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Recirculation zone dynamics in a cavity located in the bottom wall of a water channel with heighth = 0.3 mm
and width b = 0.9 mm are investigated experimentally and numerically.

A microparticle image velocimetry method and instrumentation are used for the experimental determination
of flow velocity distribution and reattachment pattern with Reynolds number from Rep, = 30-2000, cavity
length to depth ratios of L/h; = 10 and 16, and channel expansion ratios of H/h = 1.3, 1.5, 2, 3, and 5.
Numerical simulation using commercially available Ansys Fluent software is conducted for analysis of the in-
fluence of flow regime and cavity dimensions by changing Repy, L/h;, and H/h in the ranges of (1-10°), (8-36)
and (1.25-5), respectively.

The experimental and numerical simulation results show that in a laminar flow regime reattachment length
increases with increasing Repy, in the same manner as in flow over a backward-facing step. Rey; and H/h are the
main scaling parameters for the reattachment length. However, the results suggest that the transition to a tur-
bulent flow regime occurs earlier due to the small channel spanwise aspect ratio AR = b/h = 3. Rey,; = 500 and
Rep; = 2000 are the critical values that determine the onset of flow transition from a laminar to a turbulent
regime and the onset of fully developed turbulent flow, respectively. In addition, it is found that the influence
degree of channel expansion ratio depends on whether H/h > 2or H/h < 2.

1. Introduction

Flow separation phenomenon and recirculating flows are relevant to
many practical and fundamental applications. Flow separation usually
occurs at abrupt changes in the channel cross-section area or its wall
geometry and is caused by an adverse pressure gradient. Flow over a
single backward-facing step is the simplest and most examined pattern
[1]. However, in many applications, channel expansion due to abrupt
steps in a wall is limited by forward-facing step narrowing of the
channel cross-section. In such cases, a local cavity forms in the channel
wall with flow dynamics similar to the flow dynamics over a single
backward-facing step. However, the flow over a cavity shows different
behaviours due to confinement of expanded channel length. Cavities
are frequently encountered in practical applications including heat
transfer surfaces of heat exchangers and heat sinks [2,3], as well as
various mixing enhancement [4-6] and biofluidic applications [7,8].
When flow separates from the edge of a backward-facing step, the flow
and thermal boundary layer redevelop in the cavity. This redeveloping
flow is characterised by enhanced heat transfer processes along the
length of the cavity. The length of redeveloping flow depends on the
flow regime, cavity type, and the geometric parameters. Knowledge of
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separated flow dynamics in cavities is crucial to improving heat transfer
in cavity-like geometries.

In our previous work [9], flow structure in a transitional-type cavity
was investigated dependent on the flow regime when the influence of a
forward-facing step is evident for reattachment length. It was shown
that a system of periodically detached vortices is formed behind the
backward-facing step in a turbulent flow regime and determines the
asymptotic value of reattachment length. Large eddy simulation (LES)
revealed that the size of the primary vortex behind the backward-facing
step is determined by the depth of the cavity, and the primary vortex
separates from the edge of the backward-facing step after critical size is
reached. From these results it is evident that the behaviour of the re-
circulation zone in the cavity has an impact on heat transfer processes
on the bottom of the cavity because the stagnant recirculation zone in
transitional flow regime reduces heat transfer efficiency.

Zhang et al. [10] investigated flows at different cavity length-to-
depth (L/h;) ratios and found that transition from open to transitional-
type flow occurs at L/h; = 10-12 and change from transitional to
closed-type flow occurs at L/h; = 14 in supersonic flows. Coleman
et al. [11] found that flow structure in a cavity changes at L/h; = 5
when principal vortices swap their positions. Leonardi et al. [12]
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Nomenclature

AR spanwise aspect ratio, AR = b/h

b channel width (m)

Dy turbulent diffusion production

& dissipation

Fjj rotation production

H height of the channel in the cavity cross-section (m), H =
(h + hy)

h height of the channel (m)

h, cavity depth (m)

L cavity length (m)

Py a term for stress production

RANS Reynolds-averaged Navier-Stokes equations
Re Reynolds number

Repn channel Reynolds number

Ren cavity Reynolds number

P density, kg/m?>

RSM-BSL Reynolds-stress baseline model
Xy reattachment length (m)

D pressure strain

observed that for L/h; > 7, the strength and size of the main re-
circulation zone no longer depend on L/h;. Palharini et al. [13] showed
that in certain conditions closed-type cavity flow can occur when L/
h; = 5. Nevertheless, the reported results on cavity flow do not agree.
To the best of our knowledge, no reattachment length analysis on
geometric cavity parameters was performed.

A more detailed analysis of reattachment length was performed on
the flows over various backward-facing steps. Studies of flows over
backward-facing steps show that reattachment length depends on flow
regime in the channel and three reattachment length patterns can be
distinguished [14-16]. These patterns have been confirmed many times
in different channels and obstacle geometries. In a laminar flow regime,
reattachment length increases linearly with Re number [16-20] until it
becomes unstable in a transitional flow regime [16]. Studies have
shown that reattachment length abruptly decreases after transition to a
transitional flow regime [14,19] until a turbulent flow regime is
reached; reattachment length saturates and becomes nearly in-
dependent of Re. As reported in Chen et al. [1], for a fully developed
turbulent flow regime, reattachment length falls in a saturated range of
6-8 step (or obstacle) heights, regardless of other geometric para-
meters.

Abrupt channel expansion causes an adverse pressure gradient in
the cavity, which leads to flow separation. The effect of channel ex-
pansion ratio on flow structure has been widely investigated on flows
over backward-facing steps [1,19,21]. It was shown that vortex in-
tensity [17], as well as flow complexity and formation of additional
recirculating zones behind backward-facing steps [12], depend on
channel expansion ratio. Several authors investigated dependence of
reattachment length dynamics on channel expansion ratio [16,22,23].
In research by Nadge and Govardhan [22], it is reported that in a tur-
bulent flow regime reattachment length increases linearly until H/
h = 1.8 is reached, and remains constant at higher values. Biswas et al.
[18] showed that reattachment length increases with the expansion
ratio in a laminar flow regime in the range of H/h = 2-3. However, the
mechanism changing separated flow dynamics at different channel
expansion ratios is still unclear. The problem becomes even more
complicated when a forward-facing step is present, influencing re-
circulating flow dynamics.

In certain applications [23,24], it is critical to know the length of
the recirculation zone. Heat transfer intensity is enhanced at the loca-
tion where the shear layer reattaches to the bottom of the cavity

[25-28]. The shear mixing layer length can also be evaluated [4]. Gong
et al. [23] suggested an equation for recirculation zone length for flow
over a backward-facing step, with an error < 2.5% for 40 < Re <
200:

— X _ 0.112Re — 0.27, for2.6 < H/h < 200

(H/h — Dh (€8]
Tihon et al. [16] proposed a formula for the reattachment length in

the form

H/h(ﬁ) = 0.3Re?75
hy

2)
with an error < 7% for 1.25 < H/h < 5 and Re, < 200.
Cantwell et al. [20] presented linear dependence on Re for re-

circulation zone length in an axisymmetric circular pipe in the form

X = 0.0876Re
hy 3)

As observed from the literature review, dynamics of recirculation
flow, caused by abrupt channel expansion (backward-facing step, ob-
stacle, or a cavity in the channel), depend on geometric parameters and
flow regime. However, there is a lack of generalisation of parameters
determining reattachment length dynamics over a wide range of Re and
geometric parameters, especially in cavities.

In this study, a cavity with arched steps is used. Usually, experi-
ments and numerical studies are conducted for vertical, 90 degrees,
steps for flows over a backward-facing step [15-17,19], and cavities
[12,29,30]. Flows over different step geometries have attracted less
research attention. Several studies investigated flow over inclined
[31-33] and rounded [34] backward-facing steps. However, to the best
of our knowledge, reattachment length dynamics in cavities with
rounded steps have never been investigated.

The purpose of this study is to generalise reattachment length dy-
namics in cavities depending on flow regime and geometric parameters,
relating them to fundamental fluid mechanics patterns. In this study,
we continue our investigation of reattachment length dynamics in
cavities depending on geometric parameters of the cavity and flow re-
gime. Experimentally measured and simulated values of the relative
recirculation zone length in cavities are presented over a wider range of
Re (1 < Rep, < 10°), relative cavity length (6 = L/h; < 36), and
channel expansion ratio (1.25 < H/h < 5). Hence, the influence of the
forward-facing step on reattachment length dynamics in cavities is
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Fig. 1. General scheme of the cavity.
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explained. In addition, the influence of channel expansion ratio is
generalised by linking to the distribution of an adverse pressure gra-
dient and patterns of stream spreading.

We organize this paper as follows. In Section 2 we introduce ex-
perimental set-up and physical object as well as the numerical method
used for simulations. Experimentally measured and simulated values of
reattachment length over cavities with different geometrical para-
meters and extensive discussions of obtained results are presented in
Section 3. Conclusions are presented in Section 4.

2. Materials and methods

In this study, experimental and numerical methods were employed.
Experimental measurements were performed for Rep, < 2000. Higher
Repy, values could not be reached due to system limitations. Numerical
simulation was applied to reach Repy, values up to Rep, = 10°.

2.1. Experimental facility and instrumentation

Experiments were performed in the cavity presented in Fig. 1. The
channels have rectangular cross-sections with height h = 0.3 mm and
width b = 0.9 mm, with a tolerance of 0.01 mm. The spanwise aspect
ratio is b/h = 3, and reattachment length analysis corresponds to three-
dimensional channel geometry. One sidewall of the channels contains a
transitional or closed-type cavity with depths (h;) of 0.09, 0.15, 0.6,
and 1.2 mm with a tolerance of 0.02 mm and roughness of
0.001-0.005 mm. Cavities are of the same shape as in our previous
work [9], but with different dimensions. Cavities with length-to-depth
ratios of L/h; = 10 and L/h; = 16 and channel expansion ratios of H/
h = 1.3, 1.5, 2, 3, and 5 were investigated.

A micro-particle image velocimetry (UPIV) system was used for flow
velocity distribution measurements. The location of the shear layer
reattachment was determined according to minimum velocity along the
cavity bottom where reattaching flow splits into upstream and down-
stream flows.

Experimental measurements were performed at Rep, =< 2000.
Higher Rep;, values could not be reached due to limited set-up cap-
abilities. Water was used as a working fluid. During measurements,
water temperature was maintained at 22 = 1 °C. Fluorescent 1 pm
diameter tracer particles (Invitrogen, Waltham, MA) with a specific
gravity of 1.05 and excitation and emission wavelengths of 535 nm and
575 nm, respectively, were introduced into the water flow. The water
flow was generated using a programmable syringe pump (WPI AL400)
and ensuring the flow rate up to 114.5 ml/min. The pPIV system con-
sisted of a Nd:YAG type laser (Dantec Dynamics), the laser control unit
LPU 450 (Dantec Dynamics) and the 2048 x 2048 pixel FlowSense EO
CCD camera (Dantec Dynamics) coupled with Leica DM ILM micro-
scope (Leica Microsystems) was used. DynamicStudio (Dantec
Dynamics) software was employed for devices control and images
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analysis. The image pairs of tracer particles were captured at 15 Hz
frequency with the time interval in the image frames varied from
5 x 1073sto1 x 107> s depending on the flow rate. Time-averaged
velocity data were obtained by averaging flow images for at least 10 s of
flow. An adaptive correlation algorithm was applied for image pro-
cessing. A spatial resolution of 20.6 ym X 20.6 pm and depth of cor-
relation of 42.4 pm were achieved.

2.2. Numerical simulation

Commercially available Ansys Fluent software with the Reynolds-
stress — Baseline turbulence model (RSM-BSL) was used for two-di-
mensional numerical simulation at Repy, values up to Rep, = 10° in the
range of 6 < L/h; < 36, and 1.25 < H/h < 5. The governing
transport equation for Reynolds stresses, pu; ujl«, is:

%(pu,-'u]'-) + aim{(pﬂku,-‘u]'-) = Py + E] + DUT + qDU — & (4)
where Pj; is the stress production, Fy; is the rotation production, Di]-T is
the turbulent diffusion, ®; is the pressure strain, and ¢; is the dissipa-
tion. The choice of the RSM-BSL model is based on its suitability to
capture complex and secondary flows, and its ability to precisely cap-
ture flow separation and reattachment.

Grid independence was ensured by computing several different grid
levels and monitoring the location of the shear layer reattachment. A
grid independence study was performed with an increasing number of
cells, thereby decreasing cell size. Four relative grid sizes with respect
to cavity height were chosen. Upon decreasing relative cell size from
0.6 to 0.05, reattachment length increased by 8.6%. Further decreasing
relative cell size to 0.006, reattachment length decreased 0.5% and
remained constant with further decrease of cell size to 0.0003.

Hence, the ratios of minimum and maximum cell height to the
height of the cavity were chosen as 0.0015 and 0.006, respectively. The
boundary layer was resolved with an inflation layer of 15 cells to assure
that y* was < 1. The SIMPLEC solution algorithm, together with
second-order upwind discretisation schemes were applied in these si-
mulations. As reported in our previous work [9], numerical simulation
results using RSM-BSL are in good agreement with experimental results
in the laminar flow regime and with the trend of reattachment length
dynamics in the turbulent flow regime.

3. Results and discussion

In this section the dependence of relative reattachment length on
the channel flow regime, cavity-type, and relative channel expansion is
analysed following the function:

H
+/hy = f(Repy, Rep L/hy, —
X/ (Repy, Repy L/hy h) 5)

where Repy, and Rey,; are the Re numbers based on channel hydraulic
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Fig. 2. (a) comparison of experimentally measured and simulated reattachment length values, (b) dependence of reattachment length on Rey,; for different cases of

flow over backward-facing step and obstacles.
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diameter and cavity depth respectively, L/h; is the relative cavity
length defining the cavity type, and H/h is the ratio of channel heights
at the cavity cross-section and before a cavity.

3.1. Validation of the results

Fig. 2a demonstrates that simulated reattachment length values fit
the experimental data in the laminar flow regime. However, it is clear
that employed RSM-BSL model struggles to predict transition for la-
minar to turbulent flow regime. Discrepancies occur while approaching
the transitional flow regime; simulated results provide higher re-
attachment length values and transition to the transitional flow regime
occurs at higher Re numbers. However, the trends of reattachment
length values remain the same. These discrepancies were determined by
the two-dimensional simulations and an oversimplification of RANS
simulations when averaging recirculating flow.

Fig. 2b presents a comparison of reattachment length values in flows
over different backward-facing steps geometries and our cavities. A
three-dimensionality effect on reattachment length dynamics is ob-
served in this comparison. Comparing the data provided by Armaly
et al. [15] and Tihon et al. [16], the influence of the channel aspect
ratio is evident. Measured reattachment length values are lower and
transition to the transitional flow regime occurs more abruptly in the
lower channel aspect ratio case presented by Tihon et al. Lower re-
attachment length values at the transition to transitional flow regime
are observed in our study. In our study, the channel aspect ratio is equal
to 3, therefore flow in the channel is heavily three-dimensional. Ad-
ditionally, the steps of the cavities are rounded, decreasing reattach-
ment length, as shown in research by Bravo et al. [34]. Measured and
simulated reattachment length values in our cavity are lower than in
flows over a conventional backward-facing step. Our data also corre-
lates well with measurements of reattachment length over the two-di-
mensional fence by Carvalho et al. [35] with different channel blockade
ratios. It is observed that both channel aspect ratio and geometry have a
significant influence on reattachment length dynamics.

3.2. Reattachment length dependence on flow regime and cavity type

As observed in the experimental and numerical simulation results
presented in Figs. 3, 4, and 5, reattachment length variation trends are
strongly determined by the flow regime. For laminar flow, a single main
vortex forms behind the backward-facing wall of the cavity that in-
creases in length with increasing Repy, until a transition to the turbulent
flow regime or significant influence of the forward-facing step occurs.

The latter phenomenon is observed in the transitional-type cavity
when its relative length is L/h; = 8-12 (Figs. 3 and 4). In such a case,
the forward-facing cavity wall lifts the reattaching shear layer from the
cavity bottom, and stagnant closed recirculating flow occurs along the
entire cavity length. The marked lifting of the reattaching shear layer
becomes noticeable when the reattachment point reaches approxi-
mately the middle of the cavity. The inner structure of flow in the
transitional-type cavity was reported in our previous study [9]. Re-
attachment to the cavity bottom occurs again in the cavity when fun-
damental changes in the internal structure of vortices behind the
backward cavity wall induce the transition to a turbulent flow regime.
The transition to a transitional flow regime occurs at different Repy,
values depending on the relative length of the cavity. For L/h; = 8, 10,
and 12 the attachment to the bottom wall of the cavity is observed until
Rep, = 170, 280, and 300, respectively. The reappearance of shear
layer attachment occurs at higher Repy, values for cavities with shorter
relative length; Rep, = 2500, 950, and 830 for L/h; = 8, 10, and 12,
respectively. The Repy, interval in which shear layer attachment is ab-
sent narrows as relative cavity length increases. This is explained by the
weaker influence of the forward wall of the cavity as cavity length in-
creases.

Experimental and numerical results of relative reattachment length

Experimental Thermal and Fluid Science 119 (2020) 110211

(x;/h;) for a wide range of Rep, and cavity length-to-depth ratios
(4 = L/h; = 36) are presented in Fig. 4. Other cavity parameters
(cavity depth h,, expansion ratio H/h) are kept constant. In this case, all
three types of cavities (open, transitional, and closed-type) are ob-
served. When the relative length of the cavity is less than L/h; = 6, the
reattachment phenomenon in the cavity does not occur and the cavity is
an open-type, which is beyond the scope of this study. The separated
shear layer bridges over the cavity without penetrating deep into the
cavity. Reattachment to the bottom wall of the cavity is observed when
L/h; = 6 is reached. However, the shear layer attaches to the bottom
wall only at low values of Repy, < 85. Exceeding this value, flow
structure in the cavity becomes open-type in the remaining Rep,;, range.

As observed in Fig. 4, when L/h; = 14 is reached, the cavity gra-
dually becomes a closed-type and shear layer reattachment to the
bottom of the cavity occurs in the entire investigated Rep;, range.
However, the peak value of relative reattachment length decreases as
relative cavity length increases to L/h; = 18. As the cavity elongates
from L/h; = 14 to L/h; = 16, x,/h, decreases 14% from 11.5 to 9.85
step heights. However, as cavity relative length changes from L/
h; = 16 to L/h; = 18, x,/h; decreases 4.5% from 8.75 to 8.35 step
heights. Apparently, x,/h; approaches an asymptotic value as relative
cavity length increases, and the influence of the forward-facing wall of
the cavity is negligible. Flow structure in the cavity becomes similar to
the flow over a backward-facing step. In the cases of transitional and
closed-type cavities, in a fully developed turbulent flow regime, relative
recirculation zone length approaches an asymptotic value independent
of the length of the cavity.

In a closed-type cavity (Fig. 5) the peak value of relative reattach-
ment length decreases as channel expansion ratio increases. In this case,
with different H/h values, inlet channel height, h, is kept constant and
cavity depth, h; (and thereby H), is changing. Higher channel expan-
sion ratio leads to faster growth of the separated shear layer, forcing the
shear layer to attach to the bottom wall of the cavity at a shorter dis-
tance from the backward-facing wall. The peak value of recirculation
zone length occurs at higher Repy, as channel expansion ratio decreases.
This shift indicates that the transition to a turbulent flow regime occurs
at higher Repy, values as channel expansion ratio decreases.

In a closed-type cavity (Fig. 5), there is a clear view of the re-
attachment length layering according to the cavity geometric para-
meters in the laminar flow regime. However, there is less layering in a
transitional-type cavity (Fig. 3). For H/h = 5 in transitional and closed-
type cavities, reattachment length values are similar over the entire
range of investigated Repy,. In a transitional-type cavity (Fig. 3), shear
layer attachment to the bottom wall of the cavity persists over the
entire Rep, range, while absence of shear layer attachment in a
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Fig. 3. Dependence of relative reattachment length on Rep, for different H/h
values in the transitional-type cavity (L/h; = 10); curves represent numerical
simulation results, points with error bars represent experimentally measured
results.
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Fig. 5. Dependence of relative recirculation zone length on Repy, for different
H/h values in a closed-type cavity (L/h; = 16); points with error bars represent
experimentally measured results.

transitional flow regime is typical for a transitional-type cavity [9].

The results show that to generalise the reattachment length dy-
namics, parameters estimating the cavity geometry must be introduced.
One parameter must be the cavity depth, which in turbulent mode
limits the size of the intermittent main vortices and determines the
stability of x,/h; independently of Rep,. The H/h parameter is also
critical.

3.3. Reattachment length dependence on cavity depth (h;) and channel
expansion ratio (H/h)

Considering that abrupt channel expansion caused by the cavity is
the source of flow separation and forms the recirculation circuit, se-
parated shear layer reattachment length must be dependent on the
depth of the cavity (h;). The relationship between x, and h; is already
introduced as the relative reattachment length (x,/h;). However, h; can
be used as a parameter in the evaluation of Reynolds number. Rey;
becomes a parameter determining reattachment length dependence on
both the flow regime and depth of the cavity. Rey; and Rep;, are both
widely used in the investigation of reattachment length dynamics be-
hind a backward-facing step [1,16,18].

Dependence of relative reattachment length values on Rey; in a
closed-type cavity is presented in Fig. 6. In a transitional-type cavity,
patterns are the same, but with no reattachment at certain Rey,; values
(Figs. 3 and 4). Therefore, for further analysis, data from closed-type
cavities are presented. It is observed that peak relative recirculation
zone length values occur at the same Rep; when H/h < 2. At higher
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values of H/h, peak values of x,/h; are slightly shifted toward higher
Rey; values. In addition, as H/h value increases, x,/h; decreases at the
same Rey; in a laminar flow regime. The reverse is observed in the
turbulent flow regime; x,/h; increases as H/h increases at the same
Rehl.

Fig. 7 presents dependence of relative reattachment length on
channel expansion ratio for different Repy, values. Generally, reattach-
ment length increases as channel expansion ratio increases from 1.25 to
2. In a laminar flow regime, peak values of x,/h; are reached when H/
h = 2. In a transitional flow regime, peak values occur in the range of
1.5 < H/h < 2. In a turbulent flow regime, the peak value is reached
when H/h = 3. The fastest-growing rates of x,/h; are observed in la-
minar (Rep, = 200) and transitional flow regimes; the slowest rate is at
low Repy, values and in a turbulent flow regime. Increasing H/h further,
relative reattachment length decreases. The rate of decline is fastest in
the transitional flow regime and insignificant in laminar and turbulent
flow regimes.

From patterns presented in Fig. 6, it is observed that in a laminar
flow regime reattachment length values (x,/h; = f(Rey;)) are con-
sistently layered according to channel expansion ratio (H/h). It was
reported by Tihon et al. [16] that parameter H/h can be used for re-
attachment length scaling. However, from the physical point of view, it
is more expedient to relate channel expansion ratio with expansion of
the mixing layer formed due to the interaction of the separated shear
layer with the recirculating flow behind the backward-facing wall. It is
known that the growth rate of the separated shear (mixing) layer is
determined by the transversal velocity pulsation component and can be
estimated as

Vi—v2
vi+ WV (6)

d=

where v; is the mean channel flow velocity at the inlet to the cavity, v,
is the mean flow velocity in the cavity cross-section, and x is the dis-
tance from the inlet to the cavity.

In our case, the asymmetric spreading of flow enters the cavity. v, is
chosen as the mean velocity in the cavity, which decreases h/H times
compared to the mean velocity in the channel before entering the
cavity. The dependence of the separated shear layer spreading rate is
presented in Fig. 8.

As observed in Fig. 6, distinct peaks of reattachment length at the
transition from laminar to turbulent flow regime are observed only
when H/h < 2. Further increasing Repy, relative reattachment length
decreases and approaches an asymptotic value in a fully developed
turbulent flow regime. However, for H/h > (2-3), smooth reattach-
ment length growth without a well-defined peak is observed. It is ap-
parent that the adverse pressure gradient in the cavity increases as the
channel expansion ratio increases (dp/dx > 0). The adverse pressure
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Fig. 6. Dependence of relative recirculation zone length on Rey; for different
H/h values in a closed-type cavity (L/h; = 16).
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Fig. 8. Dependence of spreading rate of the separated shear layer in the cavity
on channel expansion ratio.

gradient forces the shear layer to reattach to the bottom wall of the
cavity at a shorter distance. Whereas, the separated shear layer
spreading rate increases as the channel expansion ratio increases. For
this reason, shear layer reattachment occurs at a shorter distance and
relative reattachment length shortens as H/h increases. The influence of
the adverse pressure gradient and shear layer spreading rate becomes
dominant in the cavity as it changes reattachment length pattern in a
transitional-type cavity (Fig. 3, H/h = 5). The recirculation zone is
stabilised by the high adverse pressure gradient and the laminar flow
regime persists up to higher Rey; values (Fig. 6). In addition, the in-
fluence of the forward-facing step becomes insignificant at high channel
expansion ratios.

The turning point in Fig. 8 corresponds to the H/h value at which
the mixing layer spreading rate and the dynamics of recirculation zone
length change their patterns in the cavity. The turning point is in the
range of H/h = 2-3. As observed in Figs. 4-6, relative reattachment
length dependence on Re can be separated into two groups, H/h < 2
and H/h > 2. For H/h < 2, defined peaks and higher maximum re-
lative reattachment length are observed than for H/h > 2. When H/
h > 2 (especially when H/h = 5), relative recirculation zone length
monotonically increases until the asymptotic value in a turbulent flow
regime is approached.

3.4. Reattachment length scaling

Parameter (H/h) (x,/h;) versus Rey; for scaling of reattachment
length was first introduced by Tihon et al. for laminar flow over a single
backward-facing step. Dependence of (H/h)(x,/h;) on Rey; for flow
over cavities is presented in Fig. 9. As observed, this parameter
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performs well for fitting data in the laminar flow regime. Peak values
still occur at the same Rey; when H/h < 2. However, in the turbulent
flow regime (H/h)(x./h;) is directly proportional to the channel ex-
pansion ratio (H/h) component. Nevertheless, from the data presented
in Fig. 6, we see that parameter x,/h; versus Rey; works satisfactorily
for fitting data points in a turbulent flow regime.

Fig. 10 presents the dependence of reattachment length on Rey; in
transitional and closed-type cavities. Reattachment length values in a
laminar flow regime are depicted on the left side of the graph. The data
can be fitted to

(E)(ﬁ) = 0.35Re
h)\ Iy @)

This relationship is strong for low Rey; values; scattering increases
with Rep,;. The uncertainty is 8% when 0 < Rep; < 100, 10% when
100 < Rep; < 200, and 16% when 200 < Rep; < 350. For com-
parison, the relation for backward-facing step flow estimated by Tihon
et al. [16] is valid for Re < 200 with an error of < 7%. The different
coefficients used are determined by differences in geometries, and the
presence of a forward-facing step for cavity flow.

On the right side of Fig. 10, the dependence of relative reattachment
length on Rey; for a turbulent flow regime is presented. Because the
reattachment length in the turbulent flow regime depends only on
Reynolds number, cavity geometry does not influence the structure of
the flow. The relation can be written as

21 = 7 + 50Re >
h

®

This relation becomes stronger as Rey; increases because in a fully
developed turbulent flow regime, relative recirculation zone length
approaches its asymptotic value, which is in the range of 6 to 8 step
heights. The uncertainty is approximately 20%  when
500 < Rey; < 10% and 12% when 10* < Rey; < 10°. The re-
circulation zone enters the system of vortices after transition to a tur-
bulent flow regime [9]. The mean location of vortices attachment no
longer depends on Rey; and remains constant.

4. Conclusions

In this study, dynamics of reattachment length in transitional and
closed-type cavities depending on geometric parameters under laminar,
transitional, and turbulent flow regimes were investigated using ex-
perimental and numerical approaches. Flow in the investigated cavity is
three-dimensional and the channel aspect ratio b/h = 3. In laminar and
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Fig. 9. Dependence of relative reattachment length multiplied by channel ex-
pansion ratio on Rep; for different H/h values in a closed-type cavity (L/
h; = 16).
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Fig. 10. Relation of recirculation zone length in laminar and turbulent flow
regimes.

turbulent flow regimes, reattachment length dynamics correlate with
the flow over a backward-facing step. However, discrepancies were
revealed in the transitional flow regime; flow in the cavity is mostly
influenced by channel expansion ratio and cavity type.

With increasing relative cavity length (L/h;), transitional-type
cavity flow occurs at L/h; = 6 and changes to a closed-type cavity at L/
h; = 14. Peak relative reattachment length is also reached at L/
h; = 14. Increasing relative cavity length further, the peak value of x,/
h; decreases until L/h; = 18 and becomes nearly constant at higher L/
h; values because the influence of the forward-facing step becomes
insignificant. It is apparent that the forward-facing step lifts the re-
attaching shear layer from the bottom of the cavity and consequently
increases reattachment length.

Channel expansion ratio H/h determines the expansion of the se-
parated shear layer and adverse pressure gradient in the cavity. For low
channel expansion ratios (H/h < 2), reattachment length reaches
higher values with defined peaks at the transition from a laminar to a
transitional flow regime. For high channel expansion ratios (H/h > 2),
an adverse pressure gradient forces the separated shear layer to re-
attach at a shorter distance from the backward-facing step of the cavity.
At H/h = 5, a transition from laminar to turbulent flow regime occurs
smoothly without defined reattachment length peaks.

Recirculation zone length in a laminar flow regime can be estimated
as (X, /hl)(%) = 0.35Re}7. This relation persists until the transition to a
turbulent flow regime is reached. After the transition to a turbulent flow
regime, recirculation zone length approaches its asymptotic value and

can be estimated as (x,/h;) = 7 + 50Re; .
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