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Introduction

A FTER the laminar boundary layer separates from the airfoil
surface, the flow can reattach to the surface as a turbulent

shear layer. This region between the laminar separation and the
reattachment is called a laminar separation bubble.1 The laminar
separation bubble on the airfoil is classified into a short bubble and
a long bubble. A short bubble abruptly fails to reattach to the airfoil
surface when the airfoil angle of attack is increased, which is known
as a short bubble burst and is the cause of airfoil stall. After the burst,
a long bubble is formed. The turbulent flow developed inside of the
short bubble plays a crucial role in both formation and maintenance
of the bubble.1 Detailed knowledge of the turbulence inside the short
bubble is essential to understand its behavior. However, presently
available experimental data of the laminar separation bubble are
very few.2,3

Turbulent energy balance is a methodology that can assist in the
understanding of the turbulent flow structure and has been success-
fully used to discuss the separated and reattaching flow formed over
a backward-facing step.4,5 In Ref. 3, the turbulent energy balance
analysis has also been conducted for the short bubble formed on
a NACA 63-009 airfoil at the angle of attack α of 7 deg and at
the chord Reynolds number of 8.3 × 104. It was concluded that the
turbulent energy production has the largest contribution to the turbu-
lence growth. However, because the measurements were conducted
by the use of one-component laser Doppler anemometry (LDA) and
by rotation of the LDA optics around the laser beam axis at each
measuring point to acquire the two-dimensional velocity compo-
nents, it is thought that the results contain relatively high measure-
ment errors. In this Note, therefore, the turbulent energy balance
analysis has been conducted based on the experimental results6 of
a short bubble formed on a NACA 0012 measured with a two-
component LDA. The purpose of the present Note is to provide ba-
sic information and data of turbulence development inside the short
bubble.
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Experimental Methods and Results
In this section, experimental methods and results are briefly sum-

marized. Reference 6 investigated the short bubble formed on the
NACA 0012 airfoil at a Reynolds number of 1.3 × 105 based on the
chord length (c = 200 mm) and at an angle of attack α of 10 deg.
The wind tunnel (width 200 mm), the two-component LDA, and the
LDA measuring methodology are the same as those used in Ref. 5,
and details are described in this reference.

Mean velocities (Ū , V̄ ), turbulent stresses (u2, uv, v2), and tur-
bulent triple products (u3, u2v, uv2, v3) defined in the freestream
coordinate (x , y) were measured. The number of burst samples for
each measurement was set at 10,000, with a sampling data rate of
about 3000 Hz. The estimated overall accuracy is ±2% for mean
velocity, ±2.5% for turbulent stresses, and ±6% for turbulent triple
products at 20:1 odds when Ū = 0.8U∞ and

√
u2/U∞ = 0.23 (where

U∞ is freestream velocity). A method similar to that in Ref. 5 was
used to estimate the uncertainty values of beam alignment, resolu-
tion of the signal processor, and statistical uncertainties.7 A transit
time weighting method8 was used to eliminate velocity bias er-
rors. The positioning accuracy of the measurement volume is better
than ±0.1 mm. The surface pressure measurements indicated that
the short bubble burst occurs between α = 11 and 11.5 deg. LDA
measurements were made at α = 10 deg, when the short bubble is
formed. A surface oil-flow visualization test was made to confirm
the two dimensionalities of the mean flow at the tunnel centerline
at α = 10 deg.

Distribution of mean velocity profiles with local flow direction
are shown in Fig. 1a. A dividing streamline starting from the lam-
inar separation point, which is defined as a contour of a stream
function,

ψ ≡
∫ y

0

Ūdy = 0

is also shown. The reattachment point is at about xc/c = 0.1 (where
xc is a coordinate along the airfoil chordline measured from the
leading edge). Figure 1b shows turbulent stress distributions. The
turbulent stresses start to increase after the laminar separation takes
place. After the transition, the level of the turbulent intensity grows
and the flow reattaches to the surface.

Turbulent Energy Balances
The turbulent energy balances were estimated from the following

transport equations of the turbulent energy k, as in Refs. 3 and 5:
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The mean flow is assumed to be two dimensional and the turbu-
lence is steady. The turbulent energy k = 1

2 · (u2 + v2 + w2) was ap-
proximated by 3

4 · (u2 + v2) by the assumption that the spanwise
turbulent stress w2 is about the same magnitude as other types
of turbulent stresses (u2, v2). Diffusions by pressure fluctuation
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a)

b)

Fig. 1 Experimental results6: a) mean velocity profiles and b) turbulent stress profiles (yL, local coordinate perpendicular to x and measured from
the airfoil surface at each xc).

p and viscosity cannot be evaluated. Dissipation ε in Eq. (1)
was evaluated as the difference of all of the other terms; there-
fore, effects of diffusions by pressure fluctuation and viscosity are
also included in this term. All terms were made dimensionless
by U 3

∞/c.
Figures 2a and 2b show balances of turbulent kinetic energy k

at two chordwise stations upstream of reattachment and Fig. 2c
that very near reattachment. In Fig. 2a, at the chordwise station of
xc/c = 0.077, where the maximum reverse flow velocity is observed
in Fig. 1a, the largest contribution to the growth of the turbulent en-
ergy is the production by shear stress −uv(∂Ū/∂y + ∂ V̄ /∂x). The
maximum value of this term is attained at the central part of the
separated shear layer. One of the secondary dominant terms is dissi-
pation −ε. The transverse diffusion −∂vk/∂y is another secondary
dominant term and is negative at the central part of the shear layer
and positive at the outer part, as well as near the surface. The tur-
bulent energy produced at the center of the shear layer is diffused
to the upper and lower parts of the layer. Production by normal
stress −u2∂Ū/∂x − v2∂ V̄ /∂y at the center of the shear layer shows
a positive value at the central part of the shear layer, as does the
production by shear stress.

From the examples of balances upstream from the reattachment
(xc/c = 0.089; Fig. 2b) and near the reattachment (xc/c = 0.102;

Fig. 2c), it can be seen that the distribution of each term is
qualitatively the same as in Fig. 2a. As the shear layer devel-
ops and approaches reattachment, the y position where each term
has its peak value moves toward the airfoil surface. These fea-
tures of production, diffusion, and dissipation terms shown in
Fig. 2 are relatively similar to the results of the short bubble in
Ref. 3.

Integrals Along a Constant Chordwise Station
Each term in the turbulent energy balance across the entire mea-

sured region at a constant chordwise station was integrated and is
plotted against the chordwise station as in Refs. 3 and 5. Results
are shown in Fig. 3a. Each term is made dimensionless by U 3

∞. Pro-
ductions by shear stress and those by normal stress are added and
plotted as one term. Transverse and longitudinal diffusions are also
added and plotted as one term. The maximum values of turbulent en-
ergy at each chordwise station kmax are also plotted. The dominant
term in the turbulent energy balance is production. The diffusion
has a value that is almost zero as a consequence of the integrals.
The distribution of the production term is relatively similar to that
of kmax.

A similar analysis was conducted for the short bubble formed
on the NACA 63-009 (Ref. 3). The results are shown in
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a) xc/c = 0.077 b) xc/c = 0.089 c) xc/c = 0.102

Fig. 2 Turbulent energy balances.

a) b)

Fig. 3 Integrals of turbulent energy balances along y direction: a) NACA 0012, α = 10 deg (Rec = 1.3 ×× 105) and b) NACA 63-009, α = 7 deg (Rec =
8.3 ×× 104) (from Ref. 3) ( 1

2 q2, turbulent energy k).

Fig. 4 Spatial distributions of turbulent energy balance; effects of production by shear stress and transverse diffusion.
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Fig. 3b. Each term in Fig. 3a and 3b distributes quite sim-
ilarly. For both short bubbles, the production term attains its
maximum and begins to decrease well before the reattach-
ment.

Spatial Distributions
In Fig. 4, the points where the production by shear stress

[−uv(∂Ū/∂y + ∂ V̄ /∂x)] reaches its maximum (point A in Fig. 4)
and where the transverse diffusion term (−∂vk/∂y) changes its sign,
that is, zero diffusion points, points B and C, are shown. The posi-
tion where the gradient of the mean longitudinal velocity, ∂Ū/∂y,
reaches its maximum (point D) and the maximum slope thickness δω

are also plotted in Fig. 4 to indicate the shear layer growth. The same
method discussed regarding spatial distributions in Fig. 4 was used
in Ref. 5. The maximum slope thickness, which is a measure of the
shear layer growth, is defined by δω ≡ Ue/(∂Ū/∂y)max, where Ue

denotes the maximum Ū for each chordwise station. Distributions
of δω are indicated by � in Fig. 4. The vertical scale is enlarged for
clarity.

The chordwise distributions of the maximum production points
A and maximum velocity gradient points D almost coincide. The
distance between the zero diffusion points (B and C) increases to-
ward the reattachment. As this distance increases, the thickness of
the shear layer also grows toward the reattachment, which indicates
the effects of turbulent diffusion. However, this growth is located
outside of the reverse flow region.

Conclusions
In summary, results of the short bubble formed on the NACA

0012 indicate that the production term has the largest contribution
to the growth of turbulent energy that coincides with those of the
short bubble formed on NACA 63-009. The present results also
indicate that the width of the separated shear layer increases to-
ward the reattachment due to the effects of transverse diffusion.
The results for this Note were measured more accurately than those
previously measured for a NACA 63-009 using and can be used as
basic information and data for turbulent developments inside a short
bubble.
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Introduction

I NTERACTION of a streamwise vortex with an otherwise nor-
mal shock front, commonly called normal shock wave–vortex

interaction, constitutes a problem of some importance in supersonic
flows. Interactions of this type are commonplace on supersonic air-
craft and missiles, where vortices generated by forward components
can encounter shock waves in close proximity to wings and control
surfaces present in their passages. These interactions are in general
undesirable from a performance standpoint because they may lead
to loss of lift, increase in drag, and may alter the stability and control
characteristics of the vehicle. Another deleterious possibility is the
ingestion of streamwise vortices by the air intake system of a super-
sonic vehicle resulting in decreased engine performance, blockages
of the engine intake, or possibly inlet unstart.

Numerous experimental studies of the interaction between iso-
lated streamwise vortices and otherwise normal shock waves have
been carried out.1−5 In summary, the results of these studies have
revealed vortex breakdowns for vortex–shock wave combinations
exceeding certain strengths. Moreover, both experimental and the-
oretical studies have indicated an inverse relationship between the
vortex strength and the shock wave intensity at breakdown.6 It is also
clear that the interaction structure depends strongly on the method-
ology used to generate streamwise vortices and, hence, on the distri-
bution of flow properties within vortex cores. In their work, Delery
et al.2 obtained a shock-induced vortex breakdown limit relating
a vortex intensity parameter defined by τmax = (Vθ )max/V∞ to the
strength of the normal shock wave as determined by the freestream
Mach number. In a subsequent study, Kalkhoran et al.5 carried out
an experimental study of the interaction of streamwise wing-tip vor-
tices with otherwise planar normal shock fronts at Mach 2.49. These
experiments revealed conical vortex distortion patterns possessing
many of the visual characteristics of incompressible vortex break-
down. In a later study,7 these vortex distortions were shown to be
distinct forms of vortex breakdown possessing many of the charac-
teristics of the well-documented low-speed vortex breakdown with
a region of reversed flow and stagnation points on the vortex axis.

Considering the simplified situation of the interaction between an
axisymmetric streamwise vortex and a planar normal shock wave,
the axial Mach number of the vortex is significantly reduced from su-
personic to subsonic values when crossing the shock. On the other
hand, the swirl component of the Mach number, being approxi-
mately tangent to the shock surface, is only marginally influenced.
Consequently, the swirl ratio of the vortex will significantly in-
crease in crossing the shock front with the jump in the swirl ratio
being directly proportional to the strength of the shock, which in
turn is determined by the freestream Mach number. This change
in the swirl ratio of the vortex must have a significant effect on
the stability of the vortex and consequently on the structure of the
downstream flow. Generally, vortex breakdown occurs when the
swirl ratio reaches a critical value beyond which a coherent vortical
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