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Summary: A series of advanced aerofoil sections suitable for aircraft propellers has been 
developed. The sections combine advanced supercritical flow characteristics with good low-
speed performance and are also directly applicable to other rotating aerodynamic machinery, 
such as low-solidity ducted fans, windmills, etc. The work has focused initially on propeller 
sections of around 6 per cent thickness/chord ratio, typical of the fundamental blade station 
where peak loading is usually carried (0.7 x radius). The complete section family covers a 
wide range of thickness/chord ratios, from 3 per cent to over 20 per cent. The profiles are 
defined by mathematical formulae and distort with thickness to achieve a shape having 
optimum performance characteristics at the flow conditions expected for that thickness. A 
subset of the family is defined for higher Mach number penetration, up to near sonic values. 
Practical applications of the new sections have shown notable gains. 

1. Introduction 

In the years since the Second World War considerable advances have taken place in aircraft wing design but, until 
now, comparable progress has not been made in the field of aircraft propellers. To remedy this, a series of advanced 
aerofoil sections suitable for propellers has been developed as a collaborative venture between the Aircraft Research 
Association Ltd and Dowty Rotol Ltd, the major manufacturer of the aircraft propellers in the United Kingdom. 

An aircraft propeller generates thrust by imparting a change of momentum to the air passing through the disc, 
and this thrust varies according to the operating conditions of the aircraft. Usually the thrust requirements at specific 
operating conditions within the flight envelope are specified to the propeller designer by the airframe manufacturer, 
together with the engine power available and the associated rotational speed. The propeller designer is then concerned 
with producing a solution which meets the specified thrust requirements for a minimum weight and with sufficient 
structural safety margins. 

An initial choice of the number of propeller blades, diameter and average chord is made, in the light of previous 
experience, by relating the power input to the propeller to the maximum output thrust required, subject to such cons­
traints as ground clearance, noise levels and weight. A fairly standard radial distribution of thickness is initially assumed. 
For a metal-bladed propeller, for instance, a thickness/chord ratio of approximately 0.06 might be chosen on the main 
part of the blade, changing rapidly to a circular cross section towards the hub. The main limitation is the structural 
weight/strength compromise, although maximum blade Mach number can have some effect. 

Performance calculations in the early stages may be conveniently executed using the method of Reference 1, in 
which performance is estimated by a semi-empirical means based on the 0.7 x radius blade section. From the blade 
section characteristics and input engine power, the performance at any flight condition may be estimated in terms of 
efficiency or thrust. 

Assuming that the initial design looks satisfactory, a more detailed strip analysis approach can then be considered. 
Each radial position on the blade is considered as an isolated aerofoil element, with known two-dimensional characteristics 
of drag and lift over a range of incidence and Mach number. A typical velocity and force diagram for such an element, 
at some propeller operating condition, is shown in Figure 1. The main velocity field (V,o)r,W0) is known from the 
operating condition and a velocity increment w is induced by the propeller operation. This inflow increment is shown 
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Figure 1 Velocity and force diagram, propeller blade element 

in Figure 1 to have axial and rotational directions but, if it is assumed to be normal to the resultant incident flow W, i e, to 
be entirely lift-induced, then it is possible to produce an expression relating this inflow to the section CL. The blade 
angle 8 can then be obtained by comparing the CL obtained from this expression with the curve of CL against a . 
Repetition of this procedure for all stations on the blade defines a complete twist, and the CL and CD values lead 
directly to the forces on the blade elements, which can then be integrated to give the overall propeller thrust and torque. 
This process would normally be performed at the propeller design condition where efficiency, i e, the ratio of thrust to 
power input, is to be maximised. Changes can be made to the section or the initial design parameters and the process 
repeated to obtain optimisation. The complete twisted blade that results is then checked at other operating conditions 
to ensure that its performance is adequate. 

Once an aerodynamic design has been finalised the blade elements, stacked about some suitable axis through, say, 
the centre of gravity of each element, then define a complete blade. This must be analysed to ensure that steady and 
vibratory stresses are acceptable, that natural frequencies are conveniently placed relative to the operating band of 
rotational speed and that the blade surface is smooth and can be manufactured by conventional means. Any changes 
required must be incorporated into subsequent design iterations. 

Referring again to Figure 1, the thrust (5T) and torque (5Q) of the blade element may be incorporated into a 
standard expression for efficiency (e g, Reference 2): 

U= 
V S T 1-cv' ,_ , C, co*<J>-CDi>Lnd> 

tew, f 
1 - a' tan <$ 

w 6 Q 1+PI, C ^ S I K <{>+<:„ cos<f> 1 + a. tcw(<|>+7) 

where V is the free-stream velocity, w the blade angular velocity, a x V is the axial velocity increment, a' is the 
rotational inflow, cj> is the total flow direction relative to the plane of rotation, and tan 7 = CD/CL . 

This formula shows that efficiency is automatically low when a is large and 0 is small. This occurs at near-static 
conditions, i e, aircraft take-off, and in this situation large values of 7 would significantly reduce efficiency. Thus, at 
the high values of CL required to give sufficient thrust, high values of drag must be avoided and these can occur if the 
blade section is stalled. Conversely, at aircraft cruise conditions a is small, <j> is larger* and relatively low values of 
lift/drag ratio on the blade sections can be tolerated before propeller efficiency is impaired very significantly. 

Thus momentum considerations dictate the overall blade design, but the choice of sections depends on suitable 
aerodynamic properties. If, as is often the case, the blade is designed for static or fairly low forward speed conditions, 
then the thrust may be maximised, or blade size minimised for a given thrust, by operating at the maximum CL 

compatible with good values of L/D , i e, sections are required for which the drag rise with CL is delayed as far as 
possible. 

It is necessary for manufacturing purposes to generate a smooth blade surface from the sections, which must also 
vary continuously in thickness and in centre of gravity position. In addition, for routine design purposes a wide range of 
sections of known aerodynamic characteristics must be available. These points are most easily met by a family of 
sections varying in some simple geometric fashion. Clark Y and NACA series 16 are examples of two families which 
have been used, the latter being preferred in post-war years since the farther aft position of the section maximum 

* Clearly the magnitude of 0 is constrained by considerations of propeller efficiency. 
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thickness is more compatible with the high propeller tip speeds which have been common (although lower tip speeds are 
expected in future, for noise reasons). C-4 sections form another series which have been used for ducted fans. Sections 
within the NACA series 16 family vary linearly in thickness and camber separately. Experimental results are available 
from early transition-free NACA tests, giving section lift and drag for a wide range of incidences and Mach numbers for 
various sections within the family. 

There is considerable variation in local Mach number, both along a propeller blade at any given operating condition 
and also between operating conditions. The latter variation is illustrated by Table I, which represents the operating 
conditions at station 0.7, i e, the station at 0.7 x radius on a typical sample blade. In general, the Mach number can vary 
from very low values near the hub to near-sonic values at the tip in some cases. It would be surprising if a family of 
sections varying in such a simple geometric fashion as NACA series 16 could perform well over a wide range of Mach 
numbers. Accordingly, some investigations were initiated to see whether improvements could be made to a standard 
NACA series 16 aerofoil in the light of present-day aerodynamic knowledge. These have led to successful aerofoil 
section experimental tests. A new family of aerofoil sections has been developed, related by simple mathematical 
formulae. The sections, as will be seen later, offer a very high level of aerodynamic efficiency giving, in many applica­
tions, substantial gains in performance. 

TABLE I 

Operating Conditions at 0.7 Radius on a Propeller Blade 

(CD values for NACA series 16 sections assumed) 

Take-off 

Climb 

Normal cruise 

High-speed cruise 

M 

0.49 
0.50 
0.52 

0.53 

0.60 

0.69 

CL 

1.25 
1.05 
0.82 

0.58 

0.46 

0.34 

cD 

0.045 
0.012 
0.007 

0.008 

0.011 

0.017 

The work described has been undertaken at ARA in close collaboration with Dowty Rotol, the company providing 
the financial support and specifying the design requirements and practical constraints to be expected. The design 
procedure which has been used by the company starts with the choice of suitable sections from the NACA series 16 
family which are applied, using their known aerodynamic characteristics, in a similar manner to that already outlined. 
In describing the development of the new sections, we shall be concerned with essentially two-dimensional character­
istics, assuming that these carry across to the true situation of dynamic flow on the rotating propeller. This is known 
to be broadly true but some changes must be expected, although their nature is arguable. 

So far the discussion has concerned propellers, but it should not be forgotten that the section performance is 
equally relevant to any rotating aerodynamic machinery, such as low-solidity ducted fans, windmills, etc. In higher-
solidity cases such as turbines, a cascade effect comes into play in which pressures on the blades are influenced by their 
proximity, but the isolated section characteristics are of some importance and the changes to be discussed here are still 
relevant. 

In the next section the aerodynamic limitations of a typical NACA series 16 aerofoil are analysed. Then the design 
of a new aerofoil to a specified set of requirements is described and its broad performance characteristics given. The 
way in which this is extended to a complete family of aerofoils, covering all thicknesses, is then indicated. Further test 
results on other sections within the family are then discussed, and finally some examples of potential and actual applica­
tions of sections to propellers and ducted fans are given. 

Notation 

V free-stream velocity 

co angular velocity 

r blade element radius 
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W0 blade element onset flow field component 

w velocity increment induced by propeller rotation 

W blade element total flow field component 

6 blade element geometric incidence setting 

a blade element incidence relative to total flow field, or two-dimensional wing section incidence relative to 

free stream 

</> flow direction relative to plane of rotation 

C L lift coefficient 

C D drag coefficient 

Cm pitching moment 

L/D lift/drag ratio, = C L / C D 

7 defined by tan y - C D /C L 

5T blade element thrust 

5Q blade element torque 

r\ blade element efficiency 

a axial velocity increment, fraction of free stream 

a rotational inflow increment, fraction of radial velocity 

M Mach number 

Re Reynolds number 

c section chord length 

t/c section thickness/chord ratio 

x/c non-dimensional distance along chord 

z/c non-dimensional section ordinate 

z t /c non-dimensional section thickness 

zs/c non-dimensional section camber 

2. Conventional Blade Section 

It is convenient to discuss the limitations of NACA series 16 sections in the context of the sample strip-analysis 
data in Table I. This applies to station 0.7, the fundamental design station, at which the loading peak a longAe blade 
occurs. The data are based on the performance characteristics of a NACA series 16 section of 6 per cent thickness/chord 
ratio and with a "design C L " of 0.716. It is apparent that the data can be broadly divided into low Mach number 
(about M = 0.5) take-off and climb conditions, and higher Mach number cruise conditions. To consider the data in 
more detail we would wish to examine experimental results on the section. However, recent test results in a modern 
tunnel are available only for a 6 per cent thickness/chord ratio NACA series 16 section with a design CL of 0.5, corres­
ponding to a lower camber having a maximum value of 2.8 per cent of the chord. The section was tested in the ARA 
18 in x 8 in (457 mm x 203 mm) two-dimensional tunnel, the tests being conducted transition-free, and at a chord 
Reynolds number of 4.5 x 10 6 . Both maximum thickness and maximum camber on this series of sections are at 
x/c = 0.5 , and the geometry is shown in Figure 2(a). The section is, in fact, not quite standard compared with the 
NACA series 16, since the trailing edge is thickened and rounded, for ease of manufacture on a propeller. The small 
leading edge radius is apparent. 

Returning to the strip-analysis data in Table I, it can be seen that at take-off conditions drag is appreciable for 
higher values of lift, C L > 1.0 , and the reason for this can be seen by examining the experimental results for the 
section tested. 

The variation of lift with incidence and drag with lift are included in Figure 3 and we are concerned for the 
moment with the M = 0.5 case. For this Mach number flow development through the stall is illustrated by pressure 
distributions at a = 6°, 8°, 10°, 12° and 14° in Figure 4(a). The pressure distributions at a = 6° and 8° show a 
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Modification 

(a) 611. NACA SERIES 16 

(c) 67 . IMPROVED SECTION 

MODIFIED NOSE 

(b) 61. IMPROVED SECTION 

Figure 2 Section geometries 
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Figure 4 6 per cent NA CA series 16, pressure distributions 

sharp leading-edge suction peak followed by a separated region, which spreads back towards the trailing edge with 
increasing incidence, so that there is a complete detachment of the flow on the upper surface after about a = 10° . 
Examination of schlieren photographs, not presented here, showed that the flow is extensively separated on the upper 
surface at a = 8° . A feature of the results is the fact that lift (as calculated from integrated pressure distributions), 
continues to increase well beyond a = 8° and, in fact, maximum lift is achieved at a = 14°, although the flow is 
possibly significantly three-dimensional. Incidentally such levels are often assumed in propeller design calculations, and 
are implied by thrust values which have been achieved on propellers in the past. 
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Consider now the Mach number 0.68, for which the drag variation with lift and the pressure distributions at re­
presentative values of CL are shown in Figures 3(b) and 4(b). At the high-speed cruise point on the more highly 
cambered section in Table I, a relatively high drag is expected. Figure 3(b) shows that drag is not a problem with the 
tested section at CL — 0.4 , but it increases rapidly at lower incidences owing to the growth of a shock-induced 
separation bubble on the lower-surface leading edge, as indicated by the pressure distributions in Figure 4(b). This is 
the source of the drag quoted in Table I. 

It appears, therefore, that NACA series 16 sections have reduced efficiency at higher values of lift at low Mach 
numbers, owing to the excess drag produced by the leading-edge flow separation. The drag rise can be delayed to higher 
values of CL by some increase of camber. However, the drag rise, when it occurs, is rapid and implies peak values of 
L/D over a narrow CL band, which cannot necessarily be utilised fully in a propeller design. There is also the limita­
tion on the camber of the need to achieve low values of CL at higher Mach number cruise conditions. 

The performance points quoted in Table I are fairly representative, although significant variations occur between 
propellers and, in addition, Mach number varies appreciably across the blade. Figure 6 shows that the section is per­
forming more satisfactorily at high lift when considered as a tip section operating at about M = 0.65 . However, this 
applies only to a narrow Mach number band and, in particular, the low Mach number performance of NACA series 16 
sections clearly leaves something to be desired. It will become apparent that the new section family finally defined 
shows, in many cases, appreciable improvements over the whole Mach number range. 

3. An Improved Blade Section 

It is worth listing the target requirements of an improved section, suitable for a research exercise as originally 
suggested to ARA. The section should be of thickness/chord ratio 0.06 and should have: 

(a) A finite trailing-edge radius or thickness; radius > 0.2 per cent chord preferably. 

(b) As large a leading-edge radius as possible without compromising the design. 

(c) No concavity on the suction surface. 

(d) Preferably no concavity on the lower surface; certainly no local concavity (i e, extending over less than 20 
per cent chord). 

(e) A gentle stall. (Little or no loss of CL at incidences above that for CL m a x .) 

(f) A wide range of CL for good lift/drag ratios (biased towards high CL rather than low), rather than an 
exceptional L/D for a narrow range of CL . 

(g) Maximum CL > 1.6 at M = 0.5 . 

(h) A low pitching-moment coefficient, Cm , relative to the section centre of gravity at low and negative values 
of C L . 

Points (a) — (d) are concerned with propeller manufacture. The minimum trailing edge thickness in (a) presents no 
problem and, in fact, modern aerofoil sections use this feature as a means of alleviating boundary-layer rear separation 
problems, although they are not usually faired off to produce a radius. Similarly, the bluff leading-edge requirement 
(b) is a modern feature which should help the design of good low-speed qualities into the section. In practice, it would 
aid the fitting of leading-edge protective devices. Points (c) and (d) are imposed so that the firm's standard practice of 
using sanding discs in the later stages of blade production can be retained. Point (c) removes the option of designing to 
the limit of boundary-layer separation over a significant portion of the upper surface, which is probably too risky in 
any case. The lower surface limitation (d) has been relaxed to a somewhat nominal minimum radius of about 1300 mm. 
With a chord of 300 mm (typical of many propeller blades) such a lower-surface shape conveniently results in the 
degree of camber found to be desirable for an improved section. It is assumed that any further curvature increase, 
associated with moderate change of camber or chord, would not present significant manufacturing problems. 

Points (e) —(h) are aerodynamic requirements. In fact NACA series 16 sections already apparently possess feature 
(e) at M = 0.5 , as described earlier, although it is also associated with rear-separation characteristics. The latter 
approach is adopted here. Requirement (f) implies that increases in CL should be associated with progressive 
moderate increases in drag, as would be expected from a rear separation. Point (g) is related to (e) in that the firm 
uses performance estimates for NACA series 16 sections in which it is assumed that lift continues to increase with 
incidence beyond the stall, reaching and maintaining a level referred to as CL m a x . This propeller behaviour contrasts 
with the situation in two-dimensional experimental tests in which the lift usually drops after the stall, although this is 
apparently delayed appreciably for long bubble-type separations, as already discussed. Here we aim to achieve as high 
a lift as possible at M = 0.5 in experimental tests on the section, and we assume that some further favourable effects 
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would be expected on a propeller. Requirement (h) is perhaps of less importance and in any case is difficult to 
design parameter without seriously compromising the design. 

use as a 

In developing an improved section the Bauer, Garabedian and Korn (G + K)3 computer programme, with the 
geometry mapping replaced by that of Sells4, was used to calculate supercritical flows occurring, mostly, near the 
leading edge. For general subcritical viscous calculations, to determine the main characteristics of pressure distributions 
and forces (for attached flows), the Powell programme5 with Horton's boundary-layer method6 was found to be accept­
able in the present context. 

A section was designed, using these computer programmes, and then manufactured as a 152 mm chord aerofoil 
and tested in the ARA 18 in x 18 in (457 mm x 203 mm) two-dimensional tunnel. As with the NACA series 16 aero­
foil, the experiment was conducted transition-free, and at a Reynolds number of 3.5 x 106 . 

The section geometry is shown in Figure 2(b). A thickness of 0.06 chord is maintained from near the leading 
edge to the mid-chord region and is then tapered off to a trailing-edge thickness of 0.005 chord. There is significant 
camber, with a somewhat drooped leading edge, giving a high curvature region or "corner" at around 0.1 chord 
followed by a relatively flat region on the upper surface, and a lower surface with fairly uniform curvature distribution, 
for ease of manufacture. The leading edge is much more bluff than for the NACA series 16 aerofoil shown in Figure 
2(a), but it has the particular feature of a parabolic shape such that the precise leading-edge radius is small relative to 
the rate of growth of thickness immediately aft. This is an important feature, giving a local curvature distribution to 
produce an appropriate supercritical flow when the terminating shock occurs close to the leading edge, at high lift at 
Mach numbers at and below about 0.5. It also determines the way in which the leading edge blends in to the lower 
surface, which is relevant to the achievement of cruise conditions with high Mach number and low CL , but which was 
not one of the design requirements for the present section. The geometry modification shown in Figure 2(c) was 
introduced for such reasons and is discussed later. 

The development of the stall in the experimental tests at M = 0.5 and M = 0.69 on the new section is shown 
by the pressure distributions in Figure 5; lift curves at M = 0.5 are included in Figure 3(a) and drag variation with lift 
in Figure 3(b). If pressures at M = 0.5 in Figure 5(a) are compared with the NACA series 16 pressure distributions in 
Figure 4(a), a dramatic change in stalling characteristics is observed. The leading-edge long bubble separation has been 
exchanged for a progressive trailing-edge stall to give much higher values of CL m a x , as shown by the lift curves in 
Figure 3(a). The leading-edge shock interacts with a laminar boundary layer and thickens the layer, but has been kept 
to a minimal strength and terminates a broad suction peak. Tests to determine the effect of moving boundary-
layer transition ahead of the shock, by using leading-edge roughness, suggested that the laminar interaction was only a 
minor factor in the effectiveness of the design. The pressure distributions at M = 0.69 in Figure 5(b) show that the 
"corner" at 0.1 chord on the upper surface generates a suction peak from which the flow tends to recompress, unlike 
the situation at M = 0.5 where the supercritical region is almost entirely ahead of the corner. The main shock 
rapidly moves aft with increasing incidence but remains relatively weak, giving a high maximum lift from the super­
critical suction region. Furthermore, the supercritical pressure distribution is not sufficiently peaky to prevent transi­
tion moving aft with the shock, with a favourable effect on the boundary-layer thickness and thus on the maximum lift 
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and drag achieved. The maximum lift boundary is compared in Figure 6 with that of the NACA series 16 section 
already tested and it can be seen that the new section also performs well at other Mach numbers. It appears that 
optimising upper-surface shock growth and carrying sufficient camber, so that the adverse effects of the shock and the 
rear boundary-layer thickening tend to occur at roughly the same incidence, has paid dividends in that high CL has 
been achieved over a wide Mach number range while the flow remains relatively well behaved. 

Figure 3(b) shows that basic drag levels for both sections are quite low and this may be ascribed not only to the 
small thickness/chord ratio (0.06) of the sections but also to the aft transition positions which occur. On a propeller 
even lower blade section drags are often expected. These are believed to be due to a centrifugal "scouring effect". 

The section geometry shown in Figure 2 and the experimental results given in Figures 3, 5 and 6 indicate that the 
requirements for an improved section interpreted from the listed requirements (a)-(h) have been met. Curves of lift/ 
drag ratio, a measure of section efficiency, are given in Figure 7 for a range of Mach numbers and the improvement at 
M = 0.5 over the NACA series 16 section, results for which are also shown, is striking. 

So far we have considered the performance of the new section relative only to the original design requirements 
in which the emphasis lay in achieving high CL at static conditions. In fact, as already outlined, the section achieves 
high CL for a wide range of Mach numbers. However, reference to Table I shows that, in that example, a static Mach 
number of 0.5 is associated with cruise Mach numbers of 0.6 and 0.69 for quite low CL , and such relative values are 
fairly typical of what could be expected in aircraft applications. Examination of the drag curves for the new section at 
the higher Mach numbers in Figure 3(b) show that the drag characteristics are poor at low values of CL and this can 
also be seen in the lift/drag curve for M = 0.6 in Figure 7. The degradation in performance is due to a shock-induced 
separation bubble on the leading-edge lower surface. The geometry in the nose region was modified as shown in Figure 2 
and the new shape was tested in the ARA two-dimensional tunnel. Experimental pressure distributions are shown in 
Figure 8 and drag variation with CL is included in Figure 3(b). The supercritical flow on the leading-edge lower 
surface now recompresses satisfactorily to the shock and consequently the drag characteristics have been greatly 
improved, now lying within ACL ~ 0.1 of the original NACA series 16 section, in spite of considerably greater camber, 
However, Figure 6 shows that the good high-lift performance of the original section has been degraded somewhat below 
M = 0.55 but improved in this respect at higher Mach numbers, in both cases because of the slightly more peaky 
nature of the section. 
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It appeared possible to develop the section shape further, to achieve the good low-CL drag characteristics without 
compromising the high-lift performance, but it was felt that the research exercise had yielded sufficient information to 
proceed to the definition of a section family with some confidence. 

4. A New Section Family: The ARA-D Series 

So far, sections of 6 per cent thickness/chord ratio with fairly specific operating points have been discussed, but 
for practical purposes it is necessary to define sections covering a wide range of thickness and operating conditions. 

Such a section family has been developed within the practical constraints already specified. The range of possible 
thicknesses and operating conditions which was used as guidance is shown in Figure 9, grouped for illustrative purposes 
to show the maximum variation in each blade region. The Reynolds number limits shown relate only loosely to Mach 
number, since blade chord and operating altitude are obviously important factors. 

Figure 9 shows that the root sections and inboard sections, groups (1) and (2), have an extreme range of thickness/ 
chord ratio but quite low operating Mach numbers and Reynolds numbers, by full-scale aircraft standards. The implica­
tion is that compressibility effects can be practically ignored but that rear boundary-layer separation characteristics are 
an important factor. For the outboard sections, group (3), compressibility effects are starting to become important and 
the characteristics of the improved section already discussed are directly relevant, although Reynolds numbers could 
well be lower than that (3.5 x 106) at which the section was tested and found to be quite close to rear separation under 
many conditions. 

The tip sections, group (4), were originally limited in Figure 9 to M = 0.8, since it was felt that lower tip speeds 
were likely in future for noise reasons. However, the favourable supercritical flow characteristics already shown for 
the improved section will be seen to carry across to the thinner tip sections. These should operate very well up to near-
sonic speeds, although the ARA two-dimensional tunnel and, to a lesser extent, converged theoretical solutions, are at 
present limited to about M = 0.85 and so the higher Mach number section characteristics are more uncertain. 
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The range of requirements in Figure 9 must be interpreted realistically. For example, the thicker sections in a 
group are less likely to operate at the higher Mach numbers in that group. Conversely, the thinner sections could 
operate at any Mach number within the group, including the lowest. For applications which operate nearly or entirely 
in static conditions, such as hovercraft propellers or low speed fans, maximum CL is usually required at relatively low 
Mach numbers. In other cases, such as aircraft propellers, the high CL static condition would be coupled with a lower 
CL requirement occurring at some Mach number greater than static, perhaps by a margin of AM = 0.1 or even 0.2 , 
e g, Table I. Thus the highest Mach number within a group is taken to correspond to the lowest CL for some maxi­
mum drag rise, say ACD = 0.010 , acceptable for cruise conditions. 

It happens that sections belonging to groups (1), (2) and (3) which essentially satisfy the performance require­
ments may be defined uniquely for a given thickness. However, the geometry of a thin section belonging to group (4) 
suitable for a low-Mach-number/high-CL static case would be inappropriate to high-Mach-number/low-CL cruise condi­
tions. This is because the high camber necessary for the former, limited only by considerations of rear flow separation, 
would have high curvature on the lower-surface leading edge, giving rise to extreme suction peaks and excessive levels 
of drag in the cruise condition. Some camber constraint must be applied. In addition, the geometric nose modification 
applied to the original 6 per cent thickness/chord section is incorporated to some extent as a feature of the section 
family. 

At this stage it is worth emphasising the importance of the outboard sections, group (3). These typically carry the 
main part of the blade load, as compared to the thick sections near the hub which provide very little thrust, and the 
very thin tip sections which tend to be somewhat off-loaded (as indicated in Figure 9). The basis of the section family 
is the 6 per cent thickness/chord improved section already discussed, although the shape is changed slightly as described 
later. With increasing thickness the shape distorts to maintain the best possible rear boundary-layer attachment charac­
teristics, while with reducing thickness the camber constraint may be applied to give suitable Mach number penetration. 
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The section family is described by simple analytical mathematical formulae. This is necessary to give the smooth 
surfaces necessary for high Mach number cases with supercritical flow regions, a continuous variation from section to 
section for radial surface continuity, and continuity of aerodynamic properties. Also, any section from an infinite 
family may be easily generated without the interpolation necessary from a finite number. Sections are defined by thick­
ness and camber separately, with ordinates taken normal to the chord line; because the formulae describe shapes with 
continuous curvature, these may be combined directly to give smooth upper and lower surfaces. The way in which the 
thickness and camber forms are built up is shown in the sketch in Figure 10. 

Aft Bulge 

Thick Trailing Edge 

Figure 10 Geometric structure of section family contribution 

Camber Distortion Basic Camber Form 

7i 

THICKNESS Z ^ 

10 ^ 

CAMBER lyQ 

0-5 10 yc 

The sections are nominally defined from 3 per cent to 20 per cent thickness/chord ratio. It is impossible here to 
discuss all the considerations which have gone into the development of the variation of section geometry and only the 
main features will be given. 

The basic thickness form reaches a maximum at x/c = 0.25 and is parabolic at the leading edge and cusped at 
the rear. The forward bulge is the most important feature of the sections. It has the same parabolic shape at the leading 
edge as the basic thickness form and this is a fundamental feature of the sections, contrasting with the more usual 
circular shape. The rapid increase in thickness on moving away from the leading edge, owing to the parabolic shape, is 
followed by the bulge blending in to the basic thickness form at x/c = 0.25 , resulting in a high curvature region near 
x/c = 0.1 followed by a relatively flat surface. The aft bulge also gives a flatter surface, as well as providing sufficient 
structural strength for the thinner sections. The forward and aft bulges are zero at the limit of zero section thickness, 
grow initially with thickness at roughly the same rate as the basic thickness form, to provide the flat surface charac­
teristic for the thinner sections, and are again zero at the limit of 20 per cent thickness/chord ratio. All sections have 
relatively thick bases, for example 1 per cent for 5 per cent thickness/chord ratio and 2.5 per cent for 20 per cent 
thickness/chord ratio, and this is incorporated in the thickness form as a simple wedge. The basic camber form is simply 
a parabolic arc symmetric about the mid-chord point and varying with thickness. For the thinner sections the net result 
with increasing thickness is that material is predominantly added to the lower surface. For the thicker sections the 
camber reaches a minimum at 20 per cent thickness/chord ratio, with this minimum camber line used for the even 
thicker hub sections. The camber distortion has a parabolic form near the leading edge, grows with thickness to main­
tain minimum aft upper surface curvature for the thicker sections, and retains an approximately constant leading-edge 
camber angle. It is important to state that the thickness and camber form, and thus the total profile shape of the basic 
family, is defined once and for all on specifying the thickness/chord ratio. 

A selection from the basic family, of thickness/chord ratio 3 per cent, 6 per cent, 10 per cent and 20 per cent, 
covering the complete range is shown in Figure 11, with the thinner sections repeated, nesting inside the 20 per cent 
sections, to indicate the progressive shape changes involved. The 6 per cent section is in most respects very similar to 
the original improved section already discussed, except that the base thickness is greater and the aft upper surface 
curvature lower, to give boundary-layer attachment characteristics more appropriate to the generally lower Reynolds 
numbers of Figure 9. Also, the effect of the forward thickness bulge has been to give a suitable leading-edge lower-
surface shape for good cruise performance, going some way towards the modification shown in Figure 2(c). In other 
respects the upper surface, with the high curvature at x/c = 0.1 produced by the forward thickness bulge and 
followed by a relatively flat region, results in a favourable supercritical flow development generally similar to that on the 
original section. The change from 6 per cent to 3 per cent thickness/chord ratio shows the removal of thickness pre­
dominantly from the lower surface, the matching of the aft upper surface, and the similar leading edge camber angle 
giving balanced emphasis to minimising peak suction and shock growth on the upper surface in static conditions and on 
the lower surface in cruise conditions. In static conditions at low Mach number the more peaky nature of the 3 per 
cent, compared to the 6 per cent, section is compensated by the higher basic section loading due to the camber. In 
cruise conditions at higher Mach number such thin sections would normally require reduced camber, as described later, 
and the corresponding static Mach number would often be sufficiently high that the more peaky nature of the section 
is no disadvantage, This effect was demonstrated by the nose modification to the improved section, Figure 2(c), which 
gave improved CL m a x for Mach numbers > 0.55 (Figure 6). The change from 6 per cent to 10 per cent thickness/ 
chord ratio again shows the change in thickness predominantly on the lower surface and the matching of the aft upper 
surface. The upper-surface crest is further forward than on the thinner sections, to minimise leading-edge peaks and 
rear-separation tendencies at the low Mach numbers and Reynolds numbers likely for such thicker sections (Figure 9). 
The increasing thickness on the lower surface eases the leading-edge curvature, to reduce the likelihood of extreme 
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peak suctions as well as reducing basic section loading, and means that there is no problem in meeting cruise require­
ments. The 20 per cent thickness/chord section shows that, on the upper surface, the crest is much farther forward 
towards the leading edge and the aft region is very flat to the thick trailing-edge base, again in the interest of minimising 
rear boundary-layer separation tendencies. The basic section family, uniquely defined once thickness is specified, forms 
a continuous variation between the profiles shown in Figure 11. The new section family is known as the ARA-D series. 

A subset of the family is defined by reducing a camber factor below unity. The reduced camber may be necessary 
for aerodynamic reasons, particularly for the higher Mach number tip sections, or for some structural or other reason. 
The extreme case of the 3 per cent section (Figure 11) is an example which is very satisfactory for high CL static 
cases but it is unable to achieve less than CL — 1.0 without a considerable increase in drag due to suction peaks on the 
lower-surface leading edge. Also, high Mach number penetration is limited by upper-surface curvature. Paradoxically 
the thicker tip sections of group (4) (Figure 9) are, up to a point, less constrained in these respects, since the lower-
surface leading edge is locally much less curved and the farther forward crest position tends to flatten the upper surface. 
However, the thinner sections would obviously be necessary for very high Mach number penetration. The camber 
factor is chosen so that a required cruise condition may be achieved, smaller values generally being needed for the 
thinner than for the thicker sections, for the reason given. A factor, normally unity, is applied to the forward bulge 
which reduces with the camber factor and section thickness. This is necessary to counteract the tendency for the curva­
ture of the lower-surface leading edge to increase with reducing camber, particularly on the thicker tip sections, resulting 
in stronger local shocks. 

THICKNESS/CHORD = 3"/. 

67. 

Figure i1 Profiles of section family 

\ov. 

Having defined the section family it is necessary for design purposes to know the performance of any particular 
section, over at least the range suggested in Figure 9, in terms of lift, drag and pitching-moment curves. A continuing 
series of tests is being conducted in the ARA two-dimensional tunnel on selected sections, to construct a comprehen­
sive set of data. The theoretical methods can be used to some extent in this process, mainly to interpolate for sections 
intermediate between those tested. The experiments are particularly necessary to establish the performance near 
boundaries of lift and drag, where significant flow separations and/or strong shocks are present. In fact it is frequently 
found that a blade is required to operate in off-design conditions at incidences well beyond those corresponding to the 
boundaries in two-dimensional tests and where the flow is probably largely three-dimensional. Some technique is usually 
adopted to produce extrapolations of the tunnel data which are plausible in the light of thrust values achieved on pro­
pellers in the past, but we shall not discuss this further here. 

We shall consider two sections for which experimental results are available. A 13 per cent thickness/chord section 
was chosen to be representative of the inboard sections, group (2) of Figure 9. This was tested over an appropriate low 
Mach number range at Reynolds numbers of about 1 x 106. A 4 per cent thickness/chord section with a camber factor 
of 0.5 was chosen to be representative of the higher Mach number tip sections, group (4) of Figure 9. This was tested 
over a wide range of Mach numbers at Reynolds numbers of about 3 x 106. 

The geometry of the 13 per cent thickness/chord section is shown in Figure 12, together with a summary of the 
performance characteristics. It can be seen that, considering the low Reynolds number, high values of CL m a x are 
achieved at M = 0.3 and 0.4 . The pressure distributions show that this is due to a large contribution from the well-
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Figure 12 13 per cent section 

spread peak suction region and a relaxing pressure gradient on the upper surface which delays trailing-edge separation. 
The lift/drag curves show that the section can be operated satisfactorily up to high values of CL , failing to match 
those of the 6 per cent thickness/chord improved section in Figure 7 only because of the appreciable increase in thick­
ness. Tests on a more highly cambered version of the 13 per cent section have given even greater values of CL m a x . 

The geometry of the 4 per cent thickness/chord section is shown in Figure 13, with a summary of the performance 
characteristics. We consider the high lift performance first. The pressure distributions at M = 0.7 show the charac­
teristic peak suction at 0.1 x chord, followed by a supercritical recompression such that the shock strength sufficient to 
induce flow separation is delayed to a high CL . The performance is clearly very satisfactory in the intermediate Mach 
number range. This might correspond, in practice, to the static condition for such a section. The pressure distributions 
at M = 0.8 show the development of an almost full-chord supercritical region with a pressure distribution sufficiently 
favourable to allow transition to occur, at the shock position. The combined effect is to give a very high value of 
C L m a x for such a Mach number. This is a situation in which forward transition fixing degraded the maximum lift by 
ACL— 0.15 , although a good value was still achieved. Of course, such a combination of high Mach number and lift is 
less likely in practice. Relatively high values of CL m a x are thus attained at the intermediate and high Mach numbers, 
with quite satisfactory values at the lower Mach numbers, considering the moderate camber and the small leading edge 
radius inevitably associated with such a thin section. 

Consider next the Mach number penetration of the section. The drag boundary is probably representative of a 
maximum cruise limit. The pressure distribution at M = 0.84 , CL = 0.22 , is close to the drag boundary and might, 
for example, represent a cruise point which could link with an intermediate Mach number static condition. The pressure 
distribution shows the features which enable the Mach number penetration to be achieved at such a low CL . The 
leading-edge lower-surface peak suction region is well spread, to help to achieve the low CL . The suction region is 
terminated by a shock which is weakened by the supercritical recompression. The.expansion on the upper surface 
results in aft transition, but does not give a shock of sufficient strength to degrade the section performance. 

Generally the section has good high-lift characteristics at all Mach numbers and good Mach number penetration for 
a wide range of lift. Thus, although the geometry is most suited to flow situations for which the section could well be 
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Figure 13 4 per cent section 

chosen, it is also satisfactory in many other conditions. In contrast, NACA series 16 sections are limited in Mach 
number penetration by strong shocks caused by upper surface curvature. For this reason the high-lift performance is 
somewhat unsatisfactory at high Mach numbers as well as low, reaching a peak for a narrow intermediate Mach number 
band, as shown in Figure 6. At the other extreme, supercritical sections currently in vogue for aircraft wing applications 
are not generally appropriate. The upper surfaces are quite flat over most of the chord but rather over-optimised relative 
to the lower surfaces, and extensive rear loading is carried. This gives a trend to poor high-CL performance at low Mach 
numbers and good high-CL performance at higher Mach numbers, the converse of that required here. Finally, it should 
be pointed out that the Mach number penetration in cruise conditions is higher on actual operating propellers than 
would be expected from two-dimensional tests, although it is hoped and expected that the relative benefits would carry 
across. 

The two sections described illustrate that the good performance of the 6 per cent thickness/chord section is 
maintained for other, widely varying, thicknesses. This continuity of performance has been found to apply over the 
whole ARA-D series of sections. 

Profile coordinates of a selection of sections from the series, of thickness/chord ratio 6 per cent, 10 per cent, 13 
per cent and 20 per cent, are presented in Table II. 

5. Applications 

Some of the potential and actual applications of the new sections so far considered can be summarised as follows. 

A propeller has been designed for an aircraft project for which blade performance at 0.7 x radius is roughly in line 
with the data in Table I. It was found that the use of ARA-D series sections resulted in a potential 20 per cent increase 
in static thrust, when compared with NACA series 16 sections. This improvement was used to reduce the blade chord 
and thus effect a considerable weight saving. 
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NEW PROPELLER SECTIONS 

A low-solidity ducted fan has been designed and tested. This is a reduced scale model of a cooling tower fan and 
operates at low rotational speeds. Use of the new sections was found to give high levels of efficiency at increased loading, 
giving roughly twice the performance of the blade with C-4 sections which had previously been tested. Thus a reduced 
number of blades or a smaller fan could have been used. Admittedly increased camber was involved, but this highlights 
the fact that the ARA-D series have optimised camber for a wide range of applications. 

A new single-engined light aircraft is flying with a ducted fan integrated into the fuselage. In the near future, tests 
are to be conducted with fans incorporating the new sections and the effect of varying the number of blades will be 
established. It is expected that weight will be saved and performance improved. 

Finally, there has been a recent revival of interest in turboprop airliners cruising at a Mach number approaching 
0.8. The improved high Mach number penetration of the new sections could be utilised, with some modification to 
the very thick sections, particularly if higher blade loadings are required. 

6. Concluding Remarks 

Sections have been developed which, given the practical constraints, probably have a near optimum high-lift per­
formance for a wide range of Mach numbers. This is combined with good Mach number penetration for the thinner 
sections. The sections are linked in a unique manner to give a profile distortion with thickness appropriate to the required 
aerodynamic performance at flow conditions likely for that thickness. 

The section development has proceeded in a two-dimensional context, but the potential and actual applications 
suggest that the relative benefits carry across to the true situation of dynamic rotating flow. This certainly appears to be 
true of high-lift static conditions. 

In general, the optimised performance of the present sections may be taken as a direct gain. More usually, size 
may be reduced for a given performance, with weight and cost benefits. The definition of a unique section profile of 
the basic family for a given thickness results in considerable simplification in blade design procedures. Furthermore, 
the likelihood of a non-optimum design is avoided. 

Although a major feature of the sections is the favourable supercritical flow development, the section geometries 
are dissimilar in many respects to aircraft wing "supercritical" sections by virtue of different design conditions and 
practical constraints. Incidentally, shape changes due to manufacturing inaccuracies, etc, in important surface regions 
where supercritical flow is anticipated, are expected not to have a disproportionate influence. Also, the flow develop­
ment is such as to encourage extensive laminar regions in many situations. Of course, in practice leading-edge guards 
may be fitted and surfaces roughened or corroded, which would tend to fix forward transition to turbulent flow. 
Experimental tests have shown a relative insensitivity to such factors, except in flow conditions which are unlikely to 
arise in practice. 

SBAC Standard Method of Propeller Performance Estimation. 

The Elements of Aerofoil and Airscrew Theory. Cambridge University Press, 1947. 

A theory of supercritical wing sections, with computer programs and examples. 
Lecture Notes in Economics and Mathematical Systems, No 66, Springer, 
1972. 

Plane subcritical flow past a lifting aerofoil. RAE Technical Report 67146, 1967. 

Calculation of the pressure distribution on a thick cambered aerofoil at subsonic 
speeds, including the effects of the boundary layer. NPL Aero Report 1238, 1967. 

The calculation of the compressible turbulent boundary layer by the entrainment 
history method. Hawker Siddeley Aviation, HSA/Hatfield/Research/1048/HPH, 
1969. 

References 

1 

2 

3 

4 

5 

6 

-

H Glauert 

F Bauer 
P Garabedian 
DKorn 

C C L Sells 

B J Powell 

H P Horton 

February 1977 73 
https://doi.org/10.1017/S0001925900007939
Downloaded from https://www.cambridge.org/core. Tufts Univ, on 16 Mar 2018 at 03:02:15, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0001925900007939
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

