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Abstract

Supercritical airfoils with boundary layer suction were designed and analyzed
computationally using the viscous-inviscid airfoil analysis code MSES and accompa-
nying airfoil optimization code LINDOP. The viscous-inviscid coupling condition and
boundary layer formulation in MSES were modified to account for the effect of mass
removal on the inviscid flow field and evolution of the airfoil boundary layer. Flow
field sensitivities to the suction coefficient computed in MSES were used in LINDOP
to simultaneously optimize airfoil geometry and required suction coefficient. The su-
percritical airfoils designed with suction showed relatively higher drag divergence Mach
numbers with increments up to 0.02 for a 20% thick airfoil at a lift coefficient of 0.75
and 0.03 for a 12% thick airfoil at a lift coefficient of 1.0. Reductions in total drag and

delay in shock-induced separation were also achieved with the use of suction.
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Nomenclature

Cpw

Cor

Cr,Cm

Mgyq
Mw, Me

Uoo, Ue

H,

h7 ht
H'
H*#

P, F.

Reg

airfoil chord

airfoi! thickness ratio

equivalent suction drag

airfoil wake/profile drag

Cpw + Cbps

lift, pitching-moment coefficients

suction coefficient

drag divergence Mach number

freestream, boundary layer edge Mach number
freestream, boundary layer edge velocity

slip velocity

. e . . ou
dissipation coefficient = e J "'a_,,dﬂ
skin friction coefficient = ,‘,2,1,',‘?

e
shear stress coefficient = .‘:.’m:,n

pressure coefficient

shape parameter = %
kinematic shape parameter
=J(1= )/ (1= &)dn
enthalpy, stagnation enthalpy

. _ 6
kinetic energy shape parameter = -

. _ 6..
density shape parameter = *5-
freestream, boundary layer edge pressure

Reynolds number

momentum thickness Reynolds number = L—fp“:o
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U, Uy
Ps Pe
PwVyw

&m

Jt

6“

Ty Tw

adiabatic wall temperature

normal velocity, wall transpiration velocity
density, boundary layer edge density
suction mass flux

shear layer coordinates

momentum thickness = [ JZ-(1 — 2)dn
kinetic energy thickness = [ La(1- %)df)
displacement thickness = [(1 - -2-)dn
density thickness = [ (1 — 2)dn
boundary layer thickness

shear stress, wall shear stress
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Chapter 1

Introduction

Viscous boundary layers play an important role in the perforinance of airfoils especially
because they force limitations on the design, and consequently, the output produced by
an airfoil. The boundary layer on an airfoil, usually confined to a very thin region near
the surface, has a natural tendency to grow in thickness as it loses energy due to the
dissipative effect of viscosity; and in the presence of an adverse pressure gradient this
growth eventually leads to separation where the boundary layer departs from the surface
leaving a region of recirculating flow. Separation of the boundary layer is detrimental
to the performance of an airfoil as it leads to a rapid increase in drag and loss in lift.
Thus, ensuring that the boundary layer remains attached up to the trailing edge within

a desired range of operating conditions is a critical issue in the airfoil design process.

A natural response to the limitations posed by the viscous boundary layer is to
influence its behavior through the use of boundary layer control. The basic mechanism
underlying this approach is to replenish the energy lost in the boundary layer due to
the dissipative effect of viscosity. This can be achieved by drawing momentum from the
free stream by enhancing mixing, removing the low momentum fluid near the surface,
or adding momentum by injecting fluid. The last two methods, commonly referred
to as suction and blowing, have received considerable attention among the proponents
of boundary layer control mainly because they can be used to mitigate the growth of

boundary layers in very strong adverse pressure gradients. These methods, however,

13



require an external supply of energy. Thus the performance gain has to be weighed

against energy expended in controlling the boundary layer.

In this thesis, boundary layer control is directed toward supercritical airfoils, the
main purpose being to investigate the use of suction as a means of improving the per-
formance of these airfoils. The advent of the supercritical airfoil has redefined the limits
on aerodynamic performance attainable by airfoils designed to operate in the transonic
regime. For a given thickness ratio, supercritical airfoils have higher drag divergence
Mach numbers and lift coefficients than conventional peaky airfoils. The distinguishing
feature of these airfoils is roof-top pressure distribution which covers 60 to 70 percent. of
the airfoil surface and is responsible for extending the drag rise Mach numbers beyond
those of conventional airfoils. Because of the sensitive nature of the flow field around
a supercritical airfoil, the presence of the boundary layer has significant impact on the
aerodynamic characteristics. The airfoil pressure distribution has to be carefully tailored
so that the boundary layer remains attached as it passes through the shock wave and
negotiates the adverse pressure gradient up to the trailing edge. Achieving this simply
by geometric shaping becomes increasingly difficult as the Mach number, lift coefficient,
and thickness of the airfoil are increased. The use of suction to control the growth of
the boundary layer in this situation can lead to greater freedom in manipulating the
shape of the airfoil and could lead to substantial inprovements in drag divergence Mach

number and design lift coefficient for a given airfoil thickness ratio.

The drag divergence Mach number, design iift coefficient, and thickness ratio are key
parameters in the design of airfoils for iurbofan and jet transport airplanes. The specific
range of turbofan and jet airplanes is proportional to the parameter M (L/D) which
is also an indicator of cruise efficiency. Due to the presence of Mach number in this

parameter, improving cruise efficiency results in higher cruise speeds being constrained
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mainly by the drag rise in the transonic regime. Thus airfoils with higher drag divergence
Mach numbers would result in higher cruise speeds improving specific range and cruise
efficiency, and also decrease wing sweep, and higher design lift coefficients would lead
to reductions in wing area, increase in lift to drag ratio, and widen the buffet boundary.
Thickness ratio plays an important role in meeting structural and volume requirements,
and thicker airfoils are desirable as they offer greater structural depth and greater volurne
for fuel. The drag divergence Mach number, design lift coefficient, and thickness ratio
are intricately linked with each other and improvements in any of these parameters

would have a significant impact on airplane performance.

Although the advantages offered by supercritical airfoils with suction could benefit
conventional airplanes, a more feasible application is the use of these airfoils on ad-
vanced concept spanloader configurations. Recently there has been a surge of interest
in spanloader configurations as these have a significantly higher usable volume for cargo
and passengers compared to conventional designs [3], [9]. The feasibility of spanloader
configurations hinges on the aerodynamic characteristics of thick airfoils. Conceptual
designs typically use the GLAS airfoil and its variants which are 30 — 50% thick and
have a favorable pressure gradient which extends to 70% of the airfoil chord. A suction
slot located at the end of this region of favorable pressure gradient is used to prevent
separation of the boundary layer due to the strong adverse pressure gradient down-
stream of the slot. The low drag divergence Mach numbers of these airfoils however
restrict the cruise speeds to low subsonic Mach numbers. Increasing the wing sweep can
overcome this problem Lut leads to a decrease in the maximum lift coefficient upsetting
the low speed performance essential to meet takeoff and landing requirements. The
high drag divergence Mach numbers and superior drag characteristics at high subsonic
Mach numbers offered by thick supercritical suction airfoils would result in higher cruise

speeds and significant improvements in the overall efficiency of such configurations.
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In this thesis, a series of supercritical airfoils were designed and analyzed in order to
study the impact of suction on ihe drag divergence Mach number, design lift coefficient,
and thickness ratio. Suction was used to control the growth of the boundary layer in the
region of adverse pressure gradient downstream of the shock, and the improved robust-
ness of the boundary layer was exploited to design airfoils with higher drag divergence
Mach numbers and improved drag characteristics. The performance gain obtained by
using suction was weighed against the power required by an ideal boundary layer con-
trol system in order to assess the net gain. Because of the complex nature of the flow
around a supercritical airfoil, the design and analysis were purely computational and
were performed using the viscous-inviscid airfoil analysis code MSES [7] and accompa-
nying design optimization code LINDOP [6]. The viscous-inviscid coupling condition
and boundary layer formulation in MSES were modified to calculate airfoil flows with
suction, and the suction coefficient was added to the list of design variables in LINDOP

to simultaneosly optimize airfoil geometry and suction coefficient.

In Chapter 2, an overview of the analysis code MSES is presented followed by a
description of the approach used to model suction and modifications made to MSES.
Calculations using the modified code are compared with experimental data in Chapter
3. The effect of suction on the characteristics of an RAE2822 supercritical airfoil are
investigated in Chapter 4, and Chapter 5 presents an airfoil design and parametric study.
Conclusions and future work are discussed in Chapter 6. Plots of the computational

grid and correlation functions used in MSES are provided in the Appendix.
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Chapter 2

Computational Method

2.1 MSES in a nutshell

The viscous-inviscid airfoil analysis code MSES was the primary analysis tool used in
this research. The steady Euler equations discretized on a streamline grid in conservative
form are used to represent the inviscid flow field. The inviscid streamlines neighboring
the airfoil surface and the wake are coupled with a two-equation integral boundary
layer formulation using the displacement thickness condition. The laminar formulation
uses an e based method to predict transition, and in the turbulent formulation, this is
replaced by a shear lag equation to capture the upstream history effects of the turbulent
shear stresses. The coupled non-linear equations are simultaneously solved using the
Newton method. Airfoil flows in speed regimes ranging from subsonic to transonic and
at low Reynolds numbers can be calculated using MSES. Inverse calculations where the
airfoil geometry is perturbed to match a user-specified pressure distribution is a notable

feature of the code.

The steps taken to incorporate boundary layer suction into the code are presented
below and a description of the other relevant sections of the code can be found in
Appendix A. For a comprehensive look at the foundations of the code the reader is

directed to reference [5].
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2.2 Model of the Suction Region

In any computational approach, the physical process is represented by a simplified
model based on a rational decomposition of the physical process. The model tries to
capture the essential features of the physical process by predicting the behavior of key
variables selected to describe the process. The approach used in this research to model
suction was driven by two important considerations. The first was to use the existing
boundary layer formulation in MSES so that any modifications would remain a subset
of the existing formulation. The second was to ensure that the computational speed
and robustness of the code were preserved as these are essential to the nature of the

code as a design and analysis tool.

The model of the suction region is shown in Figure 2.1. A control volume analysis
of this model using a balance of continuity, momentum, and energy results in the Von
Karman momentum equation and the kinetic energy equation which form the basis of

the boundary layer formulation in MSES. In the discrete representation, the suction

Figure 2.1: Model of the suction region

region is divided into smaller cells of width A{ which correspond to the spacing of

the computational grid points on the airfoil surface. The position and width of the

18



suction region are specified in percent of the airfoil chord and the mass removed from

the boundary layer is quantified in terms the suction coefficient defined as

c ! / — 2.1)
§= - wUuwdf . .
° Pl Je, P

The negative sign is used in front of the integral to make Cgs a positive quantity
for convenience. Physical details such as roughness of a porous suction surface or the
geometry of a slot are not reflected in this model but the effects of these details can be

supplied by empirical correlations.

2.2.1 Continuous vs. Discontinuous Suction

When the boundary layer moves from a solid surface into the suction region, there is an
initial settling length within which it adjusts to presence of suction. Continuous suction
can be defined as the case when the length of the suction region is large compared to the
settling length whereas discontinuous suction refers to the case when the settling length
is of the same order of magnitude as the suction region. This distinction is necessary

because the behavior of the boundary layer differs considerably between the two cases.

In the case of continuous suction, as the suction coefficient Cgg is increased the
displacement and momentum thicknesses (§* and ) decrease and the kinematic shape
parameter Hj approaches an asymptotic value. In contrast, when Cgs is increased for
discontinuous suction, §* and 0 decrease but H} tends to approach its minimum value of
1. This difference in behavior of H} for discontinuous suction can be attributed to the
presence of a strong velocity gradient caused by the curvature of the inviscid streamlines
in the suction region. The combined effect of mass removal and strong gradient tends
to drive H} close to its minimum value, which may cause solution failure if care is not

taken.
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From the computational aspect, discontinuous suction is the more challenging case
and can be used to represent suction through slots. In practice, it should be possible
to remove the entire boundary layer ai the suction slot. This implies that 6* and 6
eventually vanish and H) approaches unity as Cqs is increased. The boundary layer
formulation has to not only predict the change in §* and 6 but also the ratio of these

thicknesses H} in order to correctly represent suction through a slot.

2.3 Integral Boundary Layer Equations

At the heart of any integral boundary layer formulation is the Von Karman momentum
equation. This is supplemented very often by an entrainment or energy equation to
accurately represent rapidly changing boundary layers and also boundary layers with
separation. The formulation in MSES uses the integral momentum and the kinetic

energy shape parameter equations

de . 2y 0 due  Cy  pyvy

d£+(2+H—Me)ue E-2 " o (2.2)
dH* . . 0 du. Puw¥uw) o4 <Cf pwvw)
T+ HT (- )T (20D+ Me) m(Felee) ()

where the additional term ;,‘:%‘: arises from the non-zero normal velocity at the wall and
is negative for suction. The no-slip condition at the wall is assumed to hold for u in
the suction region and the usual definitions for displacement, momentum, and energy
thickness remain intact. The kinetic energy shape parameter equation is obtained by

combining the kinetic energy equation

do* b 2\ 0° du. PV
df + (0‘ +3"M¢) Ue d€ =2+ Pelle (2'4)

with the momentum equation 2.2 as shown in [5].
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2.4 Closure Relations

In order to march the solution to equations 2.2 and 2.3 in the streamwise direction, addi-
tional equations are needed to reduce the number of unknown variables to more relevant
ones, namely the momentum thickness and the shape parameter. This is accomplished
by developing correlations for the skin friction Cy, dissipation Cp, and kinetic energy
shape parameter H*! in terms of the kinematic shape parameter Hy, edge Mach num-
ber M., and momentum thickness Reynolds number Rey based on an assumed family

of velocity profiles [7].

Cy¢ = Cy(Hy, Reg, M.) (2.5)
Cp = Cp(Hy, Reg, M.) (2.6)
H* = H*(Hp, Reg, M) (2.7)

The definition of the kinematic shape parameter assumes no variation in the density
across the boundary layer. It is related to the true shape parameter H, which accounts
for density variations in the boundary layer, through Whitfield’s correlation A.13. As
H, is relevant to this discussion it is referred to as the shape parameter in the rest of

this thesis.

To compute the boundary layer with suction, correlations 2.5 -2.7 need to be re-
calibrated with %::—‘e" as an additional parameter, and because the nature of these cor-
relations is complicated, the simplest and most efficient method of studying the effect
of suction on them was to use a finite-difference boundary layer code. Two codes were
used for this purpose: the first was developed by Drela for laminar and turbulent incom-

pressible channel flows. This code uses a Cebeci-Smith turbulence model with additicnal

'A density thickness shape parameter H** relationship is also required for closure and is included in

Appendix A.
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stress transport terms to represent the turbulent boundary layer. The second was a rel-
atively simple code adapted from reference [2] and was employed mainly because the
authors have shown good agreement of computed profiles with experimental data of
turbulent boundary layers with transpiration. Both codes were run at numerous suc-
tion coefficients with favorable and adverse pressure gradients. To compare the existing
correlation functions with the finite-difference computations, Hy, and Rey in the case

of turbulent flows, were used as inputs to the correlation functions.

2.4.1 Laminar Closure

The existing laminar closure relations for C¢, Cp, and H* were derived from the
Falkner-Skan profile family [7]. Figure 2.2 shows the H* correlation overlaid with val-
ues computed using the finite-difference code by Drela. The solution was computed at

Re = 2 x 10% and 2 = 0.005 with no pressure gradient. The computed values of H*

1.6S

Figure 2.2: Comparison of the laminar H* correlation with computed values.

follow the correlation curve in the suction region and the values to the left of the curve
lie downstream of the suction region where the boundary layer relaxes to the Blasius

solution. Figure 2.3 shows the behavior of the skin friction Cy for the same solution.
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The computed values of Cy show an increase in the suction region but remain close to
the curve of the correlation. The behavior of the dissipation Cp is shown Figure 2.4.
In these plots the computed C'y shows the largest deviation from the correlation curve,
however, modifying the Cy correlation would also require some tweaking of the Cp cor-

relation especially for small shape parameters where the balance between these two

REgCF
2

1.70

< o o ° a::,

0.80

0.50

0.20

Figure 2.3: Comparison of the laminar Cy correlation with computed values.

2REgCO
Hx

0.60
0.50
0.40

0.30

0.20

1 2 3 u 5 6 7 8 9 10
Figure 2.4: Comparison of the laminar Cp correlation with computed values.

quantities is important. The existing correlations also produced the correct boundary

layer response for calculations with discontinuous suction in MSES. The conclusion that
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was finally reached from this study is that the existing correlations (equations A.1-A.4)
were adequate for the moderate suction coefficients required to control the relatively

docile laminar boundary layer.

2.4.2 Turbulent Closure

The response of the turbulent kinetic energy shape parameter H* was very similar to
the laminar one. The computed values of H* did not show much deviation from the
turbulent H* correlation. Figure 2.5 shows the turbulent H* correlation along with the
values computed at Re = 1 x 107 and t» = 0.01 using the finite-difference code by
Drela. The two correlation curves shown correspond to Reg values at the beginning and

end of the suction region. The experimental measurements by Wuest [15] of turbulent

1.75
1.70
1.65
1.60

1.55

Figure 2.5: Comparison of the turbulent H* correlation with computed values.

boundary layers with suction also show a negligible influence of suction on the H* — H},

relationship.

The good fortune experienced for the earlier correlations ended when the turbulent

skin friction and dissipation were examined. The response of the turbulent boundary
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layer to suction was found to be extremely sluggish compared to the laminar one and
almost twice the transpiration velocity tw was required to make any noticeable change
in the H). distribution. This led to a significant deviation of the computed Cy and Cp
from the correlation curves in the suction region. Initially attempts were made to embed
%:—:—:—e"* directly into the existing Cy correlation equation A.7 but calculations using this
approach were not successful for discontinuous suction. The balance between Cy and
Cp was not maintained as the suction coefficient Cps was increased. As a result Hy

was prematurely driven to 1 before §* and 0 approached 0.

The relationships for skin friction and dissipation that produced the correct bound-
ary layer behavior for discontinuous suction were developed on ideas gleaned from previ-
ous theoretical and experimental work on turbulent boundary layers with transpiration.
A tried and tested assumption for turbulent boundary layers is that the mean velocity
distribution u in the inner layer normalized by the shear velocity U, is described by the
universal logarithmic profile and that the effects of the pressure gradient are confined
to the outer wake layer. This assumption can also be applied to turbulent boundary
layers with transpiration as shown by Simpson [11], Stevenson [13], Thompson [14] and

others.

Based on this assumption the streamwise variation in u can be neglected for the

inner layer, and the continuity and momentum equations can be simplified to

Opv
o =0
du dp. Ot
Fra +3—n' (2.8)

From continuity it follows that pv is constant and equation 2.8 can be integrated in 7

to give

dpe
TR Ty + Egr/ + poyu . (2.9)
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This expression for the shear stress proved to be extremely valuable because 7, with
suction could now be related to ,, without suction which was already available from
the Cy correlation equation A.7. In order to determine this relationship, equation 2.9
is written for shear stress profiles with suction and without suction, and assuming that
the pressure gradient is the same in both cases the two profiles can be subtracted to
give

AT = Tys — Two + PULU . (2.10)
The turbulent boundary layer formulation in MSES uses the concept of a slip velocity
which states that the velocity of the inner profile approaches the slip velocity u, as
7 — oo and the velocity of the outer wake profile approaches u, as n — 0. Applying

this definition to equation 2.10, as 7 — oo, u — u,, and A7 — 0 giving
Tws =~ Two — vaua . (2.11)

Here, 7, is the shear stress at the wall without suction and v,, is negative for suction.
Figure 2.6 shows the effect of suction on the shear stress profiles and the merging of the

n

increasing suction
rladbiuidill Riadiak g

T T

Figure 2.6: Turbulent shear profiles

profiles as n — oco. Equation 2.11 expressed in the more familiar coefficient form is

PuwVuw

eUe

Cty=Cpo—2 U, (2.12)
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where Cy, is given by the skin friction correlation equation A.7 and U, is the slip velocity
normalized by the edge velocity u.. Figure 2.7 shows the skin friction distribution at
Re =1 x 107 and Yu = 0.01. The first plot shows Cy values from the finite-difference
code. The second plot shows Cy values from the correlation corrected using equation

2.12 and the third plot shows the uncorrected Cjy.
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Figure 2.7: Turbulent C correlation corrected for the effect of suction.

Deriving the dissipation relationship was a simple exteusion of the approach used

for the skin friction. The dissipation integral defined as

1 [ du
Cp= peu:g/(‘) 'rd—ndn (2.13)

can be written approximately as a contribution from the inner layer and the outer wake

layer

Tt 1 © du
Cp=-2"22 —dn. 2.14
b peud t peud ./(; 4 U ( )

As the effect of suction is felt only in the inner layer, the contribution to Cp from
the outer wake layer remains unchanged and the new expression for Cp is obtained by
substituting 7,,, from equation 2.11. The contribution to the dissipation integral from

the outer wake layer is expressed in terms of the maximum shear stress coefficient C,
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and the slip velceity U,, and the non-equilibrium effects are supplied by solving a rate
equation for C, as shown in [5]. The resuiting equation for the dissipation in its final

form is

_ Cf 1 pwty ;.2 . "
Cp= LU, - sEU 4 0 (1- ). (2.15)

2.5 Inner Layer Velocily Profile

Although no explicit use of a velocity profile was made in deriving the skin friction and
dissipation relations, a modified Spalding profile was developed in the process which
could prove to be useful for future improvements in the formulation. The modified profile
showed excellent agreement with turbulent prefiles from finite difference computations

at different suction coefficients. The profile

i (kat)? (kat)3 _ (kat)?
2 6 24

yt = ;,lTlogc(l+v"‘u"’)+e"“B(«'3"“"+ -1-ka™* ) (2.16)

is obtained by essentially replacing u* by a new quantity at in the Spalding profile

where

at = %[\/1 + vtu*t —1]. (2.17)

The additional term (—“%—Z-)-‘- results in a smoother merging of the sub-laver with the log
layer. The slope of the log layer and its length decrease as v* is increased and when

vt =0, at = ut and expression 2.16 reduces to the Spalding profile.

2.6 Viscous-Inviscid Coupling Condition

The viscous-inviscid coupling condition requires that the displacement of surface stream-

line be equal to the displacement thickness §*. This is because the presence of the
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boundary layer creates a mass defect and in order to preserve continuity the inviscid
streamlines are pushed away from the surface. Taking into account the mass removed

by suction the resulting mass defect in the boundary layer is

13
mdefect = Petteb — Pcue(5 - 6‘) + / PuwVudf = peu.An (2'18)
0

where An is the streamline displacement normal to the surface and the integral accounts

for the mass removed by suction. The new coupling condition from equation 2.18 is

1
Pele

An = §* +

/  puvudet . (2.19)
0

The mass defect introduced by suction is necessary in the coupling condition because

the displacement of the surface streamline affects the boundary layer edge velocity u,

Figure 2.8: Effect of suction on the streamline displacement.

and consequently the pressure gradient which determines the shape parameter distri-
bution. This link between the coupling condition and the shape parameter is especially
important for discontinuous suction where surface streamline could undergo a large dis-

placement within the short length of the suction region. Figure 2.8 shows the effect of
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suction on the surface streamline. The coupling condition is also applied in the wake

though the value of the integral is constant downstream of the suction region.

2.7 Suction in separated boundary layers

Computations with the present formulation revealed that applying suction downstream
of a separated boundary layer did not produce a realistic solution. When the shape pa-
rameter H}, in the suction region was approximately greater than 4 and increased down-
stream, the momentum thickness decreased as expected but the displacement thickness
and consequently H) showed an increase. A similar behavior was also observed in the
finite-difference computations. The reverse flow region of the velocity profile showed
the squeezing effect of suction but the rest of the profile remained unaffected. Some
attempts were made to mitigate this behavior but there appeared to be no simple fix to
the problem. A two step procedure was devised to temporarily overcome the problem.
At first suction was applied close to the point of separation to drive the separation
point downstream. The suction region was then repositioned further downstream and

the solution recomputed.

2.8 LINDOP

The seI;itive nature of a transonic flow to airfoil geometry makes it difficult to design
a supercritical airfoil that will perform optimally through a range of Mach numbers.
This difficulty was partially circumvented with the introduction of airfoil optimization
methods. LINDOP is an interactive design optimization program which uses a converged

flow solution and sensitivities from MSES. The Newton method used to solve the non-
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linear equations in MSES also allows easy calculation of flow field sensitivities with
respect to the global variables such as lift, angle of attack, Mach number, and also

airfoil geometry perturbations.
SR\ s = —F— (&) sa (2.20)
oU 6A

The Newton method is defined in 2,20 where U is the vector of unknowns and 4 is the
vector of variables for which the sensitivities are calculated. LINDOP uses this infor-
mation to perturb the the design variables such as the airfoil geometry modes, angle of
attack, etc. The perturbation step moves the user-defined objective function, subject to
user-defined constraints, in a minimizing direction. The flow field is then reconverged
in MSES to the perturbed design variables. LINDOP offers the steepest descent, con-
jugate gradient, and quasi-Newton methods as options for steering the descent of the
objective function. The suction coefficient was added to the list of design variables in
LINDOP and this new capability was used extensively for the design study presented

in Chapter 5.

2.8.1 Optimizing with suction

Finding the appropriate suction coefficient by trial and error while optimizingin LINDOP
turned out to be a very cumbersome process. This also resulted in a bumpy minimiza-
tion of the objective function and increased the number of MSES-LINDOP optimization
cycles. The obvious step was to automate the process by including the suction coeffi-
cient as a design variable. This task was simplified considerably as the infra-structure

already existed in MSES and LINDOP.

In order to compute the sensitivity of the flow field to the suction coefficient Cgs,

the sensitivities of the residuals of the momentum, kinetic energy shape parameter, and
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the viscous-inviscid coupling equations with respect to Cgs are required.

aR'mam

o (2.21)
aﬁku ‘
m (2.22)
8Euic

—_ 2
B (2.23)

The sensitivities of the residuals with respect to p,v,, are already available when these
equations are linearized for insertion into the Newton system therefore it only remains
to relate p,,v, to Cgs and apply the chain rule. To accomplish this the suction mass

flux is expressed in terms of a mode shape with amplitude p,7,.

PuwVuw = Pudyu f(£) (2.24)

The mode shape currently implemented and used for the calculations presented in this

thesis is parabolic in the suction region and 0 everywhere else.

gl f <<t
&) = (2.25)
0 f < 61 [} g > 52

This expression can be substituted into the definition of the suction coefficient equation

2.1 and rearranged in terms of py,,,.

Cos
Poly = ——F————Pell, (2.26)
S F(&)de
The mass flux and its sensitivity with respect to Cgg can now be expressed as
f(€)
PuwVw = —————Cospetle (2.27)
T £(6)de
Opur _ __HO ., (2.28)

0Cos —ffff(f)dfpe °

The sensitivities with respect to Cgs are calculated by inserting the residual equations

2.21-2.23 into the right hand side of equation 2.20.
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2.9 Drag Accounting

In addition to the drag due to the momentum deficit in the wake, an equivalent suction
drag must be added to the wake drag to account for the energy expended in vemoving

part of the boundary layer. Figure 2.9 shows the control volume commonly used to

............................................
..............................
.............

...........................................................
...........................

Figure 2.9: Control volume for computing the wake drag.

apply the mass and momentum conservation equations. The final result is the well

known integral for computing the drag
D= / pu(Uso — u)dy (2.29)

where the integration covers the viscous wake and entropy wake if a shock wave exists
within the control volume. An important assumption made in equation 2.29 is that
there is no momentum deficit in the far field across the streamtube that represents the
mass removed by suction. If this is not the case, the integral in equation 2.29 will not

result in the usual wake or section drag of the airfoil.

The justification for adding an equivalent suction drag can be approached from the
point of view of the total power required by the airfoil to overcome the drag. If there

is no boundary layer control this is simply DU, but if there is boundary layer control
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then the total power required is
Piotat = DUs + Poyct (2-30)

where P,,; is the power required by an imaginary boundary layer control system. Writ-
ing equation 2.30 in coefficient form gives the total airfoil drag with boundary layer

control.

Cpr = Cpw + Cps (2.31)

In the present formulation, the equivalent suction drag is estimated from the ideal power

required by the boundary layer control system. Hence P, is

&
Pruet = / P AhdE (2.32)
&

which reflects the power required to return the boundary layer from the stagnation
pressure at the suction region to the freestream stagnation pressure. The integration is
carried cut over the length of the suction region. Assuming constant specific heats and
no losses, the change in the stagnation enthalpy Ah; can be related to the pressure and

temperature using the isentropic relations

=1

Po
w5

- 1] + -;-Uwz (2.33)
where P, is the static pressure at the edge of the houndary layer. The adiabatic wall
temperature T, can be related to the temperature at the edge of the boundary layer

through the edge Mach number and the temperature recovery factor which in the case

of air is approximately Pr3 for laminar flow and Pr3 for turbulent flow.

Ty Y~ 1. 2
2.
T. 147 M, ( 34)

34



Chapter 3

Comparisons with Experimental Data

The comparisons with experimental data presented here demonstrate that the variation
of airfoil drag with suction coefficient is well predicted for continuous and discontinuous
suction of laminar and turbulent boundary layers. The three experiments selected for
comparison cover suction in laminar and turbulent boundary layers at subsonic Mach

numbers and suction of a turbulent boundary layer at transonic Mach numbers.

3.1 Area suction of a laminar boundary layer

The computed wake drag at different suction coefficients is compared here with the
experiment of Braslow and Burrows [1]. Area suction was used in their experiment
to maintain laminar flow over a NACA64A010 airfoil. Suction was applied through a
sintered bronze surface which covered 95% of the airfoil chord. The data sets selected for
comparison were taken at Re = 5.9 X 10% and 15 x 10° at an angle of attack of 0°. In the
computed solution the Reynolds number, angle of attack, and width of the suction region
were specified to match the experiment. The suction region extended from 5% chord
to the trailing edge. Figure 3.1 shows the variation of the experimental and computed
section drag. The computed drag follows the trend of the experimental data but is lower
than the experimental drag at both Reynolds numbers. The higher experimental values

can be attributed to the inherent roughness of the suction surface. The agreement
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Figure 3.1: Variation of section drag of the NACA64A010 with suction coefficient.

between the experimental and computed drag improves as the suction coefficient is

increased. Figure 3.2 shows the shape parameter H} distributions at Re = 5.9 x 108.
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Figure 3.2: Computed shape parameter distributions at different suction coefficients.

The location of the transition point moves downstream as the suction coefficient is
increased and an important feature to note is that H; approaches a value of 2 which

corresponds to the shape parameter of the asymptotic suction profile.
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3.2 Slot suction of a turbulent boundary layer

Drag calculations using discontinuous suction are compared in this section with ex-

perimental data of Horton and Doenhoff [4] where a NACA65; — 418 airfoil with a

suction slot located at 80% was tested. The data selected for comparison was taken

at Re = 3.2 x 10° and suction coefficient Cgs = 0.0015. The Reynolds number, lift

coefficient, and suction coeflicient in the calculation were specified to match the exper-

iment. The computed and experimental section drag shown in Figure 3.3 are in good
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Figure 3.3: Computed and experimental drag polars for the NACA653 — 418

agreement in the low drag region between lift coefficients of 0.3 and 0.6 where the flow is

attached. The trend in the experimental drag at Cgs = 0.0015 is predicted even outside

this low drag region but the computed drag is lower than the drag values reported in

the experiment.
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3.3 Suction at high subsonic Mach numbers

The last and most important comparison is with an experiment of Smith and Walker [12]
conducted at Mach numbers ranging from 0.75 to 0.85 using a NACA64A010 airfoil.
The airfoil has a flap at 70% chord with a 3% wide perforated surface at the flap
hinge line. Experimental data at Mach numbers of 0.75, 0.78, and 0.8 were selected
for comparison. The Reynolds number for all three cases was 2.9 x 106. The Mach
number, angle of attack, flap deflection, and Reynolds number in the computation were
specified to match the experiment. The position and width of the suction region were
set equal to the position and width of the suction slot reported in the experiment.
The experimental drag values in [12] were given as the sum of the wake drag and an
ideal equivalent suction drag. The authors also mention that the drag values include a
contribution of approximately 0.0048 from a tie rod used to support the airfoil. This

value was subtracted from all the drag data used for comparison. Figures 3.4 and
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Figure 3.4: Computed and experimental drag for the NACA64A010 at M, = 0.75.

3.5 show variation of drag with suction coefficient. The agreement with experimental

data is reasonable in the both cases. More importantly, the trend shown by the total
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Figure 3.5: Computed and experimental drag of the NACA64A010 at M., = 0.78.

drag is predicted in the computation. Figure 3.6 shows the pressure distribution at
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Figure 3.6: Computed and experimental NACA64A010 pressure distribution at M, =

0.78.

My, = 0.78 and Cgs = 0.0022. The experimental pressure distribution upstream of the
shock is lower than the computed one. This difference was also observed in the pressure
distribution without suction and there is a strong possibility that this difference is due

to blockage effects in the wind-tunnel due to the high Mach number. The pressure drop
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near the suction region is observed to be lower in the computed case. Figure 3.7 shows

the variation of drag with suction coefficient at M, = 0.80. Once again the trend is
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Figure 3.7: Computed and experimental drag of the NACA64A010 at M, = 0.8.

captured by the computation though the experimental points are scattered on either side

of computed total drag curve. Figure 3.8 shows the pressure distribution at M, = 0.80.
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Figure 3.8: Computed and experimental NACA64A010 pressure distribution at My, =

0.8.

The shock position in the computed pressure distribution is slightly upstream of the
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shock position indicated by the experimental data. The overall agreement is reasonable
given the possibility that the high Mach number could affect pressure data in the wind

tunnel.
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Chapter 4

Airfoil Characteristics with Sucticn

As the growth of the boundary layer affects the airfoil pressure distribution which is
ultimately responsible for the forces on an airfoil, controlling the growth of the boundary
layer could have a significant effect on airfoil characteristics. In this section the effect
of suction on airfoil drag, lift, and moment coefficient are examined. Plots showing the
pressure distribution and response of boundary layer to suction are also presented. The
12% thick RAE2822 airfoil, which has been studied experimentally and used extensively
in CFD validation, was selected as the test airfoil. A Reynolds number of 1 X 107 was
selected for all the cases and transition was forced at 5% chord on both airfoil surfaces.
The suction region for all cases has a width of 2% and is located at 80% of the airfoil

chord.

4.1 Drag, Lift, and Pitching Moment

An important characteristic of supercritical airfoils is the variation of drag with Mach
number. Figures 4.1 and 4.2 show the variation of drag at lift coefficients of 0.7 and 0.75
as a function of the Mach number and suction coefficient Cgs. The total drag remains
relatively unaffected at lower Mach numbers but drag rise is mitigated by suction at
Mach numbers greater than the drag divergence Mach number Myy. The reduction in

drag is mainly due to the viscous component of the total drag as the boundary layer is
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Figure 4.1: Variation of drag with M, at various suction coefficients. Cr, = 0.70.

thinner and the onset of shock-induced separation is delayed. The wave drag remains
unaffected by the presence of suction and little change is observed in My4 at both lift

coefficients as a result. Figure 4.3 shows the variation of lift coefficient with angle of
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Figure 4.2: Variation of drag with M, at various suction coefficients. C, = 0.75.

attack at a Mach number of 0.74 and different suction coefficients. Suction shifts the lift
curves increasing the lift at a fixed angle of attack but does not affect the slope of the
lift curves. An increment of 0.17 in the maximum lift coefficient is seen at Cos = 0.003

and the decrease in lift due to separation of the boundary layer is more abrupt at
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Figure 4.3: Variation of Cf, and Cjs with a at various suction coefficients.

this suction coefficient. The moment coefficient also shows an increase with increasing
suction coefficient. A pronounced increase in the momeint coefficient is seen just before
the onset of separation at Cgs = 0.003. Figure 4.4 shows the drag polars for the

same case. At lift coefficients below 0.5 the drag with suction is higher but beyond lift
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Figure 4.4: Drag polars at various suction coefficients.

coefficients of 0.6 this trend is reversed and the drag with suction is significantly lower

than the drag with no suction. The higher total drag observed at lower lift coefficients
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is because suction decreases the angle of attack resulting in a thicker boundary on the

lower surface of the airfoil.

4.2 Pressure Distribution

Figure 4.5 shows the influence of suction on the airfoil pressure distribution. The loca-
tion of the shock wave moves downstream with increasing suction due to the substantial
change in angle of attack. At a fixed angle of attack, increasing the suction coefficient
has no effect on the location of the shock. The maximum value of the pressure coefficient

upstream of the shock remains almost constant. The pressure distribution indicates an

-2.0 RAE 2822
v 2.8 MA = 0.7600

RE = 10.0000 ~ 106

ALFR._cL (4] ch_ _€os __cos
-1.5 2.364 0,7000 0.02402 -0.i05 0,000000 0.000000
t.745 0,7000 0.01990 -0.!24% 0.001237? 0,001000
CP s ,056 0,7000 0,01564 -0.147 0.00246! 0.002000

" M, 788 0.7000 O0,01416 -0,15 0,003149 0,002700

—17 ' 0l 0.7000 0.01348 -0,163 0.003749 0,003500

-1.0

Figure 4.5: Pressure distributions of the RAE2822 at M, = 0.76 and C, = 0.7. Suction

applied at £ = 0.8.

acceleration of the flow upstream of the suction region followed by a rise in pressure
across the suction region. This behavior was also seen in the experimental pressure
distribution in Figure 3.6. If the shock wave is located close to the suction region, the

flow upstream of the shock wave is accelerated resulting in a higher wave drag.
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4.3 Boundary Layer Variables

The next few figures show the streamwise distribution of boundary layer variables for
increasing suction coefficients. These cases were computed at a fixed lift coefficient of

0.7 and Mach number of 0.76.

Figure 4.6 shows the shape parameter distributions. A decrease in H is observed
both upstream and downstream of the suction region with increasing suction coefficient,
and boundary layer separation is eventually suppressed at Cgs = 0.0027. Note that H},
decreases with increase in Cggs in spite the fact that the boundary layer has separated.

This is due to the decreasing trend in Hj seen upstream of the suction region. If
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Figure 4.6: Shape parameter distributions for the RAE2822 at various Cggs. Suction

applied at £ = 0.8.

the suction region is moved upstream to a location between the point of separation and
maximum H}, the behavior described in section 2.7 is encountered. Figure 4.7 shows the
displacement and momentum thickness distributions on the upper surface of the airfoil.
Figures 4.8 and 4.9 show the skin friction and maximum shear stress distributions. The

reattachment of the boundary layer is seen as Cy changes sign just upstream of the
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suction region. It is interesting to note the effect of suction on the outer-layer shear

stress coefficient C, in Figure 4.9. The effect here is mainly indirect, with suction

changing the shape parameter Hj, which then influences the evolution of C..
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Figure 4.7: §*, 0 distributions for the RAE2822 at various Cgs. Suction applied at

= - 0.8.
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Figure 4.9: Maximum stress C, distributions for the RAE2822 at various Cgs. Suction

applied at Z = 0.8.
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Chapter 5

Airfoil Design Study

The drag characteristics of the RAE2822 examined in the previous chapter did not show
any outstanding improvements with the use of suction. However, this does not preclude
the use of suction to explore a larger space of design possibilities. The aim of this
chapter is to demonstrate that redesigning or optimizing a supercritical airfoil can lead

to a better realization of the benefits offered by boundary layer suction.

Armed with MSES modified to analyze airfoils with suction and LINDOP equipped
with the suction coefficient as a design variable, a series of supercritical airfoils were
designed and studied in order to assess the benefits of using suction. A description of
the design process and results of a parametric study showing the effect of Mach number,
suction coefficient, airfoil thickness, and lift coefficient on the total drag are presented

in this chapter.

5.1 Design Parameters and Flow Conditions

The design parameters selected for the study were Mach number, airfoil thickness, and
the suction coefficient. These were examined at fixed lift coefficients and Reynolds num-
ber. The Mach numbers for the study ranged from 0.6 where wave drag is negligible to
Mach numbers where shock-induced separation was encountered. The airfoils presented

in this study are 12%, 15%, 18%, and 20% thick and were designed at a lift coefficient
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of 0.75. This lift coefficient was selected because it lies in the neighborhood of cruise
lift coefficients of modern transport airplanes. A higher design lift coefficient was exam-
ined by designing one 12% thick airfoil at a lift coefficient of 1.0. A Reynolds number
of 1 x 107 was selected for all the cases presented in this study, and although this is
lower than Reynolds numbers encountered in real applications it is closer to Reynolds
numbers used in experimental testing. Transition to turbulence was forced at 5% chord
in all cases. Boundary layer suction was restricted to the upper surface of the airfoils
and the width of the suction region was kept to 2% chord in order to mimic suction

through a slot.

5.2 Design Strategy

Because airfoils are designed to meet a variety of constraints, it is usually difficult to
show if a given airfoil has superior performance over another with the same thickness
and design lift coefficient. For this reason two sets of supercritical airfoils were designed
in paralle]l using the optimization driver LINDOP. Parallel in this context implies that
the airfoils were designed with identical constraints with the only difference between

them being the presence of suction.

The objective function selected was the weighted average of the total drag at the
design points which corresponded to Mach numbers ranging from 0.6 to a Mach number
where massive boundary layer separation was encountered. The main geometric con-
straint was the maximum thickness, and the lift was constrained to the selected design
lift coefficient. In addition, a continuous check was maintained on the leading edge
radius, the average structural strain (mainly a measure of the thickness), and the slope

at the trailing edge during optimization cycles. The airfoil geometry was also smoothed
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from time to time to remove wiggles introduced by the modes shapes.

The aim of the optimization was to obtain a drag curve with almost constant total
drag and wave drag up to the drag divergence Mach number My;. The wave drag is
mentioned separately because it is possible to keep the total drag constant but introduce
creep in the wave drag before My, is reached. The optimization cycles were terminated
when the total drag showed a smooth variation with Mach number and wave drag was
negligible at Mach numbers below Myy. Further optimization cycles decreased the total
drag but introduced wiggles into the distribution of wave drag and also squeezed the

airfoil on either side of the point where the maximum thickness constraint was enforced.

5.3 Airfoil Numbering System

A simple numbering system was adopted to keep track of the designed airfoils and
to distinguish between the suction and non-suction airfoils. The two and three letter
acronyms represent supercritical (SC) and supercritical suction (SCS), respectively, The
digits that follow are the design lift coefficient in hundreds and the maximum airfoil
thickness in % airfoil chord. For example, SCS10012 represents a supercritical suction

airfoil with a design Cr, of 1.0 and a thickness ratio of 12%.

5.4 Results

The supercritical airfoils designed with suction show some interesting geometric features.
The differences in shape of the SC and the SCS airfoils are discussed followed by plots
of the parametric study showing the influence of Mach number and suction coefficient

on the drag of these airfoils. The total drag shown in the figures below is the sum of
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the airfoil section, or wake drag, and the equivalent suction drag.

5.4.1 Airfoil Geometry Features

The supercritical airfoils designed in this study are shown in Figure 5.1. The left column
shows the SC airfoils and the right column the SCS airfoils and the SCS10012 is the
12% thick airfoil designed at a lift coefficient of 1.0. The figure also shows the 18% thick

SC airfoil superimposed on the SCS airfoil.

The SCS airfoils have a shorter and steeper pressure recovery region than the SC
airfoils and this is more pronounced on the thicker SCS airfoils. The SCS airfoils have a
higher mean camber than the SC airfoils which can be attributed to the greater thickness
of the SCS airfoils in the aft region. The cusp of the SCS airfoils also has a relatively
lower curvature than the SC airfoils. No significant differences are observed between SC

and SCS airfoils from the leading up to the mid-chord region.

The SCS10012 is a considerable departure from conventional supercritical airfoils
shapes. The airfoil is highly cambered and the upper surface remains relatively flat up
to 80% chord. The beginning of the pressure recovery region is marked by a pronounced
hump which covers about 15% of the airfoil chord. The airfoil is also thicker in the

trailing edge region compared to conventional 12% thick supercritical airfoils.

The shape of the SCS airfoils in the aft region was determined to some extent by
the location of the suction region. The optimum location for the suction region in this
study was found by trial and error and turned out to be roughly a function of Mgy, t/c
, and Cr. The locations of the suction region for the SCS airfoils are shown in Table

5.1.
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SC7515 SCS7515

SC7512 SCS87512

SCS10012

SC and SCS7518

Figure 5.1: SC and SCS airfoils
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x/clocation | Mg | % t/c | Cp
0.80 0.70 20 0.75
0.80 0.71 18 0.75
0.85 0.74 15 0.75
0.85 0.76 12 0.75
0.90 0.75 12 0.90
0.93 0.74 12 1.00

Table 5.1: Location of the suction region for the SCS airfoils

5.4.2 Drag Characteristics

Figures 5.2-5.5 show the variation of drag with Mach number for the 12 to 20 percent
thick airfoils at a lift coefficient of 0.75 for different suction coefficients. The basic
features of the drag curves remain similar for all the airfoils. The drag curves with
no suction for the SCS airfoils are higher than the SC airfoils, however, this difference
decreases with decreasing airfoil thickness. The higher drag observed for the 20% and
18% thick airfoils at this off-design condition is expected because boundary layer growth
and separation are accelerated by strong adverse pressure gradient in the absence of
suction. At a suction coefficient of 0.001, the drag curves of all the SCS airfoils are
close to the drag curves of the corresponding SC airfoils. The drag curves of the SC
airfoils show a steady increase up to the drag divergence Mach number. In contrast, the
drag curves of the SCS airfoils both at and close to the design suction coefficient show
almost no increase in drag up to Myy. An increment of 0.02 is observed in My of the
SCS7520 over the SC7520. This increment decreases to 0.015 for the 18% thick airfoils,
and to 0.01 for the 15% and 12% thick airfoils. The drag of the SCS airfoils varies

smoothly with suction coefficient at a fixed Mach number. This could be considered as

54



good off-design behavior.

In contrast to the 20% and 18% thick SCS airfoils, the wave drag of the 15% and
12% thick SCS airfoils increases in the vicinity of the drag divergence Mach number
as the design suction coefficient is approached. Because of the higher drag divergence
Mach number of the 12% and 15% thick airfoils, the shock wave is located closer to the
suction region where it is influenced by strong velocity gradients which accelerate the
flow upstream of the shock resulting in higher losses across the shock. The increase in
wave drag was an important factor while minimizing the total drag and ensuring a high
drag divergence Mach number. Although the viscous drag decreases with increasing

suction, the increase in wave drag in some cases is large enough to offset this benefit.

Figure 5.6 shows the pressure distribution of the SCS7515 airfoil at a Mach numbers
close to My4. This is representative of the pressure distributions of the SCS airfoils
designed at a Cp, of 0.75. Figure 5.7 shows the drag polars and lift curves at a Mach
number of 0.71 for different suction coefficients. Not much difference is observed in the
total drag at these suction coefficients at lower C. However the drag rise is much more
severe at lower suction coefficients for lift coefficients higher than the design C, of 0.75.
A bump is observed in the drag at suction coefficients of 0.002 and 0.0027 centered at
a Cr, of 0.6. This effect can tentatively be attributed to the location of the shock wave
in the region of high curvature, and consequently large acceleration, which marks the
beginning of the pressure recovery region. The lift and moment coefficients are observed

to increase with increasing suction coeflicient.

Drag characteristics of the SCS7518 and 15 airfoils, at design lift and suction ce-
efficients, and the NASA-SC(2)-518 and 614 supercritical airfoils are shown in Figure
5.8. The NASA-SC(2)-518 is 18% thick and has a design lift coefficient of 0.5, and

the NASA-SC(2)-614 airfoil is 14% thick and has a design lift coefficient of 0.6 [10].
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The total drag of the SCS7518 is lower than the NASA-SC(2)-518 airfoil in spite of a
difference of 0.25 in the lift coefficients. The total drag of the SCS7515 airfoil is close to
the NASA-SC(2)-614 airfoil. In this case, there is a difference of 1% in airfoil thickness
and 0.15 in lift coefficient. The drag divergence Mach numbers of the NASA airfoils are
marginally higher than the SCS airfoil and the drag rise of the SCS airfoils is observed

to be more severe than the NASA airfoils.

SC7520 RE = 10.0002108 CL = 0.750  Ncatr = 9.000
SCS57526 RE = 10.000@106 CL = 0.750  Ncair = 9,000
1

0.030 : MSES v 2.8
RIRFOIL cos P /I
i mongo |t et e fl
—— SC57520 0.0000 . . PR . , el
-~ scs7520 0.0010 o /.v .
""" SC57520 0.0020 : . . .
. — scs’s?o 0'0030 ; . N R R PR TR ceeieaner saany
0.020 : : ' '
CD .. '.'.
,t}.‘/ ...................................
0.010 T
0.000 ' : - :
0.60 . 0.75

Figure 5.2: Variation of drag with Mach number of the 20% thick airfoils. Cp = 0.75.
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Figure 5.4: Variation of drag with Mach number of the 15% thick airfoils. C = 0.75.
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Figure 5.5: Variation of drag with Mach number of the 12% thick airfoils. Cp = 0.75.

22,07 mses SCS7515
Ve L = 0.7500
RE = 10.0000 « 105
HACH  ALFA co cH cos cas
-1.5 0.730 0.444  0.00737 -0.156 0.002328 0.002000
0.740 0.274 0.00830 -0.169 O.002306 0.002000
Ce ,-“0.750 0.160 0.01280 -0.186 0.002369 0.002000

Figure 5.6: Pressure distributions of SCS7515 airfoil near drag divergence. Cgs = 0.002.
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Figure 5.7: Drag polars of the SCS7518 at the drag divergence Mach number Mgy = 0.71.
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Figure 5.8: Drag comparison of the SCS7518 and 15 with 18% and 14% thick NASA

airfoils.
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The drag curves of the SCS510012 airfoil are shown in Figure 5.9. The variation of
drag with suction coefficient is smooth and no undesirable effects other than an increase
in drag are observed at lower suction coefficients. The drag divergence Mach number is
0.74 at design conditions and decreases to 0.73 with no suction. The drag at the design
suction coefficient of 0.0027 is almost constant with lift to drag ratios exceeding 100
up to My,. Figure 5.10 shows the pressure distribution at Mach numbers of 0.74 and
0.755. At a Mach number of 0.74 a weak shock is located at 80% chord. The angle of
attack is ohserved to be relatively small in spite of the high lift coefficient. The moment
coefficient of this airfoil is more than twice that of conventional supercritical airfoils and

is in the neighborhood of moment coefficients of slotted supercritical airfoils.
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Figure 5.9: Variation of drag with Mach number of the SCS10012 airfoil. C, = 1.0.

The drag divergence Mach numbers of the SC and SCS airfoils are plotted in Figure
5.11. Also on the same plot are theoretical curves at lift coefficients of 0.7 and 1.0
from [10] and critical Mach numbers of two DHC-NRC natural laminar flow airfoils at

Cr = 0.6 and Re = 20 x 10° [8]. The SCS7512-20 airfoils closely follow the NASA curve
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Figure 5.10: Pressure distributions of the SCS10012 near Myy.

at C = 0.7. The difference between the SC and SCS airfoils data points that a 3.5%
increase in thickness or an increment of 0.02 in My can be obtained using suction. The
16% thick NRC-DHC airfoil has a 0.03 higher My, than the 15% thick SCS airfoil. The
20% thick SCS airfoil, however, has a 0.01 higher drag divergence Mach number than
the 21% thick DHC-NRC airfoil. The difference between the design lift coefficient of
the SCS airfoils and the DHC-NRC airfoils should be noted in both cases. The drag
divergence Mach number of the SCS10012 airfoil at C, = 1.0 is higher than the NASA
theoretical curve by 0.03. This could also translate to an increment of 4% in the airfoil

thickness.

The optimum suction coefficients at the drag divergence Mach number are shown in
Figure 5.12. The optimum suction coefficient increases almost linearly from 12% to 18%
thickness but the 20% thick airfoil appears to break this trend. The optimum suction

coefficient also increases with increasing lift coefficient for fixed airfoil thickness.
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Figure 5.11: Drag divergence Mach numbers of the SC and SCS airfoils.
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Chapter 6

Conclusions

6.1 Computational Method

The airfoil analysis code MSES was successfully modified to compute flows with bound-
ary layer suction. The changes made to incorporate this feature work smoothly within

the framework of the code and do not affect its robustness or computational speed.

The existing laminar formulation was tested against finite-difference calculations and
proved to be adequate for continuous and discontinuous suction at moderate suction
coefficients. However, further comparisons with experimental data are recommended.
The skin friction and dissipation correlations may need to be addressed if extensive

calculations of laminar boundary layers with suction are required in the future.

The turbulent skin friction and inner layer dissipation relations were modified using
the inner layer shear stress profile and the slip velocity. An attractive feature of this
approach is that it utilizes the existing correlations which have been well tested. For
discontinuous suction, coupling the skin friction and the inner layer dissipation was
necessary to ensure that the shape parameter was properly calculated in the suction
region and also to maintain robustness of the code. Drag calculations using the new

relationships were compared with experimental data up to a suction coefficient of 0.0025.

The laminar and turbulent formulations appear to break down when suction is used
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in separated boundary layers. This does not affect convergence to a solution for mod-

erate suction coefficients but results in an unrealistic behavior of the shape parameter

in the suction region. This behavior of the boundary layer needs further examination.

An equivalent suction drag was added to airfoil section drag in order to reflect the
power required by an ideal boundary layer control system and to correctly assess the
performance gain due to suction. Neglecting this component would have led to a severe
overestimation of the drag reduction obtained using suction. To better estimate the
power requirement for suction, pumping efficiency and losses that would be encountered
in a boundary layer control system should be included in the calculation of the equivalent

suction drag.

6.2 Airfoil Characteristics with Suction

The study of the RAE2822 showed that only a minimal decrease in total drag was
obtained with suction at low Mach numbers. However at Mach numbers above the drag
divergence Mach number suction mitigated the rise in total drag mainly by suppressing
the increase in the viscous component of the total drag. The presence of suction did not
affect the growth of wave drag with increasing Mach number if the shock was located
sufficiently upstream from the suction region (approximately 10% chord). Consequently,
no significant change was seen in the drag divergence Mach number. If the shock wave
moves close to the suction region it is influenced by the accelerating flow in this region
resulting in an increase in wave drag. The increase in wave drag was found to offset
any reductions in viscous drag obtained by increasing suction. This behavior of the
wave drag limits the possible locations of a suction slot to increasingly smaller regions

of the airfoil as the Mach number is increased. The interaction between the shock and
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the suction also shows that at high Mach numbers the optimum suction coefficient is
determined by the increase in wave drag as opposed to the equivalent suction drag in
the subsonic case. The presence of suction translates the lift curves resulting in higher
lift at a fixed angle of attack, however no change was observed in the slope of the lift
curves. Suction also shifted the curves of pitching moment leading to higher negative

pitching moments at a fixed angle of attack.

6.3 Airfoil Design Study

An important conclusion that can be drawn from the optimization and parameter study
is that improvements in the performance of a supercritical airfoil using suction can
be fully realized only when the effect of suction on the pressure distribution and the

boundary layer are included in the design process.

The supercritical suction airfoils SCS designed for the parameter study show some
distinctive features over SC airfoils and conventional supercritical airfoils generally. The
SCS airfoils have a relatively steeper pressure recovery region and a shallow cusp region
on the lower surface. These add to the thickness of the SCS airfoils in the aft portion
providing greater structural depth and room to incorporate components of a boundary

layer control system.

The Mach number sweeps of the SC and SCS airfoils showed that the use of suction
was more beneficial for thicker airfoils and higher design lift coefficients. An increment
of 0.02 was achieved in the drag divergence Mach number of the 20% SCS airfoil and
decreased to 0.01 for the 12% thick SCS airfoil. This increase in Myy could be traded
for an increase in airfoil thickness and/or lift coefficient. Another highlight of the study

is that design lift coefficients as high as 1.0 can be comfortably achieved with the use

65



of suction without settling for a lower Mgy and higher wave drag. These characteristics
would be difficult to achieve for a conventional supercritical airfoil. The SCS airfoils
have a considerably higher negative pitching moment than conventional supercritical
airfoils. This could be considered an undesirable characteristic from the point of view
of using these airfoils in an aircraft configuration as a higher negative pitching moment

would increase the trim drag penalty.

The SCS airfoils on the whole show no undesirable off-design characteristics. The
drag and lift are not overly sensitive to variations in the suction coeflicient and per-
formance degrades smoothly as the suction coefficient is decreased. The optimum or
design suction coefficient was found to increase with airfoil thickness and lift coefficient.
However, even for the 20% thick SCS airfoil and the high lift SCS10012 airfoil the suc-
tion requirement is moderate in comparison with other theoretical and experimental
studies of airfoils with suction. The best locations for the suction region were found
to lie between the shock wave and the trailing edge and this study indicated that the
location moved towards the trailing edge with increasing Myy and lift coefficient. This
parameter needs to be studied further as it has an impact on the drag, required suction

coefficient, and airfoil thickness in the vicinity of the suction region.
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