
Wake dynamics of a square cylinder while moving upward in quiescent
water

Intesaaf Ashraf,a) Stephane Dorbolo,a) and Neetu Tiwarib)

(*Electronic mail: intesaaf.ashraf@ucl.ac.uk)

(Dated: 22 December 2025)

We experimentally investigate the water exit of a horizontally oriented square cylinder pulled vertically through a qui-
escent fluid at various Froude numbers (Fr). High-speed Particle Image Velocimetry (PIV) captures the velocity fields,
from which we derive pressure distributions, swirl strength (λci)), shear-vortex interaction parameters (Λ), and the
Okubo–Weiss scalar (W ). Our analysis reveals the formation of a single, persistent clockwise (CW) and counterclock-
wise (CCW) vortex in the wake, with no signs of periodic vortex shedding. The swirl strength and Okubo–Weiss
maps confirm an increasingly rotation-dominated flow at higher (Fr). Notably, the circulation exhibits a two-regime
dependence on (Fr), mirroring the entrainment force behavior, whereas the vortex size itself remains nearly unchanged.
These findings suggest that the intensified rotational motion, rather than an expanded vortex footprint, governs the
enhanced entrainment and loading at high (Fr). Overall, the results provide new insights into the hydrodynamics of
square cylinders in water-exit scenarios, highlighting the fundamental differences from classical cross-flow shedding
and underscoring the pivotal influence of (Fr) on vortex strength and entrainment.

I. INTRODUCTION

The interaction of rigid bodies with free water surfaces
during entry or exit processes is crucial across diverse en-
gineering disciplines, such as naval architecture, ocean and
coastal engineering, aviation, and dip-coating technologies.
Due to the inherent complexities involving fluid-structure in-
teractions, interfacial dynamics, and fluid mechanics, these
phenomena remain challenging to interpret and accurately
model.

Extensive research has explored the physics of bodies enter-
ing1–4 and exiting fluids5–8. Recent studies have increasingly
focused on water exit scenarios to deepen the understanding
of associated flow dynamics, validate computational models,
and guide the development of analytical frameworks9–14.

Pioneering analytical work by Havelock 5 addressed the
vertical motion of cylinders in uniform flow. Greenhow and
Lin 15 subsequently performed experiments on a neutrally
buoyant cylinder rising from a stationary position, observ-
ing characteristic bump-like free-surface deformations cul-
minating in chaotic "waterfall breaking." Numerically, Tel-
ste 16 used potential flow theory to categorize the water exit
of cylinders into three regimes: low-speed "wall-like" flow,
intermediate-speed wave generation, and high-speed infinite-
domain-like behavior. More recent experiments by Ashraf
et al. 9 revealed symmetry-breaking wake instabilities in water
in contrast to symmetric wakes in viscous silicone oil. They
reported a two-stage drainage behavior of the entrained fluid,
initially exponential, transitioning to a power-law decrease
(t−1/2) at later times, alongside a clear correlation of drag and
entrainment forces with the Froude number.

Other researchers have also contributed significantly to
the understanding of water exit processes. For instance,
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Greenhow and Moyo 17 performed two-dimensional simula-
tions to investigate submerged cylinders in forced upward
motion. Liju, Machane, and Cartellier 18 analyzed the sur-
face surge phenomenon for cylinders of varying geome-
tries and Reynolds numbers, while Moshari, Nikseresht, and
Mehryar 19 employed Volume of Fluid (VOF) simulations to
capture wave formation and air entrainment during oblique
water exits. Additional numerical studies utilizing advanced
VOF techniques were conducted by Kleefsman, Veldman, and
Bunnik 20 and Nair and Bhattacharyya 21 . Experimental work
by Chu et al. 22 identified cavity formation at cylinder extrem-
ities, resulting in water slapping upon cavity collapse during
both accelerating and decelerating motions. In the context of
spherical bodies, numerical analyses by Haohao et al. 8 , em-
ploying Lattice Boltzmann methods (LBM), demonstrated a
strong dependency of water-surface elevation on the Froude
number, notably identifying intensified waterfall breaking at
higher velocities. Furthermore, Ni, Zhang, and Wu. 23 ob-
served delayed free-surface detachment for blunter spheroids.
Experimentally, Truscott, Epps, and Munns 6 underscored the
significance of the Reynolds number in determining vortex
shedding and trajectories of buoyant spheres rising toward
the surface, with distinct linear or oscillatory pathways based
on initial depth. Complementary findings by Wu et al. 7

showed velocity-dependent surface elevations for fully sub-
merged spheres, contrasting sharply with distinct columnar
water detachments for partially submerged cases. Recently,
comparative experimental analyses demonstrated that spheres
with surface dimples significantly reduce drag and entrain-
ment force coefficients at higher Froude numbers, enhancing
water-exit efficiency, though leaving cross-over forces largely
unaffected10.

Previous research by Ashraf and Dorbolo 11 on square
cylinder exit dynamics identified correlations between act-
ing forces and the Froude number. In this study, it was also
shown that below Fr ≈ 0.91, the entrainment force Fe rises
sharply, reflecting rapid vortex-induced fluid uptake. Beyond
this threshold, Fe increases gradually, indicating diminishing

mailto:intesaaf.ashraf@ucl.ac.uk


2

v

h

X

Y

Z

a

1m

water tank

water level in tank

Laser

FIG. 1: The schematic of the PIV setup is illustrated, with the laser positioned 1 meter away from the cylinder’s center. Image
acquisition was performed at a frequency of 2000 Hz (figure is not to scale). See Ashraf and Dorbolo 11 for details.

returns in entrainment with further speed increments. How-
ever, it lacked a detailed explanation of the underlying flow-
field mechanisms, especially these two different entrainment
force regimes. The current study seeks to address this gap,
specifically elucidating the mechanisms underlying the ob-
served two-regime entrainment force behavior by examining
wake dynamics during cylinder ascent.

II. METHODOLOGY

A. Experimental Set–up

The experimental setup comprised a lifting mechanism, a
glass water tank (dimensions: 78.5 cm × 27.5 cm × 72.5 cm),
PIV, and the test object. The lifting mechanism utilized a rack-
and-pinion system, with the rack’s moving part connected to a
carbon fiber frame. This frame securely held the test cylinder
in a horizontal orientation, parallel to the water tank’s side and
front walls. The test object was a right square cylinder, 3D-
printed with square bases of side a = 40mm and rectangular
faces with a height h = 220mm. The cylinder was aligned
horizontally to ensure that its square bases remained perpen-
dicular to the water surface at all times. The experimental
set-up has been explained in detail in the previous work of
authors11.

The 2D planar Particle Image Velocimetry (PIV) tech-
nique was employed for flow measurements. A laser with
a 532nm wavelength and 4W peak power illuminated tracer
particles of approximately 20 µm in diameter. Images were
recorded at 2000fps (frames per second) with an interroga-
tion window size of 32× 32pixels, a magnification factor of

6.075pixels/mm, and a field of view measuring 0.128m ×
0.205m. The laser plane was aligned with the xy-plane at a
distance of 1m from the cylinder’s center. The experimental
setup for PIV measurements is depicted in Fig. 1. The ac-
quired PIV images were post-processed using the open-source
software PIVLab24. The coordinate system (XY Z) used in the
experiment is shown in Fig. 1. The X-axis runs along the
length of the tank, the Z-axis along its width, and the Y -axis
represents the vertical direction, aligned with the pulling mo-
tion. The origin is set at the intersection between the pulling
axis and the free water surface, defined as the horizontal plane
(XZ). All coordinates were normalized by dividing them by
a, the side length of the cylinder’s square bases.

The experiments were performed at constant terminal ve-
locities of 0.2 m/s, 0.25 m/s, 0.3 m/s, 0.4 m/s, 0.6 m/s, 0.8
m/s and 1 m/s, with a fixed acceleration of 4m/s2. To reach
the fixed terminal velocity, the cylinder has to travel a prede-
termined distance from rest, such as 120mm to achieve 1m/s.
The same conditions applied during the deceleration phase.
The motion of the cylinder was verified to maintain constant
speed during the PIV measurements.

B. Pressure Field Estimation from PIV

Two methods have generally been used for pressure estima-
tion from PIV-measured velocity data. One of them is solving
the Navier–Stokes equations via path integration25; the other
is solving the pressure Poisson equation26,27. The pressure can
be estimated from the Navier–Stokes equations as follows:
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∇p =−ρ
Du
Dt

+µ∇
2u (1)

where u is the fluid flow velocity, p is the pressure, ρ is
the density, and µ is the local dynamic viscosity. The PIV-
measured velocity data provide the information necessary to
estimate the pressure gradient. In the Eulerian approach28, the
material (or total) acceleration can be expressed as

Du
Dt

=
∂u
∂ t

+(u ·∇)u. (2)

There is a significant effect of the time separation between
two consecutive snapshots on the accuracy of the estimated
pressure field. For example, if we discretize the local acceler-
ation term using a second-order finite difference scheme, we
can define the associated truncation error as below:

∂u
∂ t

=
u(x, t +∆t)−u(x, t −∆t)

2∆t
+

∆t2

6
∂ 3u
∂ t3 (3)

where higher-order terms contributing to truncation error,
(∆t2)

6
∂ 3u
∂ t3 , are usually neglected. The velocity measurement

from PIV usually has uncertainty, so we measure velocity in
the range u± εu, and the details of these uncertainty sources
can be found in the literature29. Generally, uncertainties prop-
agate when derivative terms of velocity are evaluated. In the
local acceleration term, precision errors arise due to the veloc-
ity measurement uncertainty (εu))30:

ε
2 ∂u

∂ t
≈

√
ε2

u + ε2
u

4∆t2 ≈ ε2
u

2∆t2 (4)

The effect of time separation on the truncation and preci-
sion errors is discussed in detail in the literature30. With a high
sampling rate, time separation can be reduced, and the trunca-
tion error can also be reduced. However, precision errors will
increase (30). Therefore, the pressure field estimated using
the Navier-Stokes equations is not error-free, even with time-
resolved data. Thus, for unsteady flows, the Poisson pressure
equation is preferred; however, appropriate boundary condi-
tions are critical. The Poisson pressure equation can be de-
rived by taking the divergence of equation 1,

∇
2 p =−ρ∇.(u.∇)u (5)

In this study, Dirichlet boundary conditions were selected.
The pressure Poisson equation approach requires the evalu-
ation of a second derivative of the velocity, which is not a
direct measurement of PIV. The primary sources of error in
the pressure Poisson equation are non-exact boundary condi-
tions and the calculation of velocity gradients. However, by
adopting specific measures during the experiments, the error
can be minimized in the pressure Poisson equation (31). In the
present study, in solving the pressure Poisson equation, the
iteration was repeated until the root mean square error was
reduced to the order of 10−5.

C. Okubo–Weiss Parameter

To distinguish regions of shear-dominated flow from those
dominated by rotation (vorticity), the Okubo–Weiss parameter
(W )32,33 is employed. For a two-dimensional, incompressible
velocity field (u = (U,V )), the parameter W is defined as:

W = s2
n + s2

s −ω
2, (6)

where

ω =
∂V
∂x

− ∂U
∂y

(7)

is the out-of-plane vorticity, and sn, ss are the normal and shear
strain rates respectively. These strain rates are computed from
the velocity-gradient tensor,

∇u =

[
∂U/∂x ∂U/∂y
∂V/∂x ∂V/∂y

]
, (8)

by decomposing it into symmetric (strain) and antisymmetric
(rotation) parts:

∇u =
1
2
(∇u+(∇u)T )︸ ︷︷ ︸

strain part

+
1
2
(∇u− (∇u)T )︸ ︷︷ ︸

rotation part

(9)

Specifically, the normal strain rate sn and the shear strain rate
ss can be obtained from the eigenvalues or direct components
of the symmetric part of ∇u.

Regions of flow where (W < 0) indicate rotation-dominated
(elliptic) zones, typically identifying vortex cores. Con-
versely, W > 0 signifies shear-dominated (hyperbolic) zones,
often surrounding the periphery of vortical structures. The
computation of W is performed at each spatial grid point of the
velocity field obtained via Particle Image Velocimetry (PIV).
The resulting scalar field enables a clear delineation of co-
herent vortical regions and associated shear layers, providing
additional insights beyond the raw vorticity field alone.

For numerical implementation, spatial gradients of (u,v)
are calculated using a central-difference scheme. The vor-
ticity (ω), normal strain (Sn), and shear strain (Ss) are then
used in equation 6. This procedure yields instantaneous two-
dimensional maps of (W ), which can be time-averaged or
analyzed on a frame-by-frame basis to characterize the flow
topology in the wake of the moving cylinder.

D. Shear-Vortex Interaction Parameter

To analyze flow dynamics, first, the velocity gradient tensor
(∇u) is computed by taking spatial derivatives of the velocity
components as shown in equation 8

Then, swirl strength is computed as the imaginary part of
the eigenvalues of the velocity gradient tensor. The eigenval-
ues (λ ) of ∇U are obtained by solving:

λ =
Tr(∇u)

2
±

√(
Tr(∇u)

2

)2

−det(∇u) (10)
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where:

Tr(∇u) =
∂u
∂x

+
∂v
∂y

(trace of the matrix) (11)

det(∇U) =
∂u
∂x

∂v
∂y

− ∂u
∂y

∂v
∂x

(determinant) (12)

Swirl strength is then defined as:

λci = Im(λ ) (13)

where a higher λci indicates stronger local rotational inten-
sity.

Vorticity is another key measure of rotational motion in
the flow. Unlike swirl strength, which isolates vortex cores,
vorticity accounts for both rotational and shear-dominated re-
gions. Then, a dynamic thresholding method is applied to sep-
arate vortex cores from shear regions. The threshold is based
on a fraction (α) of the maximum swirl strength in the flow:

λci,threshold = α ·λci,max (14)

where α = 0.05 in this analysis. Regions where:

λci > λci,threshold (15)

are classified as vortex cores, while regions where λci is be-
low the threshold are classified as shear-dominated regions.
Finally, to quantify the interaction between shear and vortex
structures, the Shear-Vortex Interaction Parameter Λ is com-
puted as:

Λ =

∫
shear dA∫
vortex dA

(16)

where:

•
∫

shear dA is the integral of the areas classified as shear
regions.

•
∫

vortex dA is the integral of the areas classified as vortex
regions.

A value of Λ > 1 indicates shear-dominated flow, whereas
Λ < 1 suggests vortex dominance.

E. Vortex Dynamics Charaterization

To analyze the vortical structures in the wake of a square
cylinder, we employed a methodology based on detecting co-
herent vortex regions using the swirl strength (λci) and vortic-
ity (ω)34–36. The dataset, obtained through Particle Image Ve-
locimetry (PIV), contains velocity field information at discrete

time steps. The primary steps involved in the vortex identifi-
cation process are as follows:

Preprocessing: The velocity components (u,v) were
smoothed using a Gaussian filter to reduce noise and ensure
stable vortex detection.

Velocity Gradient Computation: The velocity field was
numerically differentiated to obtain the velocity gradient ten-
sor using the equation 8.

Swirl Strength Calculation: The swirl strength is calcu-
lated as defined in equation 13.

Vorticity Calculation: The vorticity field was also com-
puted using the equation 7.

A combination of swirl strength and vorticity magnitude
was used to differentiate shear layers from vortex cores37.

Morphological Processing: To ensure spatial continuity
of vortex regions, morphological closing was applied using a
disk structuring element.

Vortex Region Labeling and Filtering: Connected vortex
regions were identified using an 8-connectivity labeling algo-
rithm. Only the largest clockwise (CW) and counterclockwise
(CCW) vortex per frame were retained to remove spurious de-
tections.

Circulation and Vortex Size Computation: The circula-
tion (Γ) and vortex area (A) for the largest vortex were com-
puted as:

Γ = ∑
vortex region

ω dxdy, (17)

A = ∑
vortex region

dxdy. (18)

The detected vortex regions were visualized using a color-
mapped vorticity field, where red and blue contours corre-
sponded to the largest detected CW and CCW vortices, re-
spectively.

III. RESULTS AND DISCUSSION

A. Overall Flow Evolution and Pressure Distribution

Figures 2 illustrate the flow structures and pressure distri-
butions around the square cylinder at different Froude num-
bers (Fr). The wake remains characterized by a single, stable
counterclockwise (CCW) vortex without evidence of periodic
vortex shedding. The pressure field analysis confirms the per-
sistence of a low-pressure zone behind the cylinder, whose
size and intensity grow with increasing (Fr).

For low Froude numbers (Fr < 0.3), the wake features a
small, confined negative-pressure region at the cylinder’s trail-
ing edge, indicating a weak recirculation zone. The surface
deformation is minimal, and only a thin water layer is carried
upward.

For moderate Froude numbers (0.3 ≤ Fr ≤ 1.0), the wake
expands, with the CCW vortex intensifying. The surface de-
formation becomes more significant, leading to enhanced en-
trainment of fluid.
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(a)

(b)

(c)

FIG. 2: Flow structure during the exit of a square cylinder at Froude number, (a) Fr = 0.16, (b) Fr = 0.90, and (c) Fr = 2.54.
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(a)

(b)

(c)

FIG. 3: Okubo–Weiss parameter (W) during the exit of a square cylinder at (a) Froude number, Fr = 0.16, (b) Fr = 0.90, and (c)
Fr = 2.54.
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FIG. 4: (a) Mean swirl strength (λci) as a function of the dimensionless submergence depth (h) for different Froude numbers
(Fr). Higher (Fr) values generally produce larger (λci), indicating a more intense vortex. The increase in (λci) near (h ≈ 0.5)

suggests stronger rotational motion as the cylinder approaches the free surface. (b) Shear-vortex interaction parameter (Λ)
versus the dimensionless submergence depth (h) for various Froude numbers. The peaks observed at intermediate (h) for

higher (Fr) indicate stronger interaction between shear layers and vortex cores, whereas lower (Fr) values exhibit relatively
modest variations in (Λ). As (h to 0.5), (Λ) decreases, reflecting the dominance of rotational (vortex-dominated) regions near

the free surface.

For high Froude numbers (Fr > 1.0), the negative-pressure
zone behind the cylinder enlarges significantly, correspond-
ing to a more intense vortex. High pressures emerge near the
cylinder’s top surface due to stagnation and vertical fluid dis-
placement. Despite this stronger wake, no alternating vortex
shedding occurs.

B. Okubo–Weiss Parameter Analysis

To distinguish between rotation-dominated and shear-
dominated regions, we analyze the Okubo–Weiss parameter
(W ) (Figures 3). The results confirm that the wake is consis-
tently rotation-dominated, reinforcing the absence of vortex
shedding. At low (Fr), there is a small, localized negative-
(W ) region behind the cylinder, with weak shear layers. As
(Fr) increases to moderate and high values, the negative-(W )
region expands significantly, mirroring the growth of the low-
pressure wake. No transition to shedding is observed.

C. Swirl Strength, Shear-Vortex Interaction, and Correlation
with Okubo–Weiss Parameter

Figures 4(a) and 4(b) depict the mean swirl strength (λci)
and the shear-vortex interaction parameter (Λ) as functions of
the dimensionless submergence depth (h) for various Froude
numbers (Fr). These quantities complement the insights
gained from the Okubo–Weiss parameter (W ), which differ-

entiates rotation-dominated (W < 0) from shear-dominated
(W > 0) regions.

As (h) decreases toward 0.5 (i.e., the cylinder nears the free
surface), (λci) generally increases, indicating a progressive in-
tensification of the vortex.

Higher (Fr) fosters stronger swirl at nearly every depth,
consistent with the expansion of negative-(W ) zones seen in
the Okubo–Weiss maps. Specifically, large negative-(W ) re-
gions align with high swirl strengths, underscoring the en-
hanced rotational motion at elevated speeds.

This behavior aligns with the two-regime trend observed
in both the Okubo–Weiss analysis and circulation/entrainment
data, wherein flows transition around (Fr ≈ 1.0) to a more
vigorous rotational state.

The plots show that, at moderate to high (Fr), (Λ) can ex-
hibit a local maximum around (h ≈ 2), suggesting a depth
where shear layers interact robustly with the vortex core be-
fore the flow fully transitions near the free surface.

For lower (Fr), (Λ) remains comparatively stable, indi-
cating minimal shear–vortex coupling in agreement with a
smaller region of negative (W ). In other words, there is less
separation between shear and rotation-dominated regions at
low speeds.

The Okubo–Weiss parameter (W ) provides a global distinc-
tion between rotation- and shear-dominated zones; the swirl
strength (λci) and the shear-vortex interaction parameter (Λ)
offer finer detail about how strong rotational motion is (via
λci) and how shear layers compete with vortex cores (via Λ).

Large negative-(W ) regions coincide with high Λ, reflect-
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FIG. 5: (a) Circulation (τ) of counter clockwise (CCW) vortex as afunction of the cylinder’s position h at different Froude
number. (b) The circulation of anti-clockwise (CCW) vortex at h = 0.5 at different Froude numbers.

ing robust vortex-dominated areas. Significant shear-vortex
interplay (peaks in Λ) appears where (W ) may shift from pos-
itive to negative values, capturing the interface between shear-
dominated (positive (W )) and rotation-dominated (negative
(W )) zones.

Overall, the swirl strength and shear-vortex interaction
analyses reinforce the Okubo–Weiss observations, painting
a consistent picture of how vortex intensity (λci) and shear
versus rotation balance (Λ and W ) evolve with submergence
depth and Froude number. These correlated findings under-
line the key role of vortex-dominated regions in determining
the exit dynamics of the square cylinder, especially as (Fr)
increases.

D. Vortex Circulation and Area

We quantify the vortex strength by analyzing the circula-
tion of counter clockwise (CCW) vortex (τ) (Figures 5(a)) as
function of the position of the cylinder, h and the circulation
(ΓL) of the counter clockwise vortex (CCW) at h = 0.5 just
when the cylinder reaches the free water surface and cylin-
der starts coming out of water after that. In addition, we also
plot the vortex area (A) of the CCW vortex as a function of h
(Figures 6).

The circulation increases as the cylinder approaches the
free surface (h ≈ 0.5), then stabilizes or slightly decreases
due to surface interactions. The circulation of counter clock-
wise (CCW)(ΓL) at h = 0.5 exhibits a two-regime behavior: a
steep rise below (Fr ≈ 1.0), followed by a shallower increase
beyond this threshold.

However, unlike circulation, the vortex area, although it ap-
pears to vary during motion, looks relatively independent of
the Froude number, (Fr) values. This suggests that while the
rotational intensity of the vortex increases with (Fr), its phys-
ical size is largely independent.

E. Maximum Circulation and Similarity to Entrainment Force

Figure 5(b) shows that the maximum circulation at h = 0.5
follows a trend similar to the entrainment force reported in
prior studies Ashraf and Dorbolo 11 . This suggests a funda-
mental link between the wake vortex and the fluid mass car-
ried above the free surface.

1. Low- to moderate-Fr regime (Fr < 1.0): Circulation
and entrainment force rise rapidly as stronger vortices
entrain increasing amounts of fluid.

2. High-Fr regime (Fr > 1.0): While both circulation and
entrainment force continue to increase, the slope de-
creases. This suggests a saturation effect, where further
speed increments yield diminishing vortex growth.

IV. CONCLUSIONS

In this paper, we have experimentally studied the exit dy-
namics of a square cylinder rising through quiescent water at
different Froude numbers (Fr). Time-resolved Particle Im-
age Velocimetry (PIV) data enabled us to reconstruct veloc-
ity fields, compute pressure distributions, and perform vortex
characterization using swirl strength (λci), shear-vortex inter-
action (Λ), and the Okubo–Weiss parameter (W ).

1. Persistent CCW and CW Vortex and Absence of
Shedding: Despite the cylinder’s high velocity at large
(Fr, no von Kármán-type shedding patterns emerge. In-
stead, a single counterclockwise and clockwise vortex
remains attached to the cylinder throughout its upward
path.

2. Two-Regime Behavior in Circulation and Entrain-
ment: The circulation of the CCW vortex grows rapidly
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FIG. 6: Area of counter clockwise (CCW) vortex was a function of h at different Froude numbers.

for (Fr < 1.0), then more gradually beyond that thresh-
old. This correlates closely with the entrainment force
measured in previous studies Ashraf and Dorbolo 11 , in-
dicating a flow transition near (Fr ≈ 1.0).

3. Swirl Strength Increases While Vortex Area Re-
mains Constant: Both swirl strength (λci) and
negative-(W ) regions expand at higher Fr, reflecting
stronger rotational motion. The physical size of the
vortex remains changes but the behavior seems inde-
pendent of the Froude number Fr. It implies that an en-
hanced vortex intensity, rather than an enlarged vortex
footprint, drives the larger entrainment.

4. Shear-Vortex Interaction Peaks at Intermediate
Depths: The shear-vortex interaction parameter (Λ)
tends to attain a local maximum at h ≈ 2 for higher Fr,
signifying robust shear-layer and vortex-core interplay
before the cylinder intersects the free surface.

5. Dominance of Rotational Flow Near the Surface: As
the cylinder nears h = 0.5, Λ decreases, indicating di-
minished shear layers and stronger vortex-driven mo-
tion. Swirl strength also spikes in this zone, under-
scoring the wake’s transition to a primarily rotation-
dominated state.

In conclusion, the upward translation of a square cylinder
in a quiescent fluid creates an evolving wake dominated by
a single CCW and CW vortex whose intensity increases with
Fr. This intensified rotation, rather than a broader vortex core,
fosters higher entrainment forces at large Fr. The flow thus
exhibits distinct two-regime behavior, separated around Fr ≈
1.0, and differs markedly from classical cross-flow shedding
processes. Our findings are relevant for designing surface-
piercing and exit maneuvers of naval and offshore structures,
where understanding vortex dynamics and entrainment forces
is critical for reliable performance and safety.
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FIG. 7: Flow structure during the exit of a square cylinder at Froude number, Fr= 0.10.

FIG. 8: Flow structure during the exit of a square cylinder at Froude number, Fr= 0.23
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FIG. 9: Flow structure during the exit of a square cylinder at Froude number, Fr= 0.40

FIG. 10: Flow structure during the exit of a square cylinder at Froude number, Fr = 1.61
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FIG. 11: Okubo–Weiss parameter (W) during the exit of a square cylinder at Froude number, Fr= 0.10.

FIG. 12: Okubo–Weiss parameter (W) during the exit of a square cylinder at Froude number, Fr= 0.23
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FIG. 13: Okubo–Weiss parameter (W) during the exit of a square cylinder at Froude number, Fr= 0.40

FIG. 14: Okubo–Weiss parameter (W) during the exit of a square cylinder at Froude number, Fr = 1.61
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