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The new Reynolds-averaged Navier–Stokes (RANS)-based method has been
developed for taking into account, in an approximate manner, the effect of external
acoustic forcing on laminar-to-turbulent transition in a separated boundary layer.
Experimental studies [33] report an increase of the turbulent shear stress within the
separated boundary layer under the influence of acoustic forcing. Enhancement of flow
disturbances in a reversed flow region was also reported in our experiment. Experi-
mental findings stimulated the development of a reduced-order aero-acoustic strategy.
The effect of acoustic forcing was incorporated into the modelling framework of an
algebraic intermittency model. The model component was tuned based on our exper-
imental data and validated on reference experiments. The results show the feasibility
of the proposed model to simulate flow over a flat plate and the NACA0018 profile.

Key words: laminar-to-turbulent transition, separated boundary layer, acoustic ex-
citation, algebraic intermittency model.

Copyright c© 2023 The Authors.
Published by IPPT PAN. This is an open access article under the Creative Commons
Attribution License CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

An aerodynamic shape optimization is commonly carried out with the ap-
plication of Reynolds-averaged Navier–Stokes techniques. Although many flows
have been accurately predicted using the RANS approach, there are topics such
as influence of acoustic waves on boundary layer flow which can only be sim-
ulated by applying high-fidelity Direct Numerical Simulation (DNS) or Large
Eddy Simulation (LES) techniques. An application of high-fidelity eddy-resolving
strategies is prohibitively expensive and is not feasible in the design process of
aircraft components. Thus, the capabilities of RANS techniques have to be de-
veloped to properly address a possible effect of external acoustic forcing on the
development of the boundary layers on aerodynamic surfaces, such as wings or
turbomachinery blades.
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As stressed in NASA Vision 2030 [1], multidisciplinary design and optimiza-
tion strategies based on aero-acoustic simulation capabilities must be ready in
the near future. A goal of achieving net-zero carbon emission by air transport
by 2050 forces the development of reliable and cost-effective design strategies,
which should be supported with reliable Computational Fluid Dynamics (CFD)
tools. RANS models are workhorses of applied CFD, but they still suffer from
difficulties in the prediction of profile losses due to transitional boundary lay-
ers. Thus further improvement of the predictive qualities of RANS models is
needed to cope with the abovementioned challenges. Efforts have been made in
the present work to develop the RANS-based method for taking into account the
effect of external acoustic forcing on transition in a separated boundary layer.

The separated flow physics was investigated by means of DNS, LES and ex-
periments. McAuliffe and Yaras [2] studied, using DNS, the transition in
a separated boundary layer at two freestream turbulence levels: Tu = 0.1% and
Tu = 1.45%. In the low turbulence environment (Tu = 0.1%), the transition was
initiated by the Kelvin–Helmholtz (KH) instability mechanism. Two instability
modes were reported, the first developed in the outer part of the separated shear
layer and the second in the reverse-flow region near to the plate. In the higher
turbulence case (Tu = 1.45%), the shear layer roll-up did not appear due to the
influence of streamwise-oriented streaks. Balzen and Fasel [3] performed DNS
of transition in the separated boundary layer for flow developing along the flat
plate assuming various freestream turbulence levels (Tu = 0–2.5%). A strong
amplification of flow disturbances was noticed downstream of laminar boundary
layer separation in zero-pressure gradient flow. At the higher turbulence level
(Tu = 2.5%) and the adverse-pressure gradient, an increased growth of the span-
wise averaged Reynolds stress was observed in the separated flow region. Wang
et al. [4] studied the breakdown of roll-up eddies on the suction side of compressor
blades at the high subsonicMach number (Ma = 0.67) using the LESmethod. The
flow details were analysed at two Reynolds numbers (Re = 80 000–150 000) and
the zero freestream turbulence level. In all cases examined the transition process
was dominated by the KH instability. Simoni et al. [5] investigated experimen-
tally the growth of disturbances in the separated flow region at various Reynolds
numbers (Re = 40 000–90 000) and various turbulence levels (Tu = 0.65–2.87%).
In low freestream turbulence cases a linear growth of streamwise fluctuations,
being the effect of the KH rolls, was observed upstream of the maximum bubble
displacement point. Further downstream more intense velocity fluctuations were
produced. Increasing the freestream turbulence level, a change in the amplifica-
tion rates of both streamwise and wall-normal fluctuations was reported. Istvan
and Yarusevych [6] measured the separated boundary layer characteristics for
the flow over NACA0018 aerofoil at 4◦ incidence, at two chord-based Reynolds
numbers (Re = 80 000 and Re = 125 000), and various freestream turbulence lev-
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els (Tu = 0.06–1.99%). In all cases examined, the roll-up eddies were reported. At
the lowest turbulence level (Tu = 0.06%) the spanwise-oriented structures were
subject to flow perturbations leading to the earlier vortex breakdown. At the
increased turbulence level (Tu = 0.51–1.99%), the stronger undulations of the
spanwise-oriented vortex structures were observed owing to the formation of
streaks upstream of the separation point, resulting in a highly three-dimensional
breakdown of the separated boundary layer. Serna and Lazaro [7] investigated
the separated boundary layer developing over a flat plate in a divergent channel at
a low freestream turbulence level (Tu < 0.1%) using the hot-wire and PIV tech-
niques. They reported a vortex shedding process originated in Kelvin–Helmholtz
instability waves, which evolved into the formation of vortex blobs that later
promoted the flow reattachment. They confirmed that the vortex blob suffers
large deformations promoted by the strong pressure gradients at the reattach-
ment region. Anand and Ganesh [8] studied experimentally the effect of various
pressure gradient on separated boundary layer characteristics at the leading edge
of an aerofoil operating at the low Reynolds number (Re = 25 000). They demon-
strated a strong dependence of the flow unsteadiness in the separated boundary
layer on the freestream turbulence level. The transition in the separated boundary
layer is mainly influenced by the Reynolds number and the freestream turbulence
level. The influence of the momentum thickness Reynolds number on transition
onset was accounted for in the correlations by Mayle [9]. Dellacasagrande
et al. [10], developed improved correlations for transition onset and the spot pro-
duction rate, taking into account also the influence of freestream turbulence level.
Both the increase of the Reynolds number and the freestream turbulence level
result in a notable reduction of the size of separation bubble.

The effect of external acoustic forcing onto the separated boundary layer
development on NACA0018 aerofoil at Re = 125 000 and Tu = 0.1% was ex-
perimentally studied by Kurelek et al. [11] and Kurelek et al. [12]. In the
case, without acoustic excitation, a growth of disturbances was observed within
the separated flow region with maximum values concentrated at the wall-normal
distance corresponding to the displacement thickness. Both tonal and broadband
excitation led to earlier shear layer roll-up. A reduction of the size of the sepa-
ration bubble and shifting the reattachment point upstream was observed with
the acoustic excitation applied. The shear layer disturbances reached higher am-
plitudes at earlier streamwise distances compared to the unperturbed case. The
separated boundary layer was susceptible to the development of disturbances in
a wide range of frequencies. The nonlinear mechanism was very likely responsible
for the amplification of perturbations prior to the turbulent breakdown. Inter-
estingly, in Kurelek et al. [12] the influence of standing waves on development
of flow disturbances in a separated boundary layer was reported. An influence of
acoustic pressure waves, generated at the trailing edge of NACA0012 profile at 2◦
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incidence, on the separated boundary layer, was investigated by Pröbsting and
Yarusevych [13], assuming various Reynolds numbers (Re = 65 000–450 000).
Propagation of acoustic waves resulted in formation of an acoustic feedback loop
between the separation bubble and the tonal emissions at the trailing edge. The
enhancement of flow disturbances with increasing the Reynolds number was re-
ported. The amplification of disturbances was accompanied by the reduced size
of the bubble on suction and pressure sides of the aerofoil.

Application of transitional RANS and hybrid RANS-LES techniques is chal-
lenging for the prediction of flows over NACA0018 aerofoil, as demonstrated by
Michna and Rogowski [14] and Tangermann and Klein [15] among others.
Tangermann and Klein [15] showed a strong sensitivity of the numerical re-
sults to the freestream turbulence level and turbulent length scales. Wahidi and
Olçmen [16] reported differences between the measured and predicted by the
k-kl-ω model size of the separated boundary layer on the suction side of LA2573A
aerofoil. It means that the separated flow physics is challenging for RANS-based
transition models.

A baseline algebraic intermittency model [17, 18], which is a subject of
the present study, was tested and modified by other research teams. Nering
and Rup [19, 20] extended the algebraic model for the analysis of transitional
flows in pipes and channels. Holman and Fürst [21, 22] coupled the alge-
braic model with the explicit algebraic Reynolds stress model (EARSM). The
EARSM-based transition model was successfully employed for the simulation of
separation-induced transition over aerofoils and for the prediction of transonic
flows through VKI cascade [21, 22]. The predictive qualities of the modified al-
gebraic model were also tested for the prediction of separated boundary layers
by Louda et al. [23]. In the present work, attempts have been made to extend
the predictive capabilities of the algebraic model widely described in [17, 18],
by including the effect of external acoustic forcing on transition in a separated
boundary layer. The impact of this interaction was built on the basis of an in-
depth experimental study in a diffuser channel. It is expected that the extended
algebraic model will be able to capture this effect with satisfactory accuracy.

2. Extension of algebraic model

The transport equations for the turbulent kinetic energy, k, and specific dis-
sipation rate, ω, have the same form as in the previous work [18, 24]:
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The term γ (see later Eq. (2.7)) is a multiplier of the production term in the
k-equation. It is called the intermittency factor. The production term itself is
defined as Pk = νsS

2, with νs the small-scale eddy viscosity (defined later)
and S =

√
2SijSij the magnitude of the strain rate tensor. The components of

the strain rate tensor are Sij = 1
2(∂Ui/∂xj + ∂Uj/∂xi). The changes for tran-

sition prediction with respect to the model equations used for a fully turbulent
flow [24], are the multiplication of the production term in the k-equation with
the intermittency factor γ and the replacement of the turbulent viscosity by
its small-scale part νs in the production terms of both equations. The PKH-
term in Eq. (2.1) accounts for transition in the separated boundary layer caused
by the Kelvin–Helmholtz instability mechanism. With respect to the previous
model [18], the term Pac in the k-equation, which expresses the effect of acoustic
waves on transition in a separated layer, has been introduced. The coefficients
of the underlying k-ω model (α, β∗, β, σ, σ∗, σd) are according to Wilcox [24].

For modelling bypass transition in an attached boundary layer, the turbul-
ent kinetic energy, k, is split into a small-scale part, ks, and a large-scale part,
k` [17, 18, 25]:

(2.3) ks = fssk, k` = (1− fss)k.

The shear-sheltering effect is expressed with the fss function, which employs
three constants, Cs, Cχ and Ck (Table 1). The fss function is given by:

(2.4) fss = exp

(
−
(
Cssν√
ky

)2)
, with Css = Cs(1 + fkχ).

We refer to [18] for a discussion of fk and χ functions in Eq. (2.4). The eddy
viscosity of the small scales is

(2.5) νs =
ks
ω̃s
,

with ω̃s a limited value of ω: ω̃s = max[ω,ClimS/as], where Clim = 7/8,
as = 0.3 [24]. The eddy viscosity of the large scales is

(2.6) ν` =
k`
ω̃`
,

with ω̃` a limited value of ω: ω̃` = max[ω,ClimS/a`] where a` = 0.6. The effective
eddy viscosity, used in the Navier–Stokes equations, is νt = νs + ν`.

The turbulence breakdown is modelled by the intermittency function defined
by:

(2.7) γ = min

(
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(√
ky

Aγν
− 1, 0

)
, 1

)
,

where Aγ is the constant (see Table 1). The upper half of the Table 1 summarises
the model constants that are relevant for bypass transition. The constantsAγ , Cs,
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Table 1. Transition model constants.

Bypass transition
Aγ Cs Cχ Ck as a`

12.0 21.0 10.0 6.0 0.30 0.6
Separation-induced transition & acoustic forcing

CKH AKH CKleb aω bω aγ bγ cw Cac

2 550 0.155 200 5 0.95 150 2 0.1

Cχ, Ck and as are the same as in the previous model version [18]. The constant
a` has been changed from 0.45 to 0.60, to better reproduce the transitional
boundary layer characteristics approaching the turbulent flow [26].

The PKH-term in the turbulent kinetic energy transport equation (Eq. (2.1))
accounts for the breakdown of the separated shear layer in the low-freestream tur-
bulence environment. In the separated laminar boundary layer, both the shear-
sheltering term (Eq. (2.4)) and the intermittency function (Eq. (2.7)) attain
very low values. The standard production terms (Pk) are thus very low. By
activation of the supplementary boosting function (PKH) the turbulent kinetic
energy is enlarged. With sufficiently high values of k, the intermittency function
(Eq. (2.7)) becomes active. The PKH-term (KH) is the same as in the previous
model version [18]:

(2.8) PKH = CKH(1− γ)FKHνS
2,

with

(2.9) FKH = min

(
max

(
RS

2.2AKH
− 1, 0

)
, 1

)
and RS =

S y2

ν
.

The PKH-term is a simplified form of boosting term in the local correlation-based
intermittency transport model (LCTM) by Menter et al. [27]. It becomes active
when the Rs function reaches a critical value, equal to 2.2 AKH.

A new Pac term in a transport equation of turbulent kinetic energy (Eq. (2.1))
is introduced to mimic the effect of external acoustic forcing on enhancement of
flow disturbances inside the separated boundary layer:

(2.10) Pac = CacfacνS
2,

where Cac is the model constant (Table 1). We show the tuning of the Cac
constant in next Section 3. The fac function is a sensor for detection of the
front part of a separated boundary layer. It is defined as the product of three
functions:

(2.11) fac = fγfωfw,
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where

fγ =
1

1 + exp[bγ(γ − aγ)]
, fω =

1

1 + exp[−bω(Reω − aω)]
,(2.12)

fw = exp

(
−
(
Ret
cw

)2)
, with Reω = ωy2/ν and Ret = k/(ων).(2.13)

The fγ , fω and fw functions are the same as used in previous work [26]. The
first two functions were also employed in [28]. In [26] the fγ , fω and fw functions
were used for detection of the front part of the separated boundary layer with
purpose to model the effect of the Klebanoff disturbances, perturbing the Kelvin–
Helmholtz rolls, onto the transition process. In this work, the fγ , fω and fw
functions are employed with the aim to model the enhanced mixing caused by
the external acoustic forcing.

The supplementary production term (Eq. (2.10)) is defined in a similar way as
the Kelvin–Helmholtz-instability term (Eq. (2.8)), so with the product of molec-
ular viscosity and the magnitude of the strain-rate tensor squared. Kurelek
et al. [11] observed an earlier shear layer roll-up, under both tonal and broad-
band acoustic forcing, resulting in an increased turbulent shear stress (see their
Fig. 6). The observation from [11] suggests a similar way of modelling of the ef-
fect of acoustic waves, as with the Kelvin–Helmholtz-instability term. Thus the
influence of acoustic forcing is taken into account by the supplementary produc-
tion term, Pac (Eq. (2.10)) added to the k-equation (Eq. (2.1)). The sensitivity
to SPL was also reported in [11]. But the present transition term (Eq. (2.10)) is
not designed to take into account the effect of varying SPL. As we show later,
the model component is calibrated to take into account the maximal effect of
acoustic waves on the separated-flow transition, which was observed in the refer-
ence experiments. This effect seems to be most important from the point of view
of the design of aircraft elements. The effect of varying SPL might be later in-
corporated into the current modelling framework when more experimental/DNS
data will be available.

3. Calibration of the model term for separation-induced transition
influenced by acoustic waves

The key parameter in Eq. (2.10) is the model constant, Cac. Selection of this
constant has been performed based on experimental data obtained at Często-
chowa University of Technology (CUT), Poland [29]. The test case consists of
a flat plate inclined at 1◦ with respect to a horizontal line. Figure 1 shows the
schematic of 2D domain together with coordinate system, types of boundary
conditions and locations of measuring traverses. The upper wall was shaped to
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Fig. 1. Schematic of the computational geometry for simulation of the flow along the flat
plate, coordinate system, types of the boundary conditions and vertical lines showing the
location of measuring traverses. The plate is inclined at 1◦ with respect to horizontal line.

impose a desired pressure gradient typical for the suction side of the blade of
axial compressor, where a strong adverse pressure gradient (APG) is present
in the second part of the channel. The coordinates of test section are pro-
vided in Appendix A. A throat is placed at streamwise distance x = 381mm
(x/L = 0.381) from the plate leading edge (L = 1000mm is the nominal length
of the plate). The distance between the plate surface and upper wall at the
throat is y = 165mm (y/L = 0.165). The laminar boundary layer develops
along a flat plate and separates at x/L = 0.525. The transition to turbulence
occurs in the separated boundary layer. The Reynolds number (ReL,s) based on
the streamwise distance between the plate leading edge and boundary layer sep-
aration point and mean velocity at the boundary layer edge at reference plane
x = 40mm (x/L = 0.04) is equal to 174 000. The freestream turbulence level,
measured at distance x = −80mm (x/L = −0.08), is equal to Tu = 0.6%
(Fig. 1). The velocity measurements were performed at selected streamwise dis-
tances with the use of a single hot-wire probe. The selected traverses are shown
by vertical lines in Fig. 1, denoted by x = 400, 525, 550, 600, 625 and 675mm.
Here we report the results at x = 400, 525, 550 and 675mm (shown by red
colour). For the excited case, the flow was exposed to the pink noise character-
ized by the sound pressure level equal to 135 dB in the frequency range between
100 and 650Hz. The acoustic excitation field contained acoustic reflections as
the wind tunnel consists of all rigid walls and no acoustic treatments were ap-
plied. However, during the experimental tests, the acoustic excitation field was
measured at 18 points, non-uniformly distributed inside the wind tunnel test
section. The maximum SPL difference was at the level of approximately 4 dB in
the 1/3 octave band. This confirms that no strong standing waves were present
inside the test section during the experiments.
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The simulations were performed on 2D grid consists of 161 000 cells. The near-
wall regions were discretised with the structured mesh consists of 20–30 cells in
wall-normal direction (boundary layer thickness). The unstructured mesh, con-
sisting of quadrilateral cells, was employed outside of the boundary layers. The
maximal value of y+ was less than 0.6 along the flat plate and less than 2 along
other walls. The grid was sufficiently fine to ensure grid-independence of the
results (see Appendix B for a grid-sensitivity study). The fluid was assumed
as incompressible. The coupled pressure-based solver was used for solution of
governing equations. The second-order upwind scheme was employed for dis-
cretization of convective terms in momentum and turbulence model equations.
The turbulence model was implemented in the ANSYS Fluent finite volume code
through the User Defined Function (UDF) – functionality. The normalized resid-
uals were driven to 10−6 level for solution of governing and transport equations.

The inlet values of mean x- and y-velocity components and root-mean-square
(r.m.s.) of fluctuating velocities were imposed in simulation according to mea-
surements [29]. The data were provided along lines denoted by AB and DE in
Fig. 1, using the x-wire probe. The prescription of the inlet values of the turbulent
kinetic energy, k = 1

2(u′u′ + v′v′ + w′w′), required estimation of the Reynolds
normal stress component w′w′, because only the u′u′ and v′v′ components were
available from the 2D hot-wire measurements. In current work, the w′w′ com-
ponent was estimated by w′w′ = v′v′ along AB line. The definition of the inlet
profile of the specific dissipation rate, ω =

√
k/(β∗`t), required estimation of the

integral length scale, lt. The lt-values were measured in few points along vertical
line denoted by ‘Tu, lt’ symbol in Fig. 1 and averaged. The mean value was equal
to lt = 100mm. The inlet profiles of mean x-, y-velocity components, k and ω
along AB line were smoothed by fitting a low-order polynomial, for use in nu-
merical simulations. At the outlet of the computational domain, above the plate,
a constant value of the static pressure was imposed, according to measurements.
The static pressure profile was adjusted at the second domain outlet (DE line
in Fig. 1), to match the measured mean velocity profile there. In measurements,
the construction elements were placed downstream of DE line, so adjustment
of flow conditions was needed to reproduce the losses there. Figure 2a compares
the measured and predicted mean x-velocity along DE line in Fig. 1. Figure 2b
shows a comparison between measured and predicted, by the algebraic inter-
mittency model, the static pressure profile at 100mm above the plate surface.
The apparent consistency of results confirms correctness of specification of the
boundary conditions for the mean flow variables along AB -inlet and at both
outlets.

For a proper calibration of the acoustic model term, a good correspondence
between measured and predicted freestream turbulence levels, for a natural flow
(without acoustic excitation), has to be assured first. For this purpose, the evo-
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Fig. 2. Flow along a flat plate (ReL,s = 174 000, Tu = 0.6%). Predicted and measured
a) mean streamwise velocity at outlet from the computational domain below the plate (see
DE line segment in Fig. 1) and b) pressure distribution at 100mm above the plate surface.

lutions of the mean velocity and r.m.s. of fluctuating velocity profiles are pre-
sented in Fig. 3 at four streamwise distances: x = 400mm (laminar flow), 525mm
(separation point), 550mm (separated boundary layer) and 675mm (turbulent
boundary layer recovery) for an unexcited flow. The modelled fluctuating veloc-
ity is computed from the turbulent kinetic energy, assuming isotropy. The mean
velocity profiles are in good agreement with measurements inside the boundary
layer. Small difference is visible in the freestream, were the predicted mean veloc-
ity profiles at distances x = 400, 525 and 550mm are about 3–4% lower than the
measured ones. This difference might be due to ambiguity in the prescription of
the mean and turbulence flow variables near to the upper contoured wall. Note
that the tripping element was imposed in measurement in front part of the upper
wall (downstream the point C in Fig. 1) to avoid separation of the boundary
layer there. The presence of a tripping element was not accounted for in the
present study, but the flow was assumed as fully-turbulent near to the upper
wall. This was achieved by defining the shear-sheltering (2.3) and intermittency
(2.7) terms equal to unity above the wall-normal distance y = 150mm. There
is also small difference between predicted and measured velocity close to wall in
the separated boundary layer at x = 550mm (Fig. 3c). As demonstrated in later
Fig. 4, this is due to somewhat too abrupt transition reproduced with the present
model. Good agreement is reported between measured and predicted freestream
values of fluctuating velocity components at all streamwise distances in Fig. 3.
This confirms quality of the inlet conditions along AB line (Fig. 1). One can
see differences between predicted and measured fluctuating velocity components
close to the wall (Fig. 3a, b and c). The measured peak values of fluctuating
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Fig. 3. Flow along a flat plate with adverse pressure gradient (ReL,s = 174 000, Tu = 0.6%).
Predicted and measured profiles of mean streamwise velocity, Ux, and r.m.s. of fluctuating
velocity components, u′, for a natural flow (without acoustic excitation) at streamwise
distances: a) x = 400mm (laminar flow), b) 525mm (separation), c) 550mm (separated
boundary layer), and d) 675mm (turbulent boundary layer recovery) from the plate

leading edge.

velocity components at streamwise distances 400, 525 and 550mm are due to
the Klebanoff streaks. A discussion on this subject, confirming the existence
of the Klebanoff modes is given in Section 4. Note that the current algebraic
intermittency model is not meant to model the evolution of the large-scale Kle-
banoff disturbances (streaks) in the pseudo-laminar boundary layer. The model
has been constructed to account for the penetration of small-scale turbulence,
towards the wall, using the shear-sheltering term (Eq. (2.3)). This effect is well
reproduced in the present model. Figure 3d shows the mean and fluctuating
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flow details in the turbulent boundary layer flow. Although the mean velocity
profile is well predicted, the fluctuating velocity component is underestimated.
The power spectra at the streamwise distances x = 625 and 650mm (see later
Fig. 7a) show accumulation of energy in the frequency range (f = 20–80Hz).
This energy results from vortex shedding in the separated boundary layer. The
unsteady flow character associated with vortex shedding cannot be fully repro-
duced in the present steady RANS simulation. Note that similar quality results
were obtained by Zhou et al. [30] for simulation of the flow over A-Aerofoil
using the γ − R̄eθt and hybrid DDES/γ − R̄eθt models. So one can conclude
that a good agreement is achieved between measured and predicted mean and
fluctuating flow details along the plate (Fig. 3).

With the model validated for a natural flow (without acoustic excitation), the
next step was to include the effect of acoustic forcing. First, a role of the baseline
PKH production term is discussed in Fig. 4a for simulation of the CUT flat plate
without the acoustic excitation. The two simulation results are presented, one
obtained with the present model (denoted by without acoustic forces) and one
with inactive the PKH production term in Eq. (2.1) (denoted by without acous-
tic forces, inactive PKH-term). The first result shows quite good agreement with
an experiment (see discussion later on too low peak value of H12). The second
result (inactive PKH-term) shows significantly delayed transition onset, resulting
in a too high peak value of a shape factor along the plate at x = 0.65m. Clearly,
the role of PKH-term is essential for proper accounting for the separation-induced
transition. Figure 4b shows measured and predicted by the algebraic model shape
factors along the flat plate in cases without and with the acoustic excitation with
the SPL of 135 dB [29]. In the experiment, the background noise for the unexcited

Fig. 4. Flat plate with an adverse pressure gradient at ReL,s = 174 000, Tu = 0.6%.
Distribution of the shape factor along the plate without and with the acoustic excitation.
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case was equal to 89 dB. The difference in the SPL level is thus 46 dB. The numer-
ical results were obtained with the three values of Cac coefficient equal to 0.033,
0.1 and 0.3. The peak values of H12 are underestimated in simulations (Fig. 4b).
This is due to modelling of the KH instability by production of turbulent kinetic
energy in the instability zone of a separated layer [18, 26]. The reduction in the
transition onset Reynolds number, Rex,s−t, in the case with the acoustic excita-
tion is well reproduced by the model using Cac = 0.1. More detailed insight on
transitional flow characteristics is provided in Table 2. The table summarizes the
measured and predicted locations of boundary layer separation, the momentum
thickness Reynolds number at separation, Reθ,s = θs ·Ue,s/ν (θs and Ue,s are the
momentum thickness and edge velocity at separation), and the transition onset
Reynolds number, Rex,s−t = ∆xs−tUe,s/ν (∆xs−t is the distance between the
separation and transition onset points), in unexcited and exited cases. It should
be noted that in the experiment, the separation onset was difficult to detect
using the single hot-wire technique due insensitivity of the sensor element to the
flow direction. Therefore, the detachment point was determined by an indirect
method using the calculated values of the shape factor parameter, which, as an
integral measure, is less sensitive to measurement errors near to the wall. A re-
lationship for the laminar boundary layer, proposed by Drela and Giles [31],
was used for this purpose. A correctness of separation point determination was
approved by means of a smoke visualization technique. In simulation, the sep-
aration location was determined based on wall shear stress, τw, profile (point

Table 2. Measured and predicted values of boundary layer separation point, (x/L)s,
momentum thickness Reynolds number at separation, Reθ,s, and transition onset Reynolds
number, Rex,s−t, for the CUT flat plate at ReL,s = 174 000, Tu = 0.6%. The numerical data
are obtained for different values of Cac constant in Eq. (2.10). The relative error in % is given

in the brackets.

Acoustic Cac
(x/L)s (x/L)s Reθ,s Reθ,s Rex,s−t Rex,s−t

excitation Experiment Simulation Experiment Simulation Experiment Simulation

Excitation
inactive

– 0.525 0.520 (1%) 293 300 (2.4%) 27145 26492 (2.4%)

Excitation
active

(135 dB)

0.033 0.525 0.525 (0%) 280 300 (7.1%) 23287 24804 (6.5%)

Excitation
active

(135 dB)

0.100 0.525 0.525 (0%) 280 300 (7.1%) 23287 23366 (0.3%)

Excitation
active

(135 dB)

0.300 0.525 0.525 (0%) 280 300 (7.1%) 23287 21569 (7.4%)
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at which τw changes sign from positive to negative). The transition onset point
(Rex,s−t formula) was determined both in the measurement and simulation at
the streamwise distance, at which the maximal value of displacement thickness
was observed along the plate [6]. In the unexcited case (Table 2) a relative error
between measurements and simulation is less than 2.5%. It shows credibility of
the numerical results. In the case with acoustic excitation, the lowest relative
error (0.3%) between the measured and predicted value of the transition onset
Reynolds number, Rex,s−t, was obtained with Cac = 0.1. Larger error levels
(6–7%) were reported with Cac = 0.033 and 0.3. Thus the Cac = 0.1 is selected
for the further study.

Note that the effects due to acoustic reflections at the wind tunnel walls
are included in the present mathematical modelling (Cac constant), since the
model was calibrated based on the experimental data obtained for the acoustic
excitation with inherent acoustic reflections. It was the intention of the exper-
imental tests to include the acoustic reflections which are typical for aerospace
and turbomachinery applications.

4. Functioning of the transition model under acoustic forcing

In this section, illustration of functioning of the algebraic intermittency model
is provided in the cases without and with the acoustic excitation. Figure 5 shows
the contour plots of mean streamwise velocity, PKH-term (Eq. (2.8)), intermit-
tency factor γ (Eq. (2.7)) and the turbulent kinetic energy, k, in an unexcited
case. The separated boundary layer region is visible in Fig. 5a. The clipped zone
corresponds to the negative values of streamwise velocity. The PKH production
term is active in the front part of the separated boundary layer (see panels (a)
and (b)). As mentioned, this term is responsible for modelling of shear layer
breakdown due to the Kelvin–Helmholtz instability [18]. The activity of PKH-
term in panels (a) and (b) can be better understood by verifying the measured
power spectra density of streamwise velocity fluctuating presented in Fig. 7a. The
spectra show amplification of the KH-instability at central frequency f = 48Hz
(see also Sokolenko et al. [29]) at streamwise distances 400, 525 and 550mm
from the plate leading edge. This instability is modelled in the present model
by the PKH production term shown in Fig. 5a and b. Strong amplification of
fluctuations is visible in Fig. 7a at the streamwise distance x = 600mm in the
band of frequencies centred on f = 48Hz. Further downstream (x = 625 and
650mm) the energy content of velocity fluctuations becomes rapidly distributed
over a much wider range of frequencies. This process, resulting from the break-
down process of the roll-up eddies, is taken into account in the present model by
a local increase of the turbulent kinetic energy as a consequence of the boosting
effect of the PKH-production term in the k-equation. It activates the intermit-



Prediction of laminar-to-turbulent transition. . . 605

Fig. 5. Flow along a flat plate without the acoustic excitation. The contour plots of
a) streamwise velocity, Ux, b) PKH production term, c) intermittency factor γ and d) the
turbulent kinetic energy, k. The contour plot of PKH is reproduced on a panel (mean
velocity), by means of contour lines, for purpose of comparison with results in Fig. 6.

tency term in the middle part of the boundary layer (Fig. 5c) and causes the
transition to turbulence. The result is the reduction of the size of the separation
bubble, as discussed in earlier Fig. 4a.

Figure 6 shows the contour plots of a) mean streamwise velocity superim-
posed with contour lines of the PKH production term (Eq. (2.8)), b) the Pac pro-
duction term (Eq. (2.10)), c) the intermittency factor γ (Eq. (2.7)) and d) the
turbulent kinetic energy k. The contour plot of Pac-term is shown together with
the measured profile of displacement thickness, δ∗, denoted by a dash-dotted
line (panel b). The first observation is that the activity zone of the PKH-term is
now smaller than in the unexcited case discussed above (Fig. 5a). This is due to
the fact that supplementary turbulence is produced in the zone determined by
sum of Pac- and PKH-terms (see Eq. (2.1)), with respect to the activity domain
of a single PKH-term in unperturbed case (Fig. 5a). The second observation is
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Fig. 6. Flow along the flat plate with acoustic excitation. Contour plots of a) streamwise
velocity, Ux, together with contour lines of the PKH term (levels 0.2, 0.4 and 0.6m2/s3 are

shown), b) Pac-term, c) γ and d) k. The dashed-dotted line in panel (b) shows the measured
profile of the displacement thickness, δ∗, along the plate. ∆x in panel c shows the difference

in location of intermittency patch with respect to the unexcited case (Fig. 5c).

that the Pac production term is activated near to the displacement thickness
line (Fig. 6b). This activity is in agreement with measurements by Kurelek
et al. [11]. Kurelek et al. [11] reported an increase of turbulent shear stress in-
side the separated boundary layer, along δ∗-line under both tonal and broadband
acoustic forcing. This effect is modelled now by the supplementary Pac-term in
the k-equation. The boosting effect of PKH and Pac production terms is also
visible on contour plots of intermittency (Fig. 6c) and k (Fig. 6d). It leads to
a reduced size of the separation bubble (Fig. 4b) and a smaller value of the
transition onset Reynolds number in the excited flow (Table 2), compared to
unperturbed flow. In Fig. 6a and b a somewhat broader activity zone of Pac and
PKH production terms, with respect to the activity region of a single PKH term in
Fig. 5a, can be understood by analysing the measured power spectra density in
Fig. 7b in flow with acoustic excitation (loudspeaker). The spectra are analysed
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at the same locations as in the unexcited case (Fig. 7a). One can see much
broader energy content, centred now on frequency f = 64Hz, already at stream-
wise distances 400, 525 and 550mm, with respect to energy content of fluctuating
velocity in an unexcited case (Fig. 7a, f = 48Hz). The increased energy level is
also observed for frequencies f > 100Hz. This last increase is clearly caused by
acoustic excitation by the loudspeaker in the frequency range 100–650Hz. More
rapid redistribution of energy is also observed in the broader range of frequencies
at the downstream distance x = 600mm (centred on f = 64Hz). This justifies
a selection of the broader activity domain of Pac and PKH production terms in
the case with acoustic excitation compared to the activity zone of PKH-term in
the unexcited case.

Fig. 7. Measured power spectra density (PSD) at streamwise distances, x = 400, 525, 600,
625 and 650 mm and wall-normal distance corresponding to maximal value of r.m.s. of

fluctuating velocity for CUT flat plate, a) without the acoustic excitation and b) with the
acoustic excitation at the SPL of 135 dB. The unit of PSD is W/(kg·Hz) = m2/s2.

The breakdown process of the roll-up eddies, around the central frequencies
f = 48Hz and 64Hz, was discussed with Fig. 7, in the unexcited and excited
cases, respectively. As demonstrated in our previous work [29] the dominant insta-
bility Strouhal numbers (Stθ = fθs/Ue,s), computed with f = 48Hz and 64Hz,
correspond well with data reported in the reference experiment, suggesting the
Kelvin–Helmholtz instability mechanism. It seems also useful to analyse the char-
acteristics of low-frequency events observed in Fig. 7 (f = 1–10Hz), since they
are responsible for a significant part of energy in laminar and separated flow
regions both in unexcited (Fig. 7a) and exited (Fig. 7b) cases. It can be as-
sumed, based on the literature review [32], that these low-frequency fluctuations
indicate the presence of the Klebanoff streaks in the pseudo-laminar boundary
along the flat plate. To confirm this assumption, the average wavelength, λ, of
the Klebanoff streaks was estimated using the correlation by Lengani et al. [32]
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as λ = 10.5δ∗ (δ∗ displacement thickness). With the mean value of r.m.s. in
Fig. 3a, b and c approximately equal to u′ = 0.1, 0.2 and 0.25m/s, the average
frequency (f = u′/λ, Hz) of the Klebanoff streaks is estimated as: f = 6.8, 6.14
and 5.9Hz. This estimation is in good agreement with energy content of low-
frequency forms (f = 1–10Hz) in Fig. 7. It is worth to mention that the streaks
forming upstream of separation were also observed for the flow over NACA0018
aerofoil in the low and medium/high freestream turbulence environment (Tu =
0.51–1.99%) in the experiments by Istvan and Yaruschevytch [6]. This shows
that the peak values on fluctuating velocity components in Fig. 3a, b and c are
due to the Klebanoff streaks.

5. Model validation

Validation of the proposed acoustic forcing model was performed for the flow
over NACA0018 aerofoil, experimentally studied by Kurelek et al. [11] and
Kurelek et al. [12]. The experiments were performed in the wind tunnel section
which was 2.44m long and had the cross-section equal to 0.61 × 0.61m2. The
chord length c and span of the aerofoil was equal to 0.2 and 0.61m, respectively.
The aerodynamic flow angle was equal to 4◦. The Reynolds number, based on
the chord length (c) and the mean velocity at inlet, was equal to Re = 125 000.
The freestream turbulence level was less than 0.1%. The flow was essentially
2D at the midspan owing to a large span to the chord ratio. We refer to the
work [33] for discussion of flow two-dimensionality. The boundary layer on the
aerofoil pressure side was tripped at x/c = 0.4 by three-dimensional roughness
elements to limit the effect of the acoustic feedback loop mechanism.

The steady RANS simulations, with application of the algebraic intermit-
tency model, have been performed on 2D domain of length and height equal
to 1.3 m × 0.61 m (Lx × Ly). The aerofoil was placed at a streamwise distance
equal to 0.3m downstream of the inlet plane. The leading edge was at x = 0,
y = 0. A constant value of x-velocity component was applied at the domain
inlet to match the measured Reynolds number (Re = 125 000). The inlet veloc-
ity vector was perpendicular to the inlet line (2D). The aerofoil was rotated by
α = 4◦ to reproduce the experimental conditions. The slip-wall conditions were
superimposed on the top and bottom sides of the domain. The no-slip condi-
tions were superimposed on the aerofoil’s surface. At the outlet, the constant
value of the static pressure was imposed. In measurements, the value of the
freestream turbulent intensity and the longitudinal integral length scale mea-
sured at the position of the leading edge of the aerofoil, without the aerofoil
present in the test section, was equal to Tu = 0.1% and lint = 0.2c = 0.04m,
respectively. In simulation, the inlet values of turbulent intensity, Tu, and the
dissipation length scale, Lε = k3/2/ε, were determined following the work by
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Gramespacher et al. [34] to match the measurements by Kurelek et al. [11].
The dissipation length scale was estimated as Lε = 60%lint [34]. We refer also
to our previous work [26] for discussion of the inlet values of k and ω for grid
turbulence. Figure 8 shows the turbulent intensity, Tu =

√
2k/3/U predicted

by the algebraic model, (with U the local mean velocity magnitude) and an in-
tegral length scale along four horizontal lines placed at y = 0.15m (y/c = 0.75),
0.075m (y/c = 0.375), −0.75m (y/c = −0.75) and −0.15m (y/c = −0.375). The
lines are relatively far from the aerofoil surface, but influence of the aerofoil is
still visible, especially on Tu-profiles (Fig. 8a). At distance x = 0 the freestream
turbulence intensity varies between 0.095 and 0.105%. The integral length scale
equals to lint = 0.04m there (Fig. 8b). Thus, the results prove the correctness of
specification of the inlet values for the turbulence model.

Fig. 8. Flow over NACA0018 aerofoil at Re = 125 000, Tu = 0.1%. Profiles of a) freestream
turbulent intensity [%] and b) integral length scale [m] along horizontal lines at

y = 0.15, 0.075,−0.75 and −0.15m.

A high quality block-structured mesh was constructed with total number
of cells equal to 128 000. The C-type mesh was employed around the aerofoil’s
surface with thickness of the near-wall zone equal to 60mm. About 60 cells were
employed in the wall-normal direction of the near-wall zone with the growth
rate of elements was equal to 1.1. The maximal value of y+ at the aerofoil’s
surface was equal to 1.4 (leading edge) while for most of the aerofoil’s surface
the y+ values were close to 0.6.

The flow was treated as an incompressible. The pressure-based coupled solver
ANSYS Fluent was used to solve the time-averaged Navier–Stokes equations. The
specifications of discretisation schemes were the same as in the CUT flat plate
case, discussed above. The pressure side boundary layer was tripped by putting
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Fig. 9. Fig. 9. Flow over NACA0018 aerofoil at Re = 125 000, Tu = 0.1%. Contour plots of
x-velocity component, Ux, intermittency factor γ and the turbulent kinetic energy, k in flows
a) without and b) with active acoustic excitation term. ∆x in panel b shows the difference in

location of intermittency patch with respect to unexcited case (panel a).
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the intermittency factor equal to unity downstream of x/c = 0.4 (see Fig. 9, in-
termittency factor). The normalized residuals for the flow and turbulence model
equation were driven below the 10−6 level.

Figure 9 shows the contour plots of mean x-velocity, intermittency factor γ
and turbulent kinetic energy, k, for simulation of the flow over NACA0018 aero-
foil without (Fig. 9, panel a) and with (Fig. 9, panel b) the acoustic term
(Eq. (2.10)) active. The small separation bubble is visualized on the aerofoil’s
suction side by clipped negative values of x-velocity component. The bubble is
clearly smaller in the case with acoustic excitation (Fig. 9b). The laminar-to-
turbulent transition in separated boundary layer on aerofoil’s suction side is visi-
ble by an intermittency function equal to unity (Fig. 9a, middle). The transition
is followed by the boundary layer reattachment. The increased turbulent kinetic
energy level is reported downstream of the transition point (Fig. 9a, bottom).
In the case with acoustic excitation (Fig. 9b) the intermittency variable is acti-
vated earlier (Fig. 9b, middle) compared to the unexcited case (Fig. 9a, middle).
It also results in earlier activation of the turbulent kinetic energy (Fig. 9b, bot-
tom) compared to the unexcited case (Fig. 9a, bottom).

Fig. 10. Flow over NACA0018 aerofoil at Re = 125 000, Tu = 0.1%. Distribution of the
shape factor on the aerofoil’s suction side without and with acoustic excitation active.

Figure 10 shows comparison between measured and predicted by the alge-
braic model shape factor profiles on NACA0018 aerofoil’s suction side in cases
without and with acoustic excitation. In the experiment by Kurelek et al. [11]
the SPL of the background noise in the unexcited case was equal to 88.9 dB (Nat
symbol). Both the tonal (T ) and broadband (B) excitation was imposed by an
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external loudspeaker at the SPL of 94.8 dB. The difference is 5.9 dB. Activation
of acoustic perturbations resulted in shifting of the transition onset upstream.
The present model reproduces well the unexcited and excited flow details. Nu-
merically the separation point is reproduced somewhat too early in both cases
(see also Fig. 11). This is due to a simple algebraic form of the PKH-production
term (Eq. (2.8)). However, it can be seen that the proposed acoustic excitation
component (Eq. (2.10)) functions well for the prediction of NACA0018 flow.

Fig. 11. Flow over NACA0018 aerofoil at Re = 125 000, Tu = 0.1%. Comparison between
measured and predicted separation point (xs), maximum shape factor location (xH) and
reattachment point (xr) in cases without (88.5 dB) and with acoustic excitation (94.5 dB).

In experiment, the symbols ‘T ’ and ‘B’ denote the tonal and broadband forcing, respectively.

Figure 11 provides more quantitative information about measured and pre-
dicted by the algebraic model parameters i.e. separation point (xs), maximum
shape factor location (xH) and reattachment point (xr) in the cases without
(88.5 dB) and with acoustic excitation (94.5 dB). The data are normalized by
the aerofoil chord. The relative error between measured and predicted sepa-
ration points is 8.8% and 13.2% in unexcited and excited flows, respectively.
But one has to note a relatively large uncertainty level in measured values of
separation. The predicted reattachment points are within the uncertainty limit
of measured reattachment points in the two cases analysed here. Summing up,
the algebraic intermittency model extended with the proposed acoustic excita-
tion term (Eq. (2.10)) allows capturing the major effects of external acoustic
excitation on transition in a separated boundary layer, with a satisfactory ac-
curacy, which confirms the correctness of the assumptions made to model this
phenomenon.
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6. Summary

The simplified RANS-based method has been developed for taking into ac-
count the effect of acoustic forcing onto the laminar-to-turbulent transition inside
a separated boundary layer. The modelling component (Eq. (2.10)) has been de-
veloped based on observation by Kurelek et al. [11] regarding an increase of
the turbulent shear stress within a separated boundary layer under both tonal
and broadband acoustic forcing. The model constant has been tuned based on
the own flat plate experiment. The model calibration took into account reflec-
tions of acoustic waves at walls, reported in the present experiment. The model
validation was performed using the reference experimental data by Kurelek
et al. [11]. It should be emphasised that the present modification addresses only
the effect of disturbances growth under external acoustic excitation, without
taking into account the effect of varying the SPL level. The SPL effect seems
important and might be the subject of a further study. Good quality results were
obtained, proving applicability and reliability of the proposed modelling strategy
for simulation of steady flows with active external acoustic forcing.

Appendix A

Table A1 contains the coordinates of the test section. To prevent the flow
separation, the leading edge of the flat plate (placed at x = 0, y = −5mm) had
an elliptical shape, with the semi-major axis equal to 38mm, and minor axis
equal to 10mm. The plate thickness was equal to 10mm.

Table A1. Coordinates of test section in mm.

x 250 38 0 38 1415 0 90 190 240
y −10 −10 −5 0 0 202 202 202 197
x 265 290 315 340 370 390 440 490 600
y 190 180 172 167 165 165 173 182 204
x 700 800 900 1000 1103 1203 1303 1403 1415
y 223 237 247 250 247 246 246 245 245

Appendix B

Figure B1 shows a comparison of the shape factor profile along the flat plate
surface (CUT flat plate) obtained on grids with 86 000 (coarse), 161 000 (basic)
and 285 000 (fine) cells. The maximal values of y+ were less than 0.6 on basic
and fine meshes. The grid with 86 000 cells was coarsened with respect to 161 000
grid in the interior of the domain and in the near-wall region. On the coarse grid
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the value of y+ parameter varied in the range 2.7–2.8. The comparison shows
grid-independence of coarse and basic-grid results. Thus, the basic mesh was
selected for calibration of the acoustic forcing term, discussed in Section 3.

Fig. B1. Shape factor profile along the flat plate obtained on different density grids.
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