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Abstract: The paper reports the results of a study concerned with the influence of the size of the
leading edge laminar bubble on the aerodynamic characteristics of the HGR01 airfoil. The completely
turbulent and transient flows are considered. The mechanism of the appearance and interaction of
laminar and turbulent flow separation near the leading and trailing edges of the airfoil is studied in
detail. In the paper, the dependence of aerodynamic forces on the critical Reynolds number for the
HGR01 airfoil is discussed. It has been established that the separation bubble at the leading edge
can only be obtained using the laminar–turbulent transition model. Fully turbulent models are not
able to show this feature of the airfoil flow. Graphs of the lift coefficient as a function of the critical
Reynolds number, as well as the pressure distribution as a function of the size of the laminar bubble,
are shown.

Keywords: HGR01 profile; leading-edge separation; laminar bubble; Navier–Stokes equations;
turbulence model

1. Introduction

At a low angle of attack, the laminar boundary layer separates from the airfoil surface
due to an unfavorable gradient in the middle part of the wing. In the detached flow, a
laminar–turbulent transition occurs, and the turbulent flow reattaches to the airfoil surface.
This local separation zone is called a “laminar separation bubble” [1]. One of the main
goals of aircraft design is to maximize the wing lift coefficient. In practice, this leads to
the need to take into account the separation of the laminar bubble from the leading edge,
because it causes a hysteresis loop in the lift curve, which can be significant. The transition
between positions on the curve can lead to a sharp loss of lift, and to prevent stall, a rapid
change in the angle of attack is necessary. This was the reason for a detailed study of the
occurrence and prevention of this phenomenon [1–3].

To calculate the maximum lift for airfoils with separation at the leading edge, it is
important to accurately identify the separation point of the laminar bubble. Depending on
the external conditions, the laminar bubble on the leading edge at large angles of attack
can either “burst”, causing the so-called separation from the leading edge, or, for example,
for higher critical Reynolds numbers, it can lead to a combination of separation from the
leading and trailing edges, by interacting with the turbulent separation moving upstream
from the trailing edge. In the latter case, the separation from the trailing edge may have a
strong non-stationary character [1].

The study of the phenomenon is carried out experimentally by evaluating the position
of the laminar bubble. It is clear that a comprehensive experimental study of this phe-
nomenon is time-consuming and expensive; therefore, it is advisable to use mathematical
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modeling for the study, which has begun to be carried out in as yet isolated works. For
example, at the Institute of Fluid Mechanics of Braunschweig Technical University, an
investigation of the aerodynamic characteristics of the HGR01 airfoil [1] was carried out,
purposely designed to study the separation of a mixed type (meaning the separation at
both the leading and trailing edges).

It is shown in [1] that numerical modeling of the laminar–turbulent transition allows us
to obtain a flow structure close to that observed in the experiment. In the case of modeling
a laminar–turbulent transition, in contrast to modeling a fully developed turbulent flow,
the result essentially depends on the critical Reynolds number, which is the function of
turbulence intensity and pressure gradient.

The paper reports the results of the numerical simulation of the flow structure as
affected by the critical Reynolds number. In the paper, the aerodynamic forces as a function
of the critical Reynolds number for the HGR01 airfoil [1] are presented. The influence of the
size of the leading-edge bubble on the aerodynamic characteristics of this airfoil is shown.
The dependence of the lift coefficient on the critical Reynolds number, as well as the airfoil
pressure distribution versus the size of the laminar bubble, are presented.

2. Model Implementation (Numerical Methods)

To study the influence of the position of the laminar bubble on the airfoil characteristics,
we will use a well-known approach, based on the numerical solution of the Navier–Stokes
equations averaged by Reynolds (RANS approach) [4]. In this approach, the one-parameter
Spalart–Allmaras model (SA) [5] and the two-parameter Menter shear stress transport
model (SST) [6] have been widely used. The disadvantage of the SA and SST models is the
lack of correlation dependencies describing the laminar–turbulent transition. Therefore,
these models cannot predict leading-edge laminar bubbles. Note that, although in the
original Spalart–Allmaras model there is a term responsible for the laminar–turbulent
transition, it requires an explicit assignment of the transition position.

To determine the position of the separation point, low-Reynolds number (low-Re)
differential turbulence models were created. One of the most successful is the γ-Reθt
model [7,8], developed with a focus on its use in conjunction with the SST turbulence
model [6]. The γ-Reθt model uses a bypass transition scenario in which the transition to
turbulence occurs in the region of linear stability of small perturbations. According to this
scenario, the low-Re transition process begins with the sudden appearance of turbulent
spots—the areas of turbulent pulsations, drifting downstream and increasing in size, lead to
the complete turbulization of the downstream boundary layer. The formation of turbulent
spots leads to the alternation of laminar and turbulent regimes in the boundary layer. This
alternation can be characterized by the intermittency coefficient γ (the transition weight
factor). The intermittency coefficient can be varied in order to artificially define laminar
and turbulent flow regions.

The γ-Reθt model includes the transfer equation for the intermittency coefficient γ
and the critical Reynolds number Reθt:

∂ργ

∂t
+

∂(ργUj)

∂xj
= Pγ − Eγ +

∂

∂xj

[(
µl +

µt

σγ

)
∂γ

∂xj

]
(1)

∂ρRe∗θt
∂t

+
∂(ρRe∗θtUj)

∂xj
= Pθt +

∂

∂xj

[
σθt(µl + µt)

∂Re∗θt
∂xj

]
(2)

where the terms of the equations take into account: Pγ and Eγ—the generation and
dissipation of the intermittency γ; Pθt—the generation of the critical Reynolds number
Reθt; and σγ and σθt—the constants of the model. The term Pγ is responsible for the
transition onset and controls the length of the transition, and Eγ is responsible for the
suppression of γ in the laminar layer and in the viscous sublayer. The parameter Re∗θt is
used to trigger the transition. The source term Pθt is responsible for the transfer Re∗θt so
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that the transferred scalar Re∗θt diffuses with the freestream flow. A complete description of
the model with empirical relations is given in [8–10].

In the γ-Reθt turbulence model, the critical Reynolds number Re∗θt depends on a large
number of calibration constants. In this paper, the γ-Reθt model, with an imposed critical
Reynolds number, is used to control the length of the laminar portion of the boundary layer.

As will be shown below, classical RANS turbulence models do not allow description
of the laminar separation bubble in the nose area at medium angles, which is consistent
with the results of other studies [1,11]. To eliminate this disadvantage in RANS modeling,
one can use the SSG/LRR-ωmodel, which better predicts the evolution of the boundary
layer. A full description of the model can be found in [11]. Calculations were carried out
with the LOGOS software package [12–17].

2.1. Predicting Lift Curve using RANS Turbulence Models

For the numerical experiment, an unstructured grid consisting of truncated hexagons
and containing two million cells (Figure 1) was generated. The grid point nearest the wall
has a distance to the wall of y+ ≈ 1. The case investigated here refers to the experiments
carried out at a Mach number of M∞= 0.073 and a Reynolds number of Re = 0.65 × 106.
The boundaries of the computational domain were assigned to 100 reference lengths, so
the turbulence parameters set at the inlet faded and had almost zero value near the airfoil,
i.e., the incoming flow could be considered laminar.
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A series of simulations using the turbulence models SSG/LRR-ω at different angles
of attack was carried out. The results of calculations obtained by other authors are also
given [11].

Figure 2 shows the corresponding lift curve. The graphs show the results of the
experiment in [11], the numerical results obtained in Logos using the SA and RSM models,
as well as others by the author of [11]. The experimental curve is close to linear, up to the
angle of attack of 12◦. Within the linear portion of the graph, there is a good agreement of
the results for all turbulence models. The lift curves obtained using the turbulence model
SA at angles of attack α ≥ 12◦, retain a linear character. The results obtained using the RSM
model show a deviation from linearity, but quantitatively they also differ significantly from
the experimental data.

Figure 3 shows the streamlines at the airfoil trailing edge at α = 12◦. Figure 3 demon-
strates that in the experiment in [1], a bubble at the airfoil trailing edge is observed. The
SSG/LRR-ω model shows the presence of only a small vortex zone, whereas, with the
RANS turbulence models based on the Boussinesq hypothesis, no vortex is observed.
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In the experiment with the HGR01 airfoil, a complex flow was recorded, including the
leading-edge bubble. The bubble appeared at the average angles of attack long before there
was turbulent separation from the trailing edge. Figure 4 shows the flow structure obtained
in the experiment at an angle of attack of 10◦. Figure 4 gives an example of the flow past the
upper surface of the model visualized with oil paint. The extent of the separation bubble is
clearly visible as a straight line of structured fluid film over the model span, as the paint
is captured within the bubble through the experiment duration and is formed by surface
tension and by flow structures within the bubble [1] (this is a quotation from [1]).
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The reason for this is that under the considered conditions, the formation of a leading-
edge laminar bubble is observed, which appears at the average angles of attack long before
the trailing edge vortices [1]. As the angle of attack increases, the bubble shrinks and moves
towards the leading edge. The presence of laminar flow on the leading edge leads to a
decrease in friction force in this area.

Figure 5 shows the pressure coefficient distribution and the streamlines near the
leading edge of the airfoil obtained with the RANS model.
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Figure 5. Pressure coefficient distribution and streamlines for the HGR01 airfoil at an angle of attack
of 12◦.

It can be seen that with the RANS model, a flow circulation zone in the form of a
laminar bubble is not formed at the leading edge. RANS turbulence models are based on a
priori ideas about the nature of the flow, namely, fully developed turbulent flow. Therefore,
no RANS model predicts the laminar boundary layer on the leading edge.



Fluids 2023, 8, 276 6 of 12

2.2. Numerical Study of the Influence of the Critical Reynolds Number (Recrit) on the Airfoil
Aerodynamic Characteristics

The laminar boundary layer can be modeled using the laminar–turbulent transition
model γ-Reθt [7,8]. The use of RANS models without the laminar–turbulent transition is
impossible in this case, because these models are designed for completely turbulent flows
and cannot represent the flow transition from its laminar state to a turbulent one.

In this work, the Recrit parameter is varied in order to control the size of the laminar re-
gion. This effect could be achieved by changing the turbulence parameters of the oncoming
flow, but, in this case, it is necessary to take into account the effect of turbulence damping
when the flow moves from the boundary to the profile. In this investigation, the γ-Reθt
model was used in combination with the SSG/LRR-ω RSM turbulence model [12].

Below we will try to trace the influence of the laminar boundary layer on the airfoil
aerodynamic characteristics. The numerical experiment makes it possible to investigate the
variation of aerodynamic characteristics, such as lift and pressure distribution, with the size
of the laminar bubble. A series of calculations were carried out using the turbulence model
SSG/LRR-ω at the angle of attack α = 12◦, in which the length of the laminar boundary
layer varied. Table 1 shows the corresponding design cases.

Table 1. Design cases.

No. Recrit No. Recrit No. Recrit No. Recrit

1 50 5 400 9 800 13 1120

2 100 6 500 10 900 14 1140

3 200 7 600 11 1000 15 1160

4 300 8 700 12 1100 16 1180

Figures 6 and 7 show the pressure coefficient distribution and the streamlines for the
airfoil at Recrit = 1100 and Recrit = 1120, respectively. Figure 6 shows the characteristic fully
attached flow structure at Recrit = 1100. At the leading edge, there is a flow circulation
zone in the form of a laminar bubble, which leads to the flow separation and the laminar–
turbulent transition. Downstream of the circulation zone, the flow is reattached. With an
increase in the critical Reynolds number, the flow does not reattach. Figure 7 shows the
structure of the flow at Recrit > 1100, at which there is a separation of the laminar bubble
without subsequent attachment.
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Figure 8 shows the dependence of the lift coefficient on the critical Reynolds number.
The upper vertical line shows the values of the maximum and minimum lift coefficient
corresponding to the turbulent and laminar regimes. The middle line shows the value of
the lift coefficient corresponding to the given flow parameters in the experiment. It can
be seen from the graph that with an increase in the Reynolds number, the value of the lift
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coefficient tends from a completely turbulent regime to a laminar one, and at Recrit > 1100
there is a sharp decrease in the lift coefficient. This sharp drop in the lift coefficient is due
to the fact that the laminar bubble is detached.
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Figure 9 shows the dependence of the lift coefficient on the position of the center of
the laminar bubble. The position of the bubble center is closest to the experiment in cases
No. 5–7.

For a more detailed analysis of the flow behavior, Figures 10 and 11 present the laminar
portion of the boundary layer and the turbulent viscosity near the leading-edge. Figure 10
shows that a bubble forms at the leading edge and expands with an increase in the critical
Reynolds number. Figure 11 shows that the laminar flow delays the formation of a turbulent
boundary layer, which leads to a decrease in the lift coefficient. With an increase in the size
of the laminar bubble, the lift coefficient tends from a completely turbulent regime to a
laminar one.
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The pressure coefficient distribution at the angle of attack α = 12◦ is shown in Figure 12
for all design cases. The laminar flow also leads to a decrease in the pressure coefficient
at the leading edge of the wing. The enlarged part of the pressure coefficient distribution
graph in the trailing edge area is shown in the lower right corner of Figure 12b. For most
modes, there is a slight deviation of the pressure coefficient on the upper surface of the
airfoil, which explains the observed overestimation or underestimation of the lift coefficient
from experimental data. In case No. 6, the distribution of the pressure coefficient at the
leading edge is closest to the experimental data.

This is most pronounced at the leading and trailing edges of the wing. Figures 13 and 14
show the pressure coefficient distribution at the angle of attack α = 12◦ for case No. 6, in
comparison with the results obtained without taking into account the laminar–turbulent
transition model and experimental data.
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In the region of the nose and trailing edge of the profile in the turbulent regime, there
was the maximum difference from the experimental data, while the laminar–turbulent
transition mode (case 6) using the model γ-Reθt made it possible to approach the experi-
mental values.

The numerical analysis provided an insight into the flow structure observed in the
experiment. At the leading edge, there is a flow circulation zone in the form of a laminar
bubble, which leads to the separation and the laminar–turbulent transition.

The influence of the size of the leading-edge bubble on the aerodynamic characteristics
of the airfoil was studied. At Recrit = 1100, the formation of a laminar bubble was observed,
which led to the separation and the laminar–turbulent transition. Downstream of the
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circulation zone, the flow was reattached. With an increase in the size of the laminar
bubble, the lift coefficient tended from a completely turbulent regime to a laminar one. At
Recrit > 1100, there was a separation of the laminar bubble without subsequent attachment.

The numerical results obtained at Recrit = 500 are in good agreement with the exper-
imental data. For Recrit = 500, the length of the laminar portion of the boundary layer
is 0.0192 m.
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3. Conclusions

A study is made of the features of the flow around the HGR01 airfoil using vari-
ous turbulence models. It is shown that in the presence of complex flow regimes, the
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Spalart–Allmaras model based on the Boussinesq hypothesis gives a result that is far from
the experimental data. More complex nonlinear turbulence models also do not allow one
to achieve a qualitative description of the flow structure near the airfoil, although the trend
towards a decrease in lift can already be traced.

A significant problem in the numerical experiment is the description of the laminar
bubble near the leading edge. None of the RANS models show the presence of the laminar
separation bubble in this area.

The correct behavior of the flow in the calculation is obtained only using the laminar–
turbulent transition model. It has been established that the size of the separation region in
the region of the leading edge depends significantly on the critical Reynolds number.

The results of a study of the dependence of the influence of the bubble size near the
nose of the HGR01 airfoil on its aerodynamic characteristics are presented. The structure
of the flow is shown as a function of the critical Reynolds number along the profile.
The dependence of the lifting force on the size of the bubble is obtained. Graphs of the
dependence of the lift force coefficient on the critical Reynolds number are presented, as
well as the pressure distribution on the profile on the size of the laminar bubble on the
profile. The paper demonstrates that a decreasing critical Reynolds number leads to a larger
laminar section in the front part of the airfoil that, in turn, leads to a lower value of the
lift coefficient. With an increased size of this section, the lift coefficient tends to change its
value from that for the completely turbulent to the laminar flow conditions.
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