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Laminar separation bubble bursting in a surging stream

David Greenblatt * and Hanns Müller-Vahl
Faculty of Mechanical Engineering, Technion - Israel Institute of Technology, 3200003 Haifa, Israel

Christoph Strangfeld
Department of Non-Destructive Testing, Bundesanstalt für Materialforschung und -prüfung,

Unter den Eichen 87, 12205 Berlin, Germany
and Hermann-Föttinger-Institut, Technische Universität Berlin, 10623 Berlin, Germany

(Received 14 October 2022; accepted 3 January 2023; published 19 January 2023)

The effect of high-amplitude harmonic surging on airfoil laminar separation bubbles, at
small angles of attack, was investigated experimentally in a dedicated surging-flow wind
tunnel. A generalized pressure coefficient was developed that accounts for local static pres-
sure variations due to surging. This critical generalization facilitated direct comparisons
between surging and quasisteady pressure coefficients, and thus unsteady effects could be
distinguished from Reynolds number effects. A momentum-integral boundary layer analy-
sis was implemented to determine movement of the bubble separation point, and movement
of the transition point was extracted from experimental surface pressure coefficients. The
most significant finding was that bubble bursting occurs, counterintuitively, during early
imposition of the favorable temporal pressure gradient, because the favorable pressure
gradient rapidly drives the bubble aft, rendering it unable to reattach. This surge-induced
dynamic stall mechanism resulted in large lift and form-drag coefficient oscillations.
Furthermore, failure to implement the generalized pressure coefficient definition resulted
in temporal form-drag coefficient errors of up to 400 counts.
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I. INTRODUCTION

The effect of periodic longitudinal flow oscillations, or surging, on airfoil boundary layers has
been studied for many years [1,2]. These studies are motivated by the need to understand the
unsteady aerodynamics of, inter alia, rotary wing aircraft in forward flight [3], vertical axis wind
turbine operation [4,5], and horizontal axis wind turbines operating in yawed flows [6]. Most of
these studies focus on airfoils at high angles of attack, where stall is present [4,5,7–10]. The current
investigation considers nominally attached flows, at small angles of attack, with surprising results
that offer insights into laminar separation bubble bursting.

The simultaneous generation of large-amplitude surging oscillations relative to the mean velocity
(σ ≡ �U/Ū ) at typical flight or turbine Reynolds numbers (Re ≡ Ū c/ν) poses significant technical
challenges. This is because either the flow or the test article must undergo large-amplitude oscilla-
tions. Recently, two independent relatively high {Re, σ } experiments [3,11] were performed on
NACA 0018 airfoils with nominally attached boundary layers, under the conditions {3 × 105, 0.5}
and {1.5 × 106, 0.2}, respectively. In the former investigation, at dimensionless surging frequencies
of ksu ≡ ωc/2Ū = 0.1, comparisons of the lift coefficient as a function of phase angle, Cl (φ),
to classical thin airfoil theory [12–14] were contradictory. With a nominally tripped boundary
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layer, the lift coefficient corresponded qualitatively with theory, but high-frequency oscillations
were observed following deceleration of the stream. However, without tripping, the lift coefficient
amplitude was opposite to that of theory, producing an anticorrelation, which was also accompanied
by high-frequency oscillations. Reference [11] attempted an explanation based upon a vortex sheet
strength comparison, but that operation masked the effect of surging on the separation bubbles.
Significant deviations from theory were also observed in the latter investigation [3], particularly at
the highest frequency tested, namely ksu = 0.05. It was suggested that this was due to an interaction
of the net induced velocity, arising from the shed circulation, with the boundary and trailing-edge
shear layers. However, the authors did not directly investigate unsteady effects on the laminar
separation bubbles.

Under a nominally steady freestream, laminar separation bubbles are relatively well understood
[15–23], but much is unknown about their response to high-amplitude surging, whose frequency is
very much lower than the lowest bubble instability frequency. This dearth of knowledge, coupled
with significant deviations from, and anticorrelations with, theory served as the motivation to
investigate temporal pressure gradient effects on the airfoil laminar separation bubbles. This was
achieved by scrutinizing the surface pressure coefficients, where a generalized pressure coefficient
was defined in order to correctly interpret temporal pressure gradient effects. This generalization
is critical to understanding the separation mechanism as well as accurately computing the integral
aerodynamic coefficients. In order to isolate purely unsteady effects from the influence of Reynolds
number, pressure coefficients associated with surging were compared with those generated under
quasisteady conditions. In addition, a momentum-integral approach was adopted to predict the
movement of the bubble separation point. Finally, the theoretical and experimental approaches were
combined to reveal the mechanism of bubble bursting in a surging stream.

II. THEORETICAL CONSIDERATIONS

A. Pressure coefficient in a surging stream

For the purpose of our discussion, we define a harmonically surging stream in an incompressible
flow as

U (t ) = Ū (1 + σ sin ωt ), (1)

where Ū is the mean freestream velocity. The local freestream static pressure is denoted as pst =
pst(x, t ). In experiments, pst cannot be unambiguously measured along the tunnel walls because,
in general, wall pressures respond to both test section pressure variations and test article load
variations. To circumvent this coupling, p0(0, t ) and U (t ) are measured simultaneously at x = 0
and the stagnation pressure coefficient definition Cp(0, t ) ≡ [p0(0, t ) − pst(0, t )]/q(t ) = 1 is used
to obtain

pst(0, t ) = p0(0, t ) − q(t ), (2)

where q(t ) = 1/2ρU 2. Next, Eq. (1) is substituted into Euler’s equation,

1

ρ

∂ pst

∂x
= −dU

dt
, (3)

and integrated to yield

pst(x, t ) = pst(0, t ) − xρŪσω cos ωt . (4)

Finally, for an arbitrary test article surface pressure p(x, t ), the local pressure coefficient is defined
as

cp(x, t ) ≡ [p(x, t ) − pst(x, t )]/q(t ), (5)
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which, after substitution of Eq. (4), results in

cp(x, t ) = [p(x, t ) − pst(0, t ) + xρŪσω cos ωt]/q(t ) (6)

or

cp(x, t ) = p(x, t ) − pst(0, t )

q(t )
+ C(x, t ), (7)

where the first term on the right-hand side is the standard, or uncorrected, pressure coefficient cpu,
and the correction term,

C(x, t ) = 4σksux̂
cos ωt

(1 + σ sin ωt )2
, (8)

with x̂ ≡ x/c. In contrast to pitching airfoils, where quasisteady effects are assumed for kpi ≡
ωc/2Ū < 0.002 [24], quasisteady surging flows (cpu ≈ cp) require that C(c, t ) � 1 for all t . We
shall refer to Eq. (6) or Eqs. (7) and (8) as the generalized pressure coefficient.

B. Unsteady integral boundary layer analysis

Consider an airfoil boundary layer subjected to an external boundary condition, or edge velocity
Ue(s, t ), where the coordinate s is measured from the stagnation point, along the surface of the
airfoil. The unsteady momentum integral equation has the form

τw

ρ
= ∂

(
U 2

e θ
)

∂s
+ δ∗Ue

∂Ue

∂s
+ ∂ (Ueδ

∗)

∂t
, (9)

which, apart from the time dependence expressed in the last term, is identical to the standard steady
form [25]. Equation (9) presents a “closure” problem, because a presently unknown theoretical or
empirical expression for δ∗(t ) must be introduced [26]. We circumvent this problem by using the
quasisteady version of Eq. (9), i.e., by neglecting the last term. Justification for this is obtained by
expanding the last term and comparing its absolute value to the absolute value of the second-to-last
term, for the present problem. This allows us the considerable simplification of employing
the well-known Pohlhausen velocity profile [25], together with the generalized boundary layer
parameter [26],

K ≡ θ2

ν

(
∂Ue

∂s
+ 1

Ue

∂Ue

∂t

)
, (10)

where K = −0.1567 indicates the separation point. Thus the flow state, and in particular boundary
layer separation point, is determined by a combination of the spatial adverse pressure gradient
produced by the airfoil geometry and angle of attack,

Ks = θ2

ν

∂Ue

∂s
= Q̂

∂Ûe

∂ ŝ
, (11)

and the temporal pressure gradient produced by the surging stream,

Kt = θ2

νUe

∂Ue

∂t
= 2Q̂σksu

cos ωt

(1 + σ sin ωt )2
, (12)

where the dimensionless quadrature term is

Q̂ = Q̂(ŝ, t ) = 0.47

Û 6
e

∫ ŝ

0
Û 5

e dŝ. (13)

In Eqs. (11) and (13) above, ŝ ≡ s/c and Ûe ≡ Ue/Ū . To compute the time-dependent separation
point, we use a vortex-lattice method [27] to obtain Ûe and ∂Ûe/∂ ŝ, for a given α. The former
facilitates the quadrature calculation of Eq. (13), and hence Ks and Kt are computed. The expression
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Ks + Kt = −0.1567 is then solved numerically as a function of the phase angle φ ≡ ωt to obtain ŝsep

and hence x̂sep. Note that the quasisteady flow conditions, corresponding to Kt = 0 and referred to
in Sec. II A, are different from the quasisteady boundary layer assumptions invoked in this section.

III. EXPERIMENTAL SETUP AND METHODS

Experiments were carried out in a blow-down wind tunnel, that incorporates a 1004 × 610 ×
4070 mm test section [28], a top speed of 55 m/s, and a turbulence level of less than 0.1%. A
louver system, mounted at the test section exit and driven by a servomotor, was used to vary the
exit area and hence the freestream velocity. A NACA 0018 airfoil (chord c = 348 mm and span of
b = 610 mm) was mounted 0.91 m downstream of the test section nozzle. It was equipped with a
1.2-mm-wide passive slot at 5% chord, which acted as a boundary layer trip. The tripped (slotted)
side of the airfoil was defined as the upper surface, i.e., the low-pressure surface for α > 0◦, and
the smooth side as the lower surface. Forty-four symmetrically disposed pressure ports were close
coupled to piezoceramic pressure transducers inside the model. Six additional pressure ports were
located at chordwise positions of x̂ = 21.5% and 69.5% on the suction surface as well as x̂ = 69.5%
on the pressure surface at a distance of 100 mm from each side wall. Surface pressures were
continuously recorded at a sample rate of 499 Hz and subsequently phase averaged. Simultaneously,
the instantaneous averages of two hot-wire measurements ahead of the airfoil (above and below),
were phase-averaged to determine U (t ). Harmonic surging and quasisteady data were acquired
between α = −4◦ and 4◦ in steps of 1◦ and at 8◦, under the conditions ksu = 0.1, Re = 3 × 105,
and σ = 0.5. The physical surging frequency, namely 1.2 Hz, was at least two orders of magnitude
lower than the lowest anticipated bubble instability frequency [29]. Full details of the experimental
setup are provided in Ref. [11].

IV. RESULTS AND DISCUSSION

A. Airfoil pressure distributions

The results presented in this section rely on a direct comparison between unsteady and
quasisteady pressure coefficient distributions at identical Reynolds numbers, in order to quantify
the effects of unsteadiness on the boundary layer. The generation of quasisteady data is described in
detail in Ref. [5]. Consider the uncorrected unsteady pressure coefficient data (α = 0◦), referenced
to the static pressure at the leading edge (see Sec. II A), compared to the quasisteady data at φ = 90◦,
228◦, 270◦, and 314◦ in Fig. 1. The first and third phase angles correspond to C = 0, while the
second and fourth angles correspond to the correction minimum and maximum, namely ∂C/∂φ = 0,
respectively. For C = 0, valid comparisons between unsteady and quasisteady pressure coefficients
are possible because the streamwise pressure gradient is zero. Therefore, the unsteady pressure
gradient effects on the boundary layer can be inferred by comparing the unsteady and quasisteady
data. In contrast, when the streamwise pressure gradient is nonzero, at φ = 228◦ and 314◦, the effect
of the pressure gradient on the boundary layer cannot be inferred because the data are biased by the
incorrect local static pressure. The bias increases linearly with x̂ as shown in Eq. (8). Consequently,
effects of the pressure gradient on the separation bubble cannot be separated from the effects of
the pressure gradient itself. Thus comparisons at all phase angles presented below are based on
the generalized pressure coefficient expressed in Eqs. (7) and (8), where the expression for U (t ) in
Eq. (1) is replaced with the hot-wire measurements described in Sec. III.

Surging and quasisteady pressure coefficients are compared at α = 0◦ at selected representative
phase angles in Fig. 2. High spatial resolution NACA 0018 pressure measurements by Ref. [29]
show that the upstream location of almost constant pressure indicates bubble separation (x̂sep), a
sharp pressure rise indicates a transition (x̂tran), and an abrupt decrease in slope indicates reat-
tachment (x̂att). From our relatively low spatial resolution data, x̂sep is difficult to pinpoint, but
the transition location x̂tran is identifiable. In the middle of the acceleration phase (φ = 0◦) the
quasisteady data show bubbles with a transition at x̂ = 0.63 for both the trip side and the smooth
side. In contrast, for the surging case there is no clear evidence of a bubble transition on the trip side
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(a) (b)

(d)(c)

FIG. 1. Comparison of uncorrected unsteady and quasisteady pressure coefficients at phases corresponding
to C = 0 [(a), (c)] and ∂C/∂φ = 0 [(b), (d)] for α = 0◦.

FIG. 2. Corrected unsteady and quasisteady pressure coefficients at selected representative phase angles
for α = 0◦.
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FIG. 3. Movement of the bubble separation point according to the momentum integral analysis and
movement of the transition points gleaned from experimental data at α = 0◦.

and a downstream movement of a transition with a weaker pressure rise on the smooth side. As
the acceleration diminishes, the bubble transition in both the surging and quasisteady cases moves
gradually upstream and at the peak velocity (φ = 90◦), without any temporal pressure gradient, the
transition locations are indistinguishable at x̂ = 0.51. This upstream movement is effected by an
increase in Reynolds number and we can thus conclude that history effects are small to negligible at
this phase. As the stream decelerates, both quasisteady and unsteady transitions move downstream.
The movement is greater for the quasisteady case purely due to Reynolds number effects (quasis-
teady data at φ = 0◦ and 180◦ are identical). The smaller effect in the unsteady case may be due to
the upstream movement of the separation point (see Sec. II B) or due to the destabilizing effect of
the deceleration, or both. During the second part of the deceleration phase, beginning at φ = 192◦,
there is a curious pressure drop between x̂ = 0.69 and 0.78 on the trip side (Fig. 2) that increases
in relative terms and is still observed at φ = 270◦ (not shown). Without flowfield measurements,
the authors have no explanation for this, other than to speculate that the separation bubble departs
dramatically from its classical form. From the angle φ = 276◦ to φ = 288◦ there is a rapid and
significant drop in pressures on the aft part of the airfoil (Fig. 2). This is a clear indication that either
one or both of the bubbles do not reattach, resulting in a surge-induced stall. In order to illustrate the
mechanism of a surge-induced stall, and eliminate Reynolds number effects, we plot the difference,
x̂tran,us − x̂tran,qs, together with the theoretical result, x̂sep,us − x̂sep,qs, from the momentum integral
equation (see Sec. II B) in Fig. 3. The unsteady separation point calculation x̂sep,us is based on the
solution with both steady and unsteady pressure gradient parameters in Eq. (10), while x̂sep,qs is
based on the solution without the last term. Despite the relatively large uncertainty associated with
the determination of the transition location, a qualitative correlation is evident. Theoretically, bubble
separation moves rapidly downstream between φ = 228◦ and 314◦, but bursting is only evident for
φ > 270◦ (see Fig. 3). Thus, in contrast to adverse spatial pressure gradients that give rise to bubble
bursting and hence stall, it is in fact during the favorable pressure gradient phase of the cycle that the
airfoil stalls. Namely, the rapid downstream movement of the separation point, possibly combined
with stabilization due to acceleration, precipitates full separation of the bubble.

In the discussion above, we based our conclusions on the corrected pressure coefficient distribu-
tions because they provide a faithful representation of bubble separation and transition in both steady
[30] and unsteady [31] flows. Nevertheless, it is clear that supplementary flowfield measurements,
such as phase-resolved particle image velocimetry [29], will provide a more complete understanding
of the bubble bursting mechanism. Such measurements are considered to be vital for future research
of this bubble-bursting mechanism.
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FIG. 4. Comparison of unsteady surging (corrected and uncorrected) and quasisteady lift coefficients, as
well as trailing-edge pressure variations.

B. Aerodynamic coefficients

Aerodynamic coefficients were determined by integrating the pressure coefficient results, em-
ploying the method described in Ref. [32]. The corrected and uncorrected lift and pitching moment
coefficients cl and cm are identical at α = 0◦ because both sides of the airfoil are affected equally
by the correction term C in Eq. (7). At α = 2◦ they are almost identical, due to the small difference
between the airfoil stagnation point location and x̂ = 0. However, the form-drag cdp clearly is
affected because the correction effects on both sides of the airfoil are additive. To illustrate this, both
the corrected and uncorrected cl and cdp results are shown for α = 0◦ and 2◦ in Figs. 4 and 5, respec-
tively, together with the quasisteady results and corresponding trailing-edge pressure coefficients.
The lift coefficient results at both angles of attack are qualitatively similar and representative of the
0◦ � α � 4◦ range (not shown); this indicates a similar stalling mechanism at these positive angles.
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FIG. 5. Comparison of unsteady surging (corrected and uncorrected) and quasisteady form-drag coeffi-
cients, as well as trailing-edge pressure variations.

The trailing-edge pressures correlate with the integrated coefficients in the sense that local pressure
minima coincide with large cl variations (∂cl/∂φ). The cl increase starting at around φ = 200◦
appears to be associated with the local pressure drop between x̂ = 0.69 and 0.78 discussed above,
while the peaks at φ = 288◦ and φ = 306◦ are associated with bubble bursting. Similar qualitative
results for 0◦ � α � 4◦ suggest, in fact, that for α > 0◦ the smooth-side lower surface bubble bursts
prior to that on the tripped side. This is because the smooth-side favorable spatial pressure gradient
moves bubble separation further downstream and thus imposition of the favorable temporal pressure
gradient moves the bubble too far downstream to reattach, prior to that of the trip side. Hence,
the second peak, which has a smaller relative value at higher α, is associated with bursting of the
trip-side bubble.

The effect of pressure coefficient correction on cdp (Fig. 5) is dramatic with differences of up to
400 form-drag counts (form-drag count = 104cdp). Failure to implement the generalized pressure
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coefficient results in nonphysically large negative and positive values. In fact, the uncorrected
form-drag coefficient is negative over approximately half of the cycle, which incorrectly implies
pressure thrust. We thus conclude that the generalized pressure coefficient is critical not only
for understanding the flowfield, but also for obtaining the correct form-drag measurements. As
expected, and in contrast to cl (Fig. 4), cdp and trailing-edge pressure peaks correlate directly. On the
one hand, the corrected unsteady versus quasisteady comparison allows us to distinguish between
purely Reynolds number effects and combined Reynolds number and unsteady effects, and on the
other hand, Fig. 3 allows us to interpret the results. Specifically, the local cdp reduction between
φ = 260◦ and 270◦ is due to the upstream movement of the separation and transition points that
produce higher trailing-edge pressures. This precedes the large cdp peak that occurs due to lower
surface bubble bursting, precipitated by the rapid downstream movement of the bubble separation
point.

Differences between the cycle-averaged unsteady and quasisteady lift and moment coefficients,
namely c̄l and c̄m, are relatively small. The increases in c̄l and decreases in c̄m due to surging, are
both O(10−2). The phase-averaged form-drag coefficients, on the other hand, exhibit relatively large
differences. For −2◦ � α � 4◦, c̄dp increases by up to 75 drag counts. However, there is a crossover
at α ≈ −2.5◦, where surging reduces c̄dp by 40 and 50 counts at α = −3◦ and −4◦, respectively.

The bubble-bursting mechanism described above was not observed in previous investigations,
for two main reasons. First, virtually all of the other experiments were performed at relatively high
poststall angles [4,5,7,8,10], and hence the drag correction is an order of magnitude greater than the
nominal values. Second, most experiments are performed at Reynolds numbers less than or equal to
105, where the bubble transition occurs too far downstream for the boundary layer to reattach [33].

V. CONCLUSIONS

The effect of unsteady, periodic, surging flows on airfoil separation bubble behavior at low
angles of attack was evaluated experimentally and theoretically. A generalized pressure coefficient
was defined and the effects of surging were determined by comparing unsteady and quasisteady
pressure coefficients. Furthermore, a quasisteady momentum integral boundary layer analysis was
employed to predict changes in the bubble separation point. The analysis and data pointed to a
stabilizing effect during the latter part of the acceleration that produced downstream movement of
the bubble. Deceleration, on the other hand, produced upstream movement of the bubble, when
Reynolds number effects were accounted for. Counterintuitively, a surge-induced stall occurred
during the early part of the acceleration phase. This was precipitated by the rapid downstream
movement of bubble separation, shown theoretically and experimentally, accompanied by large lift
and form-drag coefficient oscillations. Lift and form-drag coefficient behaviors were qualitatively
similar for 0◦ � α � 4◦, which suggests that the smooth, lower surface, bubble bursts prior to that on
the tripped upper surface. In future research, detailed high spatial resolution pressure and flowfield
measurements should be made to precisely quantify the complex flowfield produced by temporal
pressure gradients.
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