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Relation Between Geometry and Wake
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Microramp vortex generators are robust, reliable, and simple devices for passively controlling the boundary

layer in several aerospace applications. Various past studies have investigated the effectiveness of microramps

in controlling the flow separation induced by shock-wave/boundary-layer interactions. Building upon the past

knowledge, this paper reports a systematic investigation of the relation between the microramp geometry and the

downstream flow characteristics. A simplified flow model of the microramp wake is provided to explain and predict

the influence of changing the geometry on the circulation of the primary vortex pair. Themodel also provides scaling

relations for the evolution of the wake characteristics (that is, wake velocity, wake location, and added incompressible

momentum), incorporating the effect of all geometry parameters. Extensive experimental data have been used to

validate the model.

Nomenclature

b = microramp span
C = microramp edge
E = momentum
h = microramp height
Kcirc = proportionality parameter relating to circulation
KR = model parameter relating to radius
K1 = parameter relating to the circulation evolution
M = Mach number
N = ensemble size
P = pressure
R = vortex core radius
Re = Reynolds number
U = streamwise velocity
V = wall-normal velocity
x; y; z = coordinate axes
Γ = circulation
δ = boundary-layer thickness
ϵ = uncertainty
θr = ramp angle
θs = half-span angle
ω = vorticity

Subscripts

added = added by the microramp
c = captured
cc = cross correlation
i = incompressible
u; v = relating to velocity components along x and y axes,

respectively
x; y; z = components along x; y, and z axes
τ = wall friction

ω = relating to vorticity
∞ = relating to freestream
° = relating to stagnation condition

I. Introduction

B OUNDARY-LAYER separation is a crucial problem that reduces
the performance of aerospace systems, and therefore constrains

their operational envelope. On transonic and supersonic vehicles,
shockwaves impose a sharp adverse pressure gradient on the boundary
layer. The corresponding loss in momentum near the wall makes the
boundary layer prone to separate. In transonic/supersonic engine inlets,
the separated boundary-layer causes a total pressure loss that reduces
the performance and stability margin of the engine. For supersonic
and hypersonic vehicles, the shock-wave/boundary-layer interaction
(SWBLI) can cause flow separation, which increases drag and reduces
the vehicle performance. On a transonic wing, shock-induced boun-
dary-layer separation can lead toviolent buffeting,which puts limits on
the flight envelope. Similar phenomena on compressor and fan blades
may significantly reduce the engine efficiency. Therefore, the control
of shock-wave/boundary-layer interaction is necessary to improve
the performance of existing aerospace systems and expand the design
space for future designs.
Traditionally, supersonic engine inlets feature a boundary-layer

bleed (suction) system that removes the low-momentum boundary
layer to avoid separation [1,2].Alternatively, injection of high-momen-
tum fluid into the boundary layer has also been shown to be effective
in controlling the adverse effects of SWBLI [3]. However, these active
flow control systems are often heavy and complex. A simple light-
weight flow control technique is more desirable.
This makes the use of passive boundary-layer control techniques

appealing, which use the momentum available in the flow to make
the boundary layer more resistant to separation, either by promoting
laminar to turbulent transition [4] or by redistributing the momentum
by means of vortices. The latter is the specific working principle
of vortex generators, which generate streamwise vortices to enhance
mixing and transport the high-momentum fluid toward the wall.
Consequently, the boundary layer has a fuller profile and can sustain
higher adverse pressure gradients without separating.
In addition to strengthening the boundary layer, vortex generators

also increase the drag. Thewall-normal extent of their wake increases
the boundary-layer thickness andmay affect the outer flowfield [5,6].
Themicrovortex generator (MVG), submerged in the boundary layer,
is aimed to reduce these adverse effects [2,7,8]. Among the different
types ofMVGs, vanegeometries create the strongest vortex effect, but
at the cost of higher drag and lower structural robustness [2]. Alter-
natively, microramps have lower drag, and their application is simple
and more fail safe [9]. Therefore, microramps are usually considered

Received 8 June 2020; revision received 8 March 2021; accepted for
publication 8 March 2021; published online 27 April 2021. Copyright ©
2021 by the authors. Published by the American Institute of Aeronautics and
Astronautics, Inc., with permission. All requests for copying and permission to
reprint should be submitted to CCC at www.copyright.com; employ the eISSN
1533-385X to initiate your request. See also AIAA Rights and Permissions
www.aiaa.org/randp.

*Ph.D. Candidate, Department of Aerodynamics, Wind Energy and Flight
Performance andPropulsion, FacultyofAerospaceEngineering, ZuidHolland.

†Assistant Professor, Department of Aerodynamics, Wind Energy and
Flight Performance and Propulsion, Faculty of Aerospace Engineering, Zuid
Holland.

‡Associate Professor, Department of Aerodynamics, Wind Energy and
Flight Performance and Propulsion, Faculty of Aerospace Engineering, Zuid
Holland.

4501

AIAA JOURNAL
Vol. 59, No. 11, November 2021

D
ow

nl
oa

de
d 

by
 T

U
 D

E
L

FT
 o

n 
D

ec
em

be
r 

17
, 2

02
1 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
05

98
68

 

https://orcid.org/0000-0002-2628-4051
https://orcid.org/0000-0002-7532-4320
https://orcid.org/0000-0002-7255-0867
https://doi.org/10.2514/1.J059868
www.copyright.com
www.copyright.com
www.copyright.com
www.aiaa.org/randp
http://crossmark.crossref.org/dialog/?doi=10.2514%2F1.J059868&domain=pdf&date_stamp=2021-04-28


as a potential candidate for passive boundary-layer control in actual
applications.
Various past studies have assessed the effectiveness of microramps

for flow control [1,2,6,9–14]. The flow structure of the microramp
wake has been explored in detail both computationally and experi-
mentally [5,15–24]. These studies have shown thatmicroramps induce
a streamwise counter-rotating vortex pair downstream.This vortex pair
is surrounded by a train of hairpin-/ringlike vortices that are induced
by the Kelvin–Helmholtz instability [18]. The momentum addition
near the wall is primarily governed by the streamwise counter-rotating
vortex pair (hereafter referred to as primary vortices), whereas the
hairpin-/ringlike vortices only intermittently alter the effectiveness of
the primary vortex pair [2,18]. The effects of Mach number, Reynolds
number, and device height on the various characteristics of the micro-
ramp wake have been addressed [12,25]. Various microramp configu-
rations have also been tested to mitigate the shock-induced separation
[2]. The effect of different microramp sizes (i.e., different device
heights relative to the oncoming boundary-layer thickness) on the
wake properties has been investigated in the past [25,26]. These studies
reported that the device height, regardless of the oncoming boundary-
layer thickness, can be used as the primary length scale while scaling
the microramp wake properties. However, in these studies, either the
microramp geometry itself was kept constant or only very limited
variations were considered. Therefore, although there is a basic under-
standing of the physical relation between the microramp geometry
and the downstream flow characteristics [17,27,28], a more systematic
study is necessary to quantify these effects, which is the specific
objective of the current investigation.
The impact of geometry is of evident relevance because anoptimum

microramp configuration will depend on the application, where the
wake evolution has a significant effect. For example, the wall-normal
extent of microramp wake may change the overall flowfield in an
engine inlet; or, under size restrictions (intakes/compressor blades), a
microramp that adds enough momentum near the wall within a short
streamwise distance would be desirable. Therefore, understanding
how changing the geometry affects the downstream evolution of the
microrampwake is necessary to optimize the microramp flow control
for a specific application.
This study furthermore aims to present a simplified physical flow

model to describe how the geometry parameters of the microramp
affect the wake flow characteristics. The central concept of the model
is based on the captured momentum (i.e., the part of the oncoming
flowmomentum faced by themicroramp) and how this is responsible
for generating the streamwise vorticity. The model is further cali-
bratedwith data from a parametric experimental study, performed in a
supersonic turbulent boundary (thickness of δ � 6 mm), by varying
the half-span angle θs and ramp angle θr while keeping the device
height of h � 4 mm constant. The wake characteristics (circulation,
momentum, wake velocity and location, etc.) are quantified by meas-
uring the flowfield using two-component (2C) and three-component
particle image velocimetry (PIV). Schlieren imaging is used in addi-
tion to visualize the microramp wake evolution.
To predict the primary vortex circulation, the model is first

calibrated with the experimental data from ramp angle sweep θr at a
constant half-span angle θs. The calibratedmodel is used to predict the
data for the half-span angle sweep θs at a constant ramp angle θr. The
predictions are found to agree well with the measured circulations.
Additionally, based on the concept of the captured boundary-layer
momentum, appropriate scaling parameters for the evolutions ofwake
velocity, wake location, and addedmomentumare proposed. Discrep-
ancies between model and experimental data are also identified and
discussed.

II. Experimental Setup

A. Flow Facility

Experiments have been performed in supersonic wind tunnel ST-15
at the Aerospace Engineering Faculty of Delft University of Technol-
ogy. The microramps were mounted on the test section floor for the
PIV measurements and on the sidewalls for the top-view schlieren
visualizations. The tunnel wall boundary layer is fully turbulent with

a thickness of δ � 6 mm, as was measured by PIV. The incompress-
ible friction velocity uτ and skin-friction coefficient Cf are obtained

with the Clauser plot method [29] after applying the van Driest trans-
formation [30] to the time-averaged boundary-layer profile [31]. The
device height (h � 4 mm) relative to the boundary-layer thickness is
hence around 60%. The freestream Mach number is M∞ � 2 in the
investigation. Detailed data of the experimental conditions are shown
in Table 1.

B. Microramp Configurations

The most common microramp configuration that has been consid-
ered by many researchers is the one resulting from the optimization
study conducted by Anderson et al. [9], hence commonly referred
to as the Anderson microramp. The flowfield behind the Anderson
microramps has been explored in great detail in the literature
[9,16,18,25]. Therefore, this configuration has been chosen as the
baseline configuration for the present study, and other configurations
are derived by varying geometrical parameter, one at a time. The
microramp geometry is parameterized using the following parame-
ters: height h, half-span angle θs, and ramp angle θr (see Fig. 1). The
trailing edge of the microramp is constrained to be perpendicular to
thewall. Since the effect of varying themicroramp height has already
been widely explored in the literature [12], the focus is placed on the
effect of the geometrical shape, and the microramp height is kept
constant �h � 4 mm� throughout the current study. The different test
configurations investigated are obtained by varying θs (half-span
sweep) and θr (ramp sweep), as documented in Table 2.

C. PIV Arrangement

The flowfield in the symmetry plane of z∕h � 0 of the microramp
has been investigated with two-component planar particle image
velocimetry (2C-PIV). Three cameras,with a field of view of 10.17h ×
7.7h each, were used to measure the microramp wake from x∕h � 6
to 29 and y∕h � 0 to 5. In addition, the flowfield in the crossflow
plane is measured using three-component stereographic PIV at the
streamwise locations of x∕h � 5 and x∕h � 15. The flowwas seeded
with diethyl-hexyl-sebacate tracer particles with a median diameter of
1 μm [32] and a response time of approximately 2 μs [33]. A double-
cavity Nd:YAG Spectra-Physics Quanta-Ray PIV-400 laser was used
for the illumination. Specifications of the PIV setup are summarized in
Table 3.

Table 1 Flow conditions andundisturbedboundary-layer properties

Property Value

Freestream Mach numberM∞ 2.0

Total pressure Po;N∕m2 3.15 × 105 � 0.03 × 105

Freestream velocity U∞;m∕s 487� 7

Reynolds number based on height Reh 1.85 × 105 � 0.08 × 105

Friction velocity uτ;m∕s 19.5� 0.3

Skin-friction coefficient Cf 1.9 × 10−3 � 0.1 × 10−3

Incompressible momentum thickness, mm 0.52� 0.02

Reynolds number based on momentum thickness 2.4 × 104 � 0.1 × 104

ℎ

Fig. 1 Microramp geometry.
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DaVis 8.1.2 software fromLaVision has been used for data acquis-
ition and processing. First, the particle images were preprocessed
to minimize light reflections by subtracting the time minimum from

the individual snapshots. The effects of inhomogeneous illumination
are compensated for by dividing the snapshots by the average of the
particle images. The vector calculation is carried out with a multipass
approach. In the case of planar PIV, the window size is varied from
96 × 96 pixels (square, 50% overlap) to a final size of 32 × 32 pixels
(elliptical 4:1, 75% overlap). In the case of stereographic PIV, the
window size is varied from 64 × 64 pixels (square, 50% overlap) to a
final size of 32 × 32 pixels (circular, 75% overlap). These settings
result in a vector pitch of 0.2 mm for the 2C-PIV measurements and

0.16 mm for the stereographic PIV measurements. For each test
configuration, a total of 400 PIV image pairs were recorded.

D. Schlieren Imaging

The schlieren images are acquired with a PCOSensicam (1.3meg-
apixels). A spark lamp with an exposure time of 20 ns is used to illu-
minate the test section. A background image of an empty test section
without the flow is subtracted from the dataset to eliminate the effect

of imperfections in the optics. An average image is computed over an
ensemble containing 300 images.

E. Uncertainty Analysis

The various types of uncertainties involved in the present measure-
ments are summarized in Table 4, and the procedure to determine
these uncertainties is outlined inRef. [18]. The statistical-convergence
uncertainties in the velocities (εu and εv) are estimated using the rms

of the velocity fluctuations and the ensemble size [34]. The velocity
uncertainty due to the cross correlation is estimated using the cross-
correlation error (0.1 pixels), spatial resolution, and pulse separation
[11]. Theuncertainty due to the spatial resolution (Δu∕uo, whereuo is
the actual flow velocity) is estimated using the interrogation window
sizewith respect to the typicalwavelengths in the flowfield [35]; in the
present study, the latter relates to the wavelength of the hairpin-/
ringlike vortices in the instantaneous wake field of the microramp,
which for the baseline model is around 1.5 h at x∕h � 10 [5]. The
presented values apply to the baseline configuration. The uncertainty
in the vorticity εω is estimated using the vector spacing and the spatial
velocity differences [18].
In addition to the uncertainties related to the measurement tech-

nique, practical uncertainties should be considered. Great care was
taken to position the microramp at the required location by using a
template; however, there may still be minor positioning errors that
result in a small yaw angle. For the present experiments, it is estimated
that this misalignment is less than 1 deg. The laser sheet used for the
PIV measurements has a thickness between 1.4 and 2 mm, and the
measured flowfield is an average over the light sheet thickness.

III. Flow Organization

Figure 2 shows a conceptual sketch of the primary vortices around
and downstream of the microramp in a time-averaged flowfield. The
oncoming undisturbed boundary-layer flow undergoes compression
when it encounters the leading edge of the microramp. The flow
subsequently travels over the ramp surface and leaves at the microramp
edge, which is the side edge labeled as C in Fig. 1. The flow
on the microramp surface turns toward the edge before it separates
[16]. Following the flow separation at the edge, the static pressure
near the side of the microramp drops, leading toward the formation
of the primary vortex. Also, part of the vorticity from the oncoming
boundary layer is transferred to the primary vortex. The vortices from
the two sides of themicroramp approach each other just downstream of
the trailing edge, where they form a counter-rotating vortex pair, creat-
ing themutual upwash. Further downstream of the interaction zone, the
primary vortex coresmove away from each other as they start to entrain
the outer high-momentum fluid. This leads to the increase in their size,
and their vorticity starts to get diffused over a larger area. The mutual
upwash also results in the liftup of the primary vortices. As the
oncomingmomentum is redistributed into the primary vortices, a deficit
of streamwise momentum (wake) exists just downstream of the micro-
ramp (MR). During the primary vortex evolution, this wake also gets
filled up by the entrained high-momentum flow. As they evolve down-
stream, the primary vortices bring the higher-momentum flow closer to
the wall as well, which makes the boundary-layer profile fuller.

IV. Experimental Results

To support this conceptual description, the results of the experimen-
tal parametric study are documented. First, the typical time-averaged
wake topology is presented here, using the velocity fields obtained
with PIV for the baseline configuration (MR24). Streamwise U and
wall-normal V velocity contours in the symmetry plane are shown
in Fig. 3. The momentum deficit region originates just downstream of
the microramp, and it gets filled up when moving in the downstream

Table 2 Configuration matrix

Configuration
Height,
mm

Half-span
angle θs

Ramp
angle θr

Width
b, mm

Edge
C, mm

MR24 (baseline) 4 24 8.64 23.4 28.8
MR20 4 20 8.64 19.1 28.0
MR28 4 28 8.64 28.0 29.8
MR36 4 36 8.64 38.2 32.5
MR45 4 45 8.64 55.2 39.0
MR4 4 24 4.3 47.4 58.2
MR6 4 24 6.45 31.5 38.7
MR11 4 24 11 18.3 22.5
MR21 4 24 21.3 9.0 11.0

Table 3 Specification of the PIV setup

Planar PIV Stereog raphic PIV

Camera 3x LaVision
imager LX (2M)

2x LaVision
imager LX (2M)

Camera resolution 1624 × 1236 1624 × 1236

Spatial resolution,
pixels/mm

39.9 49.9

Pulse separation, μs 1 μs 1 μs

Recording rate, Hz 5.05 5.05
Freestream particle
displacement, mm

0.5 0.5

Laser sheet orientation Streamwise Crossflow
Laser sheet thickness, mm 1.4–2 2.5

Table 4 Uncertainty analysis

Uncertainty parameter Value MR24 �N � 400�
Statistical εu∕U∞ < 0.014

Statistical εv∕U∞ < 0.015

Cross correlation εcc∕U∞ < 0.005

Spatial resolution Δu∕uo < 0.03

Vorticity εωh∕U∞ < 0.12

Counter-rotating vortex cores

Fig. 2 Conceptual sketch of the evolution of the primary vortices
around and downstream of the microramp.
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direction (see Fig. 3a). Here, the liftup of the wake can be observed

clearly. Figure 3b shows that the mutual upwash is stronger near the

microrampand reduces further downstream.Thenear-wall streamwise

momentum increases downstream (see Fig. 3a), and the momentum

addition is apparent from slightly negative values of the wall-normal

velocity component near the wall (see Fig. 3b).

The spanwise extent of the wake is visualized using the crossflow

PIV planes in Fig. 4, colored with contours of streamwise velocity.

Here, the in-planevectors clearly reveal the primary vortex pair, and the

contours indicate the momentum addition near the wall. The highest-

momentum addition near the wall is observed at locations away from

thesymmetryplaneandapproximatelybeneath thevortices; seeFig.4a.

Further downstream (see Fig. 4b), thewake has been filled upwhile the

vortices have decayed in strength.

The typical effect of changing half-span θS and ramp angle θr on the
wake properties can be seen in the velocity profiles at the symmetry

plane. Figure 5 shows the streamwise velocity profiles for different

configurations at a fixed streamwise location (x∕h � 10.7). Between
the two inflection points, a minimum of the streamwise velocity is

observed, which is referred to as the wake velocity (or maximum

velocity deficit), as, for example, pointed out in Fig. 5b for MR4; and

its wall-normal location is referred to as the wake location. These two

wake properties represent the evolution of thewake, and their scaling is

discussed in Sec. VI.

Fig. 3 Contours of a) streamwise velocity and b) wall-normal velocity in the symmetry plane of the microramp as measured with PIV (baseline
configuration: MR24).

a) z/h

y/
h

b)

y/
h

z/h

Fig. 4 Flowfield in the crossflow planes with the contours of streamwise velocity at a) x∕h � 5 and b) x∕h � 15 (baseline configuration: MR24).

Fig. 5 Streamwise velocity profiles in the symmetry plane measured at x∕h � 10.7: a) half-span angle sweep and b) ramp angle sweep.
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Streamwise velocity profiles (measured at x∕h � 10.7) in Fig. 5
show that the momentum addition phase of all the configurations is
not yet complete; here, a clear momentum deficit is still present.
However, the velocity profiles of some cases are already fuller near
the wall than that of the undisturbed boundary-layer. These cases
include microramps with θs ≤ 24 deg and θr > 8.65 deg. This rep-
resents the momentum addition near the wall and will be further
discussed in Sec. VI.D.
Figure 6 shows thewall-normal velocity profiles for the different

configurations. For each case, the maximum wall-normal velocity
occurs at the location of the strongest mutual upwash of the
primary vortex cores. It is interesting to note that the ramp angle
has a higher effect on the maximum upwash velocity than the half-
span angle. Comparing Figs. 5 and 6 shows that the wall-normal
locations of maximumwake velocity andmaximum upwash do not
coincide, although their trend with respect to changes in geometry
is similar.
Figure 7 shows the streamwise evolution of the spanwise core

separation of the primary vortices for all the test cases obtained from
PIVand ensemble-averaged schlieren images. The grayscale levels in
schlieren images correspond to the spanwise (along the z direction)
density gradient in the flow. Moving away from the symmetry plane
(z � 0), the grayscale sharply changes between bright and dark,
indicating a reversal of the density gradient. This location is associated
with the vortex core location (see figure 9.8 of the work of Giepman
[5] for further details). At a constant microramp height, both the larger
half-span angle and smaller ramp angle lead to the larger width of

the microramp. Consequently, the vortex core separation is wider for
the larger width. The core separation in the case of ramp angle sweep
can be related to the increased core size and a stronger vortex. This
is also evident from the corresponding increase in the mutual upwash
(Fig. 6b). Near the microramp trailing edge �x∕h � 0�, the core
separation is more sensitive to the changes in the half-span angle than
the changes in the ramp angle.
Figure 7 also shows the core separations obtained from the stereo-

graphic PIV in the crossflow plane at x∕h � 5. Here, the local mini-

mum of the crossflow velocity magnitude (
�������������������
V2 �W2

p
, where V and

W arewall-normal and spanwisevelocity components, respectively) is
associated to the vortex core location, with the uncertainty of the order
of onevector pitch:�0.04 h. The comparison shows slight differences
between the core separation obtained by schlieren images and PIV;
however, the trends with respect to the half-span angle and ramp angle
remain unchanged.
Figure 8 shows the top view of the microrampwake observed using

the ensemble-averaged schlieren images,marked by the red lines.With
increasing span angle, the separation (spanwise distance) between the
vortex cores is larger, and they interact at a further downstream
location; this is also evident by comparing crossflow fields at x∕h �
5 in Figs. 4a, 9a, and 9b. For large half-span angles, the streamwise
momentum deficit region is closer to the wall due to the delayed
interaction of the farther separated primary vortices. Although low-
ering the ramp angle increases themicrorampwidth (similar to increas-
ing half-span angles; see Table 2), it does not show a drastic increase in
the vortex core separation (see Figs. 4a, 10a, and 10b); the near-wall

Fig. 6 Wall-normal velocity profiles in the symmetry plane measured at x∕h � 10.7: a) half-span angle sweep and b) ramp angle sweep.

Fig. 7 Streamwise evolution of the primary vortex core separation: a) half-span angle sweep and b) ramp angle sweep. Core separations measured at
x∕h � 5 using stereographic PIV are also shown for comparison.
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streamwise momentum deficit increases only slightly for MR4, which
corresponds to the lowest investigated ramp angle.

V. Flow Model

Using information from the literature and the present experiments,
a simplified physical model of the flowfield has been constructed to
explain the effect of the microramp geometry on the flow properties
of thewake. Furthermore, using thismodel, a new scaling is proposed
(and validated) that takes into account the effect of the microramp
geometry on the wake flowfield.

A. Central Concept

The microramp is a passive device that partly redistributes the
momentum of the oncoming flow in order to create streamwise
vorticity in its wake. The redistribution simultaneously results in a

region of streamwise momentum deficit (the wake). The primary
vortices are responsible for the transverse flowmixing as well as the
subsequent filling of the wake, whereas the drag of the device
mainly depends on the momentum deficit region. The strength of
the primary vortices and the flow characteristics of the momentum
deficit region depend on the amount of flow momentum that
encounters the microramp. This momentum that crosses over the
microramp leading edge is denoted here as the “captured momen-
tum.” Figure 11 illustrates the relation between the captured
momentum and the microramp geometry. Considering one half of
the microramp geometry, this momentum is then partially trans-
ferred into a single primary vortex, and hence is proportional to the
half-width b∕2 of the microramp.
Using simple geometrical relations, the half-width can be ex-

pressed in terms of the half-span angle, ramp angle, and microramp
height:

Fig. 8 Representations of a) effect of larger half-spanangle on the core separationobservedusing the ensemble-averaged schlieren images (top view), and
b) half-span angle θs.

Fig. 9 Effect of large half-span angles on the crossflow field at x∕h � 5 with the contours of streamwise velocity: a) MR36 and b) MR45.
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b

2
� h

tan�θs�
tan�θr�

(1)

and thus the captured momentum Ec can be written as

Ec �
b

2

Z
y

0

ρuudy � h
tan�θs�
tan�θr�

Z
y

0

ρuu dy (2)

Here, the upper integration limit y extends up to the part of the

oncoming flow that enters the primary vortex. This extent is currently

unknown, but it is expected to be governed by the device height h.
In the present study, the device height is kept constant; therefore,

the wall-normal extent of the captured momentum is expected

to be the same for all the devices considered. Note that the factor

h tan�θs�∕ tan�θr� represents how the captured momentum changes

with variations in the microramp geometry. However, it is also

important to note that the second part in Eq. (2) depends on the

incoming boundary-layer profile. Hence, this suggests that for sim-

ilar upstream flow conditions, the half-width [b∕2 � h tan�θs�∕
tan�θr�] can be used for the scaling of the various characteristics of

the microramp wake when the geometrical configuration is varied.

B. Circulation of the Primary Vortices

The circulation of the primary vortices can be related to the geo-

metrical parameters by a simplified conceptual analysis of the vortex

formation. For this purpose, it is assumed that the stream tubes over the

microramp surface leave themicroramp edgewithout undergoing any

spanwise turning. Thus, the streamwise velocity can be decomposed

into a component normal and a component parallel to the microramp

edge; see Fig. 12a. The edge-normal component U sin�θs� has the
most important contribution toward the formation of the primary

vortex, whereas the parallel componentU cos�θs� does not contribute
to the primary vortex directly. Figure 12b shows that the edge-normal

velocity componentU sin�θs� is being added as the tangential velocity
component in the primary vortex over the length of the edge.
Whenviewed along the axis of the primary vortex, thiswould seem

like there is a constant addition of tangential momentum at each

radial location. Therefore, it can be assumed that for a larger length

of the edge, a higher amount of tangential momentum is added to the

vortex. Hence, the effective radius of the vortex at the trailing edge of

the microramp can be assumed to be proportional to the length of the

edge C:

R � KRC � KR

h

cos�θs� tan�θr�
�
1� �tan�θr� cos�θs��2

2

�
(3)

Here, KR is a proportionality parameter, and the edge length C has

been expressed in terms of the geometrical parameters of the micro-

ramp. With this, the circulation at the end of the trailing edge can be

written as

Fig. 11 Concept of captured momentum.

Fig. 10 Effect of low ramp angles on the crossflow field at x∕h � 5 with the contours of streamwise velocity: a) MR6 and b) MR4.

Fig. 12 Primary vortex formation: a) decomposition of the streamwisemomentum in tangential and edgewise direction, and b) addition of the tangential
momentum at various edgewise locations.
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ΓTE � 2πU sin�θs�R � KR2πUh
tan�θs�
tan�θr�

�
1� �tan�θr� cos�θs��2

2

�
(4)

Equation (4) represents the circulation of a primary vortex at
the trailing edge of the microramp. However, it is known from the
literature [5,16,18] that for a given microramp geometry, the circu-
lation scaleswith its height and the frictionvelocityuτ. This scaling is
therefore incorporated into Eq. (4), yielding

ΓTE

uτh
� KR

U

uτ
2π

tan�θs�
tan�θr�

�
1� �tan�θr� cos�θs��2

2

�
(5)

The exact value of the oncoming streamwise velocity U depends
on the freestream conditions such thatU � KfsU∞; here, the param-
eterKfs accounts for the effect of the maximumwall-normal distance
up towhich the momentum is captured by the microramp. Therefore,

U∕uτ � �KfsU∞�∕uτ � Kfs

p�2∕Cf�. Here, Cf � 2�uτ∕U∞ �2 is

the skin-friction coefficient. Incorporating this into Eq. (5),

ΓTE

uτh
� Kcirc

������
2

Cf

s
2π

tan�θs�
tan�θr�

�
1� �tan�θr� cos�θs��2

2

�
(6)

Here, KRKfs is not directly known but is incorporated into the semi-
empirical parameter Kcirc � KRKfs.
In the present investigations (20 deg < θs < 45 deg and 4.3 deg <

θr < 21.3 deg), �tan�θr� cos�θs��2∕2 ≪ 1 (0.01 for baseline MR24
and maximum 0.06 for MR21). Therefore, Eq. (6) can be further
simplified as

ΓTE

uτh
� Kcirc

������
2

Cf

s
2π

tan�θs�
tan�θr�

(7)

Since h tan�θs�∕ tan�θr� � b∕2, we can rewrite Eq. (7) as

ΓTE

uτh
� Kcirc

������
2

Cf

s
π
b

h
(8)

Comparing Eqs. (2) and (8) shows that at constant flow conditions
upstream of the microramp and at constant device height, both circu-
lation and captured momentum are proportional to the width b; there-
fore, their variation with the geometry is predicted to be similar.
Equation (8) represents circulation just downstream of the micro-

ramp. It is known that the circulation decreases downstream of the
microramp [17]. This downstream evolution of circulation depends
on the oncoming flow and the streamwise location (x∕h). This effect
is incorporated by adding a termK1, which is an empirical parameter
that varies with the streamwise location (x∕h):

Γx∕h

uτh
�

������
2

Cf

s �
Kcircπ

b

h
� K1

�
(9)

It should be noted that bothmodel parametersKcirc andK1 depend
on the upstream flow conditions and boundary-layer properties, and
therefore need empirical calibration.

VI. Model Validation

A. Circulation of the Primary Vortex Pair

Figure 13 shows the time-averagedvorticity contours obtained from
stereographic PIV in the crossflow plane located at x∕h � 5. The
circulation of each vortex in the pair is calculated by the area integra-
tion of the x vorticity ωx separately. The mean value of individual
circulation magnitudes of the two vortices (absolute value) is consid-
ered as the circulation of the vortex pair.
Figure 14a shows the experimental values of circulation measured

for the ramp angle sweep at x∕h � 5. To calibrate themodel, Eq. (9) is

fitted to these circulation values in the ramp sweep (θr � 6.45 to
21.3 deg see Fig. 14a); and values of parameters Kcirc � 0.0264 and
K1 � 0.1514 are determined. For the smallest ramp angle of θr �
4.3 deg (MR4), the circulation is observed to be lower than expected
due to the increased interaction between the vortex and the wall; see
Fig. 10b. Since such effect is not taken into account while formulating
the model, the case of θr � 4.3 deg is not used to calibrate the model.
This calibrated equation [Eq. (8)] is subsequently used to predict the
circulationvalues for the half-span angle sweep.As shown in Fig. 14b,
the model prediction is in a good agreement with the experimental
measurements for θs � 20 to 28 deg. The trends of the model are
consistent with the assumption that the circulation strength is propor-
tional to the captured momentum, and hence the microramp width.
Therefore, when increasing the ramp angle at a constant half-span
angle, themicrorampwidth and the circulationwill decrease (Fig. 14a);
whereas increasing the half-span angle at a constant ramp angle will
increase the microramp width and circulation (Fig. 14b).
The model overpredicts the circulation for the larger half-span

angles because the model does not account for the delayed mutual
interaction (as shown in Figs. 7–9) and increased vortex–wall inter-
action. For the higher half-span angles, the vortex core leaves the
microramp edge earlier (see Fig. 8). As a result, a lower amount of
captured momentum goes into the vortex core. Also, a larger separa-
tion between the two vortex cores delays the formation of the mutual
upwash further downstream.Due to aweaker upwash just downstream
of the trailing edge, the cores stay closer to the wall where viscous
effects may lead to lower values of circulation. Comparing crossflow
fields (Figs. 4a, 9a, and 9b) with the predicted circulation (Fig. 14b)
shows that the model predictions are better when the primary vortices
are sufficiently far away from the wall such that the streamwise
momentumdeficit region is isolated from thewall. A similar argument
can bemade for the case of low ramp angles; e.g., comparingFigs. 10b
and 10a shows increased vortex interaction with the wall for lower
ramp angleMR4 compared toMR6. This also leads to the momentum
deficit region extending toward thewall forMR4; here, the circulation
of MR4 does not follow the model trend as compared to MR6; see
Fig. 14a.
Equation (8) suggests that the half-width of themicroramp, b∕2 �

h tan�θs�∕ tan�θr�, has a significant influence on the primary vortex
circulation. To further investigate this relation, the circulation is
plotted against the half-width in Fig. 15. It can be observed that the
values of circulation are similar for the microramps with similar half-
widths, even for different combinations of sweep and ramp angle.
This can be seen as a confirmation that the vortex strength directly
depends on the amount of capturedmomentum and how this momen-
tum is distributed to the vortex core. Deviations from this trend are
again observed for the higher half-span angles and low ramp angle.
Moreover, Fig. 15 suggests that there exist configurations, other than
the baseline MR24, that can maximize the circulation.

B. Wake Velocity

The streamwise evolution of the wake velocity, which is the mini-
mum streamwise velocity in the wake, is a convenient parameter to
assess the effectiveness of the primary vortices in filling up the wake.

Fig. 13 Vorticity contours in the crossflow plane at x∕h � 5 (MR24).
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As shown in Fig. 16, it is observed that for every configuration, the

wake velocity is low at first and gradually increases with the stream-

wise distance. The nondimensional wake velocity approaches values

ranging from 0.35 to 0.85 within the measurement domain, depend-

ing on the geometry.

In various studies, the microramp height is used as the length scale

to nondimensionalize the wake properties. Giepman et al. [12] tested

the Anderson microramp with different device heights and found

that the graphs of streamwise evolution of thewake velocity appear to

collapse when the streamwise coordinate is scaled with the ramp

height.

In the present study, the height is kept constant; and still a signifi-

cant difference in thewakevelocity evolution is observed for different

half-span and ramp angles (see Fig. 16). This suggests that apart from

the microramp height, other parameters have an effect on the wake

velocity evolution as well.

Since it was postulated in Sec. V. A that thewake behavior strongly

depends on the captured momentum [Eq. (2)], the geometry term

h tan�θs�∕ tan�θr� is used as a scaling factor instead of h. The results
for the wake velocity using the conventional scaling in Fig. 16 all

appear to collapse around a common curve when scaled with the

new scaling factor; see Fig. 17. This provides an additional indication

that the captured momentum concept indeed makes sense when

Fig. 15 Effect of half-width on the normalized circulation of primary
vortices.

Fig. 14 Circulation of the primary vortices at x∕h � 5 for all the configurations, including a) model calibration and b) prediction.

Fig. 16 Streamwise evolution of wake velocity for a) half-span angle sweep and b) ramp angle sweep, including data from literature [12,25].
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describing thewake dynamics. However, the exact mechanism of this

dependence is still to be explored.

C. Wake Location

The evolution of thewake location is affected by changing the half-

span angle, but it does not significantly depend on the ramp angle (see

Fig. 18).Note thatwhen the ramp angle is changed, the span, captured

momentum, and edge are changing as well (see Table 2), but they do

not affect the wall-normal location of the wake. Observing Figs. 6a

and 6b reveals a similar trend, where the wall-normal location of the

maximum upwash is significantly affected by the half-span angle but

not by the ramp angle. Furthermore, Figs. 7a and 7b show that just

downstream of a microramp around x∕h � 3, the separation between
the vortex cores increases more with the increasing half-span angle

than with the increasing ramp angle. When the separation between

the two primary vortex cores for a given strength is larger, the wake

remains closer to the wall. This effect is negligible with the changing

ramp angle.

Figure 19 shows the wake location evolution scaled with the

scale factor h tan�θs�∕ tan�θr�. Since the ramp angle does not affect

the wake location, the corresponding curves do not follow the new

scaling. Figure 20 shows that the curves of wake location appear

to overlap when the term tan�θr� is dropped from the scaling factor,

and the streamwise evolution is scaled using h tan�θs�. The present
measurements agree with the measurements of Giepman et al. [12].

D. Incompressible Added Momentum

The effectiveness of themicroramp in its flow control authority can

be judged based on the amount of momentum added in the near-wall

region. Giepman et al. [12] found that the shock-induced separation

bubble is sensitive mainly to the boundary-layer momentum below

Fig. 17 Streamwise evolution of wake velocity with the present scaling,

all configurations, including data from literature [12,25].

Fig. 18 Streamwise evolution of wake location: a) half-span angle sweep and b) ramp angle sweep, including data from literature [12].

Fig. 19 Streamwise evolution of wake location scaled with the present
scaling factor, including the data from literature [12].

Fig. 20 Streamwise evolution of wake location scaled with h tan�θs�,
including the data from literature [12].
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0.43δ99. Therefore, to quantify the effectiveness of a microramp, the

concept of (incompressible) addedmomentum in the symmetry plane

of the microramp was introduced [12]:

Eadded �
Z

0.43δ99

0

U2 −U2
clean

U2
∞

dy (10)

Here, Uclean corresponds to the velocity profile of the undisturbed

boundary layer. The streamwise evolution of the incompressible

addedmomentum for different configurations is shown in the Fig. 21.

It is observed that up to around x∕h � 17, momentum is being added

to the boundary layer. Thereafter, the added momentum reaches a

plateau. This trend is consistent with the measurements of Giepman

et al. [12]. It is observed that for the higher ramp angles and lower

span angles, the added momentum in the symmetry plane is overall

higher.
In the case of the rampangle sweep, the streamwise evolutionof the

incompressible added momentum properly scales with the present

scaling; however, it does not do so in the case of the half-span angle

sweep (see Fig. 22). This can again be linked to the larger vortex

core separation for larger half-span angles (see Fig. 8). In the case of

the half-span sweep, with an increased separation, the vortex cores

stay closer to the wall (see Fig. 18a). When the vortex core is away
from the symmetry plane and closer to the wall, its effectiveness in
bringing high-momentum fluid from the surrounding flow toward the
symmetry plane reduces. This results in the lower value of the added
incompressible momentum. In the case of the ramp angle sweep, the
core separation increases with decreasing ramp angle. But, the loca-
tion of the vortex core is also a bit higher (see Fig. 18b). This results in
a more effective addition of momentum in the symmetry plane.

VII. Conclusions

The physical relation between microramp geometry and the down-
stream flow characteristics has been investigated by means of an
experimental parametric study. The microramp geometry is parame-
terized using three parameters: height h, half-span angle θs, and ramp
angle θr. The different test configurations are derived by varying the
latter two while keeping the device height constant throughout the
study.
For the same device height and incoming boundary-layer flow,

changes in the half-span angle or ramp angle are found to have a
significant influence on the flow characteristics. Increasing the half-
span angle or decreasing the ramp angle has similar effects on the flow
characteristics of themicrorampwake.These effects includedecreased

Fig. 21 Streamwise evolution of incompressible addedmomentummeasured in the symmetry plane: a) half-span angle sweep and b) ramp angle sweep.

Fig. 22 Streamwise evolution of the added incompressible momentum with present scaling: a) half-span angle sweep and b) ramp angle sweep.
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wake velocity, larger vortex core separation, and a lower amount
of (incompressible) added momentum. However, the mutual upwash
induced by the twoprimary vortices ismore sensitive to the ramp angle
than to the half-span angle. It increases with the lowering of the ramp
angle but remains nearly the samewith changes in the half-span angle.
With an increasing half-span angle, the vortex core leaves the micro-
ramp at a lower edge length; this behavior is not observed when the
ramp angle is changed.
To provide a physical reasoning to the observed effects, a physical

model has been constructed. This model includes the concept of
captured momentum as a mechanism by which this generates the
primary (streamwise) vortex structures. As such, it relates the micro-
ramp geometry to the vortex circulation and the geometrical scaling
of the flowfield. Since the microramp is a passive device, its work-
ing mechanism to generate streamwise vorticity largely depends on
redistributing the momentum in the incoming flow. The momentum
that faces the microramp edge is partly transferred into the primary
vortices. This momentum is referred to here as the captured momen-
tum, and it governs the flow characteristics of the microramp wake.
For similar incoming flow conditions, the captured momentum,
corresponding to one primary vortex, is directly proportional to the
half-width of themicroramp.Hence, the half-width is used as a length
scale for scaling of different flow characteristics of the microramp
wake. It is found that to a satisfactory extent, the plots ofwakevelocity
evolution appear to collapse arounda commoncurvewhen the stream-
wise coordinate is scaled with the half-width. A similar scaling effect
is observed in the added incompressible momentum for the cases in
ramp angle sweep. In the case of the half-span angle sweep, the scaled
plots shift downward with the increasing half-span angle, suggesting
the decreasing effectiveness in momentum addition in the symmetry
plane. This is linked to the increased separation of the primary vortex
cores as the span angle increases. The wall-normal wake location
scales with the half-width only in the case of the half-span angle
sweep, but it does not depend strongly on the ramp angle.
Based on the conceptual model, a simplified relation between

primary vortex circulation and geometry parameters is formulated
in this study. This relation still contains empirical parameters, but
once these are determined for the flow conditions under consider-
ation, a valid correlation is provided for half-span angles within θs �
20 to 28 deg for the ramp angles within θr � 6.45 to 21.3 deg.
The presented relation between the microramp geometry and

the wake characteristics can be useful in designing an effective flow
control, tailored for a specific application. For example, the ramp and
half-span angles can be adjusted to achieve a desired primary vortex
strength along with the desired wall-normal wake location such that
the microramp wake causes minimum disturbance to the outer flow.
Moreover, the scaled wake evolution presented here can be used to
achieve a specific wake characteristic at a prescribed physical loca-
tion. This could be useful in applications involving size restrictions,
e.g., intakes, compressor blades, etc. Finally, the presented model for
the primary vortex circulation and the scaled wake evolution can be
used for a preliminary optimization of microramps to achieve desired
wake characteristic within the constraints of the specific application.
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