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Abstract: A numerical investigation of flow topology in open-type cavities with length-to-depth ratio
L/h1 = 4 was performed in the Reynolds number range of 10–1000. Cavities with differently rounded
corners were chosen for simulation. Three-dimensional numerical simulations were performed
to analyse flow topology in different planes. A series of experiments was performed to ensure
the validity of numerical simulations. Both numerical simulations and physical experiments were
conducted with water as the working fluid. Since the results agreed acceptably, further simulations
were performed. The main goal of this study was to investigate and highlight the influence of
rounded cavity corners on the topology and stability of flow. Analysis revealed that fully rounded
upper cavity corners decrease pressure loss compared to other investigated cases; therefore, the
velocity of the main flow is increased. Additionally, fully rounded upper corners form a notably
smaller recirculation zone compared to other investigated cases. Flow stability analysis showed
that fully rounded cavity bottom corners negatively impact flow stability by increasing the intensity
of turbulence.

Keywords: CFD; cavity flow; flow topology; open-type cavity

1. Introduction

Research of fluid dynamics in channels with sudden expansion and contraction is com-
mon due to its simple geometry and complex physics, including widely known phenomena
such as Taylor–Görtler vortices, corner and longitudinal vortices, the complex transition
from laminar to turbulent flow, complex heat exchange processes, etc. Moreover, these
phenomena have practical application, such as in aeronautics, automobile aerodynamics,
and other industrial applications.

It is generally agreed to classify channels with sudden expansion and contraction
into three types: open-type cavity (L/h1 < 10), transitional-type cavity (10 < L/h1 < 13)
and closed-type cavity (L/h1 > 13) [1]. Numerical and experimental investigations of fluid
dynamics in open-type cavities are frequent in fluid dynamics research; therefore, many
studies have been performed to deepen the fundamental knowledge of separated flow
dynamics. Cheng and Hung [2] employed the lattice Boltzmann method to investigate
vortex structure in a two-dimensional, lid-driven open-type cavity with a wide range of
cavity length-to-depth ratios (L/h1) and Reynolds numbers (Re). The study focused on
vortex structure, revealing that when L/h1 ≤ 1, vortex structure is strongly dependent
on Re. When Re ≤ 100, the cavity is filled with a large vortex alongside a pair of bottom
corner vortices. As Re increases further, the sizes of the bottom vortices start to differ.
However, when L/h1 < 1, the number of vortices formed in the cavity increases with further
L/h1 decrease and Re increase. Another study of flow visualization in an open-type cavity
was performed by Faure et al. [3]. The study was focused on flow visualization in the
moderate Reynolds number range (1150–10,670) and varying cavity length-to-step-height
ratio (L/h1 = 0.5–2) of the shear-layer driven cavity. Analysis revealed that shear-layer
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secondary instabilities do not cause 3D developments, and that a secondary vortex in the
upstream part of the cavity is linked to instability of the main vortex when L/h1 = 2.

It is well known that studies of flow dynamics are inherent from heat transfer studies
since heat exchange heavily relies on recirculation zone dynamics. Heat transfer has already
been deeply analyzed in open-type cavities. Bilgen and Oztop [3] investigated heat transfer
in flow driven by natural convection with ambient fluid in open-type, partially closed
cavities with length-to-depth ratio L/h1 = 1. The study showed that Nusselt number (Nu)
depends on Rayleigh number (Ra), aspect ratio and aperture position. Additionally, the
study showed that inclination angle had a nonlinear effect on heat transfer. A similar study
was performed by Muftuoglu and Bilgen [4], where natural convection heat transfer in
open-type cavities with a discrete heat source was investigated. The authors determined
the optimal position of a discrete heater and its dependence on Ra. Further, the influence of
geometrical parameter changes was determined on Ra and Nu by investigating various
aspect ratios of the channel. It was shown that Ra is a decreasing function of the cavity
aspect ratio, and that Nu is an increasing function of Ra. Prakash et al. [5] studied the
effects of shape, wall temperature, cavity opening ratio and inclination on convective
loss in open-type cavities. The study showed that the highest convective loss is observed
in a hemispherical open-type cavity with opening ratios of 0.25 and 0.5. Additionally,
the study showed that convective loss could be decreased by inclining the channel. The
highest convective loss was observed at 0◦ inclination (horizontal channel) and the lowest
at 90◦ (vertical channel). Laouira et al. [6] investigated mixed convection in a trapezoidal
open-type cavity with a heat source of different lengths fixed to the bottom wall. The study
showed that the highest Nu corresponded to the longest heat source, and that enhancement
of heat transfer led to velocity distribution change in the cavity.

Since flow structure and topology in open-type cavities have already been thoroughly
investigated, recent studies have focused on the impact of minor geometrical features on
flow. Das and Cohen [4] numerically and experimentally investigated flow in an open-type
cavity with L/h1 = 3.58 to reduce pressure oscillations and noise by changing the rear face
geometry of the cavity. Experiments were performed alongside two-dimensional numerical
simulations with a Mach number of 0.9. The study revealed that softening of flow impact
on the rear face leads to smaller pressure variations between the cavity’s internal and
external flow at the point of flow impact. A similar study was performed by Choi et al. [5]
in a channel with an inclined backwards-facing step (BFS) whose inclination varied from
10◦ to 90◦. Numerical study showed that the recirculation zone length remained constant
in the turbulent flow regime at Re above 15,000 when the step angle was increased above
30◦. Mushyam and Bergada [6] also studied laminar flow over an inclined step; numerical
study showed that recirculation zone length strongly depends on Reynolds number. Yet
no significant effect was noticed for step inclination at all angles. Decreased recirculation
zone length was achieved by Bravo et al. [6] in a study where the distributions of mean
flow and turbulence over a single rounded step were explored. Numerical investigation
showed a shorter recirculation zone than for a channel with 90◦ BFS. Wu et al. [7] showed
that the flow topology behind the BFS could also be impacted by increasing the roughness
of the step’s surface. A thorough experimental investigation was performed by Wu et al. to
study the impact of realistic roughness topographies on turbulence, changing the surface
of the step from a rough wall to a smooth wall. The study showed that step roughness
influences recirculation zone length; secondary vortices were smaller when the surface of
the step wall was rough. Measured shear stress suggested that turbulence can be weakened
by increasing roughness.

A brief literature survey showed that studies of flow topology in open-type cavities
are saturated. However, it was noticed that the impact of small geometry changes on flow
structure and topology receives more interest nowadays. There are a decent number of
studies on the influence of flow over differently shaped steps. Most are performed in
channels with BFS or turbulent flow. To the authors’ knowledge, there are no studies on
flow topology in open-type cavities with rounded steps in laminar flow; therefore, this is a
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new fundamental interest and brings novelty to this research topic. The physical meaning of
this study is to provide fundamental knowledge of the impact of geometry on recirculation
zone dynamics, thus granting the necessary expertise for engineering solutions for various
practical applications. The main goal of this study is to investigate the influence of rounded
cavity corners on the topology and stability of laminar flow.

In this study, flow topology was numerically investigated by employing commercially
available Ansys Fluent software. Results of numerical simulations were compared to exper-
imental results to ensure the validity of simulations. Since the results agreed acceptably,
further simulations were performed with four different geometries to determine the influ-
ence of rounded cavity corners on flow topology. For parametric analysis, pressure loss
dependency on Re was obtained. Additionally, velocity profiles in x–y and x–z planes were
obtained for all investigated channels. Finally, flow stability was investigated by analyzing
Tu distribution in the cavities and Cf distribution on the bottom cavity wall.

2. Materials and Methods
2.1. Physical Model and Boundary Conditions

Four open-type cavities with differently rounded corners were chosen for numerical
simulations (Figure 1). Ch1 is the classic case of an open-type cavity with two 90◦ steps.
Ch2 and Ch4 have fully rounded and half-rounded bottom cavity corners, described as
R = 0.3 mm and R = 0.15 mm, respectively. Conversely, only the top corners of cavity steps
are fully rounded in Ch3, with R = 0.3 mm. Geometric dimensions given in Figure 1 (Ch1)
apply to all investigated cavity cases. All investigated geometries were three-dimensional,
with channel width b = 0.9 mm. Expansion and aspect ratios were fixed at ER = 2 and
AR = 3, respectively.

Numerical simulations performed in this study involve water flow in the Re range of
10 < Re < 1000. The fluid is supposed to be incompressible with constant physical proper-
ties as follows: inlet temperature T = 288.16 K; dynamic viscosity µ = 1.003·10−3 kg/m·s;
density ρ = 998.2 kg/m3.

The flow velocity profile is considered flat at the inlet; however, the inlet section is
set to be 50 hydraulic diameters long before entering the cavity to ensure fully developed
flow. A no-slip condition was assumed for the channel walls. Additionally, constant static
pressure was set at the outlet boundary.
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Figure 1. Investigated channels with given dimensions.

2.2. Computational Approach Using Ansys Fluent

Numerical simulations were performed using commercially available Ansys Fluent
2019 R2 (Ansys, Canonsburg, PA, USA) software with a 3D double-precision solver. The
two-equation k–εmodel was employed since it offers competitive efficiency and wide usage
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compared to other Reynolds-averaged Navier–Stokes (RANS) models [8]. Further, the
standard wall function was used due to its significant reduction in computational expense.
The pressure-based solver used the semi-implicit method for pressure-linked equations
(SIMPLE) segregated algorithm, which applies corrections to the pressure field using the
continuity equation. Additionally, a second-order upwind scheme was applied to discretize
the momentum equation. The simulations were performed with a convergence criterion of
10−6 for continuity.

The standard k–ε turbulence model can be expressed as two equations as follows:
For turbulent kinetic energy k:

∂(ρk)
∂t

+
∂(ρku)

∂x
=

∂

∂x

[(
µ +

µt

σk

)
∂k
∂x

]
+ Gk + Gb − ρε−Ym + Sk; (1)

For dissipation ε:

∂(ρε)

∂t
+

∂(ρεu)
∂x

=
∂

∂x

[(
µ +

µt

σε

)
∂ε

∂x

]
+ Clε

ε

k
(Gk + ClεGb)− C2ερ

ε2

k
+ Sk; (2)

where Gk and Gb—the generation of turbulence kinetic energy due to the mean velocity
gradient and buoyancy, respectively; Ym—contribution of the fluctuating dilatation in
compressible turbulence to the overall dissipation rate; Sk and Sε—user-defined source
terms; σk and σε—Prandtl numbers for k and ε, respectively; C1ε, C2ε and C3ε are adjustable
constants. Constant values of adjustable constants were used: C1ε = 1.44; C2ε = 1.92;
C3ε = −0.33; σk = 1; σε = 1.3.

Several grids of different cell densities were tested to ensure grid independence, with
a step-height-to-cell-size ratio range of 7 < h1/∆ < 43. A mesh independence test was
performed at Re = 1000, and pressure difference was chosen as the reference parameter
(Figure 2). As cell size decreased, the average relative change of pressure difference between
inlet and outlet increased, becoming less dependent on cell size. Therefore, to perform
computationally economic calculations, the grid was chosen at the point where average
total pressure was no longer dependent on cell size. As a result, relative cell size was chosen
h1/∆c ≈ 21.43.
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2.3. Experimental Facility and Instrumentation

Velocity fields were experimentally measured using a micro-particle image velocimetry
system (µPIV). The principal scheme of the µPIV system is given in Figure 3. During the
experiments, laser illuminated fluorescent particles were captured by a CCD camera. The
results were obtained as flow velocity vector fields calculated from changes in particle
location over a specified time interval. As shown in Figure 3., laser beam was directed
toward the microscope, where it was reflected by 90◦ due to the dichroic mirror installed
inside the microscope. The laser beam was then directed through the microscope lens,
which directly concentrated the light to the experimental section. A dichroic mirror also
ensured the specific wavelength required to excite fluorescent particles and filter light
travelling towards the CCD camera.
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The µPIV facility consisted of an Elveflow OB1 MK3 (Elveflow, Paris, France) pressure
controller, a Nd:YAG type dual-cavity laser and a 2048 × 2048 pixel FlowSense EO CCD
camera (Dantec Dynamics, Skovlunde, Denmark) coupled with an inverted Leica DM ILM
microscope (Leica Microsystems, Wetzlar, Germany). The FlowSense EO CCD camera
has a pixel size of 7.4 µm and provides a field of view of approximately 1.5 × 0.6 mm at
10× image magnification. For device control and image analysis, DynamicStudio v6.11
(Dantec Dynamics, Skovlunde, Denmark) software was employed. The image pairs of fluid
flow with tracer particles were captured at 15 Hz frequency with the time interval between
consecutive images ranging from 1 µs to 500 µs depending on Re. Time-averaged results
were obtained by averaging no less than 200 images.

Water was chosen as the working fluid, with 1 µm diameter fluorescent particles (In-
vitrogen, Waltham, MA, USA). Flow was created using a programmable pressure controller,
ensuring steady channel inlet pressure. The specific gravity of fluorescent particles was 1.05;
therefore, flow was considered single-phased, and Brownian motion was avoided. Laser
excitation and emission wavelengths were 535 nm and 575 nm, respectively. Additionally,
water temperature was ensured to be 21 ± 1 ◦C during experiments. Experimental chan-
nels were manufactured in polycarbonate, with the preferred channel geometry engraved
into them. Cavity geometry Ch4 (Figure 1) was chosen as an experimental object. Before
entering the cavity, flow was ensured to be fully developed by making the inlet length
50 hydraulic diameters long.

The uncertainty of velocity measurements was determined by assessing the contribu-
tion of expanded uncertainty of pressure-control-unit generated flow, channel cross-section
dimensions, the uncertainty in the correlation calculation due to its dependence on the
selected time-period between image pairs and the uncertainty of velocity measurement
repeatability. Analysis revealed that the expanded uncertainty of velocity measurement by
µPIV did not exceed 7%.

2.4. Numerical and Experimental Result Comparison

Numerically and experimentally obtained flow distribution results in Ch4 are com-
pared in Figures 4 and 5. The results show acceptable agreement. However, it should
be noted that as Re increased and the flow started to enter transitional flow, flow insta-
bilities increased; therefore, the ability to numerically predict separated flows weakens
due to underestimated turbulent kinetic energy generated by flow separation [9–13]. This
phenomenon is also observed in the numerical simulations, where for Re = 1000, CFD
predicted higher reverse flow velocities (Figure 5).
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Figure 4. Numerically and experimentally obtained velocity u profiles at Re = 100.
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Figure 5. Numerically and experimentally obtained velocity u profiles at Re = 1000.

3. Results and Discussion
3.1. Investigation of Flow Topology in the x–y Plane

Flow topology in the x–y plane is represented as static pressure contours with flow
velocity streamlines in Figure 6. Formation and dynamics of the recirculation zone depend
on cavity geometry and Re.

In general, recirculation zone length increases as Re increases. Depending on cavity
geometry, the recirculation zone at Re = 10 exists in all cases except Ch3. The recirculation
zone is the longest in Ch1, decreases in Ch4 and Ch2, and is absent in Ch3. Rounding of
cavity bottom corners causes a lower pressure gradient; therefore, a weaker recirculation
zone forms compared to the sudden cross-section changes in Ch1. In Ch3, due to rounded
upper cavity corners and smooth transition from the channel to the cavity, streamlines
follow cavity geometry smoothly and enter the cavity without separation.

As Re increases (Re = 100), the recirculation zone becomes of comparable size and
shape. Due to an increase of the main flow velocity, more kinetic energy is transferred to the
recirculation zone, forcing it to grow. Yet in Ch3, the recirculation zone is still weakest. The
pressure gradient is sufficient for the shear layer to separate; however, it is not sufficient
for the recirculation zone to fill the entire cavity, thus reattachment is observed near the
trailing wall. Because of the smaller recirculation zone, the main flow impingement occurs
lower on the trailing wall compared to other cases. The impingement location matches the
location of maximum pressure on the trailing cavity wall. Due to a shorter recirculation
zone, maximum pressure values are distributed over a larger area on the trailing wall
compared to other cases. As the cavity is filled with the recirculation zone, the separated
shear layer bridges the cavity, and impingement occurs on the trailing wall edge.

Additionally, flow topology changes are observed at Re = 1000. In this case, recircula-
tion zones have reached their final shape and no longer depend on Re. The main difference
from Re = 100 cases is the shift of vortex centre position to the vicinity of the trailing wall.
In such flow, force is balanced between the main flow in the channel and the recirculation
flow in the cavity. Concerning heat transfer enhancement in investigated geometries, Ch3
seems to be most promising due to the longest-lasting shear layer reattachment and the
most unstable recirculation zone, especially at higher Re.

Additionally, corner eddies (known as Moffat eddies) located between the leading cavity
wall and the recirculation zone are formed in Ch1. The length of corner eddies is measured by
the wall shear stress on the cavity bottom. The presence of corner eddies is due to an adverse
pressure gradient behind the leading wall [14]. The minimum wall shear stress values are
associated with the beginning and the end of the eddy. The distribution of wall shear on the
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Ch1 bottom is given in Figure 7a. Note that the lengths of corner eddies in all investigated Re
cases are tiny; therefore, they are not visible in Figure 6. In Ch1, the size of the corner eddy
increases with increasing Re in similar manner to the main recirculation zone (Figure 7b).
It is well known that fluid flow through a corner that is greater than 73.5◦ creates Moffat
eddies [15]; therefore, corner eddies do not form for the rounded cavity corners (Ch2 and
Ch4) (Figure 6). Additionally, corner eddies in Ch3 are absent due to gradually rounded
corners—the adverse pressure gradient is insufficient for flow separation, and streamlines
follow the corner geometry without forming recirculation zones.
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Figure 6. Static pressure contours and velocity streamlines in Ch1, Ch2 and Ch3 at Re = 10, 100 and 1000.
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Figure 7. Wall shear distribution on the bottom of Ch1 (a) and xC dependency on Re (b).

Flow velocity u profiles in Ch1, Ch2 and Ch3 are given in Figures 8 and 9. The profiles
are measured along the cavity in the middle plane at equal distances of 0.5h1. The velocity
profiles of Ch4 are not presented since they are identical to Ch1. As can be seen, velocity
profiles in Ch1 and Ch2 coincide in most cases. Slight differences are observed only at the
beginning of the cavity and near the trailing wall due to different corner rounding radii.
In Ch2 at Re = 100 (Figure 8), the recirculation zone is affected by a gradually decreasing
channel cross-section. Therefore, the interaction between the main flow and recirculation
zone is strengthened, causing a stronger recirculation zone at 0.3 < y/h1 < 0.75. Higher
u velocities along the cavity in Ch3 at Re = 100 are determined by a shorter and weaker
recirculation zone. As Re increases, velocity profiles coincide well because flow structure in
the cavity is stable and small changes in cavity geometry have a diminishing influence on
flow structure.
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Figure 8. Velocity u profiles in Ch1, Ch2 and Ch3 at Re = 100.
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Figure 9. Velocity u profiles in Ch1, Ch2 and Ch3 at Re = 1000.

The most significant geometry impact is observed in Ch3 at Re = 100, where the
recirculation zone is weaker and a thinner reverse flow layer is observed compared to other
cases. The highest velocity values are observed when Re ≥ 100 due to the lowest pressure
losses. Figure 10 gives pressure loss dependency on Re. Pressure loss is calculated as the
difference between inlet and outlet pressure. As can be seen, pressure losses in all cases
are similar at low Re. As Re increases, pressure losses remain similar in Ch1 and Ch2;
however, decreased pressure losses are observed in Ch3, as could have been foreseen from
the velocity fields and profiles presented above. The reduction of pressure losses due to
cavity corner rounding could serve as a roadmap in designing specific applications.
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Figure 10. Pressure drop in Ch1, Ch2 and Ch3.

3.2. Investigation of Flow Topology in the x–z Plane

Flow streamlines and velocity u profiles measured in the x–y plane are given at
y/h1 = 0.5 (in Figures 11 and 12). At Re = 100, lateral vortices are observed in all investigated
cases. Note that longitudinal dimensions differ in every investigated channel due to geome-
try limitations. For example, the growth of lateral vortices in Ch3 is determined by increased
velocity in the centre of the channel; therefore, more kinetic energy is transferred to lateral
vortices, thus increasing their size. Further, since the recirculation zone in Ch3 is smaller
than in other cases, the difference in reverse flow distribution between Ch3 and Ch1/Ch2
is evident, as can be observed from the x–z plane velocity u profiles (Figure 12). In Ch3,
the separated shear layer reattaches to the cavity bottom (Figure 6), and the recirculation
zone is smaller than in other cases. Therefore, the effective flow cross-section increases
in the cavity. Due to more space for flow development above the recirculation zone, the
velocity at y/h1 = 0.5 is more than three times greater than in other cases at the middle part
of the cavity.

Appl. Sci. 2022, 12, 6288 10 of 13 
 

increases in the cavity. Due to more space for flow development above the recirculation 

zone, the velocity at y/h1 = 0.5 is more than three times greater than in other cases at the 

middle part of the cavity. 

 

Figure 11. Velocity contours in the x–z axis. 

When the flow approaches the trailing wall, the velocity differences between the in-

vestigated channels become lesser, yet are still notable. However, as the Re increases to 

Re = 1000, the impact of geometry on flow topology becomes less significant because re-

circulation zones become of comparable size. The lateral vortices formed near the leading 

wall are displaced towards sidewalls in Ch3 compared to Ch1/Ch2 because the trailing 

cavity wall is being bent inside the cavity, and from the resulting space restrictions the 

vortex centre is stretched across the cavity. A lesser effect is observed in Ch1. The opposite 

is observed in Ch2, where lateral vortices are close to each other and in the vicinity of the 

cavity mid-plane when the trailing wall is bent outside, and the vortex core is less re-

stricted.  

 

Figure 12. Velocity u profiles at the x–z plane height of y/h1 = 0.5. 

Turbulence intensity profiles at Re = 1000 are given in Figure 13. Re = 1000 is pre-

sented due to the flow structure being considered fully developed in the cavity. It is 

known that increased Tu values may cause flow instabilities and the presence of second-

ary flows [16]; therefore, the distribution of Tu is investigated to analyse flow stability.  

 Ch1 Ch2 Ch3 

R
e 

= 
10

0 

 

 

 

 

 

 

R
e 

= 
10

00
 

 

 

 

 

 

 

 

Re = 100 Re = 1000 

  

 

0

0.2

0.4

0.6

0.8

1

−0.10 0.00 0.10

z/
h

1

u/u0

x/h1 = 1

0

0.2

0.4

0.6

0.8

1

−0.10 0.05 0.20

z/
h

1

u/u0

x/h1 = 2

0

0.2

0.4

0.6

0.8

1

−0.10 0.10 0.30

z/
h

1

u/u0

x/h1 = 3

00.20.40.60.81

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30

z/ h
1

u/u0

x/h1 = 3Ch1 Ch2 Ch3

0

0.2

0.4

0.6

0.8

1

−0.08 −0.04 0.00

z/
h

1

u/u0

x/h1 = 1

0

0.2

0.4

0.6

0.8

1

−0.12 −0.06 0.00

z/
h

1

u/u0

x/h1 = 2

0

0.2

0.4

0.6

0.8

1

−0.12 −0.03 0.06

z/
h

1

u/u0

x/h1 = 3

00.20.40.60.81

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30

z/ h
1

u/u0

x/h1 = 3Ch1 Ch2 Ch3

Figure 11. Velocity contours in the x–z axis.

When the flow approaches the trailing wall, the velocity differences between the
investigated channels become lesser, yet are still notable. However, as the Re increases
to Re = 1000, the impact of geometry on flow topology becomes less significant because
recirculation zones become of comparable size. The lateral vortices formed near the leading
wall are displaced towards sidewalls in Ch3 compared to Ch1/Ch2 because the trailing
cavity wall is being bent inside the cavity, and from the resulting space restrictions the
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vortex centre is stretched across the cavity. A lesser effect is observed in Ch1. The opposite
is observed in Ch2, where lateral vortices are close to each other and in the vicinity of the
cavity mid-plane when the trailing wall is bent outside, and the vortex core is less restricted.
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Figure 12. Velocity u profiles at the x–z plane height of y/h1 = 0.5.

Turbulence intensity profiles at Re = 1000 are given in Figure 13. Re = 1000 is presented
due to the flow structure being considered fully developed in the cavity. It is known that
increased Tu values may cause flow instabilities and the presence of secondary flows [16];
therefore, the distribution of Tu is investigated to analyse flow stability.

Out of all investigated channels, the highest increase of Tu is observed in Ch2. This
implies that the fully curved cavity bottom corners cause the flow to become less stable, i.e.,
the flow tends to fluctuate. Gradually decreasing the cross-section (near FFS) strengthens
interactions between the recirculation zone centre and the main flow. Thus, flow perturba-
tions near the recirculation zone centre occur; therefore, peak Tu is observed at x/h1 = 3.5.
This applies to Re = 500 and Re = 1000; therefore, its magnitude does not depend on
Re. Additionally, increased Tu implies that the flow becomes less two-dimensional [17].
Conversely, the opposite situation is seen in Ch3, where Tu decreases in the recirculation
zone, implying that the recirculation zone is more stable.
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Figure 13. Turbulence intensity profiles along the cavity at Re = 1000.

3.3. Investigation of Flow Parameters Corresponding to Flow Stability

Skin friction coefficient Cf distribution on the cavity bottom wall is given in Figure 14.
Increased Cf is associated with increased static pressure along the cavity. The minimum Cf is
observed behind the leading cavity wall, where small secondary vortices or smooth streamlines
are present depending on corner geometry. Cf abruptly increases with the beginning of the
recirculation zone and reaches a plateau in Ch1 and Ch2 in the middle of the cavity at the
recirculation zone centre. The Ch3 recirculation zone is not fully formed; therefore, Cf values
are lower, and a plateau is not observed as the recirculation zone size decreases along the cavity,
contrary to Ch1 and Ch2. A slight decrease in Cf is observed at x/L ~0.7 in Ch1 and Ch2 as the
recirculation zone weakens along the cavity. In Ch3, Cf reduction is more pronounced due to
shear layer reattachment to the cavity bottom. As the trailing wall of the cavity approaches,
the favourable pressure gradient rapidly increases, leading to increased Cf. In Ch1 and Ch2,
Cf distribution along the cavity is similar because of analogous recirculation zone dynamics.
However, in Ch3, the adverse pressure gradient is lower at the inlet of the cavity; therefore, a
weaker recirculation zone is formed, leading to lower flow resistance.
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Figure 14. Skin friction coefficient at Re = 100.

4. Conclusions

In this study, dynamics of laminar flow in open-type cavities with differently rounded
corner geometries were numerically investigated.

Investigation of recirculation zone structure based on cavity corner shape showed that
corner geometry determines the size and number of vortices in the cavity. The strongest
recirculation zone is formed in the right-angled cavity (Ch1), and vortex size decreases in
half-rounded (Ch4) and fully rounded (Ch2) bottom corners and rounded upper (Ch3) cor-
ners due to a reduced adverse pressure gradient behind the leading cavity wall. Rounded
corner type and radius also affect the location and size of the transverse vortex centre with
respect to the side and trailing walls of the cavity.

Parametric analysis revealed that pressure losses are notably lower with rounded
upper cavity corners (Ch3) due to reduced recirculation zone size and an increased effective
flow cross-section. Flow stability analysis showed that fully rounded cavity corners (Ch2)
negatively impact flow stability by increasing Tu near the trailing cavity wall. The gradually
decreasing channel cross-section near the trailing wall strengthens the interactions between
the recirculation zone and the main flow, causing flow perturbations to appear.

Broader analysis of flow structure on flow regime and investigation of heat transfer
processes dependent on small changes to cavity geometry will be presented and discussed
in forthcoming papers.
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Nomenclature

L [m] Cavity length; Tu [-] Turbulence intensity, Tu =
√

u′2
u0

b [m] Cavity width; u’ [m/s]
Longitudinal velocity fluctuation,

u′ =
√

1
3
(
u′2 + v′2 + w′2

)
;

h1 [m] Step height; ∆c [m] Cell size;
h [m] Channel inlet/outlet height; Dh [m] Hydraulic diameter, Dh = 2hb

(h+b) ;

H [m]
Height of the channel in the cavity

ER [-] Expansion ratio, ER = H
h1

;
cross-section, H = (h + h1);
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u [m/s] x-axis velocity; u0 [m/s] Inlet x-axis velocity;

v [m/s] y-axis velocity; AR [-] Aspect ratio, AR =
(

b
h

)
;

w [m/s] z-axis velocity Re [-] Reynolds number, Re = u×Dh
ν ;

τw [Pa] Skin shear stress on a surface; ν [m2/s] Kinematic viscosity;
V [m/s] Velocity, V =

√
u2 + v2 + w2; Cf [-] Skin friction coefficient, C f =

τw
1
2 ρv2 ;
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