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Abstract

The energy consumption of mechanical ventilation in buildings needs to be reduced. An efficient way to achieve this goal is to reduce
the hydraulic resistance of the ventilation duct system elements, for example, that of sudden expansions. Ventilation ducts and pipe
fittings are frequently of rectangular cross-section. The present paper investigates a passive flow control method in order to reduce
the loss coefficient of a square-to-square sudden expansion, where the loss-reducing appendages are short guide vanes, termed as
miniflaps, placed at the step edge of the sudden expansion. The turbulent flow is examined numerically using the generalized k-w
model of the Ansys Fluent software for different area ratios of the sudden expansion, miniflap lengths, and miniflap angle setups.
The Reynolds number is kept constant at 1.08-10°. Based on the results of the numerical simulations, the loss coefficient of the sudden

expansion can be reduced by ~20-25% for an optimum miniflap angle between 9° and 12°. Increasing the length of the miniflaps leads

to a greater reduction of the loss coefficient up to a miniflap length of 0.3 d,
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1 Introduction
Pipe systems provide a highly effective way of transport-
ing fluids, such as water, oil, or even fresh air. All ele-
ments of these systems — straight pipe sections, elbows,
junctions, and area changes — exhibit a flow resistance,
which is directly related to the pumping power of the
applied machinery to maintain the prescribed mass flow
rate in the pipe system. Due to the importance of envi-
ronmental awareness and the swift increase in the price of
energy, hydraulic research has reappeared in the focus of
researchers' attention. Among the various hydraulic sys-
tems, distinctive attention has been given to mechanical
ventilation systems, being more and more indispensable in
the building sector and representing a considerable share
(~10-20%) [1] of the total energy consumption of edifices.
The research in the field of mechanical ventilation is also
interesting from the point of view that ventilation ducts
are often of rectangular cross-section, which are generally
underrepresented in the scientific literature compared to
pipes of circular cross-sections.

Hydraulic elements of ventilation duct systems — besides
straight ducts — can be categorized into three main groups:

.1 Where d, is the upstream hydraulic diameter of the duct.

1. change the direction of the flow (elbows, bends);

2. divide or unite the flow (T-junctions, manifolds);

3. change the cross-section of the flow (contractions,
expansions).

Rough design guidelines are given in building service
engineering standards [2] in order to calculate and reduce
the resistance of the above-listed elements, however,
researchers are constantly investigating more elaborate
geometries for further energetic improvement. Examples
of the scientific literature given in the following are all
related to the field of mechanical ventilation. In order to
reduce the flow resistance of an elbow, Ziganshin et al. [3]
provided a novel geometry with a profiled internal wall,
which also significantly shortened the influence zone of
the element. Yin et al. [4] and Zhang et al. [5] both inves-
tigated the effect of guide vanes mounted in an elbow:
the former paper reports a computational fluid dynamics
(CFD) based optimization process of the geometry and
location of the guide vanes, using field synergy and viscous
dissipation principles, while the latter one investigates
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the loss reducing capabilities of a guide vane with a saw-
like trailing edge, designed using biomimetic principles,
inspired by the wings of bats and the fins of humpback
whales. As for T-junctions, biomimicry has as well been
taken advantage of by Gao et al. [6] to propose a novel
shape — resembling tree junctions — with decreased losses.
The same group of researchers also provided a CFD-based
optimization for the location and shape of a guide vane
in order to minimize the losses of tees [7].

Regarding changing the cross-section of ducts, expan-
sions generally represent a higher hydraulic resistance
than contractions [8]. Properly designed diffusers can
expand the area with moderate losses, however, due to
the generally limited available space in the building
industry, often much shorter sudden expansions get to be
installed [9]. Scientific literature on the resistance reduc-
tion of sudden expansions, however, is limited to axisym-
metric cases: Heskestad [10], e.g., applies a suction at the
step edge, while Mandal et al. [11] investigate the effect of
a fence placed inside the separation zone. Bae and Kim
[12, 13] report an extensive CFD-based parameter study
of a sudden expansion with a chamfered edge, being
analogous to the stepped diffuser geometry described
by Idelchik [8]. So as a start to fill in the gap regarding
the loss reduction of rectangular expansions, the authors
of the present article offered a simple, passive flow con-
trol technique for square-to-square sudden expansions
in [14]. Loss-reducing appendages — aka miniflaps — were
placed at the edge of the step, and an experimental cam-
paign was carried out as a proof of concept for a concen-
tric, square-to-square sudden expansion of an area-ratio of
n,,=(d,/d, ) =278 and a miniflap length of / = 0.13d
(for the sketch of the geometry and the notations, see
Fig. 1 (a)). A 14-25% relative reduction of the loss coeffi-
cient could be reached for the investigated Reynolds num-
ber range of Re = (0.37 — 1.82)-10°. The optimum angle
of the miniflaps resulted to be % = 12° £ 1°, demon-
strating only a minor dependence on the Reynolds num-
ber. The experiments, however, were confined to only one
investigated geometry, hence a need to expand the param-
eter space was conceived by the authors.

CFD simulations have been proven to be an effective
and economically affordable tool to expand the parameter
range and get a deeper insight into flow details, sometimes
unavailable from measurement results. Although numeri-
cal simulations generally come at a lower cost than exper-
iments, the number of the examined parameters — conse-
quently the number of simulation cases — should be strongly
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Fig. 1 Geometry of the sudden expansion equipped with miniflaps;

(a) Sketch and notations; (b) 3D representation of the quarter geometry
with the collar

controlled to keep the need for computational resources
and time at a moderate level. However, basic trends and
sensitivity of the loss coefficient to the different param-
eters are expected to be predicted from even a limited
number of simulations, which can also give a fundamental
indication for expanding the parameter range in the frame-
work of future research. To this end, this study provides
a modest expansion of the parameter space with the help
of CFD, as given in Table 1. The area ratio is examined in
the practically relevant range, while the miniflap angles
are set in the proximity of the expected optimum [14].
As the geometry appearing in the formerly cited research
of Bae and Kim [12, 13] shares some common features
with the miniflap method, their results provide guidelines
in the current study for setting the miniflap length range,
provided in terms of the upstream hydraulic diameter.

Table 1 Numerically investigated parameter space

1 2 3
Arearatio (n,,) 2 2.78 4
Miniflap length (lm/dm) 0.13 0.3 0.5
Miniflap angle (o) 9 12 15
Reynolds number (Re) 1.08-10°
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The dependence of the optimum angle on the Reynolds
number is expected to be modest [12—14], therefore, only
one Reynolds number is examined. The Reynolds number
is defined as Re =i d,, /v, where i, is the average upstream
streamwise velocity, d,, is the upstream hydraulic diame-
ter, and v is the kinematic viscosity of air.
Based on the numerical results, the research aims
at predicting a trend of:
1. the optimal miniflap angle in the function of the
miniflap length and the area ratio;
2. the loss coefficient at the optimal angle of the miniflap
in the function of the miniflap length and area ratio.

2 Methods

The numerical procedure presented in this paper has been
carried out using the ANSYS Workbench 2021 R2 com-
mercial CFD software package [15].

2.1 Geometry

The sketch of the numerical model of the sudden expan-
sion with the miniflaps is demonstrated in Fig. 1 (a).
The upstream and downstream duct lengths and inner
hydraulic diameters are denoted as /,, [, d,, and d,,,
respectively, while Ly stands for the length of the miniflaps,
and a stands for the angle of the miniflaps with respect to
the duct axis. A total of 27 different geometry variants are
presented in the current study, as it has been given earlier
in Table 1. The geometries have been created by ANSYS
DesignModeler, allowing for easy parametrization.

As former measurements have demonstrated that the
flow is fairly symmetrical [9, 14], only a quarter channel
is used for the present parameter study in order to reduce
the size of the numerical mesh, thus the time needed for
5d,,) has
been set to be long enough to avoid any possible upstream

the simulations. The upstream duct length (/, =

effect of the sudden expansion [16], while the downstream
length (/,=10d,,) is chosen to be long enough to allow for
sufficient flow relaxation, thus determining the loss coef-
ficient with low uncertainty. The adequacy of the utilized
downstream length has been confirmed by additional CFD
studies for /, = 46d, ,. As for the miniflaps, two simplifica-
tions of the real geometry were applied in order to enable
the creation of a numerical mesh that is of sufficiently high
quality for the numerical method to converge:
1. the miniflaps were modeled as infinitely thin walls;
2. a short collar — basically a short section of a pyra-
midal diffuser — was added to the geometry, closing
the wedge-shaped clearance between the miniflaps,
as highlighted in Fig. 1 (b).

Itis important to note that the extent of the collar appears
exaggerated in Fig. 1 for better visibility. However, the
effective length of the collar was only 10% of the shortest
miniflap length, and it remained constant throughout the
entire examined parameter range.

2.2 Mesh and boundary conditions

A 3D mesh — shown in Fig. 2 — consisting of purely hexa-
hedral elements was generated with the MultiZone method
of the ANSYS Meshing program. The mesh was refined
by setting the bias factor in the proximity of the step edge,
in the free shear layer forming at the trailing edge of the
miniflap, and in the boundary layers. The dimension-
less wall distance y+ was controlled to be around 1 for
an appropriate resolution of the viscous sublayer.

A mesh independence study was carried out for the
representative case of n,, = 2.78; lmf =0.13d,; o = 12°;
Re = 1.08-10°. The estimated uncertainty of the loss coef-
ficient due to the discretization error was determined using
the Grid Convergence Index (GCI) method [17]. The mesh
metrics, predicted loss coefficient values, and their estimated
discretization errors, with respect to the extrapolated case,
are summarized in Table 2. Based on the mesh independence
study, the medium-sized mesh with 2.08-10° elements was
accepted, for which the estimated relative discretization
error is below 1%. The basic meshing setup parameters were
kept the same in the case of all other geometry variants.

outlet

wall \.

inlet symmetry

— 4 / /

—_—
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Fig. 2 Numerical mesh and boundary conditions for a representative
geometry of n, =2.78; l,,,/ =0.13d,;a=12°



Table 2 Mesh independence study

Number of cells Loss coefficient Relative error

1.02-10° 0.358 2.71%
2.08-10° 0.363 0.98%
4.26-10° 0.365 0.40%

extrapolated 0.366 -

Boundary conditions were applied to the numerical
model as depicted in Fig. 2: velocity inlet on the inlet sur-
face, pressure outlet (0 gauge pressure) on the outlet sur-
face, symmetry on the two planes of symmetry and no-slip,
smooth wall on the duct and miniflap walls. Considering
the inlet velocity, fully developed flow profiles were
obtained from auxiliary simulations in short square ducts,
applying periodic inlet-outlet boundary conditions [18].

2.3 Numerical method

The numerical simulations have been carried out with
the ANSYS Fluent software, which solves the Reynolds-
averaged continuity and Navier-Stokes equations for
a steady-state, turbulent flow. The working fluid was
incompressible air, thus the pressure-based solver was
used. As for the turbulence model, the generalized k-
(GEKO) model was chosen, for which the selection pro-
cedure is explained later in Section 3.1. The coupled solu-
tion scheme was applied for the pressure-velocity cou-
pling, and second-order upwinding was set for every flux
formulation. All simulations were run until iterative con-
vergence was reached. Convergence was determined by
a decrease of at least 4 orders of magnitude in the conti-
nuity residual, and a decrease of at least 6 orders of mag-
nitude in the residuals for velocity and turbulence com-
ponents. Additionally, physical properties such as the
mass-weighted average of the total pressure on the inlet
and outlet, and local streamwise and cross-stream veloc-
ities in control points located close downstream of the
step in the shear layer were also monitored. Convergence
was assessed when these values reached a nearly con-
stant value. As a separated flow is inherently unsteady, the
residuals and the monitored physical properties displayed
minor oscillations in some cases. Although the amplitude
of these oscillations remained below 0.01% for the mass-
weighted average of inlet and outlet total pressures, steady
statistics data sampling was performed for 4—6 cycles to
eliminate uncertainty in the calculated loss coefficient that
might originate from using a random instantaneous value
of the inlet and outlet total pressures.
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2.4 The loss coefficient
The loss coefficient of any hydraulic element is defined as
the total pressure drop introduced by the element, divided
by the relevant — generally upstream — dynamic pressure.
As for determining the loss coefficient of a sudden expan-
sion, the authors have come across three slightly different
ways of evaluation encountered in the scientific literature,
depending on the applied method of evaluation:

1. the extrapolation method [12, 13, 16];

2. maximum pressure method [9, 10, 14];

3. semi-empirical method [8, 9]. These three approaches

are briefly described below.

For the extrapolation method, the mass-weighted aver-
age of the total pressure needs to be evaluated at the inlet
and outlet of the investigated duct section, that both lie
sufficiently far from the element in question to avoid
any upstream effects and to ensure enough downstream
length for the flow to reach a completely developed state.
The additional duct sections, however, introduce addi-
tional frictional losses into the system that need to be
eliminated from the equation of the loss coefficient of
the sudden expansion. A generally accepted method to
carry out this elimination is to simply subtract the fric-
tion losses, calculated for a fully developed flow, from the
total pressure difference, thus, both the local and the fric-
tional losses introduced by the element in question will
be inherently included in the calculated loss coefficient.
Accordingly, the loss coefficient of the sudden expansion
is calculated as shown in Egs. (1)—(4):

_ Ap,,, — (Ap/i~,1 + Ap/’r,z)

Cext_ b (1)
Bg}z
2

Ap, = At Py @)

md, 2
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where ¢ is the loss coefficient calculated using the extrap-
olation method, Ap, ,is the difference of the mass-weighted
average of the inlet and outlet total pressures, Ap, is the
friction loss of the straight duct in case of a fully developed
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flow, where subscript 1 and 2 stand for the upstream and
downstream duct sections, respectively, p is the density of
air, # is the area-averaged streamwise velocity, 4 is the pipe
friction coefficient, / is the duct length, d, is the hydraulic
diameter, Re is the Reynolds number, and v is the kine-
matic viscosity of air. Equation (3) is generally referred to
as the Karman-Prandtl equation to calculate the pipe fric-
tion coefficient and has been shown to be valid for hydrau-
lically smooth ducts of square cross-sections as well [8].

Equations (5)—(7) show the calculation process of the
maximum pressure method, where the loss coefficient
(Coaxp) is determined based on the difference of the ideal
static pressure increase (Ap,,) and the effective static pres-
sure increase (Ap,,). The ideal static pressure increase
(Eq. (0)) is derived from the Bernoulli equation for a fully
developed flow, while the effective static pressure increase
(Eq. (7)) is determined as the difference between the max-
imum wall static pressure downstream (p_ ) and a refer-
ence wall static pressure upstream of the expansion ( P, s
located close — at a distance of d, /3 in the reference exper-
iments [14] — to the step of the sudden expansion.

ADiy = AP,

— i rea 5
Cmaxp p s ( )

5 1
P —2 1
Apid :N~Eu1 (l—nTj (6)
AR
Apeff = pmax - pref (7)

The term N, appearing in Eq. (6), is the so-called energy
coefficient, accounting implicitly for the fully developed
flow profile. Its detailed calculation is not shown in here
for conciseness but is thoroughly explained in [8, 9].
Although the maximum pressure method neglects the
effect of change in pipe friction in relation to the case of
a fully developed flow, its practical relevance is unques-
tionable, regarding that a significantly shorter downstream
duct section is needed than in the case of the extrapola-
tion method. The applicability of the maximum pressure
method is addressed in Section 3.2.

The semi-empirical method is based on predicting
the real pressure increase, appearing in Eq. (5), with the
help of the momentum theorem. The formula for estimat-
ing the loss of a sudden expansion in the case of a fully
developed inlet velocity distribution ({,, ) is shown in
Eq. (8), in which M is the momentum coefficient [8, 9].

The applicability of Eq. (8) in the case of square-to-square
sudden expansions was confirmed, and a detailed descrip-
tion of the calculation procedure is given in [9].

oM 2M-N
Comp =N———+—5— @®

nAR nAR

2.5 Static pressure regain

Although the present research focuses on the reduction of
the loss coefficient, an interesting theoretical supplement is
given herein briefly about another important characteris-
tic of the expansions in general, the static pressure regain,
describing the ability of the expansion to maximize the
available static pressure downstream of the element. It is
interesting to note that while design criteria for maximiz-
ing the static pressure regain of diffusers is given in detail,
e.g., in [8], the discussion of sudden expansions seems to
be underrepresented by the scientific literature from this
point of view, despite the possibility of its easy analyti-
cal treatment, described in the followings. The effective
pressure rise, discussed in Section 2.4, may not only be
determined by measurement but it can also be expressed
by semi-empirical means from the momentum equation,
presuming uniform and incompressible flow. The classic
formula for the effective pressure rise (Apeﬁ;emp) is shown
by Eq. (9), as available in the literature [19]. Its nondimen-
sionalized form is termed the static pressure regain coeffi-

cient (cp’eb,;emp), and is given in Eq. (10).
| |
Apeﬁ',em = /)I/_l2 [___j (9)
g 1 nAR njk
¢ _ Apeffse'np _ 2(nAR _1) (10)
p.eff.emp o _» - n2
Ly, AR

2 1

The above formula in Eq. (10) offers a simple and effec-
tive approximate tool for analysis of the operation of a sud-
den expansion. As has been pointed out by the present
authors in an extreme value calculation, via partial differen-
x> @ Maximum static
pressure rise is expected at n,, = 2. The adequacy of this

tiation of the formula with respect to n

analytical result is supported by experimental data in [20].

3 Results and discussion

3.1 Turbulence model

The success of a numerical simulation is predetermined by
the selection of the appropriate turbulence model that fits
the flow scenario to be modeled the best. In the present case



of a square-to-square sudden expansion, one has to keep
in mind that secondary flow of the second kind is present
in non-circular ducts, even when the flow is fully devel-
oped [21]. As discussed in [18], besides the scale-resolv-
ing models — which have a prohibitive price for the pres-
ent parameter study — two turbulent model families can
be taken into account for the present case: the Reynolds
stress and the k- based models. As the authors have faced
unresolvable convergence issues with the Reynolds stress
model — which is even mentioned as a main shortcoming
of the turbulence model in the software manual — therefore
they were to keep at the k-w model family, from which the
GEKO model was chosen due to its favorable properties,
described in the followings.

The GEKO is a relatively new turbulence model, aim-
ing at the consolidation of the numerous different turbu-
lence models [22]. With its six freely adjustable parame-
ters, the user can tune the model to various different flow
scenarios without ruining the basic calibration schemes,
such as the development of a boundary layer over a flat
plate. The default parameter setup is an exact formulation
of the k- SST model. A short description of the two most
relevant adjustable parameters is given in this document,
while a more detailed specification, together with the for-
mulation equations, can be found in [22]:

1. The corner coefficient (C__ ) is a non-linear stress-

strain term that is able to account for the secondary
flows developing in non-circular ducts. The adjust-
ment of this parameter was carried out by one of
the authors of the present study for a straight square
duct [18] and was recommended to take the value of
C_ ... = 0.9. The results presented in [18] are briefly
summarized in Section 3.2.

2. The separation coefficient (Csep) is responsible for the
prediction of the onset of separation. Increasing its
value leads to a decreased eddy-viscosity, thus an ear-
lier flow separation in the presence of an adverse
pressure gradient. The adjustment of this parameter
is crucial in order to predict the optimum angle of the

miniflaps, and is presented in Section 3.2.

3.2 Validation

The adjustment of the corner coefficient was conducted
by validating the CFD results against laser-Doppler ane-
mometer velocity measurements in a straight square duct,
for a fully developed flow at Re = 0.36-10°. The results
are presented in Fig. 3. Fig. 3 (a) highlights the evaluation
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Fig. 3 Validation of the CFD results — velocity field; (a) Validation
profiles and notation; (b) Velocity components at z/d,, = 0.42;
(c) Adjustment of the corner coefficient: d,, = 150 mm; i = 3.78 m/s
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profiles located at z/d,, = 0; 0.21; 0.42, along with the coor-
dinate system and the notation of the velocity components.
Fig. 3 (b) displays the dimensionless velocity profiles at
arepresentative location of z/d, = 0.42 for various C__val-
ues, where the number in GEKO CCO0.9 appearing in the
legend corresponds to the value of C . Finally, Fig. 3 (c)
provides the quantitative and qualitative assessment of the
validation process for all profiles (z/d,, = 0; 0.21; 0.42), for
which the standard error of the estimate (o, ) and the sam-
ple Pearson correlation coefficient () were determined by
Eq. (11) and Eq. (12), respectively. It is important to note
that the standard error of the estimate was evaluated for
multiple profiles collectively, yielding a single o, , value
that represents the overall discrepancy between the exper-
imental and numerical results for the entire flow field.
On the other hand, the correlation coefficients hold sig-
nificance only when determined for each examined pro-
file individually. Therefore, they have been computed sep-
arately for each profile, and their average value is reported
here (Egs. (11) and (12)):

n

Z((Pexp,i - (pCFD,i )2

o, =1~ , (11)

est
n

n

Z (gDexp,i - (ﬁaxp )(gDCFD,i - (FCFD )
r=—— : (12)

J > 0y~ P ) \/2(90 )

i=1 i=1

where ¢, is the examined variable at a sample point i, ¢ is
the arithmetic mean of the variable, and » is the number of
sample points. The subscripts exp and CFD stand for the
experimentally and numerically determined values.

The optimal setting of the corner coefficient is found

where ¢,  is minimal, and r is maximal. Thus it can be

t
concluded from Fig. 3 (c) that the performance of the
GEKO model is significantly improving for all examined
variables as the corner coefficient increases. This obser-
vation is also corroborated by the velocity profiles in
Fig. 3 (b), where the GEKO C, = 0.9 simulation is nota-
bly in better agreement with the measurement results than
the GEKO C = 0. As expected, C, = 0 fails to model
the secondary flows, resulting in predicted cross-stream
velocities of zero. However, as the value of C, increases,
the model successfully induces the secondary flow of the
second kind. It is important to note that raising the corner
coefficient above 0.9 leads to a non-physical asymmetry
in the flow, which observation is also emphasized by the

creators of the GEKO model in [22]. In order to avoid this
non-physical asymmetry, the value of C,  was maximized
at 0.9 during the present research.

For validation of the numerical results and adjustment of
the separation coefficient, the numerical and experimental
loss coefficients in the function of the miniflap angle have
been compared, forn,, = 2.78; lm; =0.13d,,; a=0°-21° and
Re = 1.08-10°. The results are shown in Fig. 4, where the
number in GEKO CS1.75, appearing in the legend, stands
for the value of Csep. The experimental loss coefficients,
given in [14], were determined using the maximum pres-
sure method; the detailed description of the experimen-
tal setup and the process of evaluation is given therein.
For the sake of a like-for-like comparison, the numerical
loss coefficients appearing in Fig. 4 (a) were evaluated the
same way (except for GEKO 1 (ext), where the extrapo-
lation method was used). For a quantitative and qualita-
tive comparison of the CFD and experimental results, o,
and r are shown in Fig. 4 (b). The separation coefficient
was studied for Cm = 0.7; 1.0; 1.5; 1.75, where the two
extrema are the minimum and maximum allowed values
of the coefficient [22].
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Fig. 4 Validation of the CFD results — loss coefficient; (a) Loss
coefficient in the function of the miniflap angle; (b) Adjustment of the
separation coefficient



As it was described in the case of the corner coefficient,
the optimal setting of the separation coefficient is found
where ¢ is minimal, and  is maximal. As it can be seen in
Fig. 4 (b), this requirement is fulfilled for o, at Csep =07,
while for r at Cw = 1.0. However, the use of Cmp =0.7 can
easily lead to the underseparation of the boundary layer
from the miniflap surface [22], also indicated by the fact
that the slope of the C,, =07 curve in Fig. 4 (a) is signifi-
cantly smaller than that of the experimental results in the
o = 12°-21° range. Should the Csep = 0.7 curve be extrap-
olated towards higher values of the miniflap angle, both
coefficients would be expected to notably deteriorate. That
being said, the authors preferred setting the separation
coefficient value to C, = 1.0.

Commenting on the validity of the CFD results, it can
be observed in Fig. 4 (a) that the loss coefficient is overes-
timated by the numerical method for the practically rele-
vant range of o = 6°-18° by 4—6%, however, the correla-
tion — for Csep = 1.0 — is excellent. The loss coefficients
have also been calculated by the extrapolation method,
and the results are depicted for C, =10 in Fig. 3 (a) in
this dif-
ference remains within the expected measurement uncer-

red. Although ¢  is persistently smaller than ¢ naxp?
tainty, being only 1-2%. As such, even in situations where
limitations in the axial extent of the experimental setup or
the numerical model prevent the use of the extrapolation
method, the maximum pressure method still yields suffi-
ciently accurate results.

3.3 Parameter study

There are two practically important pieces of information
that need to be retrieved from the results of the numerical
simulations for the expanded parameter range:

1. the optimum angle of the miniflaps for a given mini-
flap length and area ratio in order to minimize the
loss coefficient;

2. the value of the loss coefficient in the function of the
miniflap length for a given area ratio when the mini-
flaps are set to an optimal angle.

Fig. 5 shows the loss coefficient in the function of the
miniflap angle for all examined miniflap length and area
ratios of the sudden expansion. For certain cases, the
local minimum at o = 12° is very definite, while for other
cases — typically for the two smaller area ratios and the two
longer miniflap lengths — the curves are very flat in the
o =9°-12° range. However, based on the measurement and
validation results in Fig. 4 (a), a parabolic nature of the
loss coefficient in the proximity of the optimum angle is
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Fig. 5 Loss coefficient of the sudden expansion equipped with
miniflaps in the function of the miniflap angle, for n ,, = 2; 2.78; 4;
l,,=0.13d, (20 mm); 0.3d,; (45 mm); 0.5d, (75 mm); d, = 150 mm

hl

expected, which suggests that the minimum loss coeffi-
cient is going to fall in the a = 9°-12° range, for all pres-
ently examined cases. In order to localize the minima of
the ¢ versus a curves more precisely, it is strongly advised
to broaden the investigated miniflap angles to a range of
o= 6°—15° during the course of a future study.

It is also observable in Fig. 5 that the loss coefficient
in the case of n,, = 2; 2.78, the miniflaps of length 0.5d,
cause larger losses than the ones with 0.3d, . This trend is
more clearly demonstrated in Fig. 6, where { . /{

min’ “emp

is plot-
ted against the dimensionless miniflap length, { . denoting
the minimum value of the loss coefficient for a given arca
ratio and miniflap length, and ¢, p standing for the empirical
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Fig. 6 Impact of the miniflap length on the loss coefficient; d,, = 150 mm

loss coefficient of the sudden expansion without miniflaps
(Eq. (8)). The calculated curves show a degressive trend
for all area ratios. It can also be observed that for the two

hl?
while in the case of n,, = 4, the loss coefficient is continu-

smaller area ratios, there is a local minimum at /_ = 0.3d

ously decreasing up to /| ,=0.5d,,

further improvement is reached between /| = (0.3-0.5)d,,.

Based on Fig. 6, it can be concluded that the miniflaps are

although no significant

able to reduce the loss coefficient of sudden expansions in
the examined parameter range by a maximum of ~20-25%
at a miniflap length of around /, =0.3d,,.

4 Conclusion

In this paper, a confined parameter study was carried out
by means of CFD for a passive flow control method, aiming
at the reduction of the loss coefficient of square-to-square
sudden expansions. A proof of concept was given by
experimental means for one single sudden expansion and
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