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Effects of Surface Ice Roughness on Dynamic Stall
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A two-dimensionalNavier–Stokes algorithm is used to investigate unsteady, incompressible viscous � ow past an
airfoil leading edge with surface roughness that is characteristic of early-growth ice accretion. The roughness is
added to the surface through the use of a Prandtl transposition and can generate both small-scale and large-scale
roughness geometries. The algorithm is used to simulatesteady or unsteady � ow at constant angle of attack or pitch
up corresponding to dynamic-stall conditions. Investigations of the dynamic stall show that some types of surface
roughness can signi� cantly alter the unsteady � ow separation pattern and the formation of the dynamic-stall
vortex. This includes both small-scale and large-scale roughness.

Nomenclature
c = airfoil chord length
f .» / = analytic expression for roughness geometry
h = hump height
K .t/ = angle-of-attackparameter
l = leading-edge radius of curvature for parabola
Re = Reynolds number
P® = pitch rate
¯ = scale factor for governing equations
´0; ´; Ń = normal coordinates
» 0; »; N» = streamwise coordinates
¿ = pseudotime
Ã; 9 = stream function
!; Ä = vorticity

Subscripts

inv = inviscid value
L ; R = left and right locations, respectively
w = value at the wall
1 = freestream value

Introduction

I T is well known that airfoil leading edges can have a signi� cant
effect on the aerodynamic performance of the overall wing. For

example, the NACA 23012 is a “front-loaded”airfoil, with a large
suction peak located near the leading edge. If something hinders
the formationof the leading-edgesuctionpeak (such as in-� ight ice
accretion), the overall lift coef� cient CL can be severely degraded.
In addition, the leading edge of an airfoil can signi� cantly effect
off-design performancedue to the sensitive dependenceof the � ow
about the leading edge to changes in geometry and � ow conditions.
For example, catastrophic failures, including failures caused by ex-
cessive aerodynamicloading, can occur through static and dynamic
leading-edge stall. It has been documented by Potapczuk et al.,1
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Cebeci,2 and Cebeci and Besnard3 that leading-edgesurface rough-
ness, in particular ice roughness, can adversely effect the aerody-
namic characteristics of a wing. The present work investigates the
steady and unsteady � ow about an airfoil leading edge, at constant
angleof attack or in pitch up, with some surfaceprotuberancethat is
characteristicof airfoil surface roughnessor surface ice geometries.
The pitch-up scenario in this study is used to simulate the dynamic
stall in the leading-edgeregion.

Dynamic stall is a term used to describe the complex � ow phe-
nomenon on an airfoil (or wing) that is induced by pitching up
rapidly from zero to a high angle of attack that is larger than the
static-stall angle for the airfoil. The resulting � ow� eld for an air-
foil that experiences a rapid unsteady pitch up is quite different
than an airfoil in a quasi-steady-statemotion. Shih et al.4 noted that
this difference is primarily due to the interaction of local unsteady
boundary-layer separation and the external � ow, which eventually
leads to massive boundary-layer separation and the formation of
large-scalevortices. This type of dominant vortex is referred to as a
dynamic-stallvortex.Extensivereviewsof experimental,analytical,
and numerical studies of dynamic stall are given by Carr5 and Carr
and McCroskey.6 There is also extensive literatureavailabledealing
with the actual process of dynamic stall.4;5;7

The dynamic stall analysis in this study is restricted to two-
dimensional � ow in the airfoil leading-edge region. It was shown
by Robinson et al.8 and Carr5 that the � ow away from the wing
tip is nearly two-dimensional for a wing in pitch up. Shih et al.4

show that the unsteady separation that leads to the formation of
the dynamic-stall vortex is a local � ow phenomena restricted to the
leading-edge region and that the trailing-edge � ow does not have
a direct impact on the leading-edge separation process. Therefore,
realistic and useful data can be obtained from this type of analysis.
Note that in terms of the de� nition of dynamic stall,7 the present
study investigates the stages before full dynamic stall, that is, up to
and including the formationof the vortex and vortex sheddingin the
leading-edgeregion.

Restricting the � ow analysis to the leading edge of an airfoil (or
wing) is prompted by the following reasons: 1) The most common
surface roughness and the most signi� cant ice accretion occur in
this location. 2) This region is susceptible to many important � ow
phenomena, including leading-edge stall, thin airfoil stall, and dy-
namic stall. 3) The region close to the leading edge tends to remain
laminar and at a low local Reynolds number, which simpli� es the
direct simulations. 4) Focusing on the leading-edge region signif-
icantly reduces the computational expense. This produces a solver
that is clean and robust with no requirement for explicit arti� cial
dissipation or other dissipation-inducing numerical devices. In ad-
dition,solvingtheunsteady� ow� eldonly in the leading-edgeregion
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allows the use of a largenumberof grid points in the area of interest.
In the current study, a dense grid is placed in the leading-edge re-
gion,which is capableof capturingsmall eddieswithin theboundary
layer.

The present work focuses on steady and unsteady � ow phenom-
ena about the leading edge of an airfoil with surface roughness.
Currently, most available data4;5;9 for dynamic stall use smooth
surfaces. Therefore, a need exists to examine the effects of sur-
face roughness on dynamic stall. The objective of this study is to
gain a better understandingof the interactionbetween leading-edge
surface roughness and the formation of the dynamic-stall vortex.
An algorithm has been developed to study the effects of surface
roughness on leading-edge � ow separation, unsteady vortex shed-
ding, and local stall characteristics.The � ow� eld is modeled using
the full unsteady, two-dimensional, incompressible Navier–Stokes
equations. Roughness geometries are added to the surface using a
Prandtl transposition, which allows for rapid analysis of different
roughnessgeometrieswithout the need to regrid. The algorithmhas
the capability of analyzing both steady � ow at a constant angle of
attackand unsteady� ow at either constantangleof attack or in pitch
up,whichcan lead to static and dynamicstall. Severaldifferent types
of surface roughnessare investigatedincludingsimple and complex
hump roughness and simulated ice roughness.

Governing Equations
This section outlines the governing equations used for the � ow

calculations,as well as the correspondingboundary and initial con-
ditions. The � ow is modeled by the full Navier–Stokes equations
for two-dimensional, unsteady, incompressible � ow. The x and y
coordinates are nondimensionalizedby the leading-edge radius of
curvature l, the u and v velocities by the freestream velocity V1,
and the time t by l=V1. The resultingdimensionlessNavier–Stokes
equations cast in the Cartesian coordinate system and written in
stream function-vorticityform are given as follows:

Ãx x C Ãyy D ¡! (1)

!t C Ãy!x ¡ Ãx !y D Re¡1.!x x C !yy/ (2)

The leading edge of the airfoil is approximated by using a semi-
in� nite parabola, in a manner similar to work by Werle and Davis10

and Davis.11 The results for � ow past a parabola compare reason-
ably well with computationalresults for the NACA 0012 airfoil12;13

and may be used to simulate any of the NACA 00XX series with
different thicknessesbecause the leading edges of these airfoils are
nearly parabolic in shape. A comparison of the leading edge of the
parabolaand the NACA 0012airfoil is shown in Fig. 1. The parabola
matches the airfoil leading edge up to approximately 6% of chord.
The parabola geometry used here is given by

x D 1
2 .y2 ¡ 1/ (3)

The frame of reference is attached to the parabola and, therefore,
is noninertial. Bhaskaran12 showed that the additional noninertial
terms in the Navier–Stokes equations are negligible compared to
other terms if . P®l/=V1 ¿ 1 holds true, where P® is the pitch rate.
With the cases considered in this study, this parameter is much
smaller than one, and so the noninertial terms are ignored.

It is advantageous to cast the governing equations in a parabolic
coordinatesystem (» 0, ´0) to producean orthogonalbody-� tted grid.
The parabolic coordinate system is related to the Cartesian system
through the following transformations:

x D .» 02 ¡ ´02/=2; y D » 0´0 (4)

The stream function and vorticity transport equations (1) and (2)
can be transformed using the preceding relations and written as

Ã» 0» 0 C Ã´0´0 D ¡.» 02 C ´02/! (5)

¡.» 02 C ´02/!t C Ã» 0 !´0 ¡ Ã´0 !» 0 C Re¡1.!» 0» 0 C !´0´0 / D 0 (6)

Fig. 1 Comparison of the leading-edge region for the NACA 0012 and
the parabola.

Fig. 2 Schematic diagram of the shearing transformation (or Prandtl
transposition).

The surface roughness on the leading edge of the parabola is in-
troduced using a shearing transformation (or Prandtl transposition)
similar to work reported by Lynn and Rothmayer.14 The shearing
transformationallows the surface perturbationto be directlyembed-
ded within the governing � ow equations. Therefore, the algorithm
can be applied to a wide range of single-valued roughness geome-
tries with no need for regridding, even when the surface geometry
changes.The shearingtransformationis shown in Fig. 2 and is given
by

» 0 D »; ´0 D ´ C f .» / (7)

where f .» / is a known analyticexpression.To resolve� ow features
within localizedregionsnear the leadingedge, grid stretchingis also
applied to the governing equations:

N» D N».» /; Ń D Ń.´/ (8)

The transformationfrom the uniform-gridcomputationalspaceto
physical space involvesmultiple steps given by the precedingequa-
tions. The overall transformationprocess is summarized in Fig. 3.

In the study by Bhaskaran and Rothmayer,15;16 it was found that
the convergence rate was improved if the � ow variables were split
into an inviscidpart and a viscouspart. When this techniqueis used,
the total stream function Ã and vorticity ! are given by

Ã D 9 C Ãinv; ! D Ä C !inv (9)

where!inv D 0 forpotential� ow.When the transformationequations
for the surface roughnessand grid generationare used, and the � ow
variable splitting technique is used Eqs. (5) and (6) can be written
in the form

9¿ ¡ ¯2Ä D N»»» 9 N» C . N»» /29 N» N» ¡ f»» Ń´9 Ń ¡ 2 f»
N»» Ń´9 N» Ń

C
£
1 C . f» /2

¤
Ń´´9 Ń C

£
1 C . f» /2

¤
. Ń´/29 Ń Ń (10)
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Fig. 3 Schematic diagram of the overall transformationfrom the com-
putational space to physical space.

Fig. 4 Schematic diagram of angle of attack parameter K(t).

Ä¿ C ¯2Ät C N»» Ń´.9 ŃÄN» ¡ 9 N» Ä Ń/

C .Ãinv/´
N»» Ä N» ¡ f» .Ãinv/´ Ń´Ä Ń ¡ .Ãinv/» Ń´Ä Ń

D Re¡1
©

N»»» Ä N» C .N»» /2Ä N» N» ¡ f»» Ń´Ä Ń ¡ 2 f»
N»» Ń´ÄN» Ń

C
£
1 C . f» /2

¤
Ń´´Ä Ń C

£
1 C . f» /2

¤
. Ń´/2Ä Ń Ń

ª
(11)

where¯2 D » 2 C ´2 C 2´ f C f 2. To helpstabilizethemethodduring
global iterations, a � ctitious time-derivative term (or pseudotime
term) is added to both the stream function equation (10) and the
vorticity transport equation (11), that is, 9¿ and Ä¿ , respectively.
At each physical time step, the solution is convergedin pseudotime.

Inviscid Flow

There exists an analytic solution for the inviscid potential � ow
past a parabolafrom Werle and Davis10 and Van Dyke.17 For a clean
parabola, the inviscid stream function is given by

Ãinv D [» 0 C K .t/].´0 ¡ 1/ (12)

where K .t/ is theangle-of-attackparameter,as shownin Fig. 4. K .t/
can be related to the angle of attack of the airfoil when the parabolic
leadingedge is coupledto a thin airfoil descriptionof the full airfoil.
In thepresentstudy, K .t/ is an inputparameter that is eitherconstant
or a known function of time and can be used to simulate any desired
motionof the parabolarelative to the freestream,that is, the parabola
remains � xed as the stagnationpoint traversesthe leadingedge.The
particular variation of K .t/ used to place the leading edge in pitch
up is given by Bhaskaran,12

K .t/ D
PK0

2

»
t C 1

a

µ
cosh.at C b/

cosh.b/

¶¼
(13)

PK0 is the asymptotic value of the � nal pitch, which is equal to 0.5
in this study. This pitching function corresponds to a leading edge

being pitched up at a constant rate, with a smooth transition from
the 0-deg angle of attack to the constant pitch rate.

Applying the Prandtl transpositionto Eq. (12) produces the invis-
cid potential solution for the stream function of the parabola with
surface roughness present:

Ãinv D [» C K .t/][´ C f .» / ¡ 1] (14)

Boundary Conditions

No-slip boundary conditions, with u D v D 0, are applied at the
surface of the parabola (´ D 1). In terms of the stream function,
this boundarycondition translates to Ã D 0 and Ã´ D 0. When � ow-
variablesplittingis applied,at ´ D 1 the no-slipboundaryconditions
become

9 D ¡Ãinv; 9 Ń D ¡[.Ãinv/´= Ń´] (15)

A second-order accurate one-sided � nite difference formulation is
used to discretize Eq. (15).

At the far-� eld boundary, ´ large but � nite, the viscous effects
die out and a fully inviscid � ow is recovered. Therefore, the split
viscous variables 9 and Ä are assumed to be zero at this boundary.
The resulting far-� eld boundary conditions as ´ ! 1 are

Ã D Ãinv; Ä D 0 (16)

The viscoussolutionfor � owpasta parabolais known to approach
the Blasius solutionas » ! 1 (see Ref. 11). As » ! 1, then Ã and
! are given by the following:

Ã » »g.´/; ! » ¡[h.´/=» ] (17)

Therefore, at the far-downstream boundary, the � ow is assumed
to be steady and the preceding expressions for the Blasius solution
are used to evaluate the streamwise derivatives, as

Ã» » Ã=»; Ã»» » 0 (18)

!» » ¡.!=»/; !» » » 2!=» 2 (19)

The upper and lower downstream boundaries are placed at a large
but � nite value of j» j.

Numerical Method

An implicit numerical method is used to solve Eqs. (10) and
(11). The numerical scheme is second-order accurate in time and
space, with central differencesused for the spatial derivativesand a
backward differencefor the temporal derivative.The nonlinearcon-
vective terms are linearized using Newton linearization and mixed
derivatives are treated iteratively as source terms.

As a starting solution for the full Navier–Stokes algorithm, the
parabolized Navier–Stokes equations are solved for � ow past a
parabola at a constant angle of attack, and the solution is used as
input to start the full Navier–Stokes calculations. The parabolized
Navier–Stokes solveruses the Blasius solutionas a startingsolution.

The implicit scheme sweeps in both the » and ´ directions, with
the sweeps in the » direction being bidirectional and the sweeps in
´ being unidirectional.One complete spatial sweep consists of two
alternating sweeps in the streamwise direction, » , and one sweep
in the normal direction, ´, which is equivalent to one pseudotime
step. Each sweep involves the solution of a 2 £ 2 block-tridiagonal
system of equations.

For unsteady � ow, the code marches the solution in time and, at
each physical time step, the pseudotimeterms are iterated to conver-
gence before moving to the next physical time step. The algorithm
has the capability of solving for purely steady � ow by either 1) al-
lowing the unsteadycode to eventuallyconvergeto a steadysolution
or 2) eliminating the time term Ät and solving the remaining steady
Navier–Stokes equations.With this particularalgorithm,if the � ow-
� eld is truly steady, then either method can be used to obtain the
solution. If the � ow is unsteady, then the “steady” � ow solver may
not converge.
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Fig. 5 Typicalgridused for the dynamic-stallcomputations(481 ££ 81)
with 380 streamwise grid points in the dense-grid region.

The grid used for the computations is a structured, body-� tted
grid. A region of dense, uniformly spaced grid points in the stream-
wise direction is placed in the vicinity of the parabola leading edge,
with hyperbolic stretchingupstream and downstreamof this region.
Stretching is also used in the normal direction to cluster points near
the surface. A typical parabolic grid is shown in Fig. 5. The grid
in this � gure is 481 £ 81, with 380 streamwise grid points placed
in the dense-grid region near the leading edge. In Fig. 5, the lead-
ing edge of the parabola has a clean surface. When roughness is
present, typically the grid requirements are increased to resolve the
� ow about each roughness element. In this study, the grids ranged
from481 £ 81 to 1501£ 201. In general,the � ow solutionwas more
sensitive to the grid density in the streamwise direction than in the
normal direction when surface roughness was present.

Surface Protuberance

The surface protuberance (or roughness) is added to the baseline
parabolic surface using a Prandtl transposition, which allows new
surface-orientedcoordinatesto be easilygeneratedwithout the need
for regridding. For example, alterations to the surface roughness
geometry can be made without changing the actual grid parameters.

The current work uses an analytic roughness geometry for the
surface protuberance. This produces a smooth hump with variable
height and wavelength. The hump equation used is given as

f .» / D h.» ¡ »L /5.»R ¡ »/5 (20)

A 10th-order polynomial was used to ensure a smooth transition
from the roughness element to the parabola surface. This helped to
alleviate any curvature discontinuityproblems at the juncturepoint.

Both simple and complex analytic hump geometries are used to
simulate different types of leading-edge roughnesses. The simple
roughness is either a single smooth hump placed on the parabola
leading edge or multiple humps with equal height and wavelength
arranged to simulate distributed roughness.The complex roughness
is created by superimposingmultiple humps of varying heights and
wavelengths to produce a more geometrically complex roughness
shape. Figure 6 shows one of the complex roughness geometries
that was evaluated in this study. The roughness in Fig. 7 is also a

Fig. 6 Complex leading-edge roughness formed by superimposing
multiple roughness elements of varying height and wavelength.

Fig. 7 Simulated leading-edgeice shaperepresenting a short accretion
time.

complex roughness shape, but was selected to more closely match
a leading-edgeglaze-ice roughness shape.

Reynolds Number Scaling

In the present work, the parabola Reynolds number Rel can be
related to the airfoil chord Reynolds number Rec by

Rel D .l=c/Rec (21)

For the NACA 0012 airfoil, the (l=c) ratio is equal to 0.016 (Abbott
and Von Doenhoff18). This allows computation of the leading-edge
� ow� eld at a signi� cantly lower Reynolds number Rel than that
of the chord Reynolds number (approximately two orders of mag-
nitude). For the majority of cases presented here, Rel varied from
159 to 1 £ 104 . For the NACA 0012 airfoil, the correspondingRec

ranges from 1 £ 104 to 6:3 £ 105.

Flow Separation and Dynamic-Stall Results
The impact of surface roughnesson � ow separationand dynamic

stall is investigated,includingsimple roughnessand complex rough-
ness shapes. The algorithm is capable of producing results for both
steady � ow at a constant angle of attack [K .t/ value] and unsteady
� ow at a constantangle of attackor in pitch up. The rapid pitchup of
the leading edge produces the dynamic-stall phenomenon. Results
are presented for steady and unsteady � ow for clean and roughened
surfaces.

Clean Airfoil

Preliminary work was done with the current algorithm to verify
the validity of the results. Comparisons were made to existing ex-
perimental and computational work for steady and unsteady � ow
past a clean airfoil, including dynamic-stall comparisons.
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Current simulation

Benchmark case

Fig. 8 Comparison of streamline patterns for pitch-up case.

One of the benchmarks for prediction of the dynamic-stall pro-
cess was comparing results to the work done by Choudhuri et al.7

Their computations are based on the two-dimensional compress-
ible Navier–Stokes equations for the NACA 0012 at Rec D 1 £ 104.
Their work used two separate algorithms (structured and unstruc-
tured grid) to perform the calculations,and the results were in good
agreement.The dynamic stall is initiatedby a constant rate pitch-up
maneuver. The pitch rate equation used in the present study was
altered to match that of Ref. 7. The case chosen for comparison
is the dynamic-stall results at ® D 22:5 deg. For the present work,
the following parameters were used to match the � ow conditions:
Rel D 159 (Rec D 1 £ 104) and K D 3:2. Bhaskaran12 showed that
setting the angle-of-attack parameter to K D 3:2 for the parabola
was equivalent to ® D 22:5 deg.

The results of this comparison are shown in Fig. 8, which is a
plot of the stream function contours. We see that there is close cor-
respondencebetween the two results. Both of the computationalre-
sults show the same three distinct recirculationregions at this point
in the pitch up. The shapes and relative locations of the primary,
secondary, and tertiary recirculating regions compare well between
the two results. Mutual interaction between the primary and sec-
ondary eddies eventually leads to the shedding of vorticity from the
wall and subsequent convection downstream. The differences be-
tween the two plots can most likely be attributed to the geometry
differencesbetween the NACA 0012 and the parabolaleading edge;
the parabola only matches the NACA 0012 to approximately6% of
chord, whereas the recirculatingregions in these plots spread out to
approximately 30% of chord. Suito and Ishii9 also obtained similar
results that are in good agreement with the current results.

The secondtest case is a comparisonto a parabolain pitchup from
the computational work done by Bhaskaran and Rothmayer.15;16

The results are based on Rel D 1 £ 103 for a clean parabola leading-
edge region. The simulations from the presentwork are in excellent

agreement with these results throughout the pitch up and formation
of the dynamic-stall vortex.

A majority of the work for the clean leading edge was completed
with a 481 £ 81 grid. The dense-grid region on the upper surface
contained 380 streamwise grid points. Ghia et al.19 found that a
C grid of 444 £ 101 for the entire airfoil was suf� cient to resolve
the dominant scales of the dynamic-stall problem. Therefore, it was
assumed that thedense-gridregionplacedon the leadingedgewould
bemore than adequateto resolvethe � ow� eld.However,a gridstudy
was performed to ensure a grid-independentsolution.

Figure 9 shows the results of this grid-dependence study. The
grid was re� ned in both the streamwise and normal directions from
481£ 81 to 881 £ 101. In Fig. 9, wall vorticity Äw was used to
demonstrate a grid-independentsolution. Note that ¡Äw is propor-
tional to the wall shear stress. Figure 9 shows that the two solutions
are in good agreement.

Simple Roughness

Several different cases were run with the simple roughness ge-
ometries on the leading edge of the parabola. The � rst case to be
investigated was a single smooth hump on the upper leading-edge
surface, with the hump being fully contained within the boundary
layer. The hump height is approximatelyone-third of the approach-
ing laminar boundary-layerheight. A stream function contour plot
is shown in Fig. 10. This particular case was at a constant angle of

Fig. 9 Grid-dependence study for an unsteady � ow showing wall vor-
ticity on upper surface of a clean leading edge during formation of
dynamic-stall vortex at t = 32.

Fig. 10 Flow past a single analytic hump placed on the leading edge
showing a steady laminar separation bubble, Rel = 1 ££ 103.
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Fig. 11 Vorticity contours for � ow past a single analytic hump.

Fig. 12 Grid-dependence study for � ow past a single hump on the
leading edge, shown in Fig. 10.

attack of K D 0:0 (0-deg angle of attack), Rel D 1 £ 106, and a grid
of 881 £ 81, with the dense-grid boundaries placed upstream and
downstreamof the hump. Both the steadyand unsteady� ow solvers
were applied to this case, and both produced identical results. The
unsteady � ow solver converged to a steady solution. As Fig. 10
shows, the hump geometry produced a steady, laminar separation
bubbleon the downstreamside of the hump. Vorticity contourshave
also been plotted for this case and are shown in Fig. 11. Qualita-
tively, Fig. 11 is consistentwith results for � ow past a hump on a � at
plate, such as in the work done by Kiya and Arie20 and Haussling.21

Grid independenceof the � ow solutionwas periodicallychecked
throughout the course of this work. For the single leading-edge
roughness element, results for the grid-independence test are pre-
sented in Fig. 12, which shows that the grid resolution used in this
case is suf� cient to capture the � ow past the isolated hump. For a
grid-independent solution, the required grid resolution is approxi-
mately 40–50 streamwise grid points for an individual hump.

As expected, the evaluation of grid dependence in this work re-
vealed that the more complex geometries require a � ner grid to
resolve the � ow physicscorrectly.As mentionedearlier,once rough-
ness has been added to the surface, the grid is more sensitive to the
number of streamwise grid points than the normal grid points. This
assumes that you alreadyhave an adequatenumber of grid points in
the normal direction to resolve the � ow past a clean surface.

A second case of simple roughness was tested, which consisted
of eight simple humps placed on the upper-surface leading edge

to simulate distributed roughness. The � ow conditions were the
same as for the single-hump case: a constant angle of attack of
K D 0:0 and Rel D 1 £ 103 . The unsteady � ow solver converged to
a steady-statesolution for this roughnessgeometry.As in the single-
hump case, the distributedroughnesswas fully containedwithin the
boundary layer. The dense-grid region was � ne enough to capture
the small-scale separationregions containedbetween the roughness
elements. Figure 13 shows the stream function contour plot for this
case. It also includesa closeupshowing the localseparationbetween
the roughness elements. This case produced steady, laminar � ow
separation for the given Reynolds number Rel .

This particular roughness geometry was also used in an un-
steady pitch-up case. The simulation was run out in time until a
full dynamic-stall vortex was formed and vortex structures began

Fig. 13 Stream function plot for simple roughness (eight hump) with
steady, laminar � ow at 0-deg angle of attack, Rel = 1 ££ 103.

Fig. 14 Comparison of wall vorticity during pitch-up at t = 32, Rel =
1 ££ 103.
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Simple eight-hump roughness

Clean

Fig. 15 Comparisonofdynamic-stallcharacteristics at the airfoil lead-
ing edge during pitch up at t = 32 and Rel = 1 ££ 103 (stream function
contour plot).

sheddingfrom the surface.Comparing the results during pitch up to
the clean airfoil case, there is no signi� cant differences for much of
the initial dynamic-stall sequence. It appears that the dynamic-stall
phenomenonis robust enough to swallow any small-scale perturba-
tions to the � ow produced by this roughness in the early stages of
pitch up. However, after the formation of the primary vortex near
the leading edge, some differencesbecome apparent.

Figure 14 shows the wall vorticity for the clean and eight-hump
roughnesscases at a physical time of t D 32 (K D 3:25) during pitch
up. This plot shows that the dynamic stall vortex system for the
eight-hump roughness case reattaches farther downstream than for
the clean case. Both have the same upstream separation point (not
shown in Fig. 14). This can also be seen in Fig. 15, which is a plot
of the stream function contours for both the eight-hump roughness
geometry and the clean surface.

Figure 15 also shows another item of interest: The small-scale
roughness modi� es the secondary separationmechanism in the dy-
namic stall. The eight-hump roughness case shows that the primary
vortex has been formed and that there exists the beginning of a sec-
ondaryrecirculatingregion.However, for thecleancase (at the same
physical time), the formation of a primary, secondary, and a tertiary
vortex (or a second primary vortex) is already complete. The inter-
action between the � rst and secondprimary vortices is what induces
the � rst primary vortex to be shed from the surface. The vorticity
contours for the distributed roughness case at t D 32 are shown in
Fig. 16. In this stage of pitch up, the vorticity is being rolled up to
form a vortex, which induces the secondary separation region.

Complex Roughness

Two complex roughnessgeometrieswere also investigatedin this
work under dynamic-stallconditions.For the � rst geometry, Fig. 17

Fig. 16 Vorticity contours in the region of the simple eight-hump
roughness during pitch up of the leading edge at t = 32, Rel = 1 ££ 103 .

Complex roughness

Clean

Fig. 17 Comparison of dynamic-stall characteristics stream function
contour plot at the airfoil leading edge for Rel = 1 ££ 103 and t = 30.

showsa streamfunctioncomparisonbetweenleadingedgeswith and
without surface roughness. Both airfoils are at the same physical
time station, t D 30, in the pitch up and have the same Reynolds
number Rel , with the only difference being the implementation of
the surface roughness. For this roughness geometry, the height is
larger than the approachingboundary-layer thickness.

Figure 17 clearly shows the leading-edgeroughness signi� cantly
alters the inception time for the formation of the dynamic-stall vor-
tex. At this temporal station, the clean airfoil is just beginning to
showa thin recirculatingbubbleon theupperleadingedge.However,
the airfoil with roughness has already migrated to a more advanced
stageof the dynamicstall. There are multipleprimaryand secondary
vortices interacting in the leading-edge region. Eventually, this in-
teraction of the � rst primary vortex and the � rst secondary vortex
will lead to the vortex being shed from the surface and convected
downstream.
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Simulated ice roughness

Clean

Fig. 18 Comparison of dynamic-stall characteristics stream function
contour plot at the airfoil leading edge for Rel = 1 ££ 103 and t = 24.

The other complex roughness geometry is fashioned to simulate
a leading-edgeice shape (Fig. 7). Similar to the preceding complex
roughness shape, a comparison is made to the results for a clean
parabola at the same time during pitch up. The results of this com-
parison are shown in Fig. 18 for Rel D 1 £ 103 and at t D 24 in the
pitch-upsequence.This roughnessgeometryproducesan evenmore
pronouncedeffect on the dynamic-stallvortex than the earliergeom-
etry, with a dramatic difference in the � ow� eld on the leadingedges.
The parabola with the simulated ice roughness is at the stage just
before vortex shedding even at the early time of t D 24, whereas the
clean case is just beginningthe formation a thin recirculatingbubble
on the leading edge. Obviously, the larger, more complex ice shape
can have a signi� cant impact on the formation of the dynamic-stall
vortex. The stream function contours clearly show the formation of
primary, secondary, and tertiary separation regions.At this physical
time, the primary and secondaryvortices on the upper surface are at
a level similar to those seen for the � rst complex roughnessgeome-
try at a physical time of t D 30 (both at the same Reynolds number).
Therefore, the simulated ice shape triggers the dynamic stall at an
earlier stage than the previous complex roughness shape.

Plots of the instantaneousvorticity contoursat various times dur-
ing the pitch-up maneuver are shown in Fig. 19 for the leading edge
with the simulated ice shape. These vorticity contour plots detail
the evolution of the dynamic-stall vortex with the primary vortex
eventuallybeing shed from the surface.At t D 16:0, a shear layer is
present with a vortex forming downstream of the roughness. This
vortex strengthens and induces a secondary separation region. The
mutual interactionof the primary and secondaryvortices causes the
vortex to be shed from the wall and convected downstream, which
can be seen at t D 31:5.

t = 16.0 t = 22.0

t = 29.0 t = 31.5

Fig. 19 Various temporal snapshots of the vorticity contours for the
simulated ice roughness case under dynamic-stall � ow conditions.

Reynolds number effects were also investigatedfor the simulated
ice shape. The Reynolds number based on leading-edge radius of
curvaturewas increasedfrom1 £ 103 to 1 £ 104 (The corresponding
chord Reynolds number Rec ! 6:3 £ 104 to 6:3 £ 105.) As before,
the parabola was set into motion with a constant-rate pitch up to
simulate the dynamic-stall phenomenon. The increase in Reynolds
number Re causes the � ow in the leading-edge region to become
highly unsteadyeven in the early stages of pitch up. For the cases at
Rel D 1 £ 103 , the separation regions remained steady and laminar
for a longer time into the pitch up.

Summary
In this study, the impact of surface roughness on unsteady � ow

past an airfoil leading edge is investigatedusing a two-dimensional
Navier–Stokes algorithm. Solutions are obtained for both steady
and unsteady � ow at constant angle of attack and in pitch up with
surface roughness present on the leading edge. The key � ndings of
this study are summarized as follows.

1) It was shown that this type of leading-edge analysis can be
used as an ef� cient tool to investigate� ow separationand local-stall
characteristics in the leading-edge region of an airfoil.

2) The implementation of the Prandtl transposition within the
governing equations allows the algorithm the � exibility of easily
incorporatingmany different roughnessgeometries (simple to com-
plex) for analysis.

3) Small-scale surface roughness (smaller than the boundary-
layer height) affects the secondary separation mechanism in
dynamic stall.

4) Large-scaleroughnesscan signi� cantlyalter the inceptiontime
for the formation of the dynamic-stall vortex.
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