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ABSTRACT
Due to the dependency of airfoil performance at low Reynolds
numbers on the location of the laminar separation bubble, the design
philosophies of such airfoils are considerably different than those
employed at higher Reynolds numbers. While a great deal of current
research is directed toward furthering the understanding of the flow
behavior in the Reynolds number range of 50,000 to 500,000, for the most
part, the results of these efforts have yet to be adequately implemented
into the design process. To facilitate the design of low Reynolds
number airfoils using existing methods, a first step in developing
design philosophies has been undertaken by correlating analysis results
obtained using the Eppler and Somers computer code with experimental
data. From this study, it is found that the velocity distributions of
the airfoils for which the method produces reasonable performance
predictions can be characterized by particular features. By specifying
velocity distributions incorporating these features, a number of new
profiles having anticipated performance levels superior to existing
sections have been designed. One of the airfoils obtained in this
manner is examined. In addition to the velocity distribution features
suggested by the correlations of calculated and experimental results,
another aspect which appears to benefit low Reynolds number airfoil
performance is the implementation of a condition which forces the
pressure gradients occurring at the trailing edge, which are generally
unbounded, to be finite. The potential benefits of using such a
condition are discussed, and an example airfoil designed by an
appropriately modified version of the Eppler and Somers code is
presented.
INTRODUCTION
While the design and analysis of airfoils for Reynolds numbers
above 500,000 can be accomplished with a high level of confidence that
the resulting aerodynamics will be as predicted, this is not the case
for airfoils intended to operate at lower Reynolds numbers. As
discussed in Refs. [1]-[4], the occurence of laminar (transitional)
separation bubbles can have a dominating influence on the aerodynamic
characteristics of an airfoil. At the present time, the capability of
satisfactorily accounting for the effects of such bubbles is limited.
Thus, the difficulties in achieving reliable performance predictions for
airfoils operating at low Reynolds numbers, particularly below about
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200,000, are due primarily to the inability of determining the location
and behavior of the separation bubble and its effect on the downstream
boundary layer development.

Although experimental programs, such as those of Refs. [4]-[5],
have resulted in significant progress toward the understanding of
laminar separation bubbles, and there are numerous contributions toward
the development of analytical prediction methods, including those of
Refs. [6]-[9], considerable work remains before adequate engineering
methods for the design and analysis of airfoils at low Reynolds numbers
result. In fact, it has been demonstrated that the aerodynamics of low
Reynolds number flows are so sensitive to external influences not under
the control of a designer, such as free-stream turbulence, surface
contamination, and so-forth, it may be that improving the analytical
prediction capability for particular flow conditions is only of limited
value in that an actual design must perform over the wide range of flow
environments encountered operationally. Thus, from the standpoint of
airfoil design, the most beneficial result of researching the behavior
of flows at low Reynolds numbers may prove to be the understanding which
facilitates the specification of velocity distributions that m1n1m1ze
the impact of environmental factors on the separation bubble and airfoil
performance.
In order to carry out the design of low Reynolds number airfoils
between now and the time that reliable predictions are possible, there
is a need for design philosophies which, when used in conjunction with
existing methods, will result in airfoils having actual characteristics
close to those intended. In this regard, it is necessary to define the
relationship between the velocity distribution on an airfoil and
the development of laminar separation bubbles. As a design goal, it is
desired to minimize the impact on the airfoil aerodynamics caused by the
sensitivity of the laminar bubble to angle of attack changes and
variations in the flowfield environment. The work discussed in this
paper represents a first step in determining what features and
characteristics of the velocity distribution on an airfoil lead to
desirable and predictable low Reynolds number airfoil performance.
CORRELATION OF THEORETICAL AND EXPERIMENTAL RESULTS
In order to gain insight into the types of velocity distributions
well suited for airfoils operating at low Reynolds numbers, analysis
results obtained using the Eppler and Somers computer code [10] have
been correlated with wind tunnel results of Althaus [11]. While the
details are reported fully in Ref. [12], some of the important
observations of this comparison will be briefly recounted here.
Among the airfoils for which wind tunnel test results were
considered, in addition to examples having no hysteresis in the lift and
drag characteristics, there are sections demonstrating hysteresis at
relatively high angles of attack as is normally associated with short
bubble or leading edge stall, as well as examples exhibiting hysteresis
in the middle angle of attack range with behavior similar to that
normally associated with long bubble or thin airfoil stall. In the case
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of short bubble hysteresis, as represented in Fig. 1, a short laminar
separation bubble is formed near the leading edge of the airfoil. As
the angle of attack is increased, a point is reached for which the
airfoil stalls either by a bursting of the leading edge bubble, or by a
trailing edge stall in which the upper surface turbulent separation
point moves sufficiently far upstream to stall the airfoil. As the
angle of attack is decreased from that of stall, hysteresis is caused by
the short bubble reattaching at an angle less than that which caused
stall for increasing angles of attack. From the experimental results
examined, this type of hysteresis largely disappears when the Reynolds
number is increased to values greater than 200,000.
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Typical leading edge (short bubble) stall hysteresis.
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Typical mid-polar (long bubble) hysteresis.
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For the wind tunnel results considered, the long bubble type
hysteresis, as depicted in Fig. 2, is confined to Reynolds numbers below
100,000. In this case, a laminar separation bubble is formed near the
midchord and grows larger with increasing angles of attack. This causes
the lift curve to flatten out and the drag to increase significantly
until, at some point, the bubble collapses into a short bubble near the
nose of the airfoil. Upon collapse of the bubble, the drag coefficient
is decreased markedly and is accompanied by a jump in the lift
coefficient. Upon decreasing the angle of attack, the reformation of
the long bubble occurs at a lower angle of attack than that at which
collapse occurred with increasing angles. Thus, airfoils exhibiting
long-bubble type hysteresis tend to have a high drag knee which extends
through the middle-range of the drag polar. It should be noted that a
number of the airfoils considered display both long and short bubble
hysteresis behavior.
To a large extent, the hysteresis effects caused by laminar
separation bubbles can be eliminated by the use of artificial
turbulation [1], [11]. As expected, however, because of the sensitivity
of separation bubble behavior to flowfield variations, the design and
placement of turbulators to achieve desired effects is extremely
critical and benefits are confined to a relatively narrow range of
operating conditions. Consequently, any performance gains achieved at
one operating condition are largely offset by the drag increase which
accompanies the use of turbulators away from the intended angle of
attack and Reyrolds number. For these reasons, the concentration of the
effort discussed in this paper has been on the design of low Reynolds
number airfoils which do not require the use of turbulators.
In attempting to predict the aerodynamic characteristics of
airfoils at low Reynolds numbers, in its current form, the Eppler and
Somers code is unable to fully account for the effects of laminar
separation bubbles. In particular, the program execution is such that
if laminar separation is predicted before an empirically developed
transition criterion is satisfied, then an immediate transition is
assumed and the calculations continue using a turbulent boundary layer
model. While such treatment is reasonable for a short separation bubble
which generally has little effect on the aerodynamic characteristics of
an airfoil, this is not true in the case of a long separation bubble
which can extend over most of the airfoil upper surface. This
difficulty is addressed briefly by the code in that if a separation
bubble is predicted to be longer than three percent of the chordlength,
a warning is generated that the predicted sectional characteristics may
not be indicative of the actual characteristics. As expected, this
warning commonly appears for airfoils analyzed at low Reynolds numbers.
In spite of the limitations of the Eppler and Somers code regarding
separation bubbles, through the experience of correlating predicted
aerodynamic characteristics to those obtained experimentally, it can
still be very useful for the design of low Reynolds number airfoils.
Most simply, this usefulness is achieved by specifying velocity
distributions which tend to suppress the formation of the long laminar
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separation bubbles which are not handled by the code. Because the short
bubble type hysteresis generally occurs near the stalling angle of
attack, its impact on aircraft flight mechanics can be eliminated simply
by restricting the operation of the aircraft to angles of attack less
than those for which stall hysteresis occurs. The erratic flight
behavior which would be caused by the long bubble type hysteresis near
the middle of the operational angle of attack range, as well as the
degradation in aerodynamic performance, are both unacceptable. Thus, a
primary goal in the design of airfoils for low Reynolds numbers is to
prevent the formation of long separation bubbles.
In examining the potential flow velocity distributions of the
airfoils considered, it is observed that airfoils demonstrating long
bubble hysteresis are characterized by concave upper surface pressure
recoveries. Airfoils not exhibiting long bubble hysteresis, on the
other hand, are characterized by linear or convex upper surface
recoveries. With a concave recovery, the flow separates upon entry into
the adverse pressure gradient at the beginning of the recovery and,
since the gradient is steep, reattachment is difficult and a long bubble
forms. Increasing the angle of attack further aggravates the situation
in that the bubble ierigth steadily increases until the bubble eventually
collapses. In the case of the convex recovery distribution, the
pressure gradients are not as steep as those of the concave recovery and
reattachment is not as difficult. As the angle of attack is increased,
both the separation and reattachment points move forward toward the
leading edge and, as the reattachment point moves forward at a slightly
greater rate than does the separation point, the length of the bubble
decreas es. Thus, the bubble does not collapse in this case and
hyst er es i s does not occur.
An additional observation resulting from the comparison of the
computational and experimental results, which has also been noted by
other researchers (Refs. [3] and [7]), is that the short bubble type
hyst eresis appears to be dependent on both the leading edge shape as
well as the severity of the adverse pressure gradient on the upper
surface following a pressure peak near the leading edge of an airfoil.
Further, as has also been concluded by others and is discussed in Ref.
[13], the agreement between predicted and experimental results is much
· better for airfoils in which steep adverse pressure gradients in the
vic i nity of the trailing edge, as caused by upper surface aft loading,
are avoided.
Low Reynolds Number Airfoil Design Example
By making use of the observations noted in the preceding section to
facilitate the specification of design velocity distributions, it is
possible to design airfoils for use at low Reynolds numbers. In so
doing, it is hoped that the actual performance of the airfoil is not
significantly different from that predicted using the Eppler and Somers
code. A number of airfoils designed in this manner, intended for use on
radio-controlled model sailplanes, are presented in Refs. [12] and [14].
An example of an airfoil based on the observations noted is the
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S2027, presented along with its calculated velocity distributions in
Fig. 3. This section, which originally appeared in Ref. [14], is
intended for the FAI/F3B model sailplane competition event. Although
this event requires tasks in duration, distance, and speed, it is the
speed task, along with the structural demands for a large thickness
ratio to withstand the loads imposed by winch launching, which dictate
the design requirements. Consequently, the design goal of the S2027 is
to have low drag in the range of lift coefficients required for high
speed, while still maintaining reasonable performance for duration and
climb at moderate lift coefficients. The aerodynamic characteristics of
this airfoil obtained using the analysis capability of the Eppler and
Somers code are shown in Fig. 4. Theoretically, this design
demonstrates a number of advantages over other sections commonly used
for this event. More significantly, reports from users of the section
indicate that its design goals have been met successfully.
APPLICATION OF FINITE TRAILING EDGE PRESSURE GRADIENTS
The potential flow velocity distribution for any airfoil having a
non-zero trailing edge loading is characterized by the presence of
unbounded normal and streamwise pressure gradients at the trailing edge.
These singularities give rise to strong viscous-inviscid interactions
which lead to the break-down of conventional boundary layer theory in
the vicinity of the trailing edge. As fully discussed in Ref. [13],
these interactions can cause the velocity distribution on an airfoil in
the actual flow to differ significantly from that predicted by the
potential flow methods often used in the design process.
By including the effects of normal pressure gradients in the
vicinity of the trailing edge, wake thickness, and wake curvature,
Melnik, et al. [15] have developed -a boundary layer theory able to
account for the strong viscous interactions due to the singularities in
the inviscid flow solution. This fully self-consistent boundary layer
theory has been incorporated into the viscous, compressible airfoil
analysis code, GRUMFOIL [16]. As an alternative approach, a method is
introduced in Ref. [13] for which the singularities at the trailing edge
are eliminated. The resulting designs represent a class of airfoils for
which the strong viscous-inviscid interactions in the vicinity of the
trailing edge are minimized. For such airfoils, which have finite
trailing edge pressure gradients, the potential flow design velocity
distribution is in much better agreement with that developed in the real
flow than is generally the case. In addition, conventional boundary
layer theory is sufficient for predicting the viscous flow behavior of
such airfoils. Perhaps of most importance, however, by forcing the
trailing edge pressure gradients to be bounded, it is expected that the
real flow will be able to pass off the airfoil and into the wake as
smoothly as is possible. In so doing, not only are the critical
pressure recoveries used in modern airfoil design more likely to be
realized without unpredicted flow separations, but the possibility
exists for some significant gains in airfoil performance.
As fully reported in Ref. [17], the design of airfoils having
finite trailing edge pressure gradients can be accomplished using an
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appropriately modified version of the Eppler and Somers code, One of
the conditions which must be met for the generation of such airfoils is
manifested in the code as an integral constraint involving the velocity
at each point on the airfoil. Admissible velocity distributions must
simultaneously satisfy this integral constraint along with that which
insures uniformity of the velocity at infinity and the two that
guarantee a closed profile. Thus, the condition for finite trailing
edge pressure gradients has a global influence and effects not only the
flow at the trailing edge, but also the shape of the velocity
distribution as the trailing edge is approached.
In order to demonstrate how a profile can be altered by the
integral constraint which must be satisfied for finite trailing edge
pressure gradients, consider the airfoil obtained using the unmodified
Eppler and Somers code, shown in Fig. 5, along with the result,
presented in Fig. 6, of using the same input data set in the modified
code. Clearly, for the case in which an airfoil is a long way from
satisfying the conditions for finite trailing edge pressure gradients,
imposing the additional constraint can have a significant influence. In
general, however, the geometrical alternations necessary to satisfy the
additional constraint are much less dramatic then those demonstrated by
this example.
Design Example Having Finite Trailing Edge Pressure Gradients
Because the influence of viscous effects on the flow over an
airfoil become relatively more important as the Reynolds number is
decreased, the use of finite trailing edge pressure gradients should be
increasingly beneficial as the Reynolds number at which the airfoil
operates is decreased. An example of an airfoil designed for low
Reynolds numbers and having finite trailing edge pressure gradients is
given in Fig. 7. This section is a redesigned S2027 obtained using the
modified version of the Eppler and Somers code. Shown in Fig. 8 are the
theoretical section characteristics for this redesigned airfoil. Of
greater significance than the performance advantage predicted, the
specified design potential flow velocity distribution of the redesigned
airfoil is less altered by viscous effects than is that of the original
section. Because of this, which has been verified using the GRUMFOIL
code, the actual aerodynamic behavior of the redesigned airfoil should
be closer to that expected than it is in the case of the original
design.
CLOSING REMARKS AND RECOMMENDATIONS
Through the correlation of low Reynolds number experimental results
with analytical results of the Eppler and Somers code, particular
characteristics of the velocity distribution on an airfoil have been
identified which lead to acceptable agreement between the actual and
predicted aerodynamics. By specifying design velocity distributions
which have these characteristics, it is hoped that airfoils for use at
low Reynolds numbers can be developed whose actual performance and
behavior is close to that anticipated. In addition, given the
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significant influence of viscous effects on flows at low Reynolds
numbers, the use of finite trailing edge pressure gradients can further
increase the likelihood of obtaining the predicted aerodynamic behavior
by minimizing the strong viscous interactions in the vicinity of the
trailing edge. As a consequence, while more research is needed to
experimentally verify that the benefits demonstrated computationally are
possible, the use of finite trailing edge pressure gradients offers the
potential for achieving some significant gains in airfoil performance.
A clear extension of the correlation between experimental and
predicted low Reynolds number airfoil data would be the consideration of
data from facilities other than that of the Laminar Wind Tunnel at
Stuttgart [11]. The number of different airfoils which have been tested
by the few facilities which have undertaken low Reynolds number testing
is very limited. Consequently, both the empirical and purely analytical
approaches to developing methods for predicting the aerodynamics of low
Reynolds number airfoils could greatly benefit from additional
experimental data. It is important that such results include the
details of laminar separation bubble formation such as the locations of
laminar separation and turbulent reattachment. In addition, it is
important that the flow environment in which these data are taken is
fully documented.
Until such a time that the flow over an airfoil at low Reynolds
numbers can be adequately treated analytically, the design of airfoils
for these flow conditions must be accomplished by means of empirical
approaches such as that which has been described. In fact, even after
rigorous analytical solutions are available for use in design, it is
likely they will be costly and time consuming in terms of computer usage.
Consequently, given the iterative nature of the design process, the
speed and low cost of empirical approaches will justify their continued
development and application for some time. Thus, in considering
modifications to the Eppler and Somers code to make it more suitable for
the analysis of low Reynolds number airfoils, it is likely that
improvements could be gained by including a more detailed separation
bubble calculation, such as those developed in Refs. [6]-[7], than is
presently employed. Finally, due to the increased relative importance
at low Reynolds number of viscous effects, the inclusion of displacement
thickness-potential flow iteration might ultimately prove necessary.
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