� 1.25� 3 m3 (Fig. 3).
The wind tunnel has the speed range of 0–60m/s, and the baseline
CSM is tested at U1 ¼ 5m/s, which yields a Reynolds number (Re) of
8� 104 based on the ship width. As illustrated in Fig. 3(a), the ship
model is mounted on a six-component strain-gauge balance from
RUAG of type 196–6H that is positioned underneath the tunnel floor.
The drag force (FD) acquired by the force balance is an averaged value

for 20 s. The drag coefficient (CD) is the normalization of FD using Eq.
(1) with free-stream values

CD ¼
FD

0:5q1U2
1As

; (1)

where q1 and U1 are the free-stream density and velocity, and As is
the ship cross-sectional area.

The pressure measurements are conducted using the differential
pressure scanner 9116 with a scanning frequency of 62.5Hz and a
sampling time of 120 s. The pressure distribution is obtained by the
pressure probes that are located along the center of the deck as shown
in Fig. 3(b). Table I presents the specific positions of probes relative to
the base.

The pressure coefficient is obtained based on the measured pres-
sure using the following equation:

Cp ¼
p� p1

0:5q1U2
1
; (2)

where p is the measured pressure on the deck, and p1; q1, and U1
are the free-stream pressure, density, and velocity, respectively.

III. NUMERICAL METHODS AND VALIDATIONS

Large eddy simulation (LES) is conducted using the commercial
finite volume software, Star-CCMþ. The governing equations are the
incompressible, spatially filtered 3D Navier–Stokes equations, which
keep the unsteadiness associated with the large-scale turbulent motion
and model the small-scale high-frequency components of the fluid
motion. The filter width, D, is associated with the cell size and is
defined as D ¼ ðDiDjDkÞ1=3. The wall-adapting local-eddy viscosity
(WALE) model proposed by Nicoud and Ducros35 is employed in the
present study to provide the subgrid-scale viscosity (lt) in the
Boussinesq approximation of the subgrid-scale stress tensor. The
WALE model has been extensively validated on predicting flows
around the hatch back,36 the square back,37 and the notch back38,39

Ahmed bodies. TheWALEmodel computes the subgrid eddy viscosity
based on the invariants of the velocity gradient and accounts for the
rotational rate. It is defined as

lt ¼ qðCwDÞ2
ðS�ijS�ijÞ

3=2

ð~Sij~SijÞ5=2 þ ðS�ijS�ijÞ
5=4
; (3)

where the model coefficient Cw is 0.544. ~S is the strain rate tensor that
is computed from the resolved velocity field. S�ij is the traceless sym-
metric part of the square of the velocity gradient tensor, defined as

S�ij ¼
1
2
ð~g 2ij þ ~g 2jiÞ �

1
3
dij~g

2
kk; (4)

where dij is the Kronecker delta, and gij ¼ @ui=@xj.
The convective flux is evaluated by a bounded central-

differencing scheme that blends 98% of the second-order central-

FIG. 2. Modification of Coanda surfaces and jet slots.

FIG. 3. Schematics of Chalmers L2 wind tunnel and the locations of the pressure
probes.

TABLE I. Locations of the pressure probes (x/W).

Numbers 1 2 3 4 5 6 7 8 9

Locations 0.08 0.14 0.24 0.54 0.73 0.92 1.10 1.25 1.38
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differencing scheme and 2% of the first-order upwind scheme for
robustness purpose. The implicit unsteady solver with second-order
Euler implicit scheme is used to approximate the transient term. The
physical time step (Dt) is set to 1.44� 10–4 s, which ensures that the
CFL (Courant–Friedrichs–Lewy) number is lower than 1 in over 99%
of the cells. LES simulation starts from a preliminary flow field that is
provided by a Unsteady Reynolds-averaged Navier–Stokes (URANS)
simulation with the k� x shear stress transport (SST) turbulence
model. After a characteristic time (t� ¼ tU1=h) of 65, when all the
aerodynamic forces become dynamically stable, LES simulation begins
sampling and averaging results for a t� of 130. The present LES simu-
lation is conducted using Tetralith general computing resource pro-
vided by SNIC (Swedish National Infrastructure for Computing) at
the National Supercomputer Center (NSC). Each case in the present
study requires about 41 472 CPU hours and 384 cores (Intel Xeon
Gold 6130 processors).

Figure 4 shows the computational domain with a cross-sectional
area of 6.5W� 5W, which accounts for a blockage ratio of about 2.4%.
The length of the domain is 28W with 8W from the inlet to the bow
tip-point and 16W from the stern to the outlet. The ship model sits on
the floor with no gap in-between. The coordinates system and the
velocity direction are denoted by x and u in the streamwise direction, y
and v in the spanwise direction, and z and w in the vertical direction.
The velocity inflow boundary condition with a uniform free-stream
velocity U1 ¼ 5m/s is specified at the inlet. Static pressure outlet
boundary condition is applied at the outlet. The top and sides of the
domain are specified with the symmetry boundary condition. The no-

slip wall boundary condition is applied on the floor and all ship surfa-
ces. For the cases with flow control, velocity inlet boundary condition is
specified at the injection exit without injection duct simulated.

The structured hexahedral mesh is created using Pointwise.
Figure 5 shows the details of the mesh topology, where the top-right
figure is a cross-sectional slide, and the bottom-right figure is the top
view at the ship bow. The initial mesh size contains 37 � 106 cells for
the baseline model and 42 � 106 cells for the model with flow control.
Based on various numerical studies40–42 on ships with the grid size
ranging from 6 to 21 � 106 cells, a grid size of 37 � 106 cells for the
present study is expected to be sufficient. The near-wall grid distance
Dy is 3� 10–5, which ensures yþ ¼ Dyus

� lower than 1. For the resolu-
tion in the streamwise (Dsþ ¼ Dsus

� ) and spanwise (Dlþ ¼ Dlus
� ) direc-

tions, Dsþ is less than 55, and the maximum Dlþ is 21, which satisfies
the suggested ranges proposed by Piomelli and Chasnov.43

Furthermore, as shown in Table II, a grid independent study is con-
ducted based on a coarse mesh of 27 � 106 cells and a fine mesh of 47
� 106 cells. The acquired drag coefficients (CD) fall in a very close
range with the deviation (DCD) from the initial mesh by less than
0.9%. It also shows that CD acquired by the initial mesh is more consis-
tent with the fine mesh, which suggests the convergence of solutions
to the fine mesh. Note that the predicted drag force is acquired by inte-
grating the surface pressure and wall shear stress in the x (free-stream)
direction.

The numerical method is validated by comparing the drag force
and Cp distribution with the experimental measurements. The initial
mesh predicts CD of 0.562 as shown in Table II and is 4.2% deviated
from the experimental value of 0.587.

Then, the Cp distribution along the center of the deck [Fig. 3(b)]
is used for further validation. Figure 6 shows the predicted and experi-
mental Cp distributions are in good agreement from the base (x/
W¼ 0) to deck-end (x/W¼ 1.54). The deck pressure first decreases to
the minimum due to the re-circulation bubble, and then, the flow reat-
tachment on the deck increases pressure to the peak value. The maxi-
mum discrepancy of Cp distributions locates at the deep separation of

FIG. 4. Computational domain.

FIG. 5. Mesh topology of the Chalmers ship model.

TABLE II. Results of the grid independent study.

Cases yþmax Dsþmax Dlþmax No. of cells CD DCD

Initial <1 <55 <21 3:7� 107 0.562 � � �
Coarse <1 <65 <30 2:6� 107 0.567 0.88%
Fine <1 <40 <15 4:7� 107 0.564 0.35%

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 015112 (2023); doi: 10.1063/5.0127560 35, 015112-4

VC Author(s) 2023

https://scitation.org/journal/phf


x/W¼ 0.38, which is usually challenging in flow predictions. Similar
discrepancy at such location are also reported in other ship
research.40,42 Figure 6 also shows that the predicted Cp distributions
acquired by the three meshes are virtually overlapped, further support-
ing the grid independence. Overall, it is indicated that the current
numerical method is capable to predict the flow around the CSM with
a satisfied accuracy, and the grid independence is achieved with the
initial mesh size of 37� 106 cells.

IV. RESULTS AND DISCUSSION

This section presents the results of the CSM with the steady
Coanda effect applied at different locations of the base. Discussions
focus on drag reduction, airwake manipulation, flow control, and
energy transfer mechanism. Four cases are investigated, labeled as case
1–4: (1) the modified base configuration with Coanda surface but no-
jet blowing, (2) blowing from the roof as well as from both sides, (3)
blowing from the roof slot only, and (4) blowing from the sides slots
only. The three flow control cases 2–4 are kept with the same jet
momentum coefficient (Cl) of 0.02, where case 2 distributes Cl of
0.0125 from roof blowing and 0.0075 from sides, which results in a
roof Uj of 1:1� U1 and sides Uj of 0:9� U1. Since cases 3 and 4
only inject jets from either roof or side slots, their injection velocity is
higher than that of case 2 to maintain the same Cl, corresponding to a
Uj of about 1:4� U1. Since the Uj in cases 3 and 4 are similar, the
performance difference between these cases can be, therefore, attrib-
uted to the locations where the jet is applied. The jet momentum coef-
ficient Cl is defined as

Cl ¼
_mjUj

0:5q1U2
1As

; (5)

where _mj and Uj are the mass flow rate and the velocity of the jet,
respectively.

A. Control effectiveness and flow structures

Table III compares the drag coefficients of the four cases and
their drag reduction in percentage. Without jet blowing, case 1
achieves a minor drag reduction of 0.2% compared to the baseline
case. This suggests that the modified Coanda surface does not bring
much drag reduction. With jet blowing, cases 2 and 4 reduce drag by
7.5% and 5.2%, whereas case 3 achieves only a minor drag reduction
of 0.7%.

Figure 7 shows the time-averaged static pressure contours at the
hanger base and stern of the four cases. Gauge pressure is used here
with a unit of (Pa). Among the four cases, a notable pressure difference
is observed at the base, whereas the stern pressure is varied slightly.
Compared with case 1, the base pressure recovery is observed in all jet
blowing cases 2–4. Case 2 with top and sides blowing achieves a signif-
icant pressure recovery near both sides and center regions of the main
base as shown in Fig. 7(b). Case 3 with a stronger roof-jet further
enlarges the high-pressure region at the bottom of the main base.
However, penalties come with the roof blowing as indicated by the
reduced pressure on the roof Coanda surface in cases 2 and 3, which
offsets the achieved base pressure recovery. This is because the high-
velocity jet attaching on the curved Coanda surface reduces the local
pressure. Such a pressure-decreasing effect is enhanced in case 3 due
to a higher roof-jet velocity, which is why case 3 yields a minor drag
reduction in Table III. Reduced pressure recovery is achieved in case 4
with side-jets only as shown in Fig. 7(d). However, without pressure
reduction at the roof Coanda surface, case 4 achieves a higher drag
reduction than case 3.

To demonstrate jet effects on suppressing the re-circulation bub-
ble, Fig. 8 shows the u contours from the side-view at the symmetric
plane. A low-speed area (LSA) on the deck is highlighted by the white
iso-line with u¼ 0 m/s. Compared with case 1, the LSA downstream
the hanger base is substantially reduced in case 2 due to the well-
attached roof-jet as shown in the zoomed-in view in Fig. 8(b). As the
velocity of the roof-jet increased in case 3, the Coanda effect is
enhanced with a better attachment of jet that further suppresses the
LSA as shown in Fig. 8(c). Comparatively, the sides blowing case 4
does not present a significant effect on LSA mitigation. Figure 9 shows
the u contours from the top-view in the z-plane at the mid-base height.
Similarly, the LSA enclosed by the iso-line with u¼ 0 is colored in
white. A bell-shaped LSA is observed in the no-jet case 1. Due to the
energization from the roof-jet, the LSA of cases 2 and 3 is reduced in
the center region, especially in case 3, where the LSA is eliminated in
the center. Such LSA reduction is weakened toward the sides because
of the flow re-circulation at sides. In case 4, the LSA is constrained
toward the center, but its size is not much reduced as compared to case
1. The side-jets as shown in the zoomed-view in Figs. 9(b) and 9(d)

FIG. 6. Cp distributions at the center of the deck.

TABLE III. Drag reduction among cases.

Cases Cl Cd DCd

Baseline � � � 0.562 � � �
Case 1 0 0.561 0.2%
Case 2 0.02 0.520 7.5%
Case 3 0.02 0.558 0.7%
Case 4 0.02 0.533 5.2%
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detach earlier than the roof-jet shown in Figs. 8(b) and 8(d), which
fail to guide the high-energy flow toward the LSA for energization.
Therefore, side-jets are less effective to achieve bubble suppression and
pressure recovery.

A question of interest is why the roof-jet attach better than side-
jets, even in case 3 and 4 where Cl is the same between the sides and
roof jets. This can be explained by the surface pressure difference
between the roof and sides Coanda surface. As shown in Fig. 7(a) of
the no-jet blowing case, the static pressure of the roof Coanda surface
is much lower than that of the side Coanda surfaces. The low surface
pressure enhances the pressure gradient pointing from the ambient to

the surface. As the jet is blown from slots, the higher pressure gradient
pushes the jet to stay on the roof Coanda surface, and therefore, a bet-
ter attachment is achieved. Moreover, the attached jet accelerating on
the roof Coanda surface will further reduce the surface pressure, which
again benefits the jet attachment.

Figure 10 shows the flow structures of the four cases using stream-
lines in the symmetric plane and the z-plane, and the distributions of
the vortex core are marked by the blue lines. The left-top figure is the
front view of the vortex core. The re-circulation zone is shown by the
iso-surface of streamwise velocity u¼ 0. A horseshoe-shaped vortex
structure is observed right downstream the base in case 1 [Fig. 10(a)],

FIG. 7. Time-averaged static pressure (ps) contours at the base and the stern: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.

FIG. 8. Time-averaged u contours at the symmetric plane with LSA marked by the white iso-line of u¼ 0: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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which is a typical structure observed on the flight deck of ships.4 The
upstream flow separates at the roof trailing edge causing the flow to re-
circulate behind the base shown by the RZ (re-circulation zone) in
Fig. 10. Resulting from the flow re-circulation, CEs (corner eddies), also
reported by Driver et al.,3 are formed along the bottom edge of the base
in all cases. Additionally, the flow also separates at the both sides of the
ship inducing a CV (counter-rotational vortex) at each side of the base,
which contributes to the formation of the horseshoe shape. The vortex

structure varies among the four cases due to the jet injected from differ-
ent locations, roof or sides. To quantify such size variation, Table IV
presents the width (wvc) and the center height (hvc) of the vortex struc-
ture, where the ship width (W) is used for normalization. Dhvc and
Dwvc denote the change in the height and width with respective to those
of case 1 without jet. As shown in the front view on the left-top of
Fig. 10(a), the vortex structure has a convex shape in the center with a
hvc of 0.273 and wvc of 0.750. In case 2, the hvc is reduced by 29.6%

FIG. 9. Time-averaged u contours at the z-plane with LSA marked by the white iso-line of u¼ 0: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.

FIG. 10. Flow structures on the deck with the vortex core colored in blue, iso-surface with the time-averaged u¼ 0, and streamlines: (a) case 1, (b) case 2, (c) case 3, and (d)
case 4.
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associated with a slight increase in wvc of 2.05%. The convex shape of
the vortex core becomes flat, and the re-circulation zone is squeezed
toward the deck due to the energization of the roof-jet. With a stronger
roof-jet in case 3, a concave shape at the center of the vortex core is
manifested with hvc reduced by 43.6%, and the re-circulation zone is fur-
ther squashed toward the deck. As a result, wvc is increased by 12.3%,
and counter-rotational vortexes together with their wake flow are
pushed to the sides. In case 4 with side-jets only, the vortex core main-
tains the same convex shape as case 1 but is constrained toward the cen-
ter of the deck by the high-energy side-jets, and wvc is reduced by 11.8%.
The center region of the re-circulation zone is, therefore, elevated with
hvc increased by 8.45%. The wake flow from the side vortexes is also
guided toward the center of the deck.

The time-averaged y-vorticity (xy, spanwise) contours at the
symmetric plane are shown in Fig. 11 to demonstrate the energy trans-
fer process in the vertical direction by the roof-jet. The vorticity is pre-
sented with a unit of (s�1). To facilitate the comparison, angle a is
defined between the y-vorticity sheet to horizontal. The larger the a,
the closer the y-vorticity gets to the LSA, meaning the energization
occurred where it is more needed. Case 1 only with the Coanda surface
modified has the a angle of 15�, and the vorticity sheet is positioned
high above the deck, away from the LSA. As the roof-jet starts to play
a role in case 2, the vorticity sheet is vectored toward LSA with the a
angle increased to 30�. As the roof-jet becomes stronger in case 3, the
vorticity sheet is further vectored with an a ¼ 45� due to enhanced
Coanda effects. The vorticity sheet penetrates through the LSA for an
effective energization process. Case 4 has the reduced a angle as com-
pared to case 1 due to the elevated bubble by side-jets. Figure 12 shows
the spanwise y-vorticity behavior using the iso-surface of xy ¼ 70.
Minor vectoring effects of the vorticity sheet are observed in cases 1
and 4, whereas cases 2 and 3 maintain the strongly vectored vorticity
sheet along the span.

Since side-jets mainly affect the z-vorticity (xz, vertical), Fig. 13
shows the time-averaged z-vorticity contours on the z-plane at the
mid-base height location. Similar to a, b angle is defined here to quan-
tify the angle of z-vorticity sheet. Overall, the side-jets do not guide the
vorticity sheet as much as the roof-jet since the b angle enhancement
is substantially lower than the a angle. The b angles in non-sides-blow-
ing cases 1 and 3 are 10� and 8�, respectively. With side-jets activated
in case 2, the b angle is merely increased by 4�. Further increasing of
the side-jets’ intensity in case 4 results in 2� increment. The iso-surface
of xz ¼ 690 is shown in Fig. 14 to illustrate the z-vorticity behavior
along the vertical direction. With the side-jets activated in cases 2 and
4, vorticity sheets are more condensed than in cases 1 and 3, but no
significant vectoring effect is observed. The less vectored z-vorticity
sheet indicates that the energy transfer fails to be guided toward the
LSA, which is inefficient. Overall, the jet blown from the sides has an
inferior control authority compared to the roof-jet and, thus, has
reduced effectiveness in bubble suppression and base pressure
recovery.

B. Effects on the airwake manipulations

This section is to demonstrate how the ship airwake is affected by
the steady Coanda effects in terms of the mean quantities and fluctuat-
ing turbulent intensity. The flow fields on the ship deck are studied at
four streamwise stations with x/W of 0.3, 0.7, 1.1, and 1.5, where W is
the width of the deck, and x/W¼ 0 is the location of the hanger base.

One of the important mean quantities is the streamwise velocity
u on the ship deck. A higher incoming u velocity enables the helicopter
to takeoff at a higher gross weight.4 Figure 15 shows the time-averaged
u contours at the four stations of interest. A low-speed region is
observed at station 1 in all cases, where cases 2 and 3 with roof-jet
have a significantly reduced size. The side-jets in case 4 mainly con-
strain the low-speed region to the center of the deck. Comparing case
3 with case 4, the roof-jet recovers higher velocity for the airwake as
shown in the downstream stations 2, 3, and 4. This is because the
roof-jet has a stronger induction effect due to the fine attachment on
the Coanda surface, which guides the main-flow toward the deck for
increasing u velocity. Specifically, since the effect of the roof-jet is
stronger in the center while dissipating toward the sides, the down-
stream stations 3 and 4 in cases 2 and 3 are recovered with higher u
velocity in the center region than the side region.

TABLE IV. Variation in the vortex core size in width and height.

Cases hvc Dhvc wvc Dwvc

Case 1 0.273 � � � 0.195 � � �
Case 2 0.192 �29.6% 0.199 2.05%
Case 3 0.154 �43.6% 0.219 12.3%
Case 4 0.296 8.45% 0.172 �11.8%

FIG. 11. Time-averaged y-vorticity at the symmetric plane: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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However, the strong induction effect from the roof-jet comes
with a side-effect that enhances the down-wash flow, leading to poten-
tial safety issues for helicopter operation. Figure 16 shows the time-
averaged w (vertical direction) contours for the four cases, where a
negative w velocity indicates the down-wash flow. A minor down-
wash region is observed in case 1 at stations 1 and 2. Comparatively,
cases 2 and 3 have intensified negative-w zones due to the vectored
roof-jet and the enhanced induction of the main-flow. A mitigated
negative-w zone is observed in case 4 with side-jets only. This is
because the side-jets elevate the re-circulation bubble downstream the
base as shown in Fig. 10, which blocks the potential flow path for
down washing.

To investigate the effects of flow control on wake dynamics, the
proper orthogonal decomposition (POD) of the velocity field is

conducted at the mid-base-height z-plane. The data sampling time is
approximately t� ¼ 104 (more than ten vortex shedding periodicity)
with a sampling frequency of 690Hz. The data processing routine fol-
lows the same practice by €Osth et al.44 Figure 17 shows the energy
fraction of the first ten POD modes of the four cases. The first modes
of cases 1 and 4 without roof-jet have a dominated energy fraction,
whereas the first modes of cases 2 and 3 can be hardly distinguished
from the rest modes, especially for case 3 where the roof-jet plays a
major role in affecting the wake. For detailed analysis, Fig. 18 plots the
spatial distribution of the first POD mode with time-averaged 2D
streamlines and the iso-line of u¼ 0 colored in white. The first POD
modes in cases 1, 2, and 4 present qualitative similarity, namely, they
are anti-symmetric about the mid-line (black dashed line). This means
that the velocities in the left and right regions (behind the ship hanger)

FIG. 12. Iso-surface of the time-averaged y-vorticity¼ 70: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.

FIG. 13. Time-averaged z-vorticity at the z-plane: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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are anti-correlated as the result of the asymmetric wake shifting
between the left and right sides alternately. This is similar to the obser-
vation behind Ahmed bodies as reported by Aleyasin et al.,45 Pavia
et al.,46 and Fan et al.47 Comparatively, the first POD mode in case 3
presents a symmetric pattern. This is because the strong roof-jet
applied in case 3 substantially reduces the re-circulation region as
shown in Figs. 8–10. The wake is, therefore, more stable with sup-
pressed shifting motion, and the first POD mode becomes symmetric.
This explains the aforementioned difference in energy fraction
observed in Fig. 17 that case 3 has no dominated first mode due to the

suppressed wake motion. The roof-jet with a reduced Cl in case 2 is
not strong enough to alter the first POD mode from asymmetric to
symmetric, but it still limits the wake motion to some extent as dem-
onstrated by the mitigated energy of its first POD mode and the
reduced size of anti-correlated regions in Fig. 18(b).

It is well-recognized that the unsteady velocity fluctuation deteri-
orates the helicopter operating condition and significantly increases
pilots’ workloads.48 The influence of the steady Coanda effect on the
turbulent fluctuation in the near wake is therefore discussed here
using the turbulent kinetic energy (TKE) defined as 0:5ðu0u0 þ v0v0

þw0w0 Þ. Figure 19 shows the contours of TKE together with its break-
down of the fluctuating components in the x, y, and z directions,
namely, u0u0 ; v0v0 , and w0w0 . Note that all the fluctuating quantities
are normalized by the square of the free-stream velocity (U2

1). Case 1
has the high TKE region observed along the roof and sides at station 1
and is gradually mixed in station 2 and dissipated in the downstream
stations. With the roof-jet applied in cases 2 and 3, high-TKE zones
near the roof and center of the deck are substantially reduced with the
remaining distributed near the sides of the deck. Affected by the side-
jets, case 4 has the TKE enhanced near the roof region in station 1,
and the high TKE regions near the sides are constrained toward the
center. The variations in TKE can be attributed to the variations in the
individual turbulent component. As shown in the second row of
Fig. 19, the high u0u0 zone near the roof and the center region in
case 1 is largely mitigated in cases 2 and 3 but is increased in case 4
toward the center region. Moreover, a similar variation is also
observed in v0v0 as shown in the third row of Fig. 19. A reduction in
v0v0 occurs in cases 2 and 3, but an increment is presented in case 4
due to the v fluctuation generated by the side-blowing jet. The w0w0

components are in low magnitude among the four cases as shown in
the last row of Fig. 19, except a regional high w0w0 zone observed at
station 1 in case 3 generated by the strong roof-jet.

Figure 20 shows the iso-surface of TKE at a high value of 0.055.
The high-TKE zone observed in case 1 is significantly reduced in case
2 at the center of the deck. Particularly, case 3 has the central high-
TKE region virtually eliminated. Case 4, however, behaving contrarily
with cases 2 and 3, has the TKE region concentrated in the center,
which manifests a regional increment.

A question of interest is why the high-TKE region is mitigated in
cases 2 and 3 with roof-jet but is increased in the center in case 4 with

FIG. 14. Iso-surface of the time-averaged z-vorticity ¼ 690: (a) case 1, (b) case 2,
(c) case 3, and (d) case 4.

FIG. 15. Time-averaged u contours at different streamwise locations on the deck: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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side-jets only? In fact, TKE increasing is not only observed in case 4
but also in other similar ship flow control research9 where a steady jet
is blown perpendicularly to the base along the edges. The roof-jet and
side-jets introduce the variation in u along the z and y directions,

respectively, which affects the shear layers characterized by Reynolds
shear stresses u0w0 and u0v0 . Therefore, explaining the variation in
TKE could be approached by investigating the change of shear layers
in the four cases. Figure 21 shows the iso-surfaces of high Reynolds

FIG. 16. Time-averaged w contours at different streamwise locations on the deck: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.

FIG. 17. Energy content of POD modes: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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stresses with u0w0 ¼ 0:02 (white) and u0v0 ¼ 60:024 (black), together
with the total pressure contours at station 1. It is observed that the dis-
tributions of high shear stresses agree with those of the high TKE
region in all cases. For a more detailed demonstration, Fig. 22 plots the
distributions of TKE along with u0w0 and u0v0 at specific locations,
where u0w0 is extracted from station 1 and u0v0 is from station 2 using
the dot-dashed line shown in the top-right TKE contours. In Fig.
22(a), it can be observed that the near-roof TKE in case 3 decreases in
the z-direction with the decreasing magnitude (absolute value) of u0w0 .
Similar patterns of change can be spotted in case 4 that TKE increases
with the increasing magnitude of u0w0 . This confirms that the varia-
tion in the shear layer causes the variations in TKE for the four cases,
and the high TKE observed in case 4 near the roof is due to the high
u0w0 . Likewise, in the y-direction Fig. 22(b), TKE follows the change of
u0v0 as the increase in TKE is associated with that of u0v0 and vice
versa. It is also shown that the high Reynolds stress u0v0 region in case
1 at y/W ¼ �0.42–�0.35 is shifted to a more central region in case 4
at y/W ¼ �0.3–�0.2 due to the side-jets, which explains why TKE is
concentrated toward the center region.

Then, the question becomes why the shear layer is affected differ-
ently by the roof-jet and side-jets. For the present ship model, the
shear layer is a result from the mixing between the high-energy main-
flow and low-energy re-circulated flow downstream the base. As
shown in the total pressure contours in Fig. 21(a), the energy differ-
ence between the re-circulation region and main-flow is large, and the
shear layers presented by the iso-surface are located near the bound-
aries between the low and high energy regions. The roof-jet attaching
better on the Coanda surface as demonstrated previously (Figs. 8, 11,
and 12) can effectively energize the re-circulation zone. As a result, the

energy difference between the main-flow and the re-circulation zone is
alleviated, and the shear stress, especially near the roof region, is weak-
ened as indicated in Figs. 21(b) and 21(c), which produces a lower
TKE. The side-jets detaching earlier from the Coanda surface are less
vectored toward the center of the deck, which fail to bring enough
energy to the core re-circulation region for shear layer mitigation.
Instead, the side-jets enhance the regional mixing process downstream
the base by manipulating the shear layer toward the center of the deck,
as evident in Figs. 21(d) and 22(b), and thus increase the central-
region TKE.

This is to say, although the roof and side-jets all rely on the steady
Coanda effect for flow control, their energization process is different.
The roof-jet directly energizes the re-circulation zone by the momen-
tum addition due to the vectored jet flow. In this way, the energy dif-
ference between the recirculated flow and main-flow is mitigated,
which weakens the shear layer and results in lower turbulence genera-
tion. Comparatively, the energization process using side-jets is indirect
that relies on shear layer manipulation to enhance mixing at the center
region for energy transfer. In this way, turbulent activities are encour-
aged by side-jets, associated with the increase in TKE.

V. CONCLUSIONS

The present paper studies the steady Coanda effect on the
Chalmers ship model (CSM) for the ship airflow control, which inves-
tigates the control effectiveness, energization mechanism, and the
influence on the flow structures on the deck. The study is conducted
numerically using large eddy simulation (LES) with the wall-adapting
local-eddy viscosity (WALE) model, which is validated by the experi-
mental data acquired from the baseline CSM. To create the flow

FIG. 18. Spatial distribution of the first
POD mode: (a) case 1, (b) case 2, (c)
case 3, and (d) case 4.
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FIG. 19. Turbulent quantities contours at different streamwise locations on the deck: (a)–(d) turbulent kinetic energy, and (e) and (f) u0u0 , (i)–(l) v0v0 , (m)–(p) w 0w 0 .

FIG. 20. Iso-surface of TKE¼ 0.055: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.
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control model, the hanger base of the baseline model is modified with
the Coanda surfaces and injection slots along its roof edge and two
sides edges. Four representative cases are studied: a no-jet case and
three cases with the same momentum coefficient of the jet flow acti-
vated at different locations: roof, sides, and combined.

The results show that the four cases perform differently in drag
reduction, vortex structures on the deck, and mean and turbulent
quantities in the airwake. It is found that the roof-jet has a stronger
Coanda effect and is more vectored toward the low-speed area (LSA)
on the deck than the side-jets that detach earlier from the Coanda sur-
face. The energization process is, therefore, different where the roof-jet
is more effective that directly brings high momentum to LSA and side-
jets manipulate the shear layer for mixing enhancement.

The roof-jet can effectively suppress the LSA on the deck, substan-
tially reducing its height and altering the shape of the vortex core from a
convex shape to concave. The airwake, as a result, is more stable as dem-
onstrated by the POD analysis and recovers with a higher streamwise
velocity and lower turbulent kinetic energy (TKE), which is of great sig-
nificance to helicopter landing and takeoff. However, the down-wash
flow is enhanced due to the induction effect by the roof-jet.

In contrast, the side-jets do not reduce much of the LSA but con-
strain the LSA toward the center of the deck. The vortex core is main-
tained with a convex shape but is elevated away from the deck by
8.45% compared to the no-jet case, which alleviates the down-wash
effects. The TKE in the airwake is increased near the center region due
to the regionally enhanced shear stresses by the side-jets.

FIG. 21. Iso-surface of u0w0 ¼ 0:02 (white), u0v0 ¼ 60:024 (black), and total pressure contours at station 1: (a) case 1, (b) case 2, (c) case 3, and (d) case 4.

FIG. 22. Distributions of TKE associated with u0w 0 and u0v0 .
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Combing the roof and side jets, the highest drag reduction of
7.5% is achieved due to the pressure recovery at the main base and
minor offset from the pressure reduction on the roof Coanda surface.

In a nutshell, if the goal is to recover higher streamwise velocity
while maintaining low TKE in the ships near wake, the roof-jet is rec-
ommended. If the goal concerns more about reducing down-wash
flow at the deck region, side-jets is suggested. The combined roof-side
jet will be more desirable in the case where drag reduction is the main
goal.
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ment of the bi-stable states in the wake of a finite-width double backward facing
step,” J. Wind Eng. Ind. Aerodyn. 186, 241–249 (2019).

42J. Zhang, G. Minelli, B. Basara, R. Bensow, and S. Krajnović, “Yaw effect on bi-
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